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INTRODUCTION 

This chapter considers all meteorites which are of asteroidal origin and which do not 
contain members displaying classic chondri tic textures (i.e. chondrules in a fine-grained 
matrix). This chapter forms a logical bridge between the previous chapter on chondrites, 
and the following chapters on lunar and martian rocks, the products of planetary 
differentiation. We cover a wide range of petrologic types including undifferentiated, but 
highly metamorphosed chondritic materials, melt-depleted ultramafic rocks, ultramafic 
and mafic cumulates, mafic melts, metallic cumulates and melts, and stony-irons 
composed of various materials. In addition, we will touch on several unique non­
chondritic meteorites, and on achondritic clasts from chondrites that do not appear to be 
impact melts. Table 1 summarizes the major meteorite types covered in this chapter, 
gives a synopsis of the characteristic mineralogies and petrologies, and probable modes 
of origin. The mineralogy of all meteorite groups was reviewed by Rubin (1997). 

The meteorites and meteorite groups covered here have experienced a wide range of 
planetary processes. At one extreme, we have rocks such as the acapulcoites, which seem 
to be simply ultra-metamorphosed chondri tic material. It is debatable whether these rocks 
ever reached their solidi, although the textures suggest some mobilization of minimum 
melts in the Fe,Ni-FeS system. At the other extreme, we have rocks such as the eucrites, 
which are planetary basalts far removed in composition from that of their bulk parent 
body. We also have materials, such as the IIE irons, in which impact mixing, and 
possibly melting, must have played an important role. We have rocks, the aubrites, that 
were fonned under such low oxygen fugacities that elements normally strongly lithophile 
in character, Ca and the rare earth elements (REE), behaved as chalcophile elements. 
Finally, some of the meteorite types exhibit curious mixtures of nebular and planetary 
properties, such as the lodranites and ureiJites. 

_-l!l,]) -U27 9/9 8/00 3 6 -0004$ 20 .00 



4-2 PLANETARY MATERIALS 

..: 

4 

o 

/)"0 
-4 

-8 

-4 

2 

/)"0, 

o 

Mittlefehldt et aL: Non-Chondritic Meteorites from Asteroidal Bodies 4-3 

a 

B 

•• 

2 

T~ 

T • .: ..... 
AM 

o 

L 

3 

4 

0"0 

8 

AM 
4 5 

b 
4 

2 

.,. 

•• 
..lfr 

!iJ1< 

• TF 
o 

AM 
o 

.. ~,;' 
-. • So OL--J2~~~~4~~--L6------8~--

TF ~.:. : 
. ... •..• * *' "".- . . ~. ~.: 

"' 

B • ,£to .... 

<>~~ 
+ + 

AM o 

3 4 

0"0 
Figure 1. Oxygen-isotope plot for non-chondritic meteorites from asteroidal sources. In all parts of this 
figure, unlabeled symbols arc for several different meteorite types, which will be separated and labeled in 
subsequent parts. The terrestrial fractionation (1F) and Allende mixing (AM) lines are shown for reference . 
(a) The entire range in O-isotopic compositions, showing the distributions of anomalous irons (iron-an), 
Eagle Station pallasites (es-paJ), and ureilites (urei). The anomalous irons Bocaiuva (Bl and Tucson (n 
discussed in the chapter are labeled. Silicate and chromite samples of the anomalous iron Mbosi are 
connected with a tie line. (b) Metal-rich meteorites and winonaites plot along three mass fractionation lines; 
the JAB and IIICD irons and winonaites (win) plot on one below the terrestrial fractionation line, and the 
lIE and IVA irons on lines at higher .1.170. The closely related acapulcoites and lodranites (aca-lod) form a 
cluster with significant dispersion in .1. 170 . Aubrites (aub) are the only non-chondritic asteroidal meteorites 
that fall on the terrestrial fractionation line. The anomalous irons Guin (G) and Sombrerete (S) discussed in 
the chapter are labeled. (e) This portion of the figure clearly shows the much greater dispersion in .1. 170 for 
the acapulcoites and lodranites compared to many other non-chondritic meteorites, such as the IIIAB irons, 
main-group pallasites (mg-pal) and brachinites (brae). The two pyroxene pallasitcs (py-pal) plot near two 
members of the acapu1coite-lodranite clan. The unique achondrite Divnoe is similar in O-isotopic 
composition to the lAB and I1ICD irons and winonaite meteorites, but distinct from them in .1.170. The 
unique achondrite LEW 88763 (L) and the IIIAB iron containing chondritic silicates Puente del Zaeate 
(PZ) discussed in the chapter are labeled. (d) An extreme close-up view shows the general O-isotopic 
similarity of the IIIAB irons, main-group pallasites, howardites, eucrites and diogenites (HED), 
mesosiderites (mes), angrites (ang) and brachinites. The unique meteorite Enon also occupies this region of 
O-isotope space. All data are from Clayton and Mayeda (1996). 

Figure i places the meteorites discussed here in O-isotope space. Many of the 
meteorite groups, especially those that exhibit the clearest signature of planetary style 
igneous processes, occupy a fairly narrow region of O-isotope space just below the 
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terrestrial fractionation line. However, overall, the non-chondri tic meteorites occupy 
much of known solar system O-isotope space, and therefore have probably sampled 
parent bodies formed at various locations in the solar system. 

The organization of this chapter is difficult to put in any single logical order. 
Logically. we should start where the last chapter left off. and discuss those meteorite 
groups that are closest to chondritic material, and work our way sequentially through 
more and more different.iated materials. This works well for the silicate-rich meteorites, 
but to some extent, the irons are quite distinct and do not fit in. Yet there are numerous 
interconnections between metallic and si licate materials; winonaites and IAB irons, and 
main-group pallasites and IllAB irons, for example. Because of this, we will first discuss 
iron meteorite groups, presenting their petrologic and chemical characteristics. Armed 
~ith knowledge of the irons, we will then move on to tackle the achondrites and stony­
Irons. 

There are a few conventions we will foll ow in this chapter. The Antarctic Meteorite 
Newsletter put out by the Office of the Curator at Johnson Space Center contains very 
basic mineralogical data that may be the only source of information for some poorly 
studied meteorites. Rather than fill the reference list with citations to these, we will refer 
to them in the body of the text, figure captions and tables as AMN X-Y, which means 
volume X, number Y of the newsletter. We use the definition of d 170 = 8170 - 0.52 Sl80 
as given by Clayton (e.g. see Clayton and Mayeda 1996). We also here define mg# as 
molar 100*MgO/(MgO+FeO). When discussing modal mineralogy data, we will specify 
either wt % or vol % when it is known. If the author was not clear which was being used, 
we will opt for the nebulous %. Normalization to chondritic abundances are done using 
the CI values of Anders and Grevesse (1989). Finally, some mineral names are no longer 
officially recognized. We have used whitlockite instead of merrillite, and aluminian­
titanian-diopside instead of fassaire throughout, regardless what was used in the originaJ 
references. 

IRON METEORITE GROUPS AND THE METAL PHASE OF STONY IRONS 

General metallography and mineralogy 

Metallic nickel-iron constitutes the largest mass proportion of extraterrestrial 
material available for study on earth. Among observed fall s, however, iron meteorites 
account for only about 5%. Metallic meteorites are thus overrepresented in collections, 
because they are both durable and easy to recognize. 

A typical iron meteorite consists mostly of metallic iron with 5 to 20% Ni, which is 
texturally continuous over the size of the meteorite, and contains various minor phases as 
inclusions. There are, however, individual exceptions to all of these features. Samples 
with up to 60% Ni are known, some meteorites are brecciated on a millimeter-to­
centimeter scale, and a few objects are classified as metal-rich , even though they contain 
more sulfide than metal. However, no authenticated iron meteorite is known that contains 
less than 4% Ni. A thorough description of practically all iron meteorites known by the 
1970s was presented by Buchwald (1975). 

A number of meteorites consist partly of metallic iron and partly of silicates, and 
these are traditionally classified as stony-iron meteorites. In addition to the two major 
classes of stony-irons, pallasites and mesosiderites, some unusual individuals such as 
Lodran and Enon are often included in this category. However, the division between 
irons and stony-irons is somewhat arbitrary, since some iron meteorite breccias of group 
lAB contain as much silicate as mesosiderites, and some pallasi tes contain large si licate-
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Figure 2. Photograph of a polished and etched slab of the Edmonton (Kentucky) lIICD iron meteorite, 
showing the Widmanstatten structure of a fine octahedrite (Of) with an average bandwidth of -0.32 mm. 
The slab is 12 em in its long dimension. 

free areas of metaL Stony-irons and irons are sometimes collectively called "metal-rich 
meteorites" (Wasson 1974) to indicate that their metal content is higher than that of 
average solar system material. 

The metallic phase of many iron meteorites shows a texture called the 
WidmansUitten pattern, an oriented intergrowth of body-centered cubic a-Fe,Ni, and 
high-Ni regions which consist of several phases (Fig. 2). The structure can be revealed by 
etching a well-polished sample with nital , a 2% solution of nitric acid in ethanol. The 
Widmanstatten pattern was discovered independently by G. Thompson and E.C. Howard 
in the first decade of the 19th century, some time prior to the eponymous Alois Beckh 
von Widmannstatten. Note that German literature, following the spelling of the proper 
name, uses "Widmannstatten" with "-nn-" whereas English literature always refers to 
"Widmanstatten structure" with a single "-n-." 

The a-Fe,Ni phase, kamacite (known as ferrite in metallurgy), forms extensive 
lamellae with a Ni content <6%. A wide range of lamella widths is found among different 
meteorites, but within each one, the width of the kamacite lamellae is approximately 
constant. The more Ni-rich areas are generally referred to as taenite, but detailed study 
shows that these areas are complex mixtures of phases. A profile of the Ni content of 
taenite lamellae is generally M-shaped, with Ni contents close to 50% within a few 
micrometers of the kamacite interface, and much lower contents at the center of the 
lamellae. The 50% Ni region has subsequently been found to be an ordered, tetragonal 
phase of FeNi composition named tetrataenite (Clarke and Scott 1980). A sub-micron 
intergrowth of Ni-poor and Ni-rich phases called pless ite is present within the taenite 
regions of more Ni-rich samples. 

The formation of the Widmanstatten structure can be understood by considering the 
Fe-Ni phase diagram (Swartzendruber et al. 1991 , Yang et aJ. 1996). Above about 800°C 
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meteoritic metal forms y-Fe,Ni regardless of composition. since at high temperatures 
there is no miscibility gap. During slow cooling a-Fe,Ni precipitates along the {III J 
planes of the 'Y-Fe,Ni parent. Depending on the bulk Ni content, nucleation of a-Fe,Ni 
occurs between 500· and 800·C, the lower temperatures corresponding to higher Ni 
~on.tents. The continui.ty of the Widmanstatten structure in many large meteorite samples 
IOdlcates that at the high temperature stage the "(-Fe,Ni crystals reached sizes of tens of 
centimeters to meters. 

Taenite has traditionally been considered to be y-Fe,Ni with varying Ni content, 
except for minor regions of tetrataenite. Recent work by Yang et a1. (l997a,b) has cast 
doubt on this generally accepted picture. Based on detailed studies of the Ni-rich 
lamellae, they have concluded that if y-Fe,Ni is present at all, it is only of minor 
importance. Most of the original 'Y-Fe,Ni undergoes complex decomposition reactions at 
temperatures belo~ 400°C. Areas with Ni contents between 30% and 50% are actually 
intergrowths of tetrataenite and a body-centered cubic phase referred to as ~-Fe,Ni. This 
phase is structurally identical to martensite, but unlike industrial martensite it did not 
originate by fast cooling. A very thin layer of awaruite, FeNi3, separates the tetrataenite 
regions from kamacite. The bulk of the kamacite lamellae is apparently unaffected by the 
low-temperature reactions in the taenite region. 

This reinvestigation of the Ni-rich areas of the Widmanstatten pattern represents a 
drastic revision of the traditional picture of iron meteorite mineralogy, and its 
implications have not yet become clear. Since diffusion in Fe-Ni alloys is too slow at low 
temperatures for an experimental detennination of equilibrium reactions, most of (he Fe­
Ni phase diagram below 400°C is actually based on the phases observed in iron 
meteorites (Reuter et al. 1988, Yang et a1. 1996, J997b). Although meteorites as a natural 
long-term experiment have considerably increased our knowledge of Fe-Ni phase 
relations, the element of circularity that is thereby introduced invites caution when the 
meteorite-derived phase diagram is used to interpret meteorite structures. 

The characteristic Widmanstatten pattern thus consists of lamellae of kamacite, 
separated by Ni-rich lamellae composed of several phases. Because kamacite lamellae are 
oriented along octahedral planes, meteorites that show this structure are known as 
octahedrites. According to the width of their kamacite lamellae, octahedrites are further 
subdivided into coarsest (Ogg, bandwidths >3.3 mm), coarse (Og, 1.3-3 .3 mm), medium 
(Om, 0.5- 1.3 mm), fine (Of, 0.2-0.5 mm), and finest octahedrites (Off, <0.2 mm). 
Plessitic octahedrites (Opl) are transitional to ataxites. The bandwidth boundaries, based 
on classifications developed in the 19th century, were redefined by Buchwald (1975) in 
such a way that most chemically related meteorites now fall into the same structu ral 
class. A few iron meteorites do not fit this textural classification scheme, and are 
regarded to have an anomalous texture. Some of these are specimens in which (he 
Widmanstatten pattern has been partly or wholly obliterated by reheating in space (e.g. 
luromenha; see Fig. 116 in Buchwald 1975, p. 95). 

Samples with very high Ni content undergo the 'Y-o. transformation at such low 
temperatures that only small kamacite spindles but no continuous lamellae form, and the 
texture is only microscopically visible. These meteorites are known as ataxites, 
designated D, and most have bulk Ni contents of ~15%. 

Some iron meteorites with Ni contents below 6% consist almost entirely of kamacite 
and show no Widmanstatten pattern; they are called hexahedrites and are designated H. 
The name refers to the cubic (hexahedral) cleavage of o.-Fe,Ni single crystals. Most 
hexahedrites belong to chemical group IIA. 
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Etched kamacite in both hexahedrites and octahedrites usually shows features called 
Neumann bands, which are mechanical twins on the {211} planes of a -Fe,Ni. Twinning 
is induced by shock, either due to collisions in space, or during atmospheric passage 
(Buchwald 1975) . Neumann bands can be best seen on the large, continuous kamacite 
crystals of hexahedrites, from which the usually more conspicuous Widmanstatten 
pattern is absent. 

The ubiquity of Neumann bands indicates that they are formed easily at relatively 
low levels of shock. Most iron meteorites, however, show evidence of higher levels of 
shock as well. Shock pressures> 13 GPa lead to a transient transformation of o.-Fe,Ni to 
the high pressure E modification, which manifests itself as "hatched kamacite." Even 
more severely shocked samples often show signs of eutectic melting at the edge of troilite 
nodules, secondary reactions of metal with carbide and phosphide, and deformation and 
even partial obliteration of the Widmanstatten pattern. 

In addition to forming Widmanstatten lamellae or (in Ni-rich samples) kamacite 
spindles, a -Fe,Ni also commonly nucleates at the interface of non-metallic inclusions. 
This morphology, called swathing kamacite, forms around inclusions of troilite, 
schreibersite, silicates, etc., as a continuous layer of kamacite, which can be twice as 
wide as the average width ofWidmanstiitten lamellae (Buchwald 1975, p. 89). 

Mineralogy of accessory phases 

Except for a few transitional cases, there is a visually obvious difference between 
two types of mineral occu~rences in metal-rich meteorites : (a) a major non-metallic 
lithology in meteorites such as pallasites or iron-silicate breccias such as Woodbine, and 
(b) minor occurrences of non-metallic minerals that are accessory phases within the 
metallic lithology. Separate sections of this chapter are dedicated to the silicate portions 
of stony-irons and iron-silicate breccias. 

Table 2 gives an overview of minerals associated with the metal phase. By far the 
most common non-metallic minerals are troilite, schreibersite, and graphite. The carbides 
cohenite or, less frequently, haxonite, are common in some groups. In a small number of 
meteorites, notably the large Canyon Diablo iron associated with Meteor Crater, Arizona, 
some graphite has been transformed into diamond and lonsdaleite, a hexagonal high­
pressure polymorph (Frondel and Marvin 1967), due to shock. Some graphite has formed 
by decomposition of cohenite, but it is also found as rims around non-metallic inclusions 
in a morphology that suggests subsolidus exsolution from the metal. "Cliftonite" is a 
carbon occurrence with cubic morphology, but is crystallographic ally identical to 
graphite. Its shape is imposed by the cubic structure of the host metal. 

Troilite, the hexagonal, practically sto ichiometric (Fe:S mole ratio usually 2:0.98) 
modification of FeS, differs structurally from terrestrial pyrrhotite. Schreibersite, 
(Fe,Ni)3P' occurs either as coarse irregular or skeletal inclusions, or as very small 
euhedral crystals in the shape of rods or platelets. The latter were originally thought to be 
a different mineral, and named "rhabdite ," a name still used to refer to this particular 
morphology. The Ni content of troilite is generally negligible, but both schreibersite and 
cohenite, (Fe,NihC, contain appreciable amounts of Ni. When they are in equilibrium, 
cohenite contains less and schreibersite more Ni than the host metal. 

Platelet-shaped inclusions of chromite, troilite, or both, are relatively common. They 
can reach em in size, but are usually only a few Ilm thick. Known as Reichenbach 
lamellae, they are mostly oriented along cubic planes of the parent 'Y crystal (Buchwald 
1975), and enveloped by swathing kamacite. ::rheir morphology suggests exsolution from 
the host metal. 
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Table 2. Mineralogy of the metal phase of iron and stony iron meteorites. 

Elements and alloys 

kamacite cr-Fc,N! «6% Ni) 

martenSlte ~ arFe,Ni 
taenile· Fe,Ni (>30% Ni) 
tetrataenite FeNi 
awaruite Ni)Fe 

graphite C (he:tagonal) 
diamond C (cubic) 
lonsdalei tc" C (hexagonal) 

copper C, 
Sulfides 

trcilitc FeS (hexagonal ) 
macki nawitc FeS (tetragonal) 

sphalerite (Zn,Fe)S 
alabandite MnS 
pentlanditc (Fe,NI)'1Ss 
chalcopyri te CuFeSl 
brezinaite* Cr]S4 
daubreelitc w. FeCr~S4 

djerfisheritc K]CuFe 115 14S 

Carbides, nitrides, phosphides 

cohenite 
haxonitc* 

unnamed iron carbide· 

carlsbergitc-
roaldite* 

schreibersitc* 

Oxides 

chromite 

silica 

Phosphates 

sarcopside 
graftonite 

beusi lc 

buchwalditc '" 

galiiciile'" 

brianile* 

pancthile* 

farringto nilc· 

johnsomcrvillcllc­

marici te· 

(Fe.Ni)lC 

(Fe.NibC6 

Fe-...5C 
C,N 
Fe,N 

(Fe.NihP 

(Fc,Mnh (PO')J 
(Fe,Mnh(PO.») 

Fe)Mn)(PO,). 

NaCaPO, 

Na(Fe,MnMP04~ 

Na2CaMg(PO,h 

Na2(Mg.Feh(PO, h 

(Mg.Feh(PO.h 

NalCa(Fc,Mg.Mnh<P04~ 

NaFePO, 

2 
5 
5 
4 

I 
5 
4 
4 
5 
J 
5 
2 

4 

2 
J 
5 
J 
4 

2 

4 

4 

4 

5 
4 

4 

5 
5 
5 
5 
5 

A 

B 

C 

o 

E 

F 

F 

F 

Column 3: Frequency of occurrence (see lext for funhcr explanation); I -
ubiquitous. 2 - vcry common. 3 - common minor min~r al. .4 - rarc. 5 - only 
found in one or a fcw mcteori tcs. * - not k.now as terrestnal minerals. 
Column 4: notcs; A - Tacnitc is apparcnt ly not a singlc phase (scc tcxt). 
Additional typcs of metal, such as E-iron, can bc produced by shock. B - The 
presence of small amounts of Cu-sulfides is suspected. bu~ .has n.ever ~een 
unambiguously confi rmed, C - Chromite associated wilh ~ I hca te mcluslOns 
contains Mg. AI, etc ., but chromite associated with metal IS usually close to 
pure FeCr10 . in composi tion, D - Both tridymite and c ri stobahte have been 
fou nd in iron meteorites , and other silica poJymorphs may be present, E -
Structurally continu ous with graftonite ; unlike all lerres t~al beusite, the 
meteoritic variety is Ca- free. F - Brianite, panethlle_ and farnngtom te may be 
pan of a separate oxide/sili cate lithology in the few meteorites where they have 
be:en found . 
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Most of the minerals listed in Table 2 have been discussed in greater detail by 

Buchwald (1977), but more have been discovered since then, for example roaldite, Fe
4
N, 

(Nielsen and Buchwald 1981 ) and galileiite, Na(Fe,Mn),(PO,h (Olsen and Steele 1997). 
Other compounds known or suspected to be present are as yet insufficiently characterized 
to be either identified as a known mineral or described as a new one. Some phosphates. 
like brianite. panethite, and farringtonite, are probably more closely related to silicate 
inclUSions, but are included in Table 2 because of their ambiguous status. 

Several minerals in Table 2 are only known from meteorites, some others have been 
discovered in meteorites first, and only later found at a terrestrial location . Meteoritic 
minerals that have no naturally occurring terrestrial counterpart are identified with an 
asterisk in Table 2. Some of these are common in industrial products. For example, the 
mineral cohenite, Fe3C. is a common inclusion in steel where it is known as cementite. 

Column 3 of Table 2 denotes the frequency of occurrence by assigning minerals to 
five categories in order of decreasing abundance. By definition, all metal-rich meteorites 
contain one or more of the iron-nickel phases. A few other minerals, such as troilite and 
schreibersite, are also present in nearly all samples, and are designated "ubiquitous." A 2 
denotes those minerals that are so common that they can usually be found in most large 
specimens. Rare minerals are designated 3 to 5 according to the following criteria: 
minerals that are present in many meteorites, but usually only in very small amounts, are 
assigned to category 3. An example is carlsbergite, erN. which occurs in many members 
of several groups of irons, but in very small amounts (Buchwald and Scott 1971). 
Minerals that occur in only one or a few meteorites are ass igned to categories 4 and 5. 
For minerals in category 5 there are usually theoretical reasons , in addition to 
observation, to assume that the mineral is confined to unusual specimens, such as in the 
case of brezinaite, Cr3S4, which occurs only in the highly reduced Tucson iron (Bunch 
and Fuchs 1969, Nehru et al. 1982). On the other hand, a mineral such as buchwaldite 
(Olsen et al. 1977), although rare, may well be present in many more samples than 
observed so far, and is therefore assigned to category 4. 

Classification and chemical groups 

Whereas the subdivision into hexahedrites, octahedrites, and ataxites is purely 
descriptive, a genetically more significant taxonomy is based on the trace element content 
of the metal phase. In a series of papers (Wasson 1967, 1969, 1970; Wasson and 
Kimberlin 1967, Wasson and Schaudy 1971, Schaudy et al. 1972, Scott et al. 1973, Scott 
and Wasson 1976, Kracher et al. 1980, Malvin et al. 1984, Wasson er al. 1989, 1998a,b) 
data on Ni , Ga, Ge, and Ir have been published on practically all known metal-rich 
meteorites, and several more elements have been determined in most others. When all 
likely pairings of samples are taken into account, the number of independent iron 
meteorites that had been analyzed as of 1990 was about 605 (Wasson 1990). 

On plots of 10g(E) vs. 10g(Ni), where E denotes some well determined trace element, 
about 85% of iron meteorites are seen to fall into one of 13 clusters or chemical groups. 
With two exceptions these groups fall within restricted areas on a log(Ge) vs. log(Ni) plot 
(Fig. 3a), whereas on 10g(Ir) vs. 10g(Ni) plots (Fig. 3b) the same samples form narrow, 
elongated fi elds spanning a considerable range in Ir contents. It is customary to refer to 
these clusters as groups if they contain at least five members. Samples that fall outside 
defined chemical groups are called ungrouped (or sometimes anomalous) iron meteorites. 
and some of these form grouplets of two to four related individuals (Scott 1979a). 

The fields outlined in Figure 3 are not equally populated, which is indicated by 
shading the more densely populated areas. For example, the shaded part of the lAB field 
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Figure 3. Plots of (a) Ge vs. Ni and (b) It vs. Ni showing the fields for the 13 iron meteorite groups. 
Germanium is one of the elements originalIy used to classify irons into groups I through IV based on 
decreasing Ge and Ga content. Note that most iron meteorite groups have limited ranges in Ge and Ni 
content; groups lAB and IlICD are unusual on this plot. The If content of most iron meteorite groups varies 
enormously from low to high Ni members, due to its strong fractionation between solid and liquid metal. 
This results in the ob£erved steep trends on this plot for these so-called magmatic iron meteorite groups. 
Again, lAB and IIICD irons show an unusual distribution on this plot. 

contains about 100 meteorites, whereas only 3 samples fall in the region ;;::25% Ni. 
Likewise, in groups nAB, IIIAB and IV A, the low-Ni, high-Ir regions contain more 
members than the opposite end of the outlines. The shaded areas in Figure 3 account for 
about half of all known iron meteorites. 

The taxonomic significance of Ga and Ge derives from the fact that they are the 
most volatile siderophile elements (Wasson and Wai 1976, Wai and Wasson 1979), and 
in analogy to the situation in chondrites, more volatile elements tend to be more strongly 
fractionated between different groups (Wai and Wasson 1977). Thus both Ga and Ge 
show a narrow range within groups of similar iron meteorites, but large differences 
between different groups. 

Early determinations of these elements (Lovering et al. 1957) resolved only four 
groups, designated by Roman numerals I through IV in order of decreasing content of Ga 
and Ge. Letters were added later, as in IV A and IVB, to distinguish additional groups. 
Not all of these groups proved to be Independent, however, leading to the current 
nomenclature, in which some groups have a combination of two letters after their Roman 
numeral. For example, as more samples were analyzed, the hiatus between IIIA and IllB 
was filled in, and the entire group is now designated IIIAB. On the other hand, no genetic 
relationship exists between groups IV A and IVB. A more detailed explanation of this 
nomenclature, together with a compilation of Ni, Ga, Ge, and Ir data, can be found in 
Wasson (1974). 

Average compositions of the chemical groups calculated by Willis (1980) are given 
in Table 3. For elements like Ga, which do not show a large range within a given group, 
determining the average group content is fairly straightforward. However, in the case of 
an element like Ir, the "average" is model-dependent. As explained in more detail in the 
"Origin" section below, the modification of the Willis (1980) averages listed in Table 3 
refer to models of the parent material from which the meteorites formed, rather than the 
average of actually analyzed samples. 
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The largest chemical group, IIIAB , comprises about one third of all known iron 
meteorites. On 10g(E) vs. 10g(Ni) plots, some groups (!lAB , !lC, lID, and IV A) occupy 
fields of similar shape, although in different regions of the plot. As Scott (1972) has 
demonstrated, the behavior of these groups is consistent with fractIOnal crystallizatiOn 
from a melt. and these groups are therefore called "magmatic iron meteorite groups." 

Groups lAB and rueD. which account for about 20% of all iron met~orites, as well 
as the small group lIE, exhibit a different behavior from the magmatic groups. For 
example , their Ni and Ge contents span a larger range. and their If contents a smaller 
range,. than those of the other groups. They also tend to be rich in inclusio~s, and so~e 
members contain abundant si licates or, in some cases, phosphates. Their formation 
mechanism was clearly different from that of the magmatic iron meteorite groups, b.ut the 
nature of this process remains poorly understood. Kracher (1982) proposed formatlOn of 
group lAB by cotectic crystallization of metal and sulfide, but Wasson et al. ( 1980) 
suggested that the non-magmatic groups originated in small Impact melt pools. 

Cooling rates 

Two factors control the lamella width of the Widmanstatten pattern in octahedrites: 
the average Ni content of the metal and the cooling rate . The higher the Ni content,.the 
lower the temperature at which the a. phase begins to precipitate; the faster the cooh~g, 
the less time the a. lamellae have to grow. Therefore higher Ni content and faster cooling 
lead to finer patterns. The growth process can be simulated by comp~ter models of Ni 
diffusion during nucleation and growth of kamacite in the ?riginal taeOite crystals: Wood 
( 1964) and Goldstein and Ogilvie (1965) showed that coohng rates can be determined by 
comparing the computer models to actually observed textures ~nd COm~o?luons. ~he 
calibration of these models requires accurately determined diffUSIOn coefficients, which 
are sensitive to minor element content, and accurate phase diagrams. The original cooling 
rate estimates, which were generally in the range of 1-1 O°CIMa, had to be revised upward 
by about a factor of 5 (Saikumar and Goldstein 1988) when the improved diffusion data 
of Dean and Goldstein (1986) became available. 

Cooling rates determined from diffusion-controlled Ni concen.tration profiles 
resulting from phase transformations in the meta~ phase are collect1~ely known as 
metallographic cooling rates. In the case of octahedntes and many stonY-Irons, these are 
generally derived from analyzing the Ni distribution i.n the. Wi.dmans.tatten pattern. 
Quantification can be based on matching the M-shaped NI profiles In taeOite lamellae,. or 
measuring width versus central Ni content of taenite regions. The. two methods give 
similar results but a third method, suggested by Narayan and Goldstein (1985) turned out 
to be invalid (Saikumar and Goldstein 1988). In irons that contain chondri tic silic~tes it is 
possible to determine cooling rates from both the Widmanstatten patterns and Isolated 
metal grains in the silicates. The two are generally in agreement (Herpfer et al. 1994). 
The most reliable cooling rate determinations for the major iron meteorite groups have 

been compiled in Table 4 . 

In the last decade, cooling rate determinations have undergone a number of 
refinements to take into account the presence of minor phases and elements, impingem~nl 
of growing kamacite plates (Saikumar and Goldstein 1988), undercooling of kama~l~e 
nucleation, and local variations in Ni content (Rasmussen 1981 , 1982). Nonetheless It IS 

still uncertain whether kamacite requires the prior formation of phosphides to nucleate 
without undercooling (Saikumar and Goldstein 1988) or not (Rasmussen et al. 1995). 
Although most iron meteorites have a sufficiently high ~ulk P content for schrelberslt,e t.o 
nucleate before kamacite, this is not the case for low-Nt members of group IV A. Thl~ IS 

the same group that shows a significant and systematic difference in calculated cooling 
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rates between its low-Ni and high-Ni members. 

Table 4. Metallographic cooling rates of 
selected iron and stony iron meteorite groups. 

meteorite cooling rate ref. parcnt body 
group CC/M,) radius (km) 

lAB 25 (a) 33 

310 (b) 10 

Ie highly variable (e) 

IIAB 0.8-3 (e) 165-90 

6-12 (d) 65-47 

liD 5 (a) 70 

II IAB 3-75 (d) 90-20 

7.5-1 5 (,) 5B-42 

"'CD 10 (a) 51 

200 (b) 13 

IVA 11-500 (d) 49·8 

40-325 (al 27-10 

IVB 30-260 (dl 30-1 1 

4300 (bl 3 

pallasiles 2.5-4 (al 97-78 

mesosideriles 0.5 (a l 206 

References: (a) Yang et al (l997a), based on 
Goldstein (1969) as modified by Saikumar arrl 
Goldstein (1988), (b) Rasmussen (1989), (c) SCOIt 
(1977a), (d) Haack et al. (1990), (e) Randich an::! 
Goldstein ( 1978). 
See text fOT method of calculation for parent body 
radius. 

Since conventiona l metall o­
graphic cooling rates are based on 
the kamacite-taenite exsolution, 
both phases have to be present for a 
quantitative determination. Almost 
all meteorites contain sufficient 
kamaci te to determine cooling rates 
by this method, even the members 
of group IVB , whose Ni content 
reaches 18% (Rasmussen et al. 
1984). However, in hexahedrites no 
taenite is present. To circumvent 
thi s limitation , Randich and 
Goldstein (1978) developed a 
method to determine cooling rates 
from the growth of schreibersite. 
The metal -phosphide cooling rates 
of O.8-3°C/Ma for group lIA are in 
agreement, within accepted error, 
with the kamacite-taenite cooling 
rates of 4-12°C/Ma for group rm, 
which, based on chemical evidence, 
originated from the same parent 
melt. Cooling rates deri ved from 
two different reactions are thus in 
approximate agreement, and also 
consistent with an origin of group 
IIAB from a single melt reservoir. 

A simi lar si tuation exists in 
. group IIIAB, but in group IVA, 

which ~Iso shows a distinctly magmatic signature in terms of chemistry, cooling rates 
vary Widely. In addition, four silicate-bearing irons, Bishop Canyon, Gibeon, Sao loao 
Nepomuceno and Steinbach, are members of this group. These unusual features led Scan 
etal. (1996) and Haack et al. (1996) to postulate that the IVA parent body was fragmen­
ted whIle It was sull hot , and cooled as a "rubble pile" rather than a body with a contin­
uous core. A similar history has been proposed by Scott (l977a) for group IC, whose 
members, although chemically similar, show widely differing metallographic structures. 

In principle, burial depths, and hence parent body sizes, can be inferred from 
metallographic cooling rates, but the calculations depend on the knowledge of the 
thermal properlies of material of which we have no samples, viz., mantle and regolith of 
the iron meteorite parent bodies. Haack et at. (1990) have shown that the th ickness of the 
regolith layer is a critical parameter, and since the accumulation of regolith and 
megaregolith is a stochastic process, there are fundamental limitations to such calcula· 
lions. Considering these uncertaint ies, the complex formula relating cool ing rate , thermal 
p.roperties, and parent body radius can be simplified to give an estimate of parent body 
SIZe: 

R = g x 149 X CR·o'65 

where R is the parent body radius in km, g is a factor that is equal to 1 for a chondritic 
parent body, and the cooling rate CR is given in °ClMa. Parent body radii based on this 
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formula are shown in Table 4. 

Ages 

Most commonly used radionuclide clocks are all based on lithophile elements, such 
as K, Rb, Sm, Th and U, and are not applicable to iron meteorites. In fact, a considerable 
fraction of the light lithophile elements present in iron meteorites is due to cosmic-ray 
spallation rather than inherited from the par~nt body (Voshage 1967, Imamura et al. 
1980, Honda 1988, Xue et a!. 1995). However, the high content of noble metals, 
combined with their strong fractionation within groups, makes it feasible to use the ~ 
decay of 187Re to 18705 as a chronometer for iron meteorites. The half-life of 187Re, which 
is about an order of magnitude longer than the age of the solar system, is not known 
accurately enough to make an absolute comparison with Rb.;Sr or Sm-Nd ages of stony 
meteorites. Taking"lhe value of 42.3±1.3 Ga (Lindner et al. 1989), Morgan et al. (1992, 
1995) found that the ages of IIAB and IIIAB irons are identical (4.583 Ga), and 
indistinguishable from the age of chondrites, although high-Ni IIBs show some slight 
disturbance. The uncertainty in the half life places the lower limit of their age at 4.46 Ga. 
Shen et aI. (1996) determined Re-Os isotopic systematics for a number of lAB, llAB, 
IIIAB, IV A and IVB irons. Their data for IIAB irons yielded an age within uncertainty 
identical to that determined by Morgan et al. (1995). Further, Shen et al. (1996) 
determined an isochron age for IV A irons, which was 60±45 Ma older than that for IIAB 
irons. Horan et al. (1998) determined Re-Os isochron ages for groups lAE-IIICD, llAB, 
IIIAE, IV A and IVB. They found that the IAB-IIICD, llAB, IllAE and IVB irons have 
the same age within uncertainties, although the IIIAB irons could be slightly older. 
Excluding the IVA irons, the ages obtained by Horan et al. (1998) and Shen et aI. (1996) 
are identical within uncertainty, after recalculation to a common 187Re half-life. Horan et 
a1. (1998) found the IV A irons to be significantly younger than the other meteorite groups 
by about 80 Ma, in contrast to the conclusion of Shen et aI. (1996). 

Chronological information can also be derived from extinct radionuclide systems, if 
isotopic anomalies due to early radioactivity are preserved. Extinct radionuclides of 
potential significance for iron meteorite genesis are 107Pd (t1/2 6.5 Ma), 182Hf (t1l2 9±2 Ma) 
and 20sPb (t1l2 14 Ma). Evidence for live 107Pd in the form of radiogenic silver (101Ag*) 
has been found in iron meteorites of the magmatic groups HAB, IlIAB, IV A, and IVB 
(Chen and Wasserburg 1990), as well as some ungrouped irons. The IV A irons have a 
higher 107 Ag*/I08Pd ratio than other iron meteorite groups, indicating that the IVA irons 
are older. This agrees with the Re-Os results of Shen et al. (1996) but disagrees with 
those of Horan et a1. (1998). The failure to find 107 Ag* in members of groups lAB and 
IIICD may be due to the larger Ag content of these samples, and hence a higher detection 
limit, and not necessarily a later formation age. 

The preservation of 107 Ag* argues that fractional crystallization took place within a 
few million years of parent body accretion. Reconciling the rapid heat loss implied by 
this scenario with slow metallographic cooling rates probably requires more sophisticated 
models of parent body evolution than are currently available. Perhaps most small 
asteroids acquired the kind of insulating regolith envisioned by Haack et al. (1990) only 
after their interiors had solidified, but before they cooled through the temperature range at 
which metallographic cooling rates became established. 

Refractory lithophile 182Hf decays to refractory siderophile 182W, and thus can be 
used to constrain the timing of metal-silicate separation (core formation) in differentiated 
bodies. Horan et a1. (1998) have determined the W isotopic composition for the 
meteorites they studied by Re-Os chronometry. They found that all the iron meteorite 
groups have the same W isotopic composition within uncertainty, indicating that metal-
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silicate separation occurred on all these parent bodies within a limited time span «5 Ma). 
Further, Horan et al. (1998) concluded that for all iron meteorite groups excluding the 
IIIAB irons, the time of crystallization as determined by Re-Os was measurably later than 
the time of metal-silicate separation as given by the W isotope systematics, suggesting 
that core crystallization may have been a protracted process. 

A third kind of isotopic measurement that has attained particular importance for iron 
meteorites is the determination of cosmic-ray exposure ages. High energy cosmic-rays 
c~use spallation in their targets, producing elements with characteristic isotopic 
slgnal.ures that are usually very different from average solar system isotope ratios. 
Cosmic-rays have a limited penetration depth. For the vast majority of matter in an 
asteroid, spallation only occurs after the material from which meteorites are formed has 
been fragmented to meter size or less. Exposure ages thus measure the time a meteorite 
has spent in space in essentially the same shape in which it fell. 

In stony meteorites measurable spallation effects are usually limited to noble gases, 
but in iron meteorites with their high abundance of heavy target nuclei and low 
abundance of lithophile elements, it is possible to use the very precise 41KJ40K method 
(Voshage 1967). Cosmic-ray exposure ages of iron meteorites are typically in the range 
of 200 to 1000 Ma, some 5 to 50 times longer than typical for stony meteorites. Tight 
clusters III exposure ages for groups IIIAB and IV A suggest discrete breakup events for 
their parent bO:Jies 650±75 and 420±70 Ma ago, respectively (Voshage and Feldmann 
1979). No other clusters have been observed. The highest 41K/40K exposure age measured 
for an iron meteorite is 2.3 Ga, or half the age of the solar system, for the un grouped 
Deep Springs iron. 

Exposure ages based on 26AIf21Ne ratios are systematically lower than 41KJ40K ages 
(Aylmer et al. 1988). The two ages can be reconciled if it is assumed that the cosmic-ray 
flux increased by some 35% over the last 107 years, although the more mundane 
explanation of an error in spallation cross sections cannot yet be ruled out. 

Origin of magmatic iron meteorite groups 

Chemical evidence indicates that magmatic iron meteorite groups formed by 
fractional crystallization. The most plausible asteroidal setting for such a process would 
be the core of a differentiated asteroid. This would imply that each group comes from a 
separate asteroid, and that core compositions varied considerably between different 
parent bodies. 

The partition coefficient of an element, E, is defined as kE = CICI, where C is the 
concentration of E in the solid, and CI is the concentration of E in the liquid.

s 
If the 

partition coefficient of an element is constant throughout the crystallization process, 
successive fractions of crystallizing solid follow the ScheH (or Rayleigh) equation, 

C, = k x Cox (l_g)k-1 

where Co is the concentration in the liquid before crystallization started, and g is the 
fraction that has already solidified. Mutually consistent partition coefficients can be 
derived from the fact that, given two elements A and B, the track of successive fractions 
of crystallizin,g solid on a plot of log (A) vs. 10g(B) is a straight line with slope 
(kA-1)/(k.-1). This techniques was used by Scott (1972) to estimate partition coefficients 
for a number of elements based on log(E) vs. 10g(Ni) plots for magmatic iron meteorite 
groups. 

In, practice, the condition of constant partition coefficients is rarely fulfilled, 
particularly because kE for most elements depends strongly on the concentration of non-
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metals (S, P, and C) in the parent melt (Willis and Goldstein 1982, Jones and Drake 1983, 
~alvin et aL 1986). Since the non-metals largely remain in the residual liquid, their 
Influence on kE becomes more pronounced as solidification progresses. Refined models 
have been proposed to take non-ideal behavior into account, such as trapping of small 
amounts of liquid (Scott 1979b), solid state diffusion (Narayan and Goldstein 1982), 
partition coefficients that change during crystallization (Sellamuthu and Goldstein 1985, 
Jones 1994), and liquid immiscibility (Ulff-M~lIer 1998). 

. For th~ largest meteorite groups, which are probably fairly representative samples of 
thelT asteroidal precursors, average group compositions can be estimated (Willis 1980). 
The average group composition, however, is not identical to the composition of the 
parent melt, since the last amount of residual material, which contains most of the non­
metals, is apparently missing (Kracher and Wasson 1982). Average compositions based 
on actual samples as well as a fractional crystallization model with constant kE values 
have been calculated by Willis (1980), and are given in Table 3. 

Since P has a small but finite partition coefficient, plots of 10g(P) vs. 10g(Ni) can be 
us~d to infer initial P contents. Sulfur is almost entirely excluded from the crystallizing 
solId, a~~ th.e S conte~t of the parent melt can only be estimated indirectly. For example, 
the partttlOnmg ofGe IS very sensitive to the S content of the melt, kGe<1 for melts low in 
S, and> 1 for S-rich melts. Phosphorous has a similar effect. The change in slope on 
10g(Ge) vs. 10g(Ni) plots of group IIIAB (Fig. 3) can thus be modeled with a melt 
containing 4 to 5% S at the beginning of crystallization, even though there are no samples 
of the S-rich material in our meteorite collections. 

Models that take the influence of S on trace element partitioning into account (Jones 
and Drake 1983, Malvin et al. 1986) have led to some revisions in the original group 
composition estimates of Willis (1980). It should be pointed out, however, that these 
revised figures, denoted with superscripted letters in Table 3, are intended to represent 
the parent melt from which meteorites crystallized. For example, the average Ni content 
of group IIAB is estimated to be 6.1 %. Element distribution patterns suggest an initial S 
content of the IIAB parent melt of 17% (Jones and Drake 1983). Since S is effectively 
excluded from the crystallizing solid, this model leads to an original Ni content of 
6. IX(1I1.17);5. I %. Both values are given in Table 3. 

The largest discrepancies between the Willis (1980) values and the model melt 
compositions of Willis and Goldstein (1982) and Jones and Drake (1983) are for 
elements whose partition coefficients are highly sensitive to S content. This explains the 
large differences in Ge and Ir estimates for group IIAB. Since Ir concentrations in this 
group span five orders of magnitude, the average group value is poorly constrained by 
actual measurements. Meteorite collections are not unbiased samples of an entire core, 
and considering the large spread in values, even a very small bias can seriously affect the 
calculation of a meaningful average. An argument in favor of the lower Ir estimate is that 
it corresponds to an IrINi ratio that is within a factor 2 of the chondritic value in 
accordance with other roughly chondritic elementlNi ratios in groups IIAB. ' 

Jones and Malvin (1990) presented a semi-empirical interaction model for the 
influence of non-metals on siderophile partitioning in the Fe-Ni-S-P system. The partition 
coefficients for siderophile element E are calculated from two parameters ex and BE' and 
[he mole fraction X of the non-metal according to: 

10g(kE) ; log(k; ) + ~E x 10g(1-naX) 

where k~ is the partition coefficient in the pure Fe-Ni-E system, and 0. and n depend only 
on the non-metal (n ; 2, a ; 1.09 for S; n ; 4 , a; 1.36 for Pl. The values of ~E depend 
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on both E and the non-metal , and range from +0.5 (Cr, S) to -2.6 (Jr, S). Based on this 
model, Jones (1994) gave formulas for calculating slopes on 10g(E,) vs. 10g(E,) diagrams 
even if they are non-linear. 

Little work has been done on the effect of C at low pressures, which also has a 
significant influence on trace element partitioning. Following Willis and Goldstein 
(1982), the C content of the original melt is assumed to be relatively small , and Jones and 
Malvin (1990) have confined their discussion to Sand P. 

The large sulfide nodules present in some magmatic iron meteorites are thought {Q 

be derived from trapped melt. If the amount of trapped melt could be detennined, the 
modal sulfide content would allow' an independent estimate of melt composition. 
Unfortunately there is no way to estimate the amount of trapped melt without resorting to 
parameters like partition coefficients, which themselves depend on S content. Esbensen et 
al. (1982) have tried to model melt trapping in members of the Cape York shower, which 
apparently represent mixtures of solid and trapped liquid in varying proportions . 
Estimating solid:liquid ratios between 93:7 to 36:64 in different samples on the basis of 
Irace elements, they arrived at an S content of 2%. Taking into account the amount of 
solid that had already crystallized before the Cape York specimens formed , the calculated 
S content of the original liquid was 1.4% by weight. 

Haack and Scott (1993) contend the assumptions of Esbensen et a!. (1982) in 
calculating the solid:liquid ratios were oversimplified, and estimate an initial S content 
for the lIIAB parent melt of about 6%, close to the 5% calculated by Jones and Drake 
(1983). Recently , Ulff-M~lIer (1998) has estimated the S content of the IIIAB iron parent 
melt at to.8 wt % by using the Ir-Au distribution of high-Ir IIIAB irons. The partition 
coefficient of Ir is highly sensitive and that of Au less sensitive to the S content of the 
melt (Jones and Malvin 1990). 

To account for the low abundance of S estimated for iron meteorite parent melts, 
Keil and Wilson (1993) suggest that parent bodies lost considerable amounts of S into 
space by explosive volcanism during incipient differentiation. Eutectic Fe-S liquid is 
probably finely dispersed along grain boundaries and in the network of early silicate melt 
(Kracher 1985). A small amount of volatiles can cause liquid to be erupted, and lost into 
space due to the low gravity on small asteroids (Wilson and Keil 1991). 

Anomalous iron meteorites 

About 15% of all known iron meteorites do not belong to one of the defined 
chemical groups (Wasson 1990). Some ungrouped irons have unique features, others are 
in many respects similar to group members, except that their trace element contents do 
not fall near any clusters on iog(E) vs. 10g(Ni) diagrams. Most iron meteorites with 
extreme compositions are ungrouped, although the most Ni-rich meteorite known, 
Oktibbeha County, appears to be related to group IAB (Kracher and Willis 1981). Among 
compositionally unique samples, Butler has a Ge concentration almost four times higher 
than any other iron meteorite, and is enriched in some other trace elements as well . A few 
ungrouped irons contain Si dissolved in the metallic phase, a feature characteristic of 
metal in enstatite chondrites. Tucson not only contains reduced Si, but highly reduced 
silicates and the su lfide brezinaite, but no troilite. The ungrouped meteorites Soroti and 
LEW 86211 contain more troihte than Fe,Ni by volume. 

Most of the remaining ungrouped iron meteorites, however, are not so unusual, and 
it is likely that they are simply fragments of poorly sampled parent bodies (Scott 1979a). 
If each ungrouped individual or grouplet represents a separate parent body, then iron 
meteorites have sampled between 30 and 50 asteroids (Scott 1979a, Wasson 1990). In a 
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few cases relationships to existing groups may have been overlooked, but even so it is 
obvious that iron meteorites sample many more differentiated parent bodies than the 
known classes of achondrites. 

This is not unexpected. The most abundant types of iron meteorites are clearly 
related to stony meteorites: group IIIAB and main group pallasites to the howardite­
eucrite-diogenite (HED) associa~ion, and the most common silicate inclusions, in group 
lAB as well as in group lIE, show affinities to winonaites and H chondrites, respectively. 
But the number of un grouped iron meteorites alone (88 according to Wasson 1990) is 
greater than the number of all achondrite types, and the chances that a poorly sampled 
body is represented among them is correspondingly greater. 

Some of the diversity of iron meteorites can be explained simply by the fact that they 
are easier to find)han stony meteorites, and because of their greater number the 
probability of collecting rare types is higher. But even more important is the very long 
space lifetime of iron meteorites, as indicated by their long cosmic-ray exposure ages. 
When asteroids are broken up, the resulting meteorite-sized fragments have to undergo 
perturbations that bring them into earth-crossing orbits before they can be captured by 
earth. The longer the space lifetime of an object, (he greater the probability of such a 
perturbation. Some of these perturbations are due to actual collisions, which may 
fragment a stony meteorite, but not an iron. 

Most meteorites that arrive at earth come from particular locations in the asteroid 
belt where perturbations into earth-crossing orbits are likely. One such location is the 3: I 
period resonance with Jupiter at 2.501 AU (Wasson 1990). The most common meteorite 
groups are probably fragments of asteroids that were at one time close to this location, or 
a similarly unstable one. 

When objects some small distance away from the resonance are broken up by 
collisions, some fragments change their orbits to move closer to the resonance, increasing 
their probability of becoming earth-crossers. In general, the magnitude of change in 
orbital parameters depends on ejection velocity, which is in turn inversely correlated with 
mass. In other words, the debris close to the resonance can be expected to consist of a 
range of fragments, the larger ones predominantly from objects close to the resonance, 
the smaller ones sampling a more diverse population. This hypothesis is also consistent 
with the finding that ungrouped meteorites are more abundant among Antarctic 
meteorites than in Museum collections of iron meteorites. The Antarctic set is less biased 
toward larger sizes than collections elsewhere on earth that depend on chance 
discoveries. This is the explanation given by Wasson (1990) for the high abundance of 
ungrouped iron meteorites among the Antarctic collection. 

The large number of iron meteorite parent bodies is also consistent with the 
observation that most asteroids in the inner asteroid belt are differentiated (Gaffey 1990). 
This indicates that the number of potential parent bodies for differentiated meteorites is 
relatively large. The reason why achondrites apparently sample only a small number of 
bodies is not a scarcity of differentiated asteroids, but rather the relatively short space 
lifetime of stony meteorites, which allows only samples from very few locations to reach 
earth as recoverable objects. This constraint is much relaxed for irons, hence a broader 
range of parent bodies is sampled by metallic meteorites. 

SILICATE-BEARING lAB AND lllCD IRONS AND STONY WINONAITES 

Of the 13 major iron meteorite groups, only the lAB and lllCD groups have broad 
ranges in Ni and some trace elements (e.g. Ga, Ge). These ranges are unlike those in the 
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other II groups and difficult to explain by simple fractional crystallization of a metallic 
core. In addition, many members of these groups contain silicate inclusions, which are 
abundant in the lAB irons but are also found in a few HICD irons. These silicate 
inclusions are roughly chondri tic in mineralogy and chemical composition, but the 
textures are achondritic, exhibiting recrystallized textures. Silicate inclusions in lAB 
irons are linked through oxygen-isotopic (Clayton and Mayeda 1996) and mineral 
compositions to the stony winonaites and may be related to InCD irons. Recently , 
comprehensive studies have been conducted of the winonaites (Kimura et a1. 1992, 
Yugami et al. 1996, Benedix et a1. 1998a), silicate inclusions in lAB irons (Yugami et al. 
1997, Benedix et al. 1998b), silicate inclusions in lllCD irons (McCoy et al. 1993) and 
metal in the lAB and lllCD irons (Choi et al. 1995). The apparently contradictory 
features of these meteorites have led to a range of models to explain their fonnation, from 
those invoking impact melting (Choi et a!. 1995) to those which suggest asteroid-wide 
partial melting (Kracher 1982, 1985). Yugami et al. (1997) suggested that partial melting 
and melt migration as a result of impact heating can produce the diversity of meteorite 
types observed on this parent body. Benedix et al. (l998b) proposed a model in which a 
partially-melted parent body is catastrophically disrupted and reassembled to explain the 
origins of these meteorites. 

Table 5. Silicate· bearing lAB and rIleD irons, and winonaites. 

Silicate-bearing lAB irons 
Caddo County, Campo del Cielo, Canyon Diablo, EET 83333, EET 87505, 
EET 87504, EET 84300, EET 87506, Four Corners, Jenny's Creek, Kendall 
County, Landes, Leeds, Linwood, Lueders, Mertzon, Mundrabilla, Ocotillo, 
Odessa, Persimmon Creek, Pine River, Pius, San Cristobal , Tacubaya, TIL 
91725, Toluca, Udei Station, Woodbine, Youndegin, Zagora 

Silicate-bearing lIICD irons 
Maltah6hc, Carlton, Dayton 

Winonaitcs 
Winona, Mt. Morris (Wis.), Pontlyfni , Tierra Blanca, QUE 94535, Yamato 
74025, Yamato 75261, Yamato 75300, Yamato 75305, Yamato 8005 

Classification, petrology and mineralogy 

Silicate-bearing lAB and IIlCD iron meteorites and winonaites are listed in Table 5. 
As a group, the silicate-bearing lAB iron meteorites exhibit a number of common 
properties. The metallic textures of the lAB irons have been described in detail by several 
authors (e.g. Buchwald 1975). Overall, the silicate-bearing lAB iron meteorites span the 
range of structural classification from hexahedrites (e.g. Kendall County with 5.5% Ni) 
through fine octahedrites and coarsest octahedrites to ataxites (e.g. San Cristobal with 
24.9% Ni). Silicate inclusions contain variable amounts of low-Ca pyroxene, olivine, 
plagioclase, calcic pyroxene, troilite, graphite, phosphates and Fe,Ni metal, and minor 
amounts of daubreelite and chromite. The abundance of silicates varies dramatically 
between different lAB irons, as well as between different sections of the same iron (Table 
6). Plagioclase generally comprises -10% of the total silicates present (Table 6), similar 
to the abundance found in ordinary chondrites (Van Schmus and Ribbe 1968, McSween 
et al. 1991). Overall, mafic mineral compositions are quite reduced (Table 7), with 
olivine compositions ranging from Fal (Pine River) to Fag (Udei Station) and 10w-Ca 
pyroxenes ranging from Fsl.o (Kendall County) to FS8.7 (Udei Station) (Bunch et al. 
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1970). Average anorthite contents of pJagiociases are relativel~ narrow in r.ang~, fr~m 
Anll .o in Persimmon Creek to An2l.S in Pine River, .and ca,lelc pyroxene IS dlOpslde 
varying from FSZ.4W044.7 in Mundrabilla to FS3.9W043.9 In Persimmon Creek (Ramdohr et 
aI.1975,BunchetaI.1970). 

Table 6. Modal compositions (vol %) of silicate-bearing l~B and IIICD irons and winonaites. 
Data from McCoy et al. (1993) and Bened.x et al. (l997a,b). 

meteorite section 
number 

mafies · plag troilile metal 

T,oilill!·rich JAB irons 

Mundrabilla 
Persimmon Creek 
Pins 
Zagora 

U$NM 59 14.1t 
USNM 2990 
USNM 1378 
USNM 6392 

48.5 
23.4 
21.3 
22,2 

14.9 
2 .0 
1.9 ,., 

lAB irons with non-chondn'tic. silicate inclusions 

30.5 
22. 1 
51.7 

2.' 

0.12 
43.7 
11 .5 
65.7 

Caddo County UNM 937t 37.2 « .7 4.7 5.9 
Ocotillo UH 226 

lAB irons with rounded inclw ions 

Toluca 

Jenny's Creek 
Odessa 
Younclegin 

MS.53 
M8.79 
MS. I 50- 1 
MS.I 50-2 
M217 
UH256 
M173 

5.' 
0.7 

' .5 

0.03 

1.4 23.S 

'A 
17.9 

1.7 28 .• 
67.9 

3.3 
0.03 17.8 

43,1 
56.7 
68.' 
SO., 

85.0 
61 .8 

lAB irons with angular silicate inclusions and related winonaites 

Campo del Cielo 

""",po 
EET 83333 
EET 84300 
EET 81504 
EET 87506 
FoorCOmers 
Landes 
Lueders 
Unwood 
Pine River 
Udei Slallon 
Woodbine 
Pon\lylnl 

Winona 

Mt. Morris (Wis.) 

Y-753oo 

Y-74025 
TIerra Blanca 

Y-8oo5 

USNM 56 15-2t 60_8 
USNM 561 5-4t 72. 1 
USNM 5615-6 44.4 
USNM 5615-8 20.6 
USNM 56 1S·9t 63.5 
USNM 320<1-2 17.9 

,5 

USNM 728 
UH 147 
UH255 
USNM 1416 
USNM 1421 
USNM 2169 
USNM 2169 
M6.2 
M6.3 
UH 133 
UH 195 
USNM 854 
UH 157 
USNM 1198-2 
,51·3 (coarse) 
,51-3 (fine) 
.52-1 
M-3,1 
M -3.2 
,51 -3 

13.8 
5.8 

11 .2 .. , 
20.2 
35.7 
25.4 

8.3 
24.8 
43.9 
36.6 
57.9 
53.2 
66.1 
68.2 
64.7 
65.5 
6 5.7 
57 .8 
75.2 
7 1.5 
63.1 
61 .6 
52.9 

5.' 
10.2 ,., 
12.0 
18.2 

2.3 
2.6 
L' 
2' 
' .8 
5.' 
2.9 
3.7 
0.' 
' .6 
U 
7.0 
' .5 
' .7 

13.3 
12.2 
1 • . 0 •. , 
11.5 
13.3 
12 .2 
12.7 
8.' 
6.3 ,., 

lAB irons with phosphate-rich inclusions 

San Cris tobal UCLA 1 6.9~ 2.9 

0.98 
6.' 
' .0 
3.' 
5.2 
0 .43 
0.91 
L5 

11 .5 
10.5 

3.!;i 

L' 
'-' 
6.9 
'-' 
8.' 
7.0 

18.2 
19.9 

5.' 
6.' 
6.3 
5.8 
8.7 

15.2 
7 .5 •. , 
L' 
0.17 
8.3 

2.6 

1.6 
31 .7 

.'.2 
1.0 

71.0 
78.4 

" .• 
59.S 
69.9 
59.1 
SO., 
45.3 
" .7 
65.4 
38.6 

3.0 
. 5 

12.3 

1. ' 
2.' 
2.2 
3.5 
0.2 
0.' 

' .5 
0.1 

12.5 

74.7 

W.P. 

0.69 
6.' 

10.6 
2.8 

7.3 

••• 22.6 
0.55 
O.SO 

13.7 
1.0 ,., 

0.75 
1.3 
0.83 
' .9 
1.2 
' .6 
1.3 
1.6 

12.6 
SA 
' .9 
'-' 

21 .2 
10.0 
0 .70 

" .. , 
'.1 
' .6 

13A 
11 .2 
12.4 
15,1 
13.2 
12.7 

5. 1 
' .9 

26,2 
31.8 
16.8 

'h' 

0.08 

0.2. 

0 .11 

0 .44 

0.06 

0.10 
0 .10 
0.10 

0 .09 

daub 

L6 

0.07 
0.92 
0.14 
OA7 

0.10 

0.67 
0.80 

0.20 
0.30 
0.10 

030 

0.7 

* Mafic silicates were not dis tinguished and include olivinc, orthopyroxelle, and cJinopyroxClle 

t Thin section samples of separatcd si licate inclusions without metallic host. 

t Includcs - 0.9 vol.% brianite. 

- '" not observed. 

schreib graph Cohen 

3.7 
0.67 1.4 
0. 15 2.8 
0.58 1.6 

0.23 

14.9 ... 
' .3 
' .7 

14.2 
0 .79 
L5 

0 .06 
2. ' 
'A 

' .2 L' 
2.' 
0.87 

2 ' 
3.' 
0.49 
L6 
5.7 
2.2 
OA9 
6.' 
La< 
0.20 

0.6 

L6 

L7 ... 
5.' 

8' 
1.3 

31 .7 ,., 
7.7 

16.9 
10.5 

2.5 

L' 
1.' 
1., 
0.42 
'3 
6.' 
L8 

21 .9 
1.3 
' .5 
1.0 

056 

0.16 

, . , .• 
' .2 
1.1 

12.5 
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Table 7, Representative analyses of silicates from IAB irons demonsrrating the range of 
compositions, from Bunch et al. (1970). 

Si02 
Al203 
Ti02 

Cr2<l3 
F,O 
MoO 
MOO 
C,O 
Na20 

K20 
Total 

SI 
AIIV 

N
V

' 
TI 
C, 
F, 
Mo 
Mg 
C, 
N, 
K 

Pine 
Rivcr 

42. 1 
b .d . 
b.d . 
b .d . 
1.17 
0.17 

57.0 
b .d . 
b .d . 
b .d . 

100.44 

0 .990 
b.d . 

b .d . 
b.d. 
0 .022 
0 .002 
1.997 
b.d. 
b .d . 
b .d. 

Total Cations 3.011 

Olivine Onhopyroxcoc Clinopyroxenc Plagioclasc 

Udei Pinc 
Rivcr 

Udci Pine Udei Pcrsimmon Pine 
Toluca Station Toluca Stalion Rivcr Station Creek River 

Chemical Composition (wt %) 

42.1 41.3 58.0 57.8 56.5 54.3 
b.d. b.d. 0.51 0.17 0.85 0.96 
b.d . b.d. 0.10 0 .23 0 .22 0 .33 
b .d. 0 .09 0 ,19 0.06 0 .37 0 .38 
4.5 7.5 2.55 4.5 5.6 1.00 
0 .24 0,4 1 0.30 0.22 0.45 0 .18 

53.4 51 .0 38.4 35.6 34.7 19,4 
b.d. b.d. 0.70 0.52 0 .92 22.2 
b.d. 0.20 0.18 0 .09 0 .11 0.65 
b.d . b.d . b .d . b.d. 0 .23 0 .10 

100.24 100.50 100.93 99.19 99.95 99.50 

54 .3 
1.72 
0 .57 
1.1 6 
1.84 
0 .28 

18 .6 
20 .2 

1.06 
0.08 

99.81 

Cation Formula (0 =4 for olivine, 6 f or pyroxene, 8 for plagioclase) 

1.004 
b.d. 

b.d. 
b.d. 
0.090 
0.005 
1.898 
b.d . 
b .d . 
b.d. 
2.997 

0 .995 
0 .004 

b.d. 
0.002 
0.150 
0 .009 
1.833 
b.d. 
0.008 
b.d. 
3.001 

1.967 
0.021 
b.d. 
0.003 
0.005 
0 .072 
0.009 
1.921 
0.025 
0.012 
b.d. 
4.035 

1.993 
0.007 
b.d . 
0.006 
0.002 
0.130 
0 .006 
1.831 
0 .006 
0.006 
b.d. 
4.000 

1.955 
0.035 
b.d. 
0.006 
0.010 
0 .162 
0 .013 
1.790 
0 .034 
0.015 
0 .005 
4.025 

1.967 

0 .033 
0 .008 
0.009 
0 .011 
0 .030 
0 .006 
1.048 
0.862 
0 .046 
0 .005 
4.025 

1.962 
0 .038 
0 .035 
0.Q16 
0 .033 
0.056 
0.009 
1,002 
0 .782 
0 .074 
0 .004 
4 .011 

64.1 
21.6 

0 .68 

2,41 
10.3 

0 .71 
99.80 

2.849 
1.132 

0.025 

0 .115 
0 .888 
0 .040 
5.049 

62.9 
23.0 

0.29 

4 .8 
9.4 
0.47 

100.86 

2 .777 
1.191 

0 .011 

0.228 
0 .807 
0 .027 

5.041 

Molar Mineral End Members and mg#(JOO~(MgO/(MgO+Fe O))) 

Wo 
Eo 
Fs 
0, 

'" An 
mg. 98.9 95.5 92.4 

1.2 
94.8 

4.0 

96.4 

1.9 
92.2 
6.' 

93.4 

1.7 
89.6 

8.7 

91 .7 

44.3 
53.8 ... 
97,2 

42.3 
54.2 

3 .5 

94.7 

3 .9 
85.1 
11.0 

2.5 
76.0 
21 .5 

Despite these gross similarities, extraordinary heterogeneity is found between 
individual samples and sometimes between different sections of the same sample. Bunch 
et al. (l970) developed a dual classification scheme (Odessa and Copiapo types) based on 
modes, mineralogies, mineral compositions, textures, and shapes of the inclusions. With 
more recent work, a five-fold classification scheme is needed. The five types are: (I) 
sulfide-rich lAB irons; (2) lAB irons with non-chondritic silicate inclusions; (3) lAB 
irons with rounded inclusions (Odessa type of Bunch et al. 1970); (4) lAB irons with 
angular silicate inclusions (Copiapo type of Bunch et al. 1970); and (5) lAB irons with 
phosphate·rich inclusions. We discuss one or two meteorites that ilIustrate the 
characteristics of each of these groups. 

Sulfide-rich lAB irons. Several of the lAB irons have unusually high troilite 
contents, found as irregular masses (Pitts, Persimmon Creek), veins (Zagora) or large 
grains. The type member is Mundrabilla (Fig. 4). With 7.47 wt % Ni in the metallic host, 
Mundrabilla plots in the low-Ni cluster of IAB-IIICD irons on plots of Ni vs. Jr, Ga, and 
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Figure 4. Photograph of the MundrabiJIa iron meteorite showing metal-troilitc interg~owthS .. ~hile . are~ 
are Fe,Ni metal and gray areas are lroilitc. A cooling rate of _jOC per annum dUring sohdlf"icatiOn IS 
inferred from the weak dendritic texture. Field of view is 16 em in maximum dimension. 

Ge (Choi et at. 1995). Troilite comprises 25 to 35 vol % (Buchwald 1975) of Mundrabilla 
and occurs as mm-sized veins or lenses generally found along parent taeOite gram 
boundaries (Buchwald 1975). Scott (1982) noted that the weak dendritic texture of the 
metal grains is a characteristic quench texture of metal-sulfide melts. In ad~ilion to 
abundant troilite, graphite, and minor amounts of schreibersi te, these meteontes also 
contain silicate inclusions. Mundrabilla contains rare angular silicate inclusions, ranging 
in size from a few mm to a few cm, which are texturally similar to Winona (Benedix et 
aL 1998a) and silicates in Lueders (McCoy et a1. 1996a). 

lAB irons with non-chondritic silicate inclusions. lAB irons with non-chondri tic 
silicates inclusions include Caddo County (basaltic inclusions) and Ocotillo (troctolitic 
inclusions). Coarse-grained, olivine-rich inclusions in some winonaites (e.g. yvin~na, ~1. 
Morris (Wis.)) also fit into this type. Caddo County, the type meteonte, IS qUIte 
complicated in hand sample. Silicate inclusions are up to 7 cm. in maximum di~ension. 
but are truncated by the edge of the meteori te. Silicates compnse -35 vol % (Fig. 5) of 
the slice. Metal occurs as the metallic host into which the clasts are embedded, as large 
grains within the silicate inclusions, and as veins which are clearly produced by post­
solidification shock. In the hand sample, silicate grain sizes are observed to be highly 
variable and this is consistent with our thin section observations. Many inclusions, or 
parts of inclusions, consist of silicates with roughly chondri tic modal proportions, but 
equigranular, recrystallized textures (Palme et aL 1991, Takeda et aL I 997a). These types 
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Figure S. Photograph of Caddo Cou nty. Slab is 16.5 em in maximum dimension . (Courtesy of the 
Smithsonian Institution). 

of inclusions will be discussed in the section on lAB irons with angular silicate clasts. 
Rare inclusions of basaltic composition are also found in Caddo County . These are 
composed of major calcic pyroxene and sodic plagioclase and minor amounts of low-Ca 
pyroxene, olivine, troilite , and metal. Modal analyses by Takeda et a1. (1993, 1994a), 
Yugami et a1. (1997) and Benedix et a1 . (l998b; Table 6) indicate that these inclusions 
are broadly basaltic in composition, containing 45 to 55 vol % plagioclase, although 
texturally they are coarse-grained gabbros. Mafic silicates are relatively reduced (olivine, 
Fan; l?w-Ca pyroxene, Fs6.5; calcic pyroxene, Fs2.s), and plagioclase is Ab15An2tOr3 
(BenedIX et a1. 1998b, Takeda et a1. 1993, I 997a). 

lAB irons with rounded inclusions. Several lAB irons contain inclusions which are 
typically rounded or ovoid and contain variable amounts of silicates, graphite and troilite, 
the latter two often being the dominant or sole constituents. These include Odessa, 
Toluca (Fig. 6) (and the paired Tacubaya), Canyon Diablo, Jenny ' s Creek and 
Youndegin. These meteorites have a relati vely narrow range of Ni contents from 6.80 to 
7.86 wt % Ni, within the low-Ni cluster of lAB irons. Bunch et a1. (1970) referred to 
these as Odessa-types, while Benedix et a1. (I 998b) chose Toluca to represent this type, 
since a large number of specimens were readily available for study, allowing 
investigation of inter-inclusion heterogenei ty. 

Inclusions in Toluca consist of a core of either silicates or, more often, troilite 
surrounded by a sequence of swathing minerals such as graphite, schre ibersi te, and 
cohenite, ahhough not all of these minerals are present in the sequence all of the time. 
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Figure 6. Photograph of a portion of the Toluca lAB meteori te (USNM 9.3~) illustrating ~y.pi cal ~ound~d to 
amoeboid graphite andlor troilile-bearing inclusions , sometimes contammg angular Si licate IncluSions. 

(Courtesy of the Smithsonian Institution) . 

Inclusions which contain troilite and siljcates are typically ovoid, while the graphite­
troilite-rich inclusions tended to be rounded. The si licate inclusions, when present, are 
generally surrounded by em-sized tToWle areas. In this type, silicates do not appear I~ 
occur without either troilite or graphite-troilite surrounding them. Marshall and Kelt 
(1965) and Buchwald (1975) reported similar inclusion properties for Odessa and Canyon 
Diablo, respectively. Mineral compositions of the rare Siltcates found In this type are 
reduced (Fa3_6) and similar to those of other silicate inclusions in lAB irons. 

A feature that seems to be common among the lAB irons is the heterogeneous 
distribution, morphology and mineralogy of the inclusion.s ~ithin a single m~teorite. 
Silicate-bearing inclusions in Toluca are heterogeneously dlstnbuted and range In shape 
from nearly round to elongate and amoeboid (Benedix et aI. . 19?~b). Modes of four 
Toluca inclusions (Table 6) showed ranges in abundance of mahc sIlicates (0-8.5 vol %), 
plagioclase (0-1.7 vol %), metal (43.1-68.4 vol %), troilite (1.4-28.4 vol %), schrelbersile 
(4.3- 14.9 vol %), cohenite (0-8.9 vol %) and graphite (0-5.4 vol %). This heterogeneity 
significantly complicates our ability to obtain representative samples. . 

lAB irons with angular silicate inclusions and winonaites. This ty~e is 
characterized by (he angular shapes of the inclusions and includes most of the lAB Irons 
that Bunch et a1. (1970) referred to as Copiapo type. Typical examples are Campo del 
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Figure 7. Photograph of large (-130 em) polished slab of Campo del Cielo. Inclusions in this meteorite are 
more heterogeneously distributed and larger than those found in Lueders . (Courtesy of the Smithsonian 
Institution). 

Cielo (Wlotzka and larosewich 1977, Bild 1977; Fig. 7) and Lueders (McCoy et a1. 
1996a; FIg. 8). The majority of lAB irons containing silicate inclusions fall into this 
category. Examples are Pitts, Persimmon Creek, and Zagora. The Ni contents of the 
members of this type span a wide range (6.58-13.78 wt %), extending beyond the low-Ni 
cluster of lAB irons. Of the inclusion types found in lAB irons, these angular inclusions 
most closely resemble the stony winonaites in texture , mineralogy , and mineral 
composition (Benedix et a1. 1998a). 

The members of this type are the most silicate- rich of the lAB iron meteorites, 
although silicate abundances are quite variable even in thi s group. The large EJ Taco 
mass of Campo del Cielo contains a few vol % of angular silicate inclusions, whi le other 
lAB irons such as Lueders , Landes, and Woodbine contain upwards of 40 vol % silicate 
inclusions (e.g. McCoy et al. 1996a). The inclusions are composed mainly of si licates of 
three basic morphologies: (l) fine-grained , recrystallized "chondri tic" silicates (usually 
the more angular types); (2) medium-grained silicates; and (3) coarse-grained 
monomineralic crystals usually rounded and found individually in the metallic matrix , as 
first noted by Bunch et a1. ( 1972). While some lAB irons of this type contain si licate 
inclusions which are apparently unrelated to each other (Campo del Cielo, Fig. 7), others 
(e.g. Lueders, Fig. 8) contain adjacent si licate inclus ions which appear to have been 
invaded by molten metal. Adjacent silicate inclusions in these lAB irons, while slightly 
rotated, are obviously fragments of the same, larger parental inclusion. This relationship 
is not unlike that expected of a wall-rock invaded by melt from a dike. 

The abundance of plagioclase relative to total silicate abundances is quite variable in 
these inclusions. Most of the inclusions have chondri tic abundances of plagioclase 
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Figure 8. Photograph of polished slice of the Lueders JAB iron illustrating abundant angular silicate 
inclusions embedded in a metallic matrix. 

(-10 vol %; Van Schmus and Ribbe 1968, McSween et al. 1991), although some exhibit 
enrichments (e.g. Campo del Cielo, Four Corners) or depletions (e.g. Udei Station) 
relative to chondrite modes. Given the small size and large grain size of some of these 
inclusions, at least part of this heterogeneity may be due to unrepresentati ve sampling, 
while others are clearly indicative of partial melting and melt migration. The depletion of 
plagioclase in Udei Station is quite striking, where areas up to 5 mm across are virtually 
devoid of plagioclase. In contrast, some inclusions in Campo del Cielo exhibit evidence 
for migration of melts in the form of veins of coarse-grained plagioclase and pyroxene 
with accompanying graphite, as first noted by Wlotzka and larosewich (1977). 

The stony winonaites are most similar to these angular silicate inclusions. Indeed, 
they ar~ so similar that Bevan and Grady (1988) have suggested that at least one, the 
Mount Morris (Wisconsin) winonaite, may be a separated silicate inclusion from the Pine 
River lAB iron. Some differences do exist (Benedix et al. 1998a); rare relict chondrules 
are found in Pontlyfni and, possibly, Mt. Morris (Wis.) (Benedix et al. 1998b), but these 
are apparently absent from silicate-bearing lAB irons. Both Winona and Mt. Morris 
(Wis.) contain mm-sized, coarse-grained areas which are dominated by olivine, in sharp 
contrast to the orthopyroxene-rich host. Finally, Tierra Blanca contains poikilitic calcic 
pyroxenes which reach 9 mm in maximum dimension (King et al. 1981). Neither of these 
textures is found in lAB silicates. 

This group contains minerals with the most and least reduced compositions, which 
are found in Pine River (Fal.o), Kendall County (Fsl.oWoo.s) and Udei Station (Fas.o; 
FsB., Woul. Interestingly, Kendall County is probably the most reduced of the lAB irons, 
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as Bunch et a1. (1970) found no olivine grains they could analyze. Silicate inclusions in 
lAB irons generally have higher Fa and Fs values than the winonaites. However, as in the 
winonaites, Fa values are typically lower than Fs values in the lAB inclusions, indicating 
that reduction may have occurred. (The Fa content of olivine will be greater than the Fs 
content of orthopyroxene at equilibrium.) Supporting evidence for reduction comes from 
reverse zoning profiles in olivines in Campo del Cielo (Wlotzka and Jarosewich 1977). 

Most of the existing bulk inclusion major and trace element compositions for lAB 
irons have been measured in this si licate-rich type (Table 8). Bulk major element 
compositions suggest that lAB silicate inclusions are similar to those of chondrites. 
Measured SilMg ratios for Landes (Kracher 1974), Woodbine (Jarosew ich 1967), and 
Campo del Cielo (Wlotzka and larosewich 1977) are roughly similar to chondri tic values 
as noted by Kracher (1974). Bild (1977) also found abundances of lithophile elements 
roughly similar to chondrites. 

Bulk inclusion trace element analyses have been performed for Copiapo, Landes, 
Woodbine, Campo del Cielo (Bild 1977) and Udei Station (Kallemeyn and Wasson 
1985). Measured rare earth element (REE) patterns and abundances for Copiapo and 
Landes are essentially chondritic. In contrast, Woodbine, Campo del Cielo and Udei 
Station exhibit fractionated patterns which can be roughly grouped into two types. The 
REE patterns measured in Campo del Cielo and Udei Station (Bild 1977, Kallemeyn and 
Wasson 1985) are negatively-bowed (V-shaped) with low REP+ contents and a positive 
Eu anomaly. In contrast, Woodbine (Bild 1977) exhibits a positively-bowed pattern with 
high REE3 ... contents and a negative Eu anomaly. Interestingly, the same two fractionated 
patterns have been widely observed in the winonaites (Benedix et al. 1998a and 
references therein). Kallemeyn and Wasson (1985) attribute these patterns to 
unrepresentative sampling of phosphates, which exhibit a pattern similar to that in 
Woodbine. Phosphates are concentrated near the edges of the inclusions in these 
meteorites and are often difficult to sample. While unrepresentative sampling may be 
important, Bild (1977) notes this range of patterns is consistent with heterogeneous 
distribution of plagioclase, diopside and phosphates, all of which occur in a low 
temperature melt and for which there is ample petrologic evidence of melt migration 
(Wlotzka and Jarosewich 1977, Benedix et al. 1998b). 

lAB irons with phosphate-rich inclusions. Phosphates occur in many of the lAB 
irons as part of the rim sequence at the boundary between silicate inclusions and metal. 
However, a small number of lAB and mCD irons are included in this type because they 
contain more abundant phosphates scattered throughout the silicate inclusions. In 
addition, these phosphates are often evolved Mg, Na-bearing phosphates (brianite, 
panethite, chladniite). rather than the more common Ca-bearing phosphates (whitlockite, 
apatite). Among the lAB irons, San Cristobal (24.97 wt % Ni; Choi et aJ. 1995) is the 
only member of this type (Scott and Bild 1974). We discuss here the IIlCD irons Carlton 
(13.28 wt % Ni) and Dayton (17.03 wt % Ni), which contain abundant phosphates 
(McCoy et al. 1993), because of the possible relationship between lAB and I1ICD irons 
(Kracher 1982, Choi et. al. 1995). These irons are all very high in Ni. Fuchs (1969) 
reported brianite in the low-Ni lAB Youndegin (6.80 wt % Ni), although compositional 
data were not given. 

Silicate inclusions in San Cristobal examined by Benedix et a1. (1998b) are 
subangular and incompletely rimmed by schreibersite. Veins of troilite and Pe,Ni metal 
cross-cut the inclusions. The silicates are equigranular and appear to be recrystallized. 
Silicates comprise -20% of the sample and plagioclase comprises - 15% of the silicates. 
Minor graphite rims the inclusion and cohenite is observed within the metallic host. 
Brianite, first identified in San Cris tobal by Scott and Bild (1974), is scattered 
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throughout the silicates, but tends to be in Contact with metal . either as veins within the 
silicates or at the edges of the inclusion . 

McCoy el al. (I 993) described inclusions in Ihe Carlton and Daylon mCD irons. 
These inclusions were extremely enriched in. phosphates, in Some cases comprising up to 
70 vol % of the inclusion and forming the host into which the silicates were embedded. 
Chlorapatite is the dominant phosphate in Carlton. while Dayton contains abundant 
whitJockite, brianite and panethite. Silicates in these meD inclusions extend to more 
FeD-rich compositions than in lAB irons (FSIl .6 in Dayton) and pyroxene compositions 
correlate with Ni concentration of the metallic host. In addition, plagioclase compositions 
are consistently less calcic in HICD silicate-bearing inclusions (An l.l.4.9) than in lAB 
inclusions (An9.2_2Ls). 

Cooling rates 

Cooling rates can constrain the physical setting of lAB irons during their 
solidification and subsolidus Cooling. Scott (1982) argued that, in some cases, the cooling 
rate at the temperature of crystallization of an iron can be determined. If the parent taenite 
crystals have a dendritic texture, the distance between the dendrite limbs is proportional 
to the COOling rate at the time of solidification. The only IAB iron to which this method 
can be readily applied is Mundrabilla, which exhibits a weak dendritic pattern of the 
parenl laenile cryslals wilhin Ihe Fe,Ni-FeS inlergrowlh. SCOII (1982) deri ved a Cooling 
rate of -5°C per annum, implying relatively rapid cooling at temperatures near the 
liquidus of Mundrabilla, aboul 1390°C as eSlimaled using Ihe Fe-S binary phase diagram 
from Ehlers (1972) and a S concentralion of -8 wI % given by Buchwald (1975). Using 
conventional methods of determining cooling rates, several authors (e.g. Herpfer et a1. 
1994, Yang el al. 1997a, Meibom, pers. comm. 1997) have found cooling rales of lens 
of °C/Ma for a number of lAB irons, implying a slow cooling environment at the time 
Ihese irons cooled Ihrough -500°C (see Table 4). 

Ages 

Table 9. Ages of silicate inclusions in lAB irons. 

metcorite 

Caddo County 
Copiapo 
Four Corners 
Landes 
Mundrabilla 
Pitts 

Toluca 
Woodbinc 

K-40Ar 

Ga 
(I) 

4.49:t 0.1 

4 .5 1 :to.1 

39Ar_4()Ar 

Ga 
(2) 

4.45 ± 0.03 

4.43,0.03 
452:t 0.03 
4.49:t 0.03 
4.52 ± 0.03 

4.52 :t 0.03 

I-Xe 147Sm . 143Nd 
1l.Ma" Ga 

(3) (4) 

4.53;0.02 
+ 1.36:t 0.66 

+2.61 :t 0.62 
·0.68 :t 0.59 

-3.38 :t 0.30 

Sources: ( I) Bogard el al. (J 967); (2) Niemeyer (l979b); (3) Niemeyer (1 979a), 
uncertain ages for Pius sili cates om itted; (4) Stewart et al . (1996). Ages from 
(I) and (2) corrected for new mon itor age or decay COnstant by Herpfer et al. 
(1994) . 

• Age is in Ma relati ve 10 the Bju rbo le chondrite with positi ve age indicati ng 
formation after Bjurbote. 

Most ages for lAB irons are those of the silicate inClusions (Table 9), since it is these 
inclusions which can be readily dated by a number of isotopic systems (e.g. I-Xe, K-Ar, 
J9Ar_

4
0Ar, 147Sm_1

4
3Nd). More recently, isotopic sys tems for direct dating of the metall ic 
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host have been developed (e.g. Re-Os), although the interpretation of internal isochrons 
(e.g. metal-schreibersite pairs, Shen et al. 1996) is not straightforward and may reflect a 
lengthy period of slow cooling. Absolute ages for the silicate inclusions range from 4.43 
Ga to 4.53 Ga. The oldest age, measured in Caddo County, comes from the I47Sm_I43Nd 
chronometer (Stewart et al. 1996), which closes at a relatively high temperature. 
Supporting evidence for early formation comes from I-Xe closure intervals relativ.e to 
Bjurbole of -3.38 to +2.61 Ma (Niemeyer 1979a). Ages of 4.43 to 4.52 Ga are denved 
from the K-Ar and 39Ar-40Ar systems (Bogard et al. 1967, Niemeyer 1979b) , which close 
at lower temperatures. These ages support the idea that partial melting, crystallization and 
metal-s ilicate mixing occurred very early in the history of the solar system, as suggested 
by a number of these authors. 

Formation of the lAB and IIICD irons, and winonaites 

In this section, we explore whether lAB and lIlCD.irons and the stony wi~onaites 
originate from a common parent body and, thus, reveal different aspects of the hlsto~y of 
a common parent body. We then briefly review models for the origin of these meleontes. 

A common par..ent body for lAB irons, IIICD irons and winonaites? It se~ms 
almost certain that the stony winonaites sample the same parent body as the lAB Han 
meteorites. Identical oxygen-isotopic compositions (Clayton and Mayeda 1996; and see 
Fig. 1) suggest a common oxygen-isotopic reservoir and, possibly, a cOJ?mo~ parent 
body. Mineralogies and mineral compositions are overlappmg between ~Inonaltes and 
lAB silicate inclusions, particularly the angular silicate inclusions deSCribed above. In 
addition, textures are nearly identical between these two groups. While there are some 
differences (e.g. a number of silicate inclusion types are found in lAB irons which are not 
sampled as winonaites and vice versa), these differences pro?ably result fr~m 
unrepresentative sampling of these two populations, rather than real differences. Cosmic­
ray exposure ages, which are commonly used to indicat.e samplin.g of meteori~es by a 
common cratering event on a single parent body, are of little use given the conSiderable 
scatter in these ages in winonaites (Benedix et al. 1998a) and lAB irons (Voshage 1967). 

It seems less clear whether lAB and llICD irons sample a common parent body. 
Certainly, some features would seem to support a common parent body. Oxygen-isotopic 
compositions of silicate inclusions in TIICD irons (Clayton and M~yeda. 1996) a~e 
essentially indistinguishable from those of the lAB irons and WlOonaltes, agalO 
suggesting a common oxygen-isotopic reservoir, if not ~ commo~ parent body. In 
addition, inclusions broadly similar in mineralogy to those In IIICD Iro.ns can be found 
among the lAB irons (McCoy et al. 1993, Yugami et al. 1997, Benedix et al. I 998b). 
However, important differences do exist. Most prominent among thes~ are the dlf!enn~ 
trends on log-log plots of Ni vs. Ga, Ge and Ir for the metal phase, particularly at high NI 
contents (see Fig. 3). Kracher (1982) suggested that these different trends could represenl 
complementary fractional crystallization/partial melting trends on a common parent body. 
Choi et al (1995) suggested that no compositional hiatus exists between lAB and IIICD 
irons and, thus, they should be treated as a single group originating from a co~mo~ 
parent body. While no hiatus exists at low Ni (<1.2 wt % Ni, Choi et al. 1995), at high NI 
the groups are clearly distinguished, a surprising result if these indeed s~m~le a co~.mon 
fractional crystallization/partial melting sequence. Differences exist within the slhc~te 
inclusions as well. Pyroxene compositions in rrICD silicate inclusions are correlated With 
Ni content in the host metal, a trend unlike that from lAB irons, and extend to hig~e.r Fs 
contents than do lAB irons (McCoy et al. 1993). In addition, plagioclase compositIOns 
are consistently more albitic than those in lAB irons (McCoy et al. 1993). In summary, 
the possibili ty that lAB and lIlCD irons sample a common par~nt body can.n?' be 
excluded, but such a conclusion is probably premature. Further discovery of sllicate-
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bea.ring mCD irons may resolve this issue. It is also clear that even if rrICD irons sample 
a different parent body, they likely underwent many of the same processes as the lAB 
irons and winonaites. 

Models for the formation of lAB irons and winonaites. While few theories have 
been postulated fo~ the fonnation of the winonaites, several have been suggested for the 
lAB (and IIICD) Irons. Wasson (1972) argued that elemental trends in the lAB irons 
were due to condensation of the metal directly from the nebula, giving rise to the term 
"non-magmatic." The major flaw of this hypothesis is that if the variation in elemental 
abundances is due to nebular processes, comparable ranges in the metal compositions 
should be found inchondritic material, but are not (Wasson et al. 1980). Another problem 
With thiS hypotheSIS IS difficulty of forming parent taenite crystals tens of cms in size by 
condensation (Wasson et al. 1980). 

. Wasson et al. (1980) and Choi et al. (1995) have more recently championed a model 
whICh suggests lAB Irons formed in localized impact melt pools within the chondritic 
megaregolith of an as~eroid. These authors argue that impacts would selectively melt 
low-temperature fractIOns (Fe,Ni-FeS eutectic), which would migrate to form pools. 
Im~a~ts occurred ov.er a range of time and temperatures, producing the correlated 
var~atl?n.s between NI and Ga, Ge and Ir. In an extreme view, each lAB iron represents 
an indIVIdual melt pool. While the pools would cool relatively quickly, trapping the 
unmelted, angular silicate inclusions, Choi et al. (1995) argued that both limited 
fracti?nal crystallization a~d magma mixing would occur, producing both the high-Ni 
lAB .Irons and the. scatter: 1fi: ·~Ga, Ge and Ir observed at high-Ni concentrations. Impact 
meltmg does provide a ready mechanism for mixing silicates and metal, but impact is 
prob~bly incapable of producing copious quantities of Fe,Ni-FeS-rich melts by selective 
meltmg of these phases. Keilet al. (1997) summarize experimental and observational 
evidence that selective melting by impact occurs only locally and produces an extremely 
lo~ pe.rcentage of melt. .Any melt. that is produced in th is way quenches rapidly, making 
migratIOn of these selective melts mto larger pools difficult, if not impossible. 

Several authors have proposed an alternative model in which lAB and ·IIICD irons 
formed as a result of partial melting and core formation (Kelly and Larimer 1977, 
Kracher .1982, 1985, McCoy et al. 1993). Kelly and Larimer (1977) argued that the 
CO~POSttIO~ of the metal was consistent with fractional melting of a single composition 
which .was Isolated from later melted material so that it would not reequilibrate. Wasson 
et al. (1980) marshaled several arguments against this model, the most compelling of 
which were .t~e appar~n~ contradictions between predicted and measured siderophile 
element partl~lOn coeffICients and the unreasonably high temperatures required to form 
the last fractIOnal melts. Kracher (1982, 1985) revived the partial melting model by 
suggestmg that mlgrauon of the Fe,Ni ~FeS eutectic melt could form a S-rich core at low 
temperatures. Thus, crystallization of both metal and sulfide determined the siderophile 
element trends observed. Choi et al. (1995) argued that crystallization of such a magma 
cannot produce the observed distribution of Ni concentrations. In fact, the system is 
probably far more complicated than envisioned by Kracher (1982, 1985), including large 
amounts of carbon and phosphorus, in addition to sulfur. Both McCoy et al. (1993) and 
Choi et at. (1995) pointed out that the partition coefficients of siderophile elements within 
such a complicated system remain essentially unknown. Finally, McCoy et al. (\993) 
argued that correlated trends between the properties of IIICD silicate-bearing inclusions 
(e.g. mineral compositions, modal mineralogies) and the Ni concentration of the metallic 
host are best explained by reaction between these two during a prolonged period of 
fractional crystallization of a common metallic magma. A serious ·flaw in these models is 
the inability to explain the mixing and retention of un melted silicate clasts within the 
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metallic corc. This is particularly problematic in an asteroidal core, which crystallizes 
from the outside, thus armoring the inner core (Choi et al. 1995). Kracher (1982,1985) 
argued that silicates may have been spalled into the core from the core-mantle boundary 
by impact-generated tectonic activity , although retention of the si licates remains 
problematic. 

Takeda et a!. (l994a) argued that lAB irons formed by partial melling and meil 
migration with heating by both 26AI and impacts. Benedix et a!. (l998b) extended this 
model. These authors argued against impact as a heat source for partial melting. Peak 
temperatures were insufficient to completely differentiate the body, although limited 
partial melting did occur. After the peak temperature was reached and cooling and 
crystallization had begun, a catastrophic impact occurred. The impact caused extensive 
mixing of metallic and silicate material of this body. Differing silicate lithologies were 
mixed to form wifionaites and lAB irons were produced by co-mingling of silicate clasts 
and molten metal. After the impact, crystallization (creating high-Ni lAB irons), 
metamorphism and cooling occurred. Ages of 4.43 Ga to 4.53 Ga imply that this entire 
process occurred very early in the history of the solar system. 

SILICATE·BEARING lIE IRONS 

Despite including only eight silicate-bearing members , the lIE irons contain an 
enormous diversity of silicate inclusion types, ranging from silicate clasts with obvious 
chondrules, to elongate blebs of quenched basaltic melts. The existence of this stunning 
diversity within a single group has led to a range of models for the origin of lIE irons. 
Like the lAB irons discussed above, these models center on impact-generated melting 
and mixing (Wasson and Wang 1986, Olsen et a1. 1994) and indigenous partial melling 
(McCoy 1995). lIE irons are also quite interesting because they are the only group of 
s ilicate-bearing irons for which young ages have been measured, thus lending additional 
support for the idea that impact played some role in the formation of these meteorites. In 
this section , we review the petrology and chronology of the si licate-bearing liE irons and 
briefly discuss models for their origin. 

Petrology and mineralogy 

We di vide the silicate-bearing lIE irons into five groups which adequately describe 
the range of inclusion types. Modal analyses and representative silicate compositions are 
gicen in Tables 10 and 11, respectively. 

Netschaevo. The host metal in Netschaevo contains 8.6 wt % Ni, midway within the 
range for all lIE irons of 7.51 to 9.5 wt % Ni (Wasson and Wang 1986). Unfortunately, 
Netschaevo was forged shortly after its recovery and this heating has altered much of its 
extraterrestrial record, although the exact extent of this alteration remains unknown. 
Netschaevo is unique among silicate-bearing iron meteorites in containing angular clasts 
(Fig. 9) which are chondri tic in the strictest sense. Bunch et a!. (1970), Olsen and 
Jarosewich (1971), and Bild and Wasson (1977) noted that recrystallized chondrules 
typical of those found in type 6 ordinary chondrites are present within Netschaevo. 
Mineralogically, these clasts are essentially identical to chondrites, containing olivine, 
orthopyroxene, sodic plagioclase and phosphates. Modally, Netschaevo is richer in 
orthopyroxene and phosphates than typically found in ordinary chondrites (Table 10). 
Compositions of olivine (Fa I4.1) and orthopyroxene (FS I3 .6) are more reduced than found 
in H chondrites (Table II) and the approximately equal Fa and Fs values suggest that 
reduction has played a role in the form ation of these clasts. Rubin (1990) reported a 
metallographic cooling rate of -3°~lMa for metal within a silicate clast in Netschaevo. 
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Table 10. Modal compositions (vol %) of silicate inclusions in liE irons, 
excluding Fe,Ni metal and FeS. 

Colomera Elga Kodai- Miles Netsch-
kanal aevo 

(1) ( 1) (t) (2)' (2)" (J) 

olivine 0 0 0 Ir 0.6 26 
orthopyroxene 2-4 2·4 2-4 17.1 52 
clinopyroxene 21-28 21-28 21-28 33.6 5 
plag-lrid-glass 67 68 73 49.3 91 .1 14 
phosphate 0.4-2 0.4-2 0.4-2 6.4 2 
yagiite -3 

*Average gabbroic inclusion 
"Cryptocrystalline inclusion, also 0.6 vol% rutile and 0.3 vol% sodalite 
.ulncludes both olivine. and orthopyroxene 

Techado Watson 

(4) (5) 

81'" 56 
22 

0 5 
19 15 
nd 1 

Weekeroo 
Station 

(1) 

0 
24 
16 
59 

0.4-2 

Sources of data:. (I) Prinz et al. (I983b); (2) Ikeda and Prinz (1996); (3) Olsen and Jarosewich (1971); (4) 
McCoy, unpubhshed; (5) Olsen et al. (1994), the mode has been converted 10 vol% from the published 
wt % data. 

Figure 9. Photograph of angular, chondri tic silicate inclusions in Netschaevo. Field of view is 13 mm wide. 

Techado. Techado contains 8.88 wt % Ni in its metallic host and, thus, also lies in 
the mid range of Ni concentrations for lIE irons. Casanova et aL (1995) described a 
single silicate inclusion -1.5 cm in length from Techado. Like the inclusions in 
N~t~chaevo , this inclusion ~s roughly chondritic in bulk composition, consisting of 
ohvlOe, orthopyroxene, plagIOclase, Fe,Ni metal and troilite. Although Casanova et al. 
(1995) suggested that the inclusion was unmelted, it has an unusual elongated shape (Fig. 
10) that suggests that It might have been heated to temperatures sufficient to cause it to 
soften and become stretched. Unlike Netschaevo, no relict chondrules were observed 
within the inclusion. Mineral compositions for olivine (FaI6.4) and orthopyroxene 



Table 11. Representative silicate compositions from lIE iron meteorites. 

OLIVINE ORTHOPYROXENE CLINOPYROXENE PLAGIOCLASE 

Weekeroo Weekeroo 
Netschaevo Watson Netschaevo Watson Station Colornera Netschaevo Watson Stmion Colomera Netschaevo 

SI02 40.0 
AI:P3 b.d. 
Cr:P3 b.d. 
T~ b.d. 
FeO 13.5 
MgO 46.0 
MnO 0.35 
CaO b.d. 
Na20 b.d. 
K20 n.d. 

Total 99.85 

Si 0.999 ., 
C, 
71 
Fe 0.282 
Mg 1.712 
Mn 0.007 
C. 
N. 
K 
TOlal Cations 2.991 

F. 
WO 
Eo 
Ab 
Ao 
0, 
mg. 85.9 

39.3 
b.d. 
0.06 
b.d. 

18.7 
40.4 

0.45 
0.04 
b.d. 
b.d. 

98.95 

1.014 

0.001 

0.404 
1.555 
0.010 
0.001 

2.985 

79.4 

56.3 56.4 
0.22 0.51 
0.24 0.71 
0.22 0.16 
9.1 11.2 

31.8 28.6 
0.39 0.46 
0.75 1.88 
0.06 0.09 
b,d. b.d. 

99.08 100.01 

1.988 1.999 
0.008 0.021 
0.008 0.020 
0.006 0.004 
0.269 0.332 
1.674 1.511 
0.013 0.014 
0.028 0.071 
0.004 0.006 

3.998 3.979 

13.6 
1.4 

a5.0 

86.2 

17.3 

3.' 
78.9 

82.0 

55.1 
0.30 
0.25 
0.30 

13.7 
28.5 

1.35 
1.47 
b.d. 
b.d. 

100.97 

55.2 
0.06 
0.24 
1.33 

14.8 
27.1 
0.11 
1.07 
0.11 
b.d. 

100.02 

Chemical Composition (wt %) 

55.3 
0.70 
n.d. 
n.d. 
3.5 

17.0 
n.d. 

21.9 
n.d. 
n.d. 

98.40 

54.2 
0.74 
1.57 

0." 
5.58 

16.4 
0.30 

19.1 
0.84 
b.d. 

99.07 

52.7 
0.96 
0.90 
0.52 

11.7 
15.7 
0.75 

17,2 
b.d. 
b.d. 

99.43 

52.1 
1.18 
1.08 
1.00 . 
'.2 

15.6 
0.38 

19.3 
0.77 
0.09 

99.70 

51 .0 
4.1 
0.83 
2.41 
4.' 

14.6 
• 0.39 
21 .0 
0.98 
0.05 

99.96 

65.5 
20.8 
n.d. 
n.d. 
0.40 
n.d. 
n.d. 
2.96 
9' 
0.76 

100.12 

Atomic Formula (0 = 4 for olivine, 6 for pyroxene, Bfor plagioclase) 

1.963 
0.012 
0009 
0.008 
0408 
1.519 
0.041 
0.056 

4.016 

1.984 
0.003 
0.007 
0.036 
0.445 
1.452 
0.003 
0.041 
0.008 

3.979 

2.028 
0.030 

0.107 
0.930 

0.861 

3.849 

1.998 
0.032 
0.046 
0.009 
0.172 
0.901 
0.009 
0.755 
0.060 

3.983 

1.972 
0.042 
0.027 
0.015 
0.335 
0.876 
0.024 
0.690 

3.981 

1.941 
0.054 
0.037 
0.024 
0.255 
0.866 
0.011 
0.770 
0.054 
0004 
4.016 

1.874 
0.176 
0.026 
0.066 
0.141 
0.799 
0.013 
0.825 
0.070 

3.990 

2.892 
1.083 

0.016 

0.141 
0.828 
0.043 
5.003 

Molar Mineral End Members and mg#(JOO+(MgO/(MgO+FeO))) 

23.0 
2.1 

74.9 

78.8 

5.' 
45.4 
49.0 

76.5 

5.' 
45.4 
49.0 

89.6 

9.4 
41.3 
49.3 

640 

17.6 
36.3 
46.1 

70.5 

13.5 
40.7 
45.8 

77.2 

' .0 
46.7 
45.3 

85,0 

81.8 
13.9 
43 

Watson 

67.1 67.1 
19.0 18.3 

b.d. b.d. 
b.d. b.d. 
0.61 0.29 
b,d. b.d. 
b.d. b.d. 
0,43 0.28 

10.1 6.20 
0.84 6.83 

2.997 3.024 
1.000 0.972 

0.023 0.D1! 

0.021 0.014 
0.875 0.542 
0.048 0.393 
4,964 4.956 

92.7 57,2 
2.2 1.4 
5.1 41.4 

Data rrom Olsen et al. (1994) for WalSon; Bunch and Olsen (1968) for Weekcroo Station and Colomera feldspars; all others rrom Bunch et al. (l970) 
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Weekeroo 
Station 

67.9 67.4 
19.6 18.9 
n.d. n.d. 
n.d. n.d. 
0.27 0.23 
n.d. n.d. 
n.d. n.d. 
2.33 1.91 
9.5 7.6 
0,86 4.9 

100.46 100.94 

2.970 2.983 
1.010 0.994 

0.010 0.005 

0.109 0.090 
0.806 0.648 
0.048 0.276 
4.953 4.996 

83.7 63.9 
11 .3 8.9 
5.0 27.2 

Coionnera 

67.1 65.3 
19.9 18.4 

n.d. n.d. 
n.d. n.d. 
0.17 0.17 
n.d. n.d . 
n.d. n.d. 
0.36 0.05 

11 .7 1.00 
115 14.7 

100.38 99.62 

2.948 3.010 
1.031 0.997 

0.006 0.005 

0.017 0.003 
0.997 0.089 
0.065 0.864 
5.064 4.958 

92.5 93 
1.6 0,3 
5.9 90.4 
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(Fs Wo ) are slightly more FeO-poor than those observed in H chondrites. Plagioclase 
exhltb~ts a \6mall range of compositions from An14.9_IS.40rS.6_6.3' Casanova et a1. ( 1995) did 
not report complete microprobe analyses for Techado silicates and, thus, they are not 
included in Table I!. 

Watson. The Wat~on meteorite contains 8.07 wt % Ni (J .T. Wasson, pers. comm. 
1995) within its metallic host, near the middle of the range for lIE irons. Olsen ~t al. 
(1994) reported a comprehensive study of Watson , includi~g the disc.ove~y of ~ smg,le 
silicate inclusion of - 30 ern3 within the 93 kg mass (FIg. 11). Like IOclus lOn.s. In 

Netschaevo and Techado, the Watson inclusion is roughly chondritic in bulk, composition 
and a calculated modal mineralogy (Olsen et al. 1994, Table 10) contains 57 wt % 
olivine. 23 wt % orthopyroxene and 12 wt % feldspar. Metal and troilite are essentially 
absent from the silicate inclusion. Unlike Netschaevo and Techado, the texture of the 
Watson silicate inclusion is decidedly igneous, not unlike that of a terrestrial peridotite. 
The si licate inclusion is dominated by orthopyroxene crystals which reach 1 m~. and 
poikilitically enclose olivine crystals. This ~exture. suggests that. ~he Wat~o.n SIlicate 
inclusion experienced a high degree of meltmg. Mmeral compositIOns (ohvme Faw.6' 

10 C'" ." 

Figure 12. Photograph of a slab of Weekeroo Station exh~b.iling .globu.lar, silicate inclusions Iy~ical of 
Weekeroo Station, Miles, Colomera, Kodaikanal and Eiga. Silicate inclUSIOns are co.mpos~d of pl~gl~lase, 
orthopyroxene and clinopyroxene in a ratio of - 2: I : I . (photograph courtesy of the Smithsonian Instltuuon). 

orthopyroxene Fs Wo ) are within the range for H chondrites. Plagioclase is 
composed of an al~l~ic h~s: with K feldspar exsolution (antiperthite). Olsen et al. (1994) 
noted that shock-melted pockets are found in the metallic host and McCoy (1995) found 
shearing and shock deformation within the silicate. inclusions, all of which mdlcate that 
Watson experienced a relatively severe post-formational shock event. 

Weekeroo Station and Miles. The remaining silicate-bearing lIE irons (Weekeroo 
Station, Miles, Colomera, Kodaikanal and Elga) all contain what Prinz et al. (1983b) 
aptly described as globular silicate inclusion ~. Macros~oplcal1y , . there I S. httle to 
distinguish the silicate inclusions between these five meteontes and Figure 12 i11.ust~ates 
silicate inclusions in Weekeroo Station. Modal analyses (Table 10), however, mdlcale 
that Weekeroo Station and Miles mostly contain inclusions composed of orthopyroxene, 
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clinopyroxene and plagioclase, while inclusions in Colomera, Kodaikanal and Elga 
consist almost excl usively of clinopyroxene and plagioclase with only minor 
orthopyroxene. For this reason, we discuss Weekeroo Station and Miles first. 

Weekeroo Station (7.51 wt % Ni) is the lowest-Ni member of group lIE and Miles 
(7.96 wt % Ni) is one of the lowest-Ni members. Silicate inclus ions in Weekeroo Station 
have been studied by Bunch and Olsen (1968), Bunch et al. ( 1970), Olsen and larosewich 
(1970), Prinz et al. (1983b), and McCoy ( 1995), and Miles silicate inclusions have been 
studied by McCoy (1995), Ikeda and Prinz (1996), Ikeda et al. (1997) and Ebihara et al. 
(1997). Both of these meteorites contain subequal amounts of plagioclase and pyroxene, 
with the pyroxene being compri sed of subequaJ amounts of orthopyroxene and 
clinopyroxene. Most silicate inclusions in Miles are coarse-grained gabbros. but fine­
grained, cryptocrystalline inclusions with a variey of mineral assemblages are also 
present (Ikeda and Prinz 1996, Ikeda et al. 1997). Weekeroo Station contains a mixture of 
coarse-grained pyroxene-plagioclase inclusions and inclusions with coarse pyroxene and 
radiating fine-grained plagioclase-tridymite mixtures. Bunch et a1. ( 1970) reported a 
composition of FS22 for orthopyroxene in Weekeroo Station. Miles also has a small range 
of orthopyroxene compositions from FSI9.9_23.2 (McCoy, unpublished, see also Ikeda and 
Prinz 1996, Fig. 2 and Ikeda et al. 1997, Fig. 2). These compositions are considerably 
more FeD-rich than observed in the two lIE irons with "primitive" silicates, Netschaevo 
and Techado. As is the case in most of the globular silicates, both plagiocl ase feldspar 
and potassium feldspar are present in both Weekeroo Station and Miles (Table 10). 
Pyroxene and plagioclase in Miles and Weekeroo Station exhibit shock deformation 
features indicative of mild shock. 

C%mera, Kodaikanal and Eiga. The other subgroup of globular si licate inclusions 
are those in Colomera (7.86 wt % Ni), Kodaikanal (8.71 wt % Ni) and Elga (8.25 wt % 
Ni). Prinz et a1. (1980) examined s ilicate inclusions in all three meteorites, whi le Bunch 
and Olsen ( 1968) and McCoy ( 1995) examined Colomera and Kodaikanal. E lga was 
extensively studied by Osadchii et al. (1981) , Bence and Burnett (1969) studied 
Kodaikanal , and Wasserburg et a!. ( 1968) studied Colomera. Silicate inclusions in these 
meteorites are dominated by glass of plagioclase~tridymite composition and 
clinopyroxene in a ratio of -2:1. Wasserburg et al. (1968) identified one sanidine crystal 
of II em in length. Minor orthopyroxene, olivine, and phosphate are also found. Yagiite , 
(K,Na), (Mg,AI),(Si,AI) 120 ,O' comprises -3% of the silicate inclus ions in Colomera 
(Table 10). Texturally, silicate inclusions in these meteorites are similar to, but more 
diverse, than those in Weekeroo Station and Miles. Buchwald (1 975) and McCoy (1995) 
noted that in addition to the coarse-grained inclusions and those with radiating, fine­
grained intergrowths of plagioclase and tridymite, glassy inclusions are also present and 
that these inclusions occur well beneath the heat-altered zone formed during atmospheric 
entry of the meteorite. McCoy (1995) observed coarse-grained and glassy silicate 
inclusions occurring within a few mm of one another. Mineral compositions within this 
group are somewhat more diverse, ranging from Fa1S_16 in Elga (Osadchii et al. 1981) and 
Fa23 in Colomera (Bunch et al. 1970). Clinopyroxene exhibits a range of compositions 
within both Colomera and Kodaikanal (Table II; Bunch et al. 1970) and both plagioclase 
and potassium feldspar are present in these meteorites (Table 10). 

Composition 

Few analyses of silicate inclusions from lIE irons have been done. Bulk major 
element analysis of a composite of 12 Weekeroo Station inclusions was presented by 
Olsen and Jarosewich (1970), major and trace e lement data were given by Olsen et al. 
(1994) for an inclusion from Watson, and major and trace element data were g iven for 6 
gabbroic and 3 cryptocrystalline inclusions from Miles by Ebihara et al. (1997). The 
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composite of Weekeroo Station inclusions is unlike any chondrite in composition, 
although it is similar to bulk chondri tic composition minus 50% olivine (Olsen and 
larosewich 1970). The Watson inclusion has a bulk composition like that of an H 
chondrite, minus most of the metal and troilite (Olsen et aL 1994). The Miles inclusions 
show fractionated lithophile element abundances, with the cryptocrystalline clasts 
showing the most extreme fractionations (Ebihara et al. 1997). The plagiophile elements 
Na, Al and K are enriched, as are the incompatible elements Ti and Hf, while Mg is 
depleted relative to H chondrites. The REE abundances are generally elevated over CI 
values, although some of the cryptocrystalline clasts have LREE depletions. These clasts 
clearly are not chondritic in composition, but neither are they what one might expect for a 
partial melt of a chondri tic source (Ebihara et aI. 1997). 

Chronology 

A particularly "Intriguing feature of the silicate-bearing lIE irons is the broad range of 
ages measured for different meteorites (Table 12). IIE irons can be divided into an "old" 
subgroup consisting of Techado, Miles, Weekeroo Station and Colomera and a "young" 
subgroup which includes Netschaevo, Watson and Kodaikanal. Ages for a single 
meteorite from a variety of radiometric techniques generally agree with these broad 
groupings, although the spread in ages for Weekeroo Station ranges by as much as 200 
Ma (Table 12). In addition to the ages given in Table 12, Burnett and Wasserburg 
(l967a) argued that the relatively low initial "Sr/"Sr ratio of Kodaikanal for the very 
high RblSr requires a late RblSr fractionation, rather than simple metamorphic 
equilibration. 

Origin 

Table 12. Measured ages for silicate inclusions in IIE iron meteorites. 

39Ar_4°Ar K·Ar Rb-Sr I-Xe Pb·Pb 
Ga Ga Ga AMa Ga 

Colomera 4.24 4.51 
Kodaikanal 3.5±0.1 3.7±0.1 3.676±0.003 
Miles 4.41 ±0.OI 
Netschaevo 3.75±0.03 
Techado 4.48±O.O3 
Watson 3.656±0.005 -3.5 
Weekeroo Station 4.49±0.03 4.28,4.39. 0.07 +lOMa 

Sources of ages: 39Ar3 0Ar - Miles, Techado, Watson (Garrison and Bogard, 1995), 
Netschaevo, Weekeroo Station (Niemeyer, 1980) (using corrected age for the St. Severin 
moni tor); K-Ar - Colomera (D.O. Bogard, unpublished data), Kodaikanal (Bogard et ai., 
]969), Watson (Olsen et aL, 1994) ; Rb-Sr - Colomera (Sanz et al. , 1970), Kodaikanal 
(Burnett and Wasserburg, 1967b), Weekeroo Station (Burnett and Wasserburg , 1967b; 
Evensen et aL, 1979) (all recalculated using A = 1.420 x 10-11); I-Xe - (Niemeyer, 1980) 
(age in Ma relative to the Bjurbole chondrite, positive age indicates formation after 
Bjurbole); Pb-Pb - (GopeJ et aI. , 1985). 

A detailed discussion of the origin of lIE irons is beyond the scope of this review. 
Many of the arguments concerning a near-surface impact melt origin vs. a deep-seated 
indigenous origin are similar to those of other silicate-bearing irons. In particular, the 
siderophile element trends are difficult to explain by fractional crystallization of a largely 
metallic core and a core setting provides no ready mechanism for mixing silicates into the 
molten metal (Wasson et al. 1980). In support of a core origin is the difficulty of 
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producing metallic metal melts from localized impact melt events and the slow metal­
lographic cooling rates which appear to require deep burial (McCoy 1995). However, 
some features of silicate-bearing lIE irons are unique and it is these features which are 
worthy of further consideration. 

Diversity of silicate inclusions types_ Silicate inclusions in lIE irons are the most 
diverse in all silicate-bearing irons. These inclusion types can be arranged from most 
"primitive" to most "differentiated." Such a sequence would include five types: (1) 
Chondritic silicate inclusions in Netschaevo, which are true chondritic clasts within a 
metallic matrix, (2) Partially melted, but undifferentiated clasts found in Techado, 
exhibiting evidence of partial melting in the overall outline of the inclusion, but 
maintaining an approximately chondritic mineralogy, (3) Totally melted inclusions which 
have lost metal and troilite, of the type observed in Watson, (4) Plagioclase- ortho­
pyroxene--clinopyroxene "basaltic" partial melts of the type found in Weekeroo Station 
and Miles, which contain mineral abundances expected of a simple partial melt from a 
chondritic source, and (5) Plagioclase-clinopyroxene partial melts, such as those in 
Colomera, Kodaikanal, and Elga, which appear to be more differentiated than those in 
Weekeroo Station and Miles. There appears to be no correlation between the degree of 
evolution of the silicate inclusions and the Ni concentration in the host metal, which 
increases during fractional crystallization. Thus, the evolution of the silicates and metal 
does not appear to have progressed systematically . There are no clasts whose mineralogy 
would indicate that they are residues from partial melting of chondri tic material. 

Precursor chondritic material. A number of authors have argued that lIE irons 
represent impact melting at the surface of the H chondrite parent body. Olsen et a1. 
(1994) pointed out the numerous similarities between H chondrites and Watson, 
including silicate mineral and bulk composition, oxygen-isotopic composition, and 
cosmic-ray exposure ages. Casanova et a!. (1995) echoed this sentiment in their 
examination of a silicate inclusion in Techado. Clayton and Mayeda (1996) pointed out 
the similarities in oxygen-isotopic composition between H chondrites and lIE irons. The 
question of the link between IIE irons and H chondrites cannot be easily resolved, but lIE 
irons and H chondrites may not be as similar as previously suggested. In particular, 
oxygen-isotopic compositions differ between the two groups, ~1 70 = O.73±O.09 for H 
chondrites and O.59±O.05 for lIE irons, although there is some overlap. In addition, 
"primitive" IIE irons whose mineral compositions are unchanged by igneous processes 
are FeO-poor compared to H chondrites. However, the Sr isotopic results of Kodaikanal 
argue for late RblSr fractionation (Burnett and Wasserbuerg 1967a) , which could be due 
to shock melting and redistribution. The role of reduction in the formation of Netschaevo 
and Techado is not fully established. These observations suggest that it is premature to 
declare a definitive link between lIE irons and H chondrites. 

Age interpretation. Probably the most intriguing question in the genesis of lIE irons 
is the interpretation of the "young" ages for some silicate-bearing members. If these 
young ages record the formation of these rocks, this would provide definitive evidence 
for an impact-melt origin, since any indigenous heat source would have dissipated by 3.8 
Ga in an asteroidal-size body. 

We argue that the young ages do not represent the formation of these rocks, although 
some late melting and differentiation may have occurred. There is no correlation between 
the degree of differentiation experienced by the silicate inclusions and their ages. Thus, 
one cannot argue for a progression of increasing silicate differentiation with time. An 
alternative to the young formation scenario is that the ages were reset by shock events. 
Clearly, there is abundant evidence for post-formational shock in the form of deformation 
features within the silicate minerals. The real question is whether melting may have 
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occurred at 3.8 Ga re lated to these shock events. We find the most compelling evidence 
for this in the form of the diversity of inclusion textures present within a single silicate­
bearing lIE iron. Colomera contains coarse-grained igneous inclusions, fine-grained 
inclusions with radiating plagioclase-tridymite intergrowths, and glassy inclusions. This 
diversity clearly did not result from a single cooling event. Instead, we suggest that shock 
waves were focused into the inclusions, a feature commonly seen in the metallic hosts of 
some lIE irons (e.g. Watson; Olsen et al 1994). Intense, localized shock melting occurred 
within these inclusions and rapid cooling followed. Thus, silicate inclusions in some lIE 
irons record both early, slow cooling and later. rapid cooling following an intense shock 
event. An interesting consequence of this diversity is that different inclusions may have 
had dramatically different histories and yield different ages. Petrographic characterization 
of age-dated inclusions may prove absolutely essential in interpreting lIE iron ages and 
origins. 

PALLASITES 

Pallasites are stony irons composed of roughly equal amounts of silicate, dominated 
by olivine, and metal plus troilite. There are currently three separate pallasite types; the 
main-group pallasites, the Eagle Station grouplet, and the pyroxene-pall asite groupJet. 
The Eagle Station and pyroxene-pallasite grouplets contain 3 and 2 members, respec­
tively, while the main-group contains approximately 41 members. Uncertainties in 
pairings makes precise census of main-group pallasites difficult. The three pallasite 
groups are distingui shed from each other by differences in silicate mineralogy and 
composition, metal composition and O-isotopic composition. Figure 13 shows the 0-
isotopic compositions of the different pallasite groups, the most diagnostic characteristic, 
compared to meteorite groups in nearby O-isotope space. Note that the main-group 
pallasites are in the oxygen-isotope cluster occupied by llIAB irons, mesosiderites, 
howardites, eucrites, diogenites, angrites and brachinites (Figs. Id, 13). 
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Figure 13. Oxygen-isotopic compositions of 
pallasites compared to other achondrites. 
Main-group pallasites (mg-pal) have O· 
isotopic compositions within the same 0-
isotope group as ox ide phases in mAS 
irons, howardites, eucrites and diogenites 
(HED) and mesosiderites and angrites, 
which are not shown for clarity. The 
pyroxene-pallasites (py-paJ) stand alone in 
O-isotope space, although an acapulcoite 
and a lodranite (aca-lod) plot nearby. Tne 
Eagle Station pallasites (es-pal) occupy a 
distinct region near the Allende mixing line 
(AM), and near silicates from the anomalous 
iron (iron-an) Bocaiuva (8). All data from 
Clayton and Mayeda (1996). 

Individual olivine grains in pallasites can be on the order of a cm in size, and clusters 
of grains can be several cm in size (e.g. see Ulff-M¢ller et at. 1998). Olivine can be 
heterogeneously distributed. An extreme example is Brenham. Different specimens of 
Brenham can contain large regions of metal devoid of olivine with a few patches of 
typical pal1asite material here and there (Fig. 14). This makes determination of modes 
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Figure 14. A pOlish.ed and etc~ed slab ?f the Brenham main-group pallasite display the very heterogeneous 
nature of some specimens of Ihls pallaslte. The specimen is 13 cm in maximum dimension. (Courtesy of the 
Smithsonian Institution). 

difficult and fraught with uncertainties. The most reliable modal data obtained from 
polished slabs show that olivine varies from about 35-85 vol %, with chromite and phos­
phates generally < I vol % each (Buseck 1977, Ulff-M~ller et al. 1998). The olivine/metal 
weight ratio of pallasites ranges from 0.3-2.5. The macroscopic olivine-metal textures are 
also variable, with olivine grains varying from highly angular, fragmental shapes (Fig. 
15) to well rounded grains (Fig. 16) (Buseck 1977, Scott 1977d). On a microscopic scale, 
even the most angular grains show evidence of rounding of the comers (Scott 1977d). 

Main·group pallasi!es 

The main-group pallasite silicates are composed dominantly of olivine, with minor 
amounts of low-Ca pyroxene, chromite and several different phosphates. Most main­
group palJ.a~ites contain olivine of -Foss.: 1 composition, but a few have anomalously 
ferroan ohvmes, down to FOs2 for Phillips County and Springwater (Fig. 17). Repre­
sentative olivine compositions are given in Table 13. Few modern analyses of pallasite 
olivines are available in the literature, and most available data are from the partial 
analyses of Buseck and Goldstein (1969). Modern analyses for olivines from a few 
pallasite can be found in Davis and Olsen (1991), Mittlefehldt (1980), Righter et al. 
(1990) and Yanai and Kojima (1995). In addition to normal olivines, some pallasites also 
contam a mmor amount of phosphor an olivine with 4 to 5 wt % P20S (Table 13) in zones 
cominuous with normal olivine (Buseck 1977). 

Main-group pallasite olivines contain very low concentrations of the trace transition 
elements (Table 14) . The Sc contents vary from 0.5 to 2.4 ~g/g. Cr from 160 to 600 ~g/g, 
Mn from 1.5 to 3.2 mg/g and Zn from 5 to 8 ~g/g (Davis 1977. Mittiefeh1dt 1980, and 
unpublished). The siderophile elements Co and Ni are generally at low concentrations. 
Nearly all modem Co analyses and most Ni analyses have been done by a bulk technique 
(INAA-Davis 1977, Mittlefehldt 1980 and unpublished), so contamination from the 
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Figure 15. A polished and 
etched slab of the Salta 
main-group pallasite show­
ing ro'ughty em-sized angu­
lar-subangular olivines dis­
persed in metal . and two 
larger olivine masses, onc 
of which is veined by metal 
as though it was in the 
process of breaking up 
when the metal crystaHized. 
(Photo cour tesy of the 
Smithsonian Institution). 
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Figure 17. Histogram of Fa conlents of 
pallasite olivines. Main-group pallasites 
have a narrow range in olivine compo­
sitions. except for three ferroan outl iers. 
Data are from Boesenberg et al. (1995), 
Buseck (1977), Buseck and Goldstein 
(1969), Mittlefehldt (unpublished), Yanai 
and Kojima (1995). 

metal phase is a worry. Main-group pallasite metal contains 660 to 900 times the Co and 
4200 to 6400 times the Ni measured in most olivines. For a few pallasites, analyses of Ni 
in olivine have been done by ion microprobe (Reed et a1. 1979) and these data agree well 
with the INAA bulk data (Mittlefehldt, unpublished), except that the latter are 
systematically lower than the ion probe data. Nickel in pallasite olivines shows a 
depletion in rims compared to cores, and in small compared to large grains (Reed et a1. 
1979). The systematically lower Ni content in the bulk analyses compared to the olivine 
core analyses reported by (Reed et al. 1979) are therefore understandable. The bulk 
analyses yield means of 7.4 ~glg Co and 18 ~glg Ni for main-group pallasite olivines. 

Major and minor element contents are zoned in main-group pallasite olivines. Zhou 
and Steele (1993) showed that the count rates from electron microprobe analyses for AI , 
Cr and Ca decreased toward the rims of Springwater ali vines, while that for Mn 
increased. Zhou and Steele (I 993) did not report concentration profiles, only "normalized 
counts", but they estimated concentrations: Mn-2.75 mglg; Cr-140 ~glg; AI-IO ~glg ; 

Ca-64 ~g/g. Presumably, these are for homogeneous cores. Miyamoto and Takeda 
(1994) similarly showed decreasing concentrations of CaO and Cr20 3, and Fa content for 
Esquel olivines toward the rim. The ion probe results of Hsu et a1. (1997) also show that 
Cr decreases and Mn increases from the center to the rim for Brenham olivines. 

Pyroxene occurs as a trace component in at least some main-group paJlasites 
(Buseck 1977). The grains are typically only a few microns in size, and occur in 
symplectic intergrowths on the margins of olivine grains with one or more of the phases 
troilile, chromite, kamacite and phosphate. There are few analyses of pallasite pyroxenes; 
representative data are given in Table 15. The most remarkable feature of these 
pyroxenes is their very low Ca contents; 0.02 to 0.28 wt % CaO (Buseck 1977). 

The phosphate mineralogy of main-group pallasites is complex. At least three 
phosphates are known to be native to the pallasites. farringtonite, stanfieldite and 
whitlockite, and a suite of poorly characterized phosphates believed to be terrestrial 
aheration produces are also present (Buseck and Holdsworth 1977). Representative 
farringtonite, stanfieldite and whitlockite analyses are given in Table l6. Phosphates must 
be the major repository for large ion lithophile elements in pallasites. The Springwater 
pallasite is an anomalous main-group pallasite based on olivine composition (Table 13), 
and the greater abundance of phosphates it contains (Buseck 1977). Ion probe analyses of 
all three phosphates from Springwater (Davis and Olsen 1991) show that farringtonite 
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Table 14. Trace element contents of olivine from representative pallasites. 

main-group 
Eagle Slation 

groupiet Ahumada Giroux Gloneta Krasno- Mouo! Spring- Cold Eagle Mountain jarsk Vernon Water B,y Station 

Trace element contents in pg/g except Mn in mg/g 
So 1.86 1.09 2.29 1.23 1.65 0.54 2 .55 2.66 C, 595 312 280 228 306 169 289 404 Mo 2.2" 2.14 2.04 1.68 2.76 3. 18 1.4" 1.34 Co 9.41 6.40 8.19 7.03 7.22 8.84 19.3 26.0 Ni 40.0 18.3 20.8 14.5 19.6 20.4 75.5 45.1 '" 6A 7.0 5.9 7.9 5.9 7.7 1A <2.4 

Scandium, Cr, Co, Ni and Zn determined by INAA by Mittlefehldt (unpublished); Mn determined by INAA by 
Davis (1977), except " by electron microprobe analysis by Mittlefehldt (unpublished). Zinc in Eagle Station is 
a 20 upper limit. 

Table 15. 
Compositions of pyroxene grains from representative pallasites. 

main-group pyroxene-pallasite grouplet Ahumada Glorieta Spring- Y-8451 
Mountain water (I) (2) (3) 

Chemical Composition (wt %) 
Si02 58.4 58.4 57.8 57.0 57.2 54.9 AI20 J nd nd nd 0.13 0.26 0.29 Ti02 nd nd nd 0.03 0.04 0.06 Crp3 nd nd nd 0.62 0.70 1.24 FeO 7.44 7.89 11.4 6.02 6.20 3.06 MoO 0.28 0.32 0.34 0.35 0.41 0.24 MgO 34.2 34.2 32.1 35.6 34.3 18.3 CaO 0.20 0.18 0.04 0.34 1.06 21.5 Na 20 nd nd nd 0.04 0.05 0.63 Total 100.52 100.99 101.68 100.13 100.22 100.22 

Cation Formula Based on 6 Oxygens (Ideal Pyroxene = 4 Cations per 6 Oxygens) 
5i 2.0087 2.0042 2.0011 1.9678 1.9771 1.9896 IVAI 0.0000 0.0000 0.0000 0.0053 0.0106 0.0104 Total let' 2.0087 2.0042 2.0011 1.9731 1.9877 2.0000 Ti 0.0000 0.0000 0.0000 0.0008 0.0010 0.0016 "AI 0.0000 0.0000 0.0000 0.0000 0.0000 0.0020 C, 0.0000 0.0000 0.0000 0.0169 0.0191 0.0355 Fe 0.2140 0.2265 0.3301 0.1738 0.1792 0.0927 Mo 0.0082 0.0093 0.0100 0.0102 0.0120 0.0074 Mg 1.7531 1.7492 1.6563 1.8316 1.7669 0.9884 Ca 0.0074 0.0066 0.0015 0.0126 0.0393 0.8349 Na 0.0000 0.0000 0.0000 0.0027 0.0034 0.0443 T olal Cations 3.9914 3.9958 3.9990 4.0217 4.0086 4.0068 

Cation Ratios Ca:Mg:Fe, Fe/Mn and mg# (JOO*Mgl(Mg+Fe)) 
Ca OA 0.3 0.1 0.6 2 43.6 Mg 88 .8 88.2 83.3 90.8 89 51.6 Fe 10.8 11.4 16.6 8 .6 9 4.8 Fel1v1n 26 24 33 17 15 13 mg# 89.1 88.5 83.4 91.3 90.8 91.4 

Ahumada, Glorieta Mountain and Springwater analyses by Buseck (1977); Y-8451 analyses by 
Yanai and Kojima (1995). Y-8451 pyroxenes analyses are; (l) polysynthctically twinned 
coarse orthopyroxene, (2) non-polysynthetica!ly (winned orthopyroxene inclusion in olivine, 
(3) clinopyroxene inclusion in orthopyroxene. nd = not determined. 
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Table 17_ Analyses of chromite grains from representative pallasiles. 

Glorieta Brahin Mount Phillips Eagle 
Mountain Vernon County Station 

Chemical Composition (WI %) 

Ti02 0.32 0.23 0.27 0.16 nd 
A1oP3 6.9 1.66 7.8 1.45 7.0 
Cr20 3 62.1 69.1 61.3 68.5 62 .1 
V20 3 0.67 0.53 0.59 0.57 0.48 
FeO 22.0 23.3 23.1 25.1 25.5 
MgO 6.9 5.4 6.2 4.4 4.4 
MnO 0.77 0.67 0.75 0.75 0.29 
Total 99.66 100.89 100.01 100.93 99.77 

Cation Formula Based on 4 Oxygens 
(Ideal Spinel = 3 Cations per 4 Oxygens) 

1i 0.0083 0.0061 0.0070 0.0043 0.0000 
AI 0 .2793 0.0687 0.3149 0.0605 0.2877 
Cr 1.6862 1.9175 1.6598 1.9186 1.7118 
V 0.0185 0.0149 0.0162 0.0162 0.0134 
Fe 0.6319 0.6839 0.6616 0.7436 0.7435 
Mg 0.3532 0.2824 0.3164 0.2323 0.2286 
Mn 0.0224 0.0199 0.0218 0.0225 0.0086 
Total Cations 2.9998 2.9934 2.9977 2.9980 2.9936 

Cation Ratios Fe/Mn, mg# (JOO*Mg/(Mg+Fe)) and JOO*Cr/(Cr+AI) 

Fe/Mn 
mg. 
Cr/(Cr+AJ} 

28 
35.9 
85.8 

34 
29.2 
96.5 

All data taken from Bunch and Keil (1971). 

30 
32.4 
84.1 

33 
23.8 
96.9 

87 
23.5 
85.6 
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contains very low abundances of the rare earth elements (REE) compared to either 
stanfieldite or whitlockite, while whitlockite is enriched in REE compared to stanfieJdite 
from -4 times for La to -20 times for Lu. 

Chromites are present in most. if not all, main-group pallasites; representative 
compositional data are given in Table 17. Pallasite chromites are fairly uniform in 
composition, except that Cr20 3 and AI20 3 vary and are anticorrelated; Cr

2
0

3 
from 69.1 to 

60.5 wt %, AI, O, from 1.66 to 9.1 wt %, maintaining a relatively constant (Cr+AI)/O 
atom ratio of -0.5 (Bunch and Keil 1971). 

Troilite and schreibersite are minor minerals in main-group pallasites. Troilite varies 
from -0.1 to 7.3 vol %, and schreibersite varies from 0.3 to 2.8 vol % (Buseck 1977). 

Eagle Station grouplet 

In these pallasites, olivine is the dominant silicate phase, making up 75 to 80 vol % 
of the two meteorites measured by Buseck (1977). Minor clinopyroxene and ortho­
pyroxene are reported in Eagle Station (Davis and Olsen 1991) . Chromite has been 
reported by Bunch and Keil (1971) in Eagle Station, and whitlockite and stanfieldite, but 
not farringtonite. have been reported in the Eagle Station pallasites (Davis and Olsen 
1991, Buseck and Holdsworth 1977) . 

The olivines in the Eagle Station grouplet are more ferroan than the main-group 
pallasites, have higher CaD contents. and slightly lower MnO coments leading to much 
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higher FeOlMnO ratios (Table 13, Fig. 18). The. trace transition elements in Eagle Station 
pallasites are also distinct. TheIr oltvmes contaIn hIgher Sc, Co and N 1 than mam-group 
pallasite olivines, but lower Zn contents (Table 14). 

Only partial analyses of pyroxene are available. Davis and Olsen (1991) ~ave 
representative compositions of orthopyroxene (Wo\Fs 17 , 0.11 wt % A120 3) and clmo­
pyroxene (Wo"Fs7, 0.20 wt % AI20,) in Eagle Station. 

The major element compositions of stanfieldite and whitloc~ite in ~agle Station 
pallasites are very similar to those in the ferrean main-group p~l1aslt.e, Spnngwate:" The 
most noticeable difference is that whitlockite in the latter IS fIcher In N~O than m the 
Eagle Station pallasites (Buseck andHoldsworth 1977, Davis and Olsen 1991; see Table 
16). The REE in Eagle Station stanfleldlte and whltlocklte are LREE-depleted, a pattern 
quite distinct from that seen in Springwater phosphates (DavIs and Olsen 1991). 
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Figure 18. Molar PerMn vs. Fe/Mg for 
pallasite ali vines. The three pallasite types 
have distinct FelMn ratios, but Fe/Mg ratios 
for the main-group and pyroxene-pallasites 
overlap (see Fig. 17). The three main-group 
pallasites with high FelMn are Brenham, 
Krasnojarsk and Thiel Mountains. Spring­
water (S) is an anomalously ferroan main­
group pallasite. All data from Mittlefehldt 
(unpublished). 

Chromite in Eagle Station was analyzed by Bunch and Keil (1971). Eagle Station 
chromite grains are more ferroan when compared to t~e mam-group pallaslte chrorrutes, 
except for those in Phillips County (Table 17), whIch also has anomalously ferroan 
olivines for a main-group pallasite (Buseck and Goldstem 1969). 

Pyroxene-pallasite grouplet 

The pyroxene-pallasite grouplet, consisting of Vermi11i?n and Yamato 8451, h~s 
only recently been defined (Boesenberg et a1. 1995) and very ltttle data ?n them ~~ yet In 

the literature. Hiroi et a1. (1993) and Yanai and Kojima (1995a) gave bnef descnptlons of 
the first known member, Y -8451. Based on two modal analyses, this pallasite consists of 
about 55 to 63 vol % olivine, 30 to 43 vol % metal, 1 to 3 vol % pyroxene, 1 vol % 
troilite, plus minor whitlockite. Chromite was not mention~d: Olivin~ and pyroxene occur 
as I to 6 mm-sized rounded grains enclosed in a metal-trOlhte matnx. The o~currence of 
mm-sized pyroxenes distinguishes this pallasite from o~her types (compare.wlt~ pyroxene 
textural descriptions for main-group and Eagle StatIOn grouplet pal1a~ltes m B~s~ck 
1977, Davis and Olsen 1991). The large pyroxenes poikilitically contalO small ohvme 
grains, and vice versa. Yanai and Kojima .(1995a) hst three dlstmct py.roxenes, 
polysynthetically twinned orthopyroxenes, WhIC.h occur as lar.ge, ro~nde~ gr~n~, non­
polysynthetically twinned orthopyroxene~, which ?ccur as InclUSIOns III ohvme, as 
aggregates and as rims on poly synthetically twmned orthopyroxenes, and small 
clinopyrox~nes. Hiroi et al . (1993) found only two distinct pyroxenes, orthopyroxene 
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with -2 mol % wollastonite and protopyroxene (inverted protoenstatite) with -0.6 mol %. 
They also found that metal-olivine boundaries have slight dislocations. 

Vermillion contains much less olivine, -14 vol % (Boesenberg et aL 1995), than any 
other paHasite. The olivines occur as rounded to subrounded grains up to 1.5 cm in size in 
em-sized bands interspersed with metal it!. bands of similar width. This texture is unique 
among pallisites. Minor amounts of orthopyroxene (-0.7 vol %), chromite (-0.2 vol %) 
and whitlockite (-0.07 vol %) are also present. The orthopyroxene occurs both along the 
rims of smaller olivine grains, and as large (rnrn-size) inclusions in olivine. 

Pyroxene-pallasite olivines overlap the magnesian end of the range of main-group 
pallasites (Table 13, Fig. 17). Pyroxene-pallasite olivines have distinctly higher MnO 
contents, resulting in significantly lower PeO/MnO ratios than in the main-group 
pallasites (Table 13, Fig. 18). 

There are three distinct pyroxene composition groups in Y-8451 that correlate with 
textures (Yanai and Kojima 1995a); the large, poly synthetically twinned orthopyroxenes 
have very low CaO contents, the non-polysynthetically twinned orthopyroxenes have 
intermediate CaO contents, and the clinopyroxenes are calcic (Table 15). The poly­
synthetically twinned orthopyroxenes also tend to be more magnesian than the non­
polysynthetically twinned orthopyroxenes (Yanai and Kojima 1995a). Based on CaO 
content, the polysynthetically twinned orthopyroxene of Yanai and Kojima (1995a) 
appears to be equivalent to the protopyroxene of Hiroi et al. (1993). Boesenberg et al. 
(1995) described a similar range in orthopyroxene wollastonite contents for Vermillion, 
but do not give information of possible correlations between texture and composition. 

Whitlockite in Vermillion and Y-8451 have LREE-depleted REE patterns similar to 
those determined for Eagle Station, but at higher concentrations (Boesen berg et al. 1995, 
Davis and Olsen 1991). 

Metal phase 

The metal phase of main-group pal1asites is generally low in refractory siderophile 
elements such as Ir and high in Ni and moderately volatile siderophile elements such as 
As and Au (Fig. 19). Main-group pallasite metal is close in composition to Ni-rich IIIAB 
irons, but has slightly higher incompatiblelcompatible siderophile element ratios (e.g. 
AuJIr) than IIIAB irons with similar Ir contents (Scott 1977b). There is also considerable 
scatter in main-group" pallasite metal composition, particularly in the contents of 
compatible siderophile elements like Ir (Fig. 19a). The metal phase of Eagle Station 
grouplet pallasites is distinct in composition, having higher Ni and Ir, and lower 
moderately volatile siderophile element contents (Scott 1977b). Eagle Station grouplet 
metal is close in composition to IIF irons (Kracher et al. 1980). The two pyroxene­
pallasites have widely different metal compositions (Wasson et a1. 1998a,b). Y-8451 has 
Ni and Ir contents like those of the Eagle Station grouplet, but a Au content more like 
those of high Ni main-group pallasites, while Vermillion has Ni, Ir and Au contents 
similar to low Ni, high Ir main-group palla'iites (Fig. 19). However, Vermillion has very 
different contents of moderately volatile siderophile elements (e.g. Ga, Ge) than any 
main-group pallasite (Wasson et al. 1998b). Wasson (pers. comm.) believes the metals in 
the two pyroxene-pallasites are too different in composition to support assignment to a 
single grouplet. 

Ages 

Very little is known of the formation ages of palJasites; older K-Ar ages are probably 
unreliable indicators of fonnation times. Recently, Mn-Cr dating has been done on 
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several main-group pallasites (Hsu et al. 1997, Hutcheon and Olsen 1991, Shukolyukov 
and Lugmair 1997) and the Eagle Station pallasite (Birck and Allegre 1988). The data 
indicate that 53Mn (t1l2-3.7 Ma) was present at the time tbe pallasites were formed, and 
thus they formed very early in the history of the solar system. By tying the Mn-Cr data on 
the Omolon main-group pallasite to the Mn-Cr and Pb-Pb data on the LEW 86010 
angrite, Shukolyukov and Lugmair (1997) determined an absolute age of 4.5S8±0.OOI Ga 
for closure of the Mn-Cr system in Omolon. Eagle Station had a dlstlflCtly lower 
53Mn/55Mn ratio at isotopic closure than did the main-group paliasites so far studied, 
suggesting Eagle Station reached closure -10 to IS Ma later (Hsu et a!. 1997). 
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Figure 19. Diagrams of (a) Ir vs. Ni and (b) Au vs. Ni for m,etal from,main-group p~lIasites, Ea~le Station 
and pyroxene-pallasite grouplets compared to IIF and IIIAB !fons. Main-group pallaslt~s show wIde ~ang~ 
in Ir-Ni and Au-Ni, indicating that their metal is not simply quenched residual metallic m~lt. The hlgh-NI 
pyroxene-palJasite is Y -8451. Data are from Davis (1977), Esbensen et a1. (1982), Malvin et al. (1984), 
Scott (1977), Scott and Wasson (1976), Ulff-M!1Iller et al. (1998), Wasson (1974), Wasson et a!. (1989, 
I 998a,b). 

Cooling rates 

Buseck and Goldstein (1969) determined cooling rates from the metal phase of 
pallasites. Because of changes in values of Ni diffusion parameters (Dean and Goldstein 
1986), the cooling rate values given by Buseck and Goldstein (1969) need to be increased 
S-fold (Saikumar and Goldstein 1988). This leads to cooling rates of 2.S-7.S"CJM. for 
main-group pallasites. Cooling rates for three main-group pallasites determined b~ a 
different method agree with these values (Yang et al. 1997a, see Table 4). These coohng 
rates are lower than those of most irons (Table 4). Phosphorous IS a moderately volatile 
element and the formation of the Widmanstatten structure used in cooling rate 
determi~ations is strongly influenced by P content (Dean and Goldstein 1986). Because 
main-group pallasites contain higher moderately volatile siderophile element abundanc~s 
than do Eagle Station grouplet pallasites (Scott 1977b), there could be a systematIC 
difference in metallographic cooling rates calculated for the two types. Taken at f~ce 
value, however, the cooling rate for Eagle Station, lOoClMa, is similar to those of mam­
group pallasites. 

Miyamoto and Takeda (1994) have presented cooling rates based on fitting Fe-Mg 
and Ca zoning profiles in olivine for a main-group and a pyroxene-pallaslte. T~e 
calculated cooling rates are very high, on the order of 1<1 urnes the metallographlc 
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cooling rates. It is difficult to evaluate the veracity of these cooling rates from the 
abstract, but the cooling rate based on Fe-Mg zoning is highly model dependent as it is a 
strong function of the assumed initial temperature. 

Pallasite formation 

The customary hypothesis for pallasite formation is that they were formed at the 
core-mantle boundary of their parent body. Metal will sink to form the core of a 
differentiated rocky body, while dunite is a plausible lowermost mantle material, either as 
partial melting residue or as cumulate from a crystallizing ultramafic melt There are two 
possible problems with the simple core-mantle boundary model, both long discussed in 
the literature: (1) pallasites seem too abundant in the meteorite collection considering the 
small volume a core-mantle boundary will occupy in an asteroid, and (2) the large density 
difference between solid olivine and metal liquid will result in rapid separation of the two 
even in the low gravity field of asteroids. In spite of these problems, the core-mantle 
boundary origin still seems most plausible. 

Main-group pallasite metal is close to IIIAB metal in composition (Fig. 19). Scott 
(I977c) showed that the mean composition of main-group pallasite metal is very similar 
to the composition of a model residual liquid after about 82% crystallization of a metallic 
melt like that parental to IIlAB irons. He suggested that main-group pallasites and lIIAB 
irons formed on the same parent body. This is compatible with a core-mantle boundary 
model for pallasite formation. assuming the core crystallized from the center out. 
However, Haack and Scott (1993) suggested that IIIAB irons were formed by inward 
dendritic growth from the core-mantle boundary. In order to explain the apparent close 
relationship between main-group pallasite metal and mAE irons, they suggested that 
some of the residual metallic melt was forced up to the core-mantle boundary by an 
unspecified process. The composition of metal in main-group pallasites is quite variable 
compared to Ni-rich IIIAB irons, which suggests the pallasite metal cannot be simply 
quenched residual melt. Ulff-M¢ller et al. (1997) suggest the wide range in Ir contents in 
main-group pallasite metal is caused by variable mixing of residual melt with earlier 
metal crystals at the time of metal-olivine mixing. As noted by Ulff-Moller et al. (1998), 
main-group pallasites have lower S contents than expected for trapped metallic melts. 
They thus concluded that the injected residual melt underwent a period of equilibrium 
crystallization, and that the last dregs of S-rich melt escaped the pallasite region . 

The relationship set ween IIF irons and the metal phase of Eagle Station grouplet 
pallasites is not as close as that between JUAB irons and the main-group. Kracher et al. 
(1980) suggested that lIP irons and Eagle Station grouplet pallasites were formed on 
similar parent bodies. The metal phase of the Bocaiuva silicate-bearing iron (discussed 
later) is also similar to !IF irons and the Eagle Station grouplet, and the oxygen-isotopic 
composition of Bocaiuva silicates is similar to those of the Eagle Station grouplet 
(Malvin et al. 1985, and see Fig la). All of these meteorites likely are from similar parent 
bodies formed in the same region of the solar system (Malvin et al. 1985). 

SCOtt (l977d) addressed the problem of how the metal-silicate texture was formed 
through detailed study of the macrotextures of pallasite slabs. He found that pallasites 
display a range of textures, from those containing highly angular olivine grains with large 
olivine masses several cm in size, some of which are veined with metal, to pallasites. with 
rounded olivines dispersed in the metal. The large olivine masses preserve textural 
evidence indicating that they were in the process of breaking up into smaller, angular 
olivine grains when the process was frozen by crystallization of the metal. Scott (1977d) 
favored a model in which solid olivine layers were invaded, broken up and dispersed by 
molten metal near its freezing point. Crystallization of the metal prevented density 
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separation of the metal and olivine. Ullf-M¢ller et al. (1997) state that the most plausible 
mechanism to produce the textures seen in olivine masses by Scott (1977d) and by 
themselves in the Esquel main-group pallasite is by high pressure injection of metal, 
possibly by impact. Pallasites with rounded olivines were formed in a similar way, but 
annealing of the mixture with subsequent rounding of initially angular olivines occurred. 
Ohtani (1983) used thermodynamic, kinetic and physical models to constrain the time 
and temperature of formation of the olivine-metal textures. He suggested that the rounded 
olivine textures were formed at temperatures above the metal-troilite solidus, and that the 
time scale must have been <5 Ka or olivine and metal would have segregated. Pallasiles 
with angular olivine were annealed at lower temperatures. In contrast, Buseck (1977) 
considered the rounded olivines to represent the primary shapes, while angular olivines 
were secondary. He suggested that pallasites are exotic cumulates; olivine and chromite 
grains represe;lt cumulus minerals, while the metal is an intercumulus phase. 

Davis and Olsen (1991) argued that the REE contents of pallasite phosphates are not 
compatible with simple models forming the silicates of all pallasites as either residual 
mantle or early cumulates during differentiation of their parent bodies. Many main-group 
and Eagle Station group let pallasites have REE patterns consistent with phosphate 
formation through redox reactions between the metal and olivine in which metallic P is 
oxidized. The REE in the phosphates are inherited from the olivine and show LREE 
depleted patterns consistent with either residual or cumulate dunites, and therefore core­
mantle boundary models (Davis and Olsen 1991). However, the Springwater and Santa 
Rosalia main-group pallasites contain phosphates far too rich in REE for this scenario. 
Davis and Olsen (I 991) suggested that the phosphates in these pallasites are consistent 
with crystallization at a late stage from a chondritic melt, and therefore indicate that some 
pallasites may have originated nearer the parent body surface. Note that both Santa 
Rosalia and Springwater yield cooling rates at the low end of the main-group pallasite 
range (Buseck and Goldstien, 1969), which may be inconsistent with the formation 
scenario inferred by Davis and 0Isen(1991). Buseck and Holdsworth (1977) described 
textural evidence which they believed indicated that some phosphates crystallized from a 
residual melt. They did not specify which meteorites contained these textures, so one 
cannot correlate anomalous REE patterns with phosphate texture. 

Minor and trace elements, and fayalite content show zoning profiles from core to rim 
in pallasite olivines. This, plus rounding of olivines suggestive of subsolidus annealing 
indicate that small scale element migration was occurring in pallasites at the time they 
cooled below the blocking temperature for these processes. The decreasing Fa and Ni 
contents at the rims, plus evidence for formation of at least some phosphates by oxidation 
of metallic P, suggest that redox reactions between metal and silicate were responsible for 
some element migration. However, the cause of zoning in Cr and Al remain obscure, and 
there is no consensus on the origin of all the phosphates and the pyroxenes. 

Main-group pallasites appear to be closely related to the howardite, eucrite and 
diogenite (HED) meteorites. Oxygen-isotopic compositions show that all these meteorite 
types came from the same a-isotope reservoir (Clayton and Mayeda 1996, see Fig. ld). 
Extreme differentiation can in principle produce olivines as magnesian as those in main­
group paJlasites and basalts as ferro an as basaltic eucrites on a single parent body 
(Mittlefehldt 1980). Hence, it is possible that all of these meteorite types, plus the I1IAB 
irons, represent fragments of a single parent a..o;teroid. This will be discussed in more 
detail in the section on HED meteorites. 

Clearly, time is ripe for renewed detailed studies of the pallasites. Recent ion 
microprobe studies of phosphate compositions, electron microprobe studies of zoning 
profiles, renewed attempts to date pallasite formation, and the characterization of new 
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~al1asite. types all. suggest that pallasite studies are being reinvigorated after their heyday 
III the mid-seventies. 

SILICA TE-BEARING IVA IRONS 

. The IVA iro~ ~eteorite ?TO~p contains o?ly four known silicate-bearing members. 
Unhk~ the other ~tl~cate-bearmg Iron groups discussed earlier in this chapter, silicates in 
IV P:- Irons are dlstmctly non-chondri tic in their mineralogy. Two of the IV A irons 
~teIn~ach an~ Sao Joao Nepomuceno, contain abundant rounded pyroxene-tridymit~ 
inclUSIOns (ReId et al. 1974, Bild 1976, Prinz et al. 1984, Ulff-M¢ller et al. 1995, Scott et 
aL 1996,. Haack el al. 1996a). The IV A irons Bishop Canyon and Gibeon contain rare 
SID, grams up to several em in length (Schaudy et al. 1972, Buchwald 1975, Ulff-M¢ller 
et al. 1995, Scott et al. 1996, Marvm et al. 1997). Their linkage to IV A irons is confirmed 
by concentratIOns of ~I, Ga, Ge and Ir similar to those in IV A irons without silicates 
(~~ott et .al. 1996). Until recently, there existed a relative scarcity of basic data about the 
SIlicates In thes~ meteorites. Their small number and unusual mineralogy make the origin 
of these meteontes probably the most enigmatic of all silicate-bearing irons. 

Petrology and mineralogy 

. Pyroxene-t~idy",-ite-rich IVA irons. The pyroxene-tridymite-bearing IVA irons 
Ste:nbach and Sa~ loao Nepomuceno have been widely studied. Figure 20a illustrates the 
main mass of Sternbach (from Scott et al. 1996). Metal and troilite occupy 29 vol % of 
thiS mas~ as Irregularly sha~ed grams and two small, metal-rich areas are present. In this 
me~al (~Ig. 20b), metal grams that appear distinct actually have the same orientation of 
their Wldma?s~atteJ) pattern over areas as large as 10 em (McCall 1973), indicating that 
they were ongmally composed of single y-Fe,Ni crystals of this size. Silicates comprise 
19 vol % of Sao Joao Nepomuceno (Scott et al. 1996) · but are heterogeneously 
dls~nbuted. SIlIcates are partly ~~ncentrated on grain boundaries of parent taenite crystals 
~~Ich reach 4 by 8 em and SIlicate-free regions reach 10 by 20 cm. In areas where 
Silicates are concentrated, the texture very closely resembles that of Steinbach. 

S.ilicat.es in ~teinbach and Sao Joao Nepomuceno are orthobronzite, clinobronzite 
and tndymlte (ReId et al. 1974, Dollase 1967, Ulff-M¢ller et al. 1995, Scott et al 1996) 
Modal data from Ulff-M¢ller et aJ. (1995) and Scott et al. (1996) show that Stei~bach i; 
composed of orthobronzlte (37.3, 38.0 vol %, respectively), clinobronzite (4.5, 1.6), 
tndymlte (20.2, 20.8), metal (32.4, 32.2), troilite (5.7, 6.6) and traces of chromite. The 
agreement between these values suggests that Steinbach is quite homogeneous on the 
scale of -10 em', although Scott et al. (1996) documented considerable heterogeneity in 
modes an~ pyr~xene/tndymlte ratios between individual polished thin sections. A smaller 
area of.Sao !oao Nepomuceno (-3.5 cm2) contains orthobronzite (37.8), clinobronzite 
(0.1), tndymlte (5, I), metal and its weathering products (52.4), troilite (4.6) and traces of 
c~roml.te (Scott.et al. 1996). Compared to Steinbach, Sao loao Nepornuceno is poorer in 
tndymlte and clmobronzite. 

. A mixture of pyroxene and Si02 fills the spaces between the metallic host in both 
Stembach and Sao loao Nepomuceno. Silicate grain sizes are typically 1 to 5 mm (Ulff­
M¢ller et al. 1995, Scott et al. 1996). Metal-silicate and silicate-silicate grain boundaries 
~e t~plcally comple~. In many cases, m~tal <)djacent to silicates forms cusps at triple 
Junctto?s .. Many adjacent pyroxene grams are irregular, indicative of silicate co­
crystallrzatlOn (Scott et al. 1996). 

P: remar~able feature of both Steinbach and Sao loao Nepomuceno is the occurrence 
oftwmne~ clmobronzite .within orthobronzite. The clinobronzite islands are either totally 
enclosed In orthobronzlte (Ulff-M¢ller et al. 1995, Scott et al. 1996) or occur at 
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Figure 20. Photographs of the Steinbach silicate-bearing IVA iron. (a) A polished slice showing wh,ile 
metallic Fe Ni and lroilite in a dark silicate matrix. Longest dimension is 51 em. (b) Part of an etched shce 
showing fi~e, oriented kamacite lamellae in melallic Fe,Ni. The con{in~ity of the WidmanstiiU.en pallern 
across the field shows that the grains are connected and once formed a smgle large skeletal (aemte crystal. 

Width is 3.4 em. 

pyroxene-SiOz grain boundaries (Scott et al. 1996), b~t are ,not observed bordering metal. 
Reid et al. (1974) studied the pyroxenes by x-ray dIffractIOn methods and Haack et al. 
(1996a) reported on a transmission electron microscope stu~Y of a pyroxene ,gram In 

Steinbach. These pyroxene grains contained a continuum of microstructures rangmg from 
ordered clinobronzite to a highly striated microstructure consisting of a disor~ered 
intergrowth of clinopyroxene and orthopyroxene. Orthopyroxene lamellae are. typlcal~y 
<10 unit cells in thickness, while clinopyroxene lamellae extend up to 50 umt cells In 
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thickness. ~s noted earlier, Sao 10ao Nepomuceno also contains a similar, but less 
abundant, c1mobronzite, but this has not been examined by TEM. 

Steinbach orthobronzite (Fs15 0) is more FeO-rich than c1inobronzite (Fsl4.,) (Reid et 
al. 1974, Scott et a!. 1996). A similar relationship is seen in Sao Joao Nepomuceno 
(orthobronzite, FS 14.2 ; clinobronzite. Fs J3.6), although Sao Joao Nepomuceno is slightly 
pcorer in FeO than Steinbach (Scott et aI. 1996). Ulff-M~lIer et a!. (1995) also observed 
Ca-Cr-rich regions in orthobronzite and documented zoning within Steinbach pyroxenes 
and t~idymite. Steinbach tridymite has been studied in detail by a number of authors (e.g. 
Taga! et al. 1977). Rare AI-rich regions may perhaps be related to contamination with AI 
pclishing compound. 

SiOrbearing IVA irons. Bishop Canyon and Gibeon contain large, but very rare, 
grains of SiO,. Bishop Canyon contains two adjoining plate-like SiO, grains, probably 
tndymlte (Buchwald 1975, Scott et a!. 1996). Troilite with exsolved daubreelite occurs 
around the grains. 

Silica grains from the widely-distributed Gibeon meteorite have been more widely­
studied (Schaudy et a!. 1972, Ulff-M~lIer et a!. 1995, Scott et a!. 1996, Marvin et a!. 
1997). Ulff-M~lIer et a!. (1995) and Scott et aI. (1996) studied the same sample, which 
contamed a single crystal measuring 21 by I nun. This grain had been fractured into three 
pieces prior to complete solidification of the metallic host. Marvin et a!. (1997) studied 
slices through a very large SiO, grain. The length of the original grain may have been up 
to 10 cm. These authors confirmed by x-ray diffraction studies and characteristic 
fluorescence that the grain was dominantly composed of tridymite . However, cracked 
areas 3-4 mm across in the center of the tridymite were quartz. 

Ulff-M~lIer et a!. (1995) and Scott et a!. (1996) observed zoning in Gibeon 
tridymi.te, with FeO increasing from the core to the rim of the grain and AI 20 3 
decreasing. 

Origin 

.. The origin of the IV A irons remains enigmatic. Any favored interpretation depends 
CrItically on whether the origin of sil icates in Steinbach and Sao 10ao Nepomuceno are 
linked to that of the large Sr02 grains in Bishop Canyon and Gibeon, or whether these 
two occurrences formed through independent processes. Certainly, recovery of more 
silicate-bearing IV A irons would substantially improve our understanding of their origin. 

Prinz et al, (1984) suggested that silicates in pyroxene-tridymite-rich IV A irons 
formed by remelting of igneous cumulates. Several problems exist with this scenario. 
Prinz et al. (1984) suggested that the pyroxene/tridymite ratios are appropriate for 
eutectic mixtures, but new modal data of Ulff-M~lIer et a!. (1995) and Scott et a!. (1996) 
suggest that this is not the case. Cumulate remelting would also produce a melt with more 
Ca than AI and a strongly steepened REE pattern, neither of which is observed in 
Steinbach or Sao Joao Nepomuceno (Ulff-M~lIer et a!. 1995). 

A second model proposed by Prinz et a!. (1984) and expanded upon by Scott et a!. 
(1996) suggests oxidation of Si from metal and reaction with an olivine-bearing pailasite 
to produce pyroxene and tridymite observed in IV A irons. The gross texture of Steinbach 
is strikingly similar to some pallasites (e.g. Brenham; Nininger 1952). Oxidation of Si 
from metal could also form the silica observed in Bishop Canyon and Gibeon and may 
have formed silica in IIIAB irons (Kracher et a!. 1977). Indeed, a pyroxene-bearing 
pallasite precursor (e.g. Yamato 8451, Yanai and Kojima 1995a) could provide a source 
of minor and trace elements observed in pyroxene of Steinbach and Sao Joao 
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Nepomuceno. A problem with this scenario is envisioning the presence of significant Si 
dissolved in metal, which requires very reducing conditions, and yet having relatively 

oxidized pyroxene is these meteorites (Fs14..- IS)· 

Ulff-M~ller et a1. (1995) proposed that the silicates were derived by direct melting of 
a chondritic precursor with subsequent reduction. In this model, low degrees of partial 
melting would occur, with subsequent melt removal and reduction. Through this 
reduction, the FelMn ratio of the melt was lowered and the Si02 content of the residual 
magma was increased. This process would occur most efficiently within the molten core 
of the asteroid, where sufficient reducing agents (e.g. P) exist. Ulff-M~ller et a1. (1995) 
argued that this reduction could have forced the melt to crystallize only tridymite. 

It is unclear how the silicates were mixed with the metal in IV A irons. The oxidation 
of a pallasite-like precursor provides a ready explanation for mixing. Mechanisms which 
call for mixing of silicate melt into the molten core are more controversial. Ulff-M~lIer et 
al. (1995) proposed that large, metallic dendrites which formed at the core-mantle 
boundary could founder into the molten core, carrying pieces of the adhering mantle and, 
thuS. explaining the mixing. Alternatively. a crystallizing core would undergo significant 
shrinkage and this might lead (Q injection of overlying, molten silicates into the cracks 
produced. Scott et al. (1996) criticized these passive mechanisms and suggested instead 
that silicate-bearing IV A irons formed during catastrophic breakup and reassembly of the 
IV A parent body, an idea explored in greater detail by Haack et al. (1996a). Evidence for 
such a process may be found in the complex cooling history required to explain the 
features of these meteorites. The orthobronzite-clinobronzite intergrowths clearly require 
very rapid cooling (Reid et a1. 1974, Haack et a1. 1996a) at high temperature, while the 
existence of the Widmanstatten pattern in these meteorites requires slow cooling at ~ow 
temperature. 

BRACIDNITES 

Brachina was originally thought to be a second chassignite (Johnson et al. 1977, 
F10ran et .1. 1978a, Ryder 1982), but was shown on the basis of chemistry, oxygen­
isotopic and noble gas composition, and age to be unique (Nehru et a1. 1983, Clayton and 
Mayeda 1983, Crozaz and Pellas 1983, Ott et al. 1983). Four other meteorites are nOW 
classified as brachinites: ALH 84025, Eagles Nest, Nova 003 (probably paired with Reid 
013) and Hughes 026 (Table 18). Divnoe has been considered to be a brachinite on the 
basis of oxygen-isotopes (Clayton and Mayeda 1996), but is petrologically unique 
(Petaev et al. 1994). LEW 88763 has also been thought to be brachinite (AMN 14-2; 
Nehru et a1. 1992, Kring and Boynton 1992), but its oxygen isotpoic composition is 
distinct from brachinites and falls near the trend defined by acapulcoites and lodranites 
(Fig. lc), and is nOW considered to be unique (Swindle et al. 1998). 

Petrography and mineral chemistry 

Brachinites are dunitic wehrlites, consisting dominantly of olivine; reports for 
individual brachinites range from 79-93%, but Nehru et a1. (1992) cite 74 to 98% for the 
group. They contain augite (4 to 15%), chromite (0.5 to 2%), Fe-sulfides (3 to 7%), minor 
phosphates, and minor Fe-Ni metal. Brachina contains 9.9% plagioclase, Nova 003 and 
Hughes 026 have <0.1%, and ALH 84025 and Eagles Nest have nO plagioclase. 
Brachina, Nova 003 and Hughes 026 contain traces of orthopyroxene. 

Brachina has an equigranular texture (subhedral to anhedral grains with 120
0 

triple 
junctions) with average grain size 0.1 to 0.3 mm (Fig. 2la). Hughes 026 is also equi­
granular, with average grain size 0.65 mm. ALH 84025 is coarser-grained, with olivine 
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Figure 21. Photomicrographs of brachinites in transmitted light with partially crossed nico,ls: Scale b.ars are 
0,2 nun and fields of view arc -2.9 x 1.7 nun . (a) Brachina. Equigranular texture of .ol.lvme, auglt~ a~ 
plagioclase, with minor chromite and Fe,Ni metal and sulfides. (b) AL~ 84.025,7. Ol~vme and augite In 

equigranular texture. Interstitial troilite (black) left of center surrounds augIte with fine tWin lamellae. 

up to 1.8 mm and augite up to 2.7 mm. Warren and Kallemeyn (\989a) observed that in 
two thin sections of ALH 84025 olivine is prismatic. with an aspect ratIO of -3: 1, and 
shows a possible preferred orientation (Fig. 2Ib). However, Prinz et al. (1986a) reponed 
an equigranular texture in two other thin sections; whereas yet ~nother thm sec tlo~ IS 

described as being polygonal-granular (AMN 8-2). Eagles Nest IS also coarser-graIned 
than Brachina. It contains olivine up to 1.5 mm, with subequant grain shapes and 120

0 
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triple junctions (Kring et al. \991). In all brachinites augite, chromite, and plagioclase 
appear to be interstitial to olivine. Sulfide is anhedral and interstitial, or occurs as veins 
with minor Fe-Ni metal cross-cutting the silicates and chromite. Brachina has 20-25 11m, 
rounded melt inclusions in olivine, similar to those in Chassigny (Floran et aL 1978a, 
Nehru et al. 1983). The inclusion-bearing olivine grains tend to be euhedral to subhedral 
(Floran et aL 1978a). Olivine in Eagles Nest has inclusions of chromite, apatite and 
troilite, but no melt inclusions (Swindle et al. 1998). 

Olivine is homogeneous within each brachinite. and ranges from F065_70 among the 
brachinites. Augite is more magnesian,: mg# ::;; 79 to 82. In olivine MnO ranges from -0.3 
to 0.6%, Cr,O, ranges from 0.01 to 0.08%, CaO ranges from 0.05 to 0.27% (Kring et al. 
1991, Warren and Kallemeyn \989a, Johnson et al. 1977, Nehru et al. \983), and NiO is 
detectable- up to 0.05% (Nehru et al. \992). In augite MnO ranges from 0.15 to 0.32%, 
Cr,o, from 0.68 to 1.04%, NazO from 0.39 to 0.61 %, TiO, from 0.\ to 0.4%, and AI,O, 
from 0.55 to 0.98% (Kring et al. 1991 , Warren and Kallemeyn 1989a, Johnson et al. 
1977, Nehru et al. 1983). 

Chromite has molar Cr/(Cr+AI) ratios of 0.81 to 0.83 in Brachina, ALH 84025, and 
Eagles Nest and 0.73 in Hughes 026, with mg# of 19 to 26 (Johnson et al. 1977, Warren 
and Kallemeyn \989a, Nehru et al. 1983, Swindle et al. \998, Nehru et al. 1996). Prinz et 
al. (1986a) reported that only minor Fe20 3 was required by stoichiometry for chromite in 
Brachina and Eagles Nest, but recalculation of published analyses does not confirm this . 
The TiO, contents of chromite range from 1.4% in Eagles Nest and ALH 84025 (Swindle 
et al. 1998, Warren and Kallemeyn 1989a) to -2.9% in Brachina (Nehru et al. 1983). 

The sulfide in brachinites i~ mainly Ni-rich (0.5 to 3%) troilite (Nehru et al. 1992), 
but pentlandite has also been observed in Brachina (Nehru et al. 1983). Metal contains 19 
to 55% Ni (Nehru et al. 1992). 

Chlorapalite is the dominant phosphate in brachinites (Nehru et al. 1992), but 
whitlockite also occurs in Hughes 026 (Nehru et al. 1996). Eagles Nest contains an Fe­
phosphate, tentatively identified as being either ludlamite, vivianite or beraunite, but this 
is believed to be a terrestrial weathering product of apatite (Swindle et aL 1998). 

Composition 

Lithophile elements. Lithophile elements in Brachina are close to chondritic in 
abundance and are relatively un fractionated (Table 19, Fig. 22). Eagles Nest is slightly 
depleted in AI, Ca, K, Rb and more so in Na (0.07 x CI), and ALH 84025 is depleted in 
AI and Na (0.1 x CI), consistent with the lack of plagioclase in these two brachinites. 
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Figure 22. CI-normaJized lithophile e lement 
abundances in brachiniles. Data from Johnson et 
al. (1977). Nehru et al. (1983), Swindle ct al. 
(1998). Warren and Kallemeyn (1989a), 
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Table 19. Bulk compositions of brachinites. 

Na 
Mg 
AI 
SI 
P 
S 
K 
ea 
Sc 
Ti 
V 
Cr 
Mn 
Fe 
Co 
NI 
Zn 
Ga 
As 
Se 
Br 
Rb 
Sr 
Zr 
Sb 
Cs 
Ba 
La 
ea 
Nd 
Sm 
Eu 
Th 
Yb 
Lu 
Ir 
Au 
Th 

mglg 
mglg 
mglg 
mglg 
mglg 
mglg 
~glg 
mglg 
~g/g­
mglg 
~glg 
mglg 
mg/g 
mglg 
~glg 
mglg 
~g/g 

~glg 
~glg 
~glg 
~glg 
~glg 
~glg 
~glg 
ng/g 
ng/g 
~glg 
~glg 
~glg 
~glg 
~glg 
~glg 
~glg 
~glg 
~glg 
ng/g 
ng/g 
nglg 

ALH 84025 
(1) 

0.51 
184 

0.90 
170 

_40 
18 
13.6 

1.6 
108 

3.94 
2.53 

250 
365 

5.10 
164 

2.1 
0.55 

12.4 
0.33 

56 

0.065 

0.034 
0.033 

0.098 
0.016 

123 
61 

Brachina 
(2) 

5.10 
162 

11.0 
178 

1.2 
15.2 

700 
15.5 
8.2 
0.72 

77 
4.15 
2.6 

206 
232 

3.09 
313 

7.6 
0.18 
3.5 
0.49 
2.0 

15 
2.7 

200 
12 
0.665 
1.6 
0.86 
0.235 
0.08 
0.05 
0.21 
0.07 

111 
15 

130 

Eagles Nest * 
(3) 

0.351 
161 

3.91 

400 
5.5 
6.19 
1.1 

94 
2.80 
3.04 

245 
201 

2.20 
223 

1.5 
3.72 
3.71 
2.95 
1.8 

29.4 
8.4 

95 
104 
208 

2.66 
2.00 
2.51 
0.527 

- 0.131 
0.071 
0.186 
0.0255 

98 
25.3 

173 

(1) whole rock, Warren and Kallemeyn (1989a); (2) average 

/ 

whole rock, Johnson et a\. (1977), except Zn, Ga, As, Se 
and Br, Nehru et al . (1983); average whole rock, Swindle et 
al. (t998). 
*Contamination and weathering have affected the 
composition of Eagles Nest. Data should be treated with 

. caution (see Swindle et a1. 1998). 

Brachina has a nearly flat 
REE pattern, at -1 X CI 
abundances (Fig . 23). ALH 
84025 is LREE-dep1eted, with 
La = 0.28 x CI, consistent with 
its depletion in lithophile 
incompatible major elements. 
Eagles Nest, which is also 
depleted in lithophile incom· 
patible major elements. is 
LREE-enriched, with La - 11 x 
CI, and shows a significant 
negative Ce anomaly. These 
features are most likely due to 
contamination by terrestrial 
REE (Swindle et a1. 1998). 

Incompatible lithophile el· 
ement depletion in various 
meteorites can be gauged on a 
plot of CI-normalized NaiSc 
vs. Sm/Sc ratios (Fig. 24). 
During melting or crystal­
lization in ultramafic/mafic 
systems, Na and Sm will be 
more incompatible than Sc, and 
NaiSc and SmlSc ratios will be 
low in partial melt residues or 
ultramafic cumulates. On this 
plot Brachina appears to be 
only slightly depleted and in 
this regard resembles acapul­
coites and winonaites, while 
ALH 84025 is more depleted 
than most lodranites, and as 
depleted as some ureilites. 
Eagles Nest is not shown 
because of likely terrestrial 
REE contamination. 

Brachina and Eagles Nest 
have bulk rock Fe/Mn - . 80, 
within the range of those in 
lunar samples and distinct from 
those in howardites, eucrites 
and diogenites (HEDs). ALH 
84025 has bulk rock Fe/Mn -

100. However, brachinites contain a few percent Ni-rich troilite and metal (e.g. Johnson 
et al. 1977, Nehru et a1. 1992, Swindle et a1. 1998, Warren and Kallemeyn 1989a), so 
bulk rock FelMn ratios are higher than bulk silicate Fe/Mn ratios. The latter are more 
directly comparable to lunar or eucritic data. Measured Gal Al ratios in brach~nit~~ are in 
the range 2 x 10" for Brachina to 7 x 10-4 for ALH 84025 (Table 19), slgTIlflcantly 
higher than those of eucrites which are on the order of 2 x 10-6

. . 
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Figure 24. CI-normalized Na/Sc vs. SmlSc 
ratios for Brachina (B) and ALH 84025 (A84), 
compared to fields for acapulcoites (A), 
lodranites (L), ureilites (U) and winonaites-IAB 
silicates (W). Brachinite data are from Johnson 
et al. (1977), Nehru et al. (1983), Warren and 
Kallemeyn (1989a). Other data are from 
numerous sources. 
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Figure 23. CI-normalized REE abundances in 
brachinitcs. Data from Johnson et al. (1977). 
Nehru et a1. (1983), Swindle et al. (1998), 
Warren and Kallemeyn (1989a). 
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Siderophile Elements. Siderophile element abundances in brachinites (Table 19) are 
near-chondri tic (-0.1-1 x CI), similar to ureilites, but show a different pattern from 
ureilites (Fig. 25). Tungsten is enriched in Eagles Nest at -4.6 x CI, but this may be due 
to terrestrial contamination. These abundances are much higher than in groups of rocks 
from differentiated bodies such as the Earth, Moon and Mars . 

Noble Gases. Abundances of trapped noble gases in Brachina and ALH 84025 are 
high, and show a fractionated, or planetary-type pattern, similar to ureilites (Fig. 26). (A 
planetary-type noble gas pattern is one of increasing abundance, relative to solar 
elemental abundances, with increasing mass. This pattern is found for the terrestrial 
atmosphere, and in most chondrites.) Interelement ratios of Kr/ArfXe are similar in 
these two brachinites, and distinct from those in Chassigny (Ott et .1. 1985a, 1987). 
In Eagles Nest, trapped noble gases are dominated by terrestrial contamination (Swindle 
et a!. 1998). 

Oxygen-isotopes. On an oxygen-isotope plot, the five brachinites and Divnoe plot 
along the line with slope -112 defined by HED meteorites (Fig. lC,d) and are 
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Figure 25. Cl-normalized sider~~hile 
element abundances in brachlmtes, 
compared to the range in urcilites. 
and to Chassigny . Brachinite data are 
from Johnson el at (1977), Nehru et 
al. (1983), Swindle et a1. (1998) and 
Warren and Kallemeyn (1989a). 
Ureilite data are from numerous 
sources . Data for Chassigny from 
Treiman et at. ( 1986), Burghle et al. 
(1 983), Warren (1987). 
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Figure 26. Noble gas abundances in 
Brachina (Bogard et al. 1983; Ott et al-
1983; OU c t al. 1985-1600° extraction) and 
ALH 84025 (OU et al. 1987-1800° extrac­
tion) relative to cosmic abundances .a~d 
compared to ureilites (fOf SOOfces of urell~te 
data see Fig. 38). A typical eM chondnte 
(Haripora) as a representative planetary-type 
pattern is shown for reference (Mazor et aI. 
1970). He Ne '" • 

indistinguishable from the HED trend: 6 1' 0: -O.26±0.08 for brachiniles and -0.25±O.08 
for HEDs (Clayton and Mayeda 1996). 

Chronology 

Chronological studies indicate that brachinites are extremely old. ~r~c~i~~ c~nt~~~~ 
excess " Cr correlated with the MniCr ralio (Wadhwa et al. 1998), w

h 
\G tn lcfales

t 
C, 

. r d "M (t 3 7 Ma) was presenl at t e time a as 
~he Sh?rt-liv~~b ra:lOn~~m~inin: th~/~~cuiated 53Mn/55Mn ratio of Brachina with that 
\SotoPflc ehqui I ratiOn

L
·EW 86010 and its Pb-Pb age yields an estimaled formalion age of 

ratio or t e angn e ' 
4.5637±0.OOO9 Ga for Brachina (Wadhwa et al. 1998). 

I dd'r Brachina ALH 84025 and Eagles Nest all contain excess 129Xe from in· 
' t d::ay 1~?~;91 (Bogard et al 1983, Ott et al. 1987, Swindle et al. 1993, 1998)hln 

~ u h' a 12SXe/129Xe correla~ion indicates that retention of Xe began not later t an 
_~a~ ~~~'and probably by 4.5 Ga ago (Bogard et al. 1983). In Eagles Nest, however, the 
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lack of an I-Xe correlation indicates a disturbance resembling that in highly-shocked 
meteorites. The data indicate only that Eagles Nest began retaining Xe within - 50 Ma of 
primitive chondrites (Swindle et aI. 1998). Fission track excesses due to decay of 244PU 
also indicate a formation age for Brachina of close 10 4.5 Ga (Crozaz and Pellas 1983), 
and Sm-Nd isotopic data give a model age of 4.61 Ga (Bogard el aI. 1983). 

Other isotopic systems in brachinites indicate younger disturbances . The 39Ar_4°Ar 
spectrum of Brachina shows a maximum age of 4.3 Ga and an average age of 4.1 Ga 
(Bogard et al. 1983), and its U-Th-He age is 400 Ma (Ott et.1. 1985a). The " Ar-'0Ar 
spectrum for Eagles Nesl yields a minimum age of 955 Ma and a maximum age of 1300 
to 1500 Ma (Swindle et al. 1993). Rb-Sr isotopic data for a whole rock and a plagioclase­
enriched sample of Brachina yield an apparent age of 2.5 Ga, with an initial 87Sr/86S r 
ratio of 0.7070 (Bogard et aI . 1983). 

The cosmic-ray exposure age of Brachina is 2.0-3.5 Ma based on 3He, 21Ne and 38Ar 
dala (Bogard et aI. 1983, Ott el al. 1983). ALH 84025 has a "Ne exposure age of 10.1 
Ma (Ou et al. 1987), while for Eagles Nest the exposure ages are 44 Ma based on "Ne, 
and 49 Ma based on " Ar (Swindle et a1. 1998). The 22Ne/"Ne ralios indicate lhal 
Brachina experienced very low shielding exposure (corresponding to - 3 em depth), while 
Eagles Nest experienced higher shielding (Swindle el al. 1998). 

Discussion 

Nehru et al. (1983, 1992, 1996) consider brachinites to be a primitive achondrite 
group. Primitive achondrites are meteorites whose bulk compositions are approximately 
chondritic, but whose textures are igneous or metamorphic. The primitive achondrites are 
generally thought to be ultrametamorphosed chondrites or residues of very low degrees of 
partial melting on small parentoodies . Winonaites, silicates from lAB and rnCD irons, 
acapulcoites, lodranites, and recently even ureilites (Clayton and Mayeda 1996) have 
been considered to be primitive achondrites. 

The near-chondri tic abundances of lithophile elements, siderophile elements, and 
noble gases in Brachina support the interpretation that it has been only slightly modified 
by igneous processes, if at all. ALH 84025 also has siderophile elements and noble gases 
in near·chondritic abundances, but it is depleted in Al and Na, and has a fractionated REE 
pattern. Brachinites do not have a strictly chondri tic mineralogy; their pyroxene is 
dominantly clinopyroxene rather than orthopyroxene, and only Br~r.hina has a near­
chondri tic plagioclase content. 

Nehru et al. (1992, 1996) suggesl that brachinites evolved from CI-like material that 
was oxidized during planetary heating, converting orthopyroxene to olivine via the 
reaction MgSiO, + Fe + I/zO, - (Mg,Fe),SiO, (McSween and Labotka 1993). Partial 
melting occurred in some places, removing a basaltic component which is unsampled. 
Extensive thermal metamorphism produced equilibrated mineral compositions and 
textures. Equilibration temperatures calculated for brachinites range from 825 0 to 1070°C 
(orthopyroxene-clinopyroxene), 965° to 1246°C (ea distribution between olivine and 
clinopyroxene), or 800° to l080°C (olivine-chromite), supporting a high-temperature 
history (Nehru el a1. 1996). 

In contrasl, Warren and Kallemeyn (1989a) have suggested that ALH 84025 is an 
olivine heteradcumulate, and that Brachina is an olivine orthocumulate. They point out 
that the coarse size, prismatic habit, and apparent preferred orientation of silicate grains 
in most of ALH 84025 are typical of cumulate rather than metamorphic rocks, and 
resemble similar features that have been argued to be the result of cumulus processes in 
ureililes (Berkley et al. 1980). In this model, the simple mineralogy, LREE-deplelion , and 
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low Al content of ALH 84025 indicate that it contains very little trapped liquid, while the 
presence of plagioclase, higher REE contents , and high Al content of Brachina indicate a 
far higher trapped liquid component. A cumulate model for Brachina was also discussed 
by Johnson et al. (1977) and Floran et al. (I 978a). 

A third model that has been discussed for Brachina is that it is an igneous rock that 
crystallized from a melt of its own composition (Johnson et al. 1977, Floran et al. 1978a). 
As a variant on this theme, Ryder (1982) modeled Brachina as an impact melt, but this 
model was largely contrived to accommodate Brachina and Chassigny on the same parent 
body. 

There are enough petrologic and geochemical differences among the different 
brachinites to suggest that they may not have all formed by the same process. 
The question of whether brachinites are primitive achondrites, in the sense defined above, 
or are igneous cumulates, is one that applies to lodranites and ureilites as well. Trends 
in mineralogy, lithophile incompatible element abundances, and oxygen-isotopic system­
atics do not, however, show a coherent transition from the most chondritic to the least 
chondri tic of the groups that have been considered to be primitive achondrites (Goodrich 
1997c) . Basaltic complements to brachinites are missing in the meteorite record, 
and this is also true for lodranites and ureilites. Whether the vagaries of meteorite 
delivery simply never sent them earthward, or whether they never existed remains 
unknown. 

ACAPULCOITES AND LODRANITES 

Acapulcoites and lodranites have evolved from being one or two "oddities" to a 
substantial group of meteorites that promise to greatly increase our understanding of 
partial melting and melt migration on asteroids early in the history of the solar system. 
This stems largely from the dramatic increase in the number of acapulcoites and 
lodranites recognized in our meteorite collections. We now recognize 9 acapulcoites 
which sample 5 distinct fall events and 14 lodranites representing 12 distinct fall events. 
The unique meteorite LEW 86220 is clearly related to this group, but is neither an 
acapulcoite or lodranite. With this increased sample suite, a number of recem, 
comprehensive studies have examined, and in some cases identified, this growing number 
of group members. Broader reviews of this group have been published by Nagahara 
(1992), Takeda et al. (l994a), Mittlefehldt et al. (1996) and McCoy et al. (I 996b, 
I 997a,b). 

Mineralogy and petrology 

Acapulcoites and lodranites are composed of orthopyroxene, olivine, chromian 
diopside. sodic plagioclase, Fe,Ni metal. schreibersite. troilite, whitlockite, chlorapatite. 
chromite and graphite, a mineral assemblage broadly similar to that found in ordinary 
chondrites. However, mineral compositions, mineral abundances and textures of 
acapulcoites and lodranites differ from ordinary chondrites and, to a certain extent, from 
each other. 

The distinction between acapulcoites and lodranites is not clear cut and disagreement 
exists as to the definitions and memberships of these groups. Acapulco is a fine-grained 
meteorite with approximately chondri tic abundances of olivine, pyroxene, plagioclase, 
metal and troilite, while Lodran is a coarse-grained meteorite which is depleted in troilite 
and plagioclase. Comparison to these type meteorites suffices for classification of most of 
the members of this clan. However, meteorites like EET 84302 are problematic in being 
coarser-grained and depleted in troilite but not plagioclase. Most authors consider this 
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meteorite intermediate between acapulcoites and lodranites (e.g. Takeda et al. 1994a, 
Mittlefehldt et al. 1996, McCoy et al. 1997a,b). 

Modally, acapulcoites are similar to chondrites. In acapulcoites, orthopyroxene is 
more abundant than olivine (Yugami et al. 1997), as one might expect for chondri tic 
silicates with relatively Mg-rich mafic mineral compositions. Plagioclase and troilite 
appear to occur in approximately the same abundances observed in ordinary chondrites 
(-10 wt % plagioclase and 5 to 6 wt % troilite) , despite uncertainties due to sampling 
heterogeneity and weathering. In contrast, lodranites are sometimes enriched in olivines 
and often depleted in plagioclase and/or troilite relati ve to chondrites (McCoy et a1. 
1997b, Yugami et al. 1997). It. should be emphasized that some lodranites contain 
relatively abundant plagioclase, but lack troilite, while others lack plagioclase but contain 
moderate abundances of troilite. In addition, plagioclase can be heterogeneously 
distributed, such as in EET 84302 (Takeda et al. I 994a). 

Texturally, acapulcoites and lodranites are fine- to medium-grained equigranular 
rocks (Fig. 27a,c,e). Recrystallization is evident from abundant 1200 triple junctions 
(Palme et al. 1981). Rare relict chondrules have been reported in the acapulcoites 
Monument Draw (McCoy et al. 1996b), Yamato 74063 (Yanai and Kojima 1991), and 
ALHA 77081 (Schultz et al. 1982). In each case, only one or two relict chondrules have 
been observed. McCoy et al. (1996b) demonstrated that acapulcoites are significantly 
finer-grained (150 to 230 ~m) than lodranites (540 to 700 ~m) , while EET 84302 is 
intermediate in grain size (340 JlIIl). Both acapulcoites and lodranites generally exhibit 
only very minor shock effects (SI-S2), although a small number of lodranites (e.g. MAC 
88177, Y -8307) are more heavily shocked, exhibiting shock melt veins which cross-cut 
the specimens. Substantial debate exists about the genesis of I - to 5-jlm blebs of Fe,Ni­
FeS found in the cores of mafieo silicates. Some authors (e.g. Takeda et aL 1994a) argue 
that these blebs decorate pre-existing planar fractures formed d~ring an earlier shock 
event and that were subsequently annealed. Other authors (e.g. Schultz et al. 1982) 
suggest that these were trapped during chondrule formation and mark the outlines of 
relict chondrules. Zipfel et al. (1995) suggest that these were trapped during a period of 
extensive melting of acapulcoites. Acapulcoites and lodranites also exhibit a wide range 
of veins. Most acapulcoites contain mm-sized Fe,Ni-FeS veins which cross-cut all silicate 
phases. Monument Draw is unique in containing a cm-sized metal vein (Fig. 27b) with 
adjacent troilite-enriched areas. Acapulco and Monument Draw both contain phosphate 
veins hundreds of microns in length. Lodranites often exhibit plagioclase grains pinching 
between and partially enclosing mafic silicates (Fig. 27d). 

Acapulcoites and lodranites have Mg-rich mafic si licate compositions compared to 
ordinary chondrites. Mafic silicate compositions of acapulcoites range from FaU_l1.9 and 
F%.5-12.6· In each case, the Fa content of olivine is approximately equal to or slightly less 
than the Fs content of orthopyroxene. McCoy et al. (l996b) reviewed evidence for zoning 
in mafic silicates in acapulcoites. Yugami et al. (1993) found orthopyroxene grains 
depleted in FeD in the rims relative to the core in low-FeD acapulcoite ALHA81 187, 
although this feature is not observed in other acapulcoites. Lodranites exhibit similar 
ranges in composition of olivine (Fa3.1_13.3) and orthopyroxene (FS3.7_13.S). Representative 
analyses that span this range are given in Table 20. Reverse zoning with rims lower in 
FeD than cores is common in both olivine and orthopyroxene of lodranites (McCoy et al. 
1997a and references therein). Zoning is particularly prominent in olivines in high-FeD 
lodranites and in orthopyroxenes in lodranites in which the average Fs content of 
orthopyroxene is greater than the average Fa content of olivine. Chromian diopside 
exhibits a smaller range in FeD concentrations (FS4.3_S,2) and contains 0.74 to 1.74 wt % 
Cr203· Plagioclase compositions range from AnI 2.3-30.9 (McCoy et al. 1997a and 
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Figure 27. Photographs of acapulcoites and lodranites. (a) Photomicrograph of Acapulco showing its fine­
grained, equigranular texture. Field of view is 5.2 mm. (b) Hand sample of Monument Draw with em-sized 
metal veins. On the following page: (e) Photomicrograph of EET 84302, which exhibits a medium-grained, 
equigranular texture. Field of view is 5.2 mrn. Cd) Photomicrograph of Yamato 8002 with interstitial 
plagioclase, suggestive of melt migration. Field of view is 1.3 mm. (e) Photomicrograph of Lodran, which 
is coarse-grained and depleted in metal and troilite. Field of view is 5.2 mm. 

references therein). Calculated two-pyroxene equilibration temperatures exhibit a 
substantial range from -1000° to 1200°C. 

One meteorite within the acapu1coite-Iodranite clan is so unusual in both its texture 
and modal mineralogy as to deserve special attention. LEW 86220 (Fig. 271) is linked to 
the other acapu1coites and lodranites through both its oxygen-isotopic and mineral 
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Figure 27 (cont'd). Photographs of acapulcoites and lodranites. (t) Photomosaic in crossed palm of an 
entire thin section of LEW 86220. Coarse-grained gabbroic, and Fe,Ni- FcS me lts have intruded an 
acapuJcoile host. Maximum dimension of specimen is 12 mm. 

compositions (Clayton and Mayeda 1996, McCoy et al. 1997b). The meteorite consists of 
two different lithologies, one of acapulcoite modal mineralogy and grain size, the other of 
Fe,Ni metal, troilite and plagioclase-augite (basaltic-gabbroic) mineralogy and a very 
coarse grain size (plagioclase grains reach 9 mm in maximum dimension), These IWO 

lithologies do not occur as clasts, as in meteoritic breccias, but rather the coarse-grained 
lithology appears to have intruded into the acapulcoite lithology. A similar dichotomy of 
lithologies is found in silicate inclusions in the Caddo County lAB iron (Takeda et aI. 
1997a). 

Composition 

Oxygen-isotopic composition, Clayton et al. (1992) pointed out that the variability in 
oxygen-isotopic compositions of acapulcoites and lodranites, as a group, are beyond what 
could be attributed to mass-dependent fractionation and analytical uncertainty. Fayalite in 
olivine vs. 6,110 (Fig. 28) are weakly correlated in lodranites, similar to the correlation 
found in ureilites (Clayton and Mayeda 1988). However, when only samples which had 
been acid-washed to remove terrestrial contamination (rust) were considered, the 
correlation strengthened considerably, suggesting primary nebular heterogeneity was 
preserved in lodranites. The range in both parameters is much smaller in lodranites than 
in ureilites. 

Bulk chemical composition. A wide array of bulk chemical analyses of acapulcoites 
and lodranites have been published in the literature. Table 21 presents bulk major element 
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Figure 28. 6,110 vs. Fa in olivine for lodranites. 
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Table 21. Bulk major element analyses (in wt %) of 
acapulcoites and lodranites. 

Acapulco 
( I ) 

SiOz 37.B 
TiOz 0,(11 

AltO, 2.06 
CrZOJ 0.45 
FeO 5.69 
MnO O~ 

MgO 26.B 
CaO 1.94 

Na~p 0.86 
KP 0.06 
PZ0 6 0.37 
Fez0 3 1.82 
FeS 5.79 
Fe 14.5 
NI 1.31 
Co 0.11 
sum 99.98 

ALHA 
77081 

(2) 

40.9 

~ZI 

0.72 
4.96 

0.39 
2M 

0.83 
1.01 
0.08 

a10 
14.6 
1.", 

0.00 
101.53 

Y-74063 Y-74357 Y-75274 Y-791493 
( I) (I) (3) (3) 

39.0 
0.00 
296 

0.'" 
9.69 

0.19 
ZI.O 
~68 

0.83 
0.07 
0 .... 
0.91 
931 

4.89 
0.98 
0.00 

99.41 

"'.7 
0.00 
Oal 
0.96 

4.00 

037 
ZI.O 

3.65 

0.10 

0.'" 
0.26 
7.55 
1.85 

152 
0.96 

0.00 
99.90 

24.1 

0.'" 
0.18 
0.12 
~36 

021 
ZI.O 

0.45 

0.14 

O.ZI 
2.82 
1.14 

39.4 
1.84 

0.14 
100.16 

"'.9 
0.05 
0.00 

0.81 
6.12 
0.42 

295 
1.54 
021 

0.49 

~'" 
~,o 

143 

' .13 
0.07 

9657 

Dala sources: (1) Yanai and Kojima (199 1), (2) Nagahara and Ozawa 

(1986), (3) Hammur. el . 1. (1983) 

analyses, whi le Table 22 presents minor and trace elements .. A complete discussi.o~ of 
this data is beyond the scope of this paper and the reader IS referred to. th~ ongmai 
publications. However, it is clear that bulk chemical data can s~ed substantial lIght upon 
the processes which have effected these rocks. As noted by MIUlefehldt et al. (1996), a 
plot of Se/Co vs. NaiSc (Fig. 29) is a proxy for tracktng the abundances of the hosl 
minerals in which these elements are sighted. Thus, Se/Co IS. eqUlval.ent to trOlItte/metal, 
while NalSc equates to plagioclase/pyroxene. During partial mel~tng, re~oval of t~e 
Fe,Ni-FeS eutectic should cause a large decrease in the Se/C~ rat.lO. ~ontmue~ part1~ 
melting at higher .temperature to produce a basaltic melt, whl.ch IS hIghly e~nched m 
plagioclase. will cause a decrease in NalSc ratio. Thus, schem~ttcally, a meteo~lte ~hould 
follow the track of decreasing Se/Co followed by a decrease tn NalSc shown In Fig. 29. 
Note that many meteorites do not fall along this idealized path. 

" "',19 .", 
5e ~g , ,..., 
o """ Mn mglg 

Co m~g 

/\II mg/g 

~ IIIYg 
GI ~~g 
Ai Il9'g 
5e ~g 

Sb nglg 

La ~glg 

Sm ~g 

Ell lI!),g 

" ,..., 
Oy ~g 

Yn Illig 
III II~ 
~ ,..., 
'" "", "", 
All nglg 
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Table 22. Average bulle mi nor and trace element compositions of acapulcoites and lodranites. 

ACAPULCOITES TRANSmONAL LODRANmS 

ALH ALHA ALHA ALHA Monument EET FRO LEW MAC 
Ac~pu!co 78230 7708 1 81 187 81261 Draw Y-74063 84302 90011 88280 Lodran 88177 

(I) I:!) (3) (4) (5) (6) (7) (4) (6) (4) (8) (5) 

6.51 7.53 
510 540 

8.11 10.5 

83 
6.02 5.00 
3.07 
0.88 0.77 

16.6 14.6 
220 

e.9 
2.2 1.8 
9.0 

90 
0.70 0.27 
0.25 0.21 
0.11 0.08 

0.05 
0.39 

0.23 0.27 
0.030 0.041 

0.13 
960 

870 
,>0 

7.29 5.S4 6.92 7.08 7.07 4.74 0.77 0.58 
660 620 390 70 

9.91 8.99 6.56 9.05 10.0 6.19 5.71 6m 
93 92 96 91 82 

6.80 4.14 5.54 2.46 2.69 12.4 5.21 6.02 
2.91 2.70 2.60 2.64 2.90 
0.77 0.73 0.76 0.70 0.46 1.76 0.71 0.47 

13.9 10.5 14.2 17.9 11 .9 26.4 12.6 12.2 
280 150 240 100 90 130 170 

10.8 9.3 6.9 8.8 
., ,. U U ,~ U U ,. 
9.4 2.6 6.6 11 .5 22.5 5.0 9.2 
~ 80 ~ 70 

0.26 0.27 0.35 0.32 0.28 0.05 0.06 0.09 
0.19 0.19 0.22 0.19 0. \9 0.04 0.05 0.06 

0.09 0 .09 0 .09 0.09 0.10 0.01 0.01 0.01 
O.as 0.06 0.04 0.02 0.03 

0.46 0.57 0.45 0.32 0.29 
0.26 0.2<1 0.25 0.20 0.23 0.12 0.1<1 0.21 
0.050 0.04ll 0 .040 0.043 0.040 0.020 0.030 0.030 
0.17 0.20 0.22 0.24 

950 690 220 1570 
780 810 600 310 2600 860 60 120 
190 200 190 160 510 240 260 200 

0.32 0.31 

" , 
6.20 6.88 

72 60 
3.90 3.69 
2.60 3.19 
1.23 0 17 

22.5 <1 .2 

60 

" 05 

' .e 
20 

0.02 0.15 
0.03 0.09 

0.06 
0.02 

0.33 
0.13 0.21 
0 .020 0.040 . 

0.08 

'60 
25 570 
46 170 

Ol 'v~raie of analyses by KailemeYII and Wasson ( 1985). Palme et aI . ( 1981 ). Zipfel ~t aI. (1995); (2) anaJysis by Fllk\lok:r. and Kimura 
(990): (3) a~enlgc of analyses by Kallemeyn and W;uson.!19851. Sehll!!z el aI. (1982); (4).averagc of analysu by Mittlefchldt e! aI . ( 1996): 
is) avenge of analyses by Mlnlefeh.ldt et aI . (1996). ZipiCl and Palme (1993): (6) ;lfI3}ysl$ by Zipfel and Palme (1993): (7) a~er:lgc oi 
lIIIlyses by Kimun c\ til. (1992); (8) i~erage of analyses by Fukuoka CI aI. (1978). 

Chronology 

A variety of chronometers which close at relatively high temperature have been 
applied to Acapulco. Prinzhofer et al. (1992) reported a Sm-Nd isochron age of 
4.60±O.03 Ga. This age is sl ightly older than the generally accepted age of the solar 
system (4.56 Ga) and has been questioned by a number of researchers (e.g. McCoy et aI. 
1996b). Gopel et al. (1992) reported a precise Pb-Pb isochron age of 4.557±0.OO2 Ga for 
U·enriched phosphates from Acapulco and the 129J_1 29X e formation interval between 
8jilrbole and Acapulco is only 8 Ma (Nichols et al. 1994). P~lIas et al. (1997) have 
shown that phosphates in Acapulco contained 244PU (t ll2 8 1.8 Ma) when they cooled 
through the fission track retention temperature, about 350-390 K. Thus, Acapulco must 
have formed only very shortly after the solar system. 

A wider number of both acapulcoites and lodranites have had 39Ar_4oAr ages 
delennined. These include Acapulco (4.503±O.01I , 4.514±0.OO5 Ga), Monument Draw 
(4517±O.011 Ga), ALHA81187 (4.507±0.024 Ga), ALHA81261 (4.5 11±0.OO7 Ga), EET 
84302 (4.51 9±0.017 Ga) and Gibson (4.49±0.01 Ga) (McCoy et al. 1996b, 1997a; 
Milllefehldt et al. 1996, Pellas et al. 1997). These 39 Ar_40 Ar ages are all substantially 
younger than the Pb-Pb age or I-Xe formation interval, suggesting that they reflect a 
prolonged period of cooling from high temperature (McCoy et al. 1996b). Pellas et al. 
(1997) showed that Acapulco initially cooled rapidly (- 100' C/Ma) from high 
temperature, but cooled slowly at low temperature (-2°C/Ma). 

Cosmic-ray exposure ages are between -5.5 to 7 Ma for all acapulcoites and most 
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lodranites examined to date (McCoy et al. 1996b, 1997a), possibly indicating sampling 
by a single impact event from a common parent body. This clumping between 
acapulcoites and lodranites strengthens arguments from similarities in oxygen-isotopic 
and mineral compositions and mineralogy, as well as the presence of transitional 
meteorites like EET 84302, that acapu1coites and lodranites are samples of a single parent 
body. 

Figure 29. H-chondrite-normalized Se/eo vs. 
NaI$c for acapulcoites (aca) and lodranites 
(lod).and the transitional meteorite EET 84302 
(EET). See Mittlefehldt et al. (1996) for sources 
of data. These ratios serve as proxies for 
troilite/metal vs. plagioclase/pyroxene. Partial 
melting of a chondritic source should cause the 
residue to follow the arrowed line. High ratios 
for Se/Co in lodranites suggests that the Fe,Ni· 
PeS melts did not efficiently segregate from the 
residue when basaltic partial melts were 
removed, or that they were later re-introduced, 
The EET 84302 SelCo ratio is an upper limit. 

Acapulcoites and lodranites formed from a chondritic precursor, based on the 
similarities in modal mineralogy between acapulcoites-lodranites and ordinary 
chondrites, the presence of rare relict chondrules in some acapulcoites, and the 
unfractionated bulk composition of acapulcoites (Fig. 29). This chondritic precursor was 
probably unlike known chondrites, differing in mineral, oxygen-isotopic and bulk 
compositions. 

Acapulcoites and lodranites were extensively. heated and experienced variable 
amounts of partial melting (Nagahara 1992, Takeda et al. 1994a, Mittlefehldt et a1. 1996, 
McCoy et a1. 1996b, 1997a,b). Disagreement exists over the extent of this partial melting 
in individual meteorites and in the efficiency with which melt migrated from their source 
regions. McCoy et al. (1996b, 1997a) argued that mm-sized Fe,Ni-FeS veins within 
acapulcoites represent melting of the Fe,Ni-FeS eutectic between -950° and 1050°C. 
However, since these veins cross cut silicate phases, these authors argue that silicates 
must not have melted. Thus, acapulcoites experienced very low degrees of partial 
melting. Siderophile and chalcophile element evidence shows that these metallic-sulfide 
melts did not migrate out of many ofthe acapulcoites, although ALHA81187 lost and y. 
74063 gained a small amount of these melts (Mittlefehldt et al. 1996). In contrast, 
lodranites exhibit depletions in troilite and plagioclase suggesting removal of the Fe,Ni­
FeS and plagioclase-pyroxene partial melts and peak temperatures up to -1250°C. In 
spite of the low modal troilite contents, some lodranites have Se/Co and IrlNi ratios 
indicating additions of a small amount of low temperature metallic-sulfide melt 
(Mittlefehldt et a1. 1996). McCoy et a1. (1997a) suggest that the coarser grain size of the 
lodranites reflects accelerated grain growth in the presence of a silicate melt. 

Zipfel et a1. (1995) hold a very different view of acapulcoite petrogenesis. These 
authors have suggested that Acapulco experienced extensi ve silicate partial melting and 
peak temperatures upwards of 120QoC. In part, these authors suggest that the 
inhomogeneous distribution of phosphates resulted from silicate melting. Mittlefehldt el 
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al. (1996) have shown that acapulcoites have H chondritic ratios of NaiSc SmlSc and 
EulYb, i?dicating that silicate partial melts, if they existed, did not migra;e out of the 
acapulcOltes. The presence of phosphate veins in some acapulcoites may suggest, instead, 
that phosphates are included in melting at the Fe,Ni-FeS eutectic (McCoy et al. 1996b), 
or that they participated in redox reactions with the metal at high temperatures 
(Mittlefehldt et a!. 1996). 

Takeda et al. (1994a) and Mittlefehldt et al. T 1996) pointed out that while petrologic 
features might ~uggest. p~tial meitin-? of l.odranites, melt migration was certainly 
complex. In partIcular, SImIlar Se/Co ratIOS (Fig. 29) between acapulcoites and lodranites 
suggests that the Fe,Ni-FeS eutectic melt was not efficiently removed in at least some 
lodranites. Melt migration was addressed in considerable detail by McCoy et al. (1997b). 
In agreement WIth the work of Nagahara (1992) and Mittlefehldt et al. (1996), these 
author~ argued that the migration of immiscible Fe,Ni-FeS and basaltic partial melts is 
complIcated an~ could vary greatly depending on volatile contents, magma migration 
rates ~nd co~dUlt geometry. Indeed, Nagahara (1992) first pointed out that partial melts 
can mlgrate mto, as well as out of, a source region, thus trapping migrating partial melts. 

The migration of partial melts outside of the immediate source region was addressed 
by McCoy et a!. (I997b), who argued that LEW 86220 sampled partial melts which 
mIgrated from a hotter lodranite source region and were trapped in a cooler acapulcoite 
host. At least some of these partial melts may have reached the surface where they may 
have been removed from the parent body by explosive volcanism (McCoy et al. 1997b). 
Reco~ery o~ an acapulcoite-Iodranite regolith breccia would greatly elucidate whether 
basaltIc partIal melts formed thick deposits on the surface of the body. 

Finally, all authors agree. that these processes occurred very early in the history of 
the solar: syste~, as refle~ted In the Pb-Pb, I-Xe and 244PU fission track retention ages. A 
substantial penod of coolIng or metamorphism (-50 Ma) occurred before Ar-Ar closure 
leadi~g to t~4~ you.ng~r 39 Ar_4o Ar age~, and another 100 Ma of cooling is required t~ 
ex~lal~ the Pu flsslOn track ages. Fmally, a small number of impacts, including one 
major Impact at -5.5 to 7 Ma, liberated most of the acapulcoites and lodranites from their 
common parent body. 

UREILITES 

Mineralogy, mineral chemistry and petrography 

O/ivin.e, p~roxene a~d c.hromite. Ureilites are essentially carbon-bearing ultramafic 
rocks. Their mmeralogy IS olIvine + pyroxene, with < I 0% dark interstitial material, often 
referred to as matrix or vein material, consisting of varying amounts of carbon, metal, 
sulfides, and minor fine-grained silicates. None of the monomict ureilites contain 
plagioclase. The unusual ureilite LEW 88774 contains -6% chromite. Modal 
pyroxene/(pyroxene+olivine) ratios range from 0 to -0.9 (Table 23). In approximately 
77% .o~ the unpai.red monomict ureilites, the sole pyroxene reported is pigeonite. In the 
remammg, a vanety of pyroxene assemblages occur: pigeonite + augite, pigeonite + 
orthopyroxene, pigeonite + augite + orthopyroxene, orthopyroxene, and orthopyroxene + 
augite. The issue of the structural state of very low-Ca pyroxenes appears to be complex. 
For example, in LEW 88201, LEW 85440 and Y-791538, low-Ca pyroxene (-Wo,) 
shows fme Imear features under cross-polarized light (Takeda 1989, Takeda et al. 1992). 
~espite.uniform. composition, the Y-791538 pyroxene shows diffuse streaks in x-ray 
dl.ffractIon, which suggest that it was originally orthopyroxene but developed 
clInopyroxene lamellae during shock (Takeda 1989). In LEW 85440, TEM observations 
show an intimate alternation of -10 nm-thick orthopyroxene and clinopyroxene lamellae 



Table 23. Summary of petrographic infonnation on ureilites. Ureilites are grouped by texture. 

Acfer 277 
ALH83014 
ALHA77257 
ALHA78019 
ALHA78262 
Asuka87031 
Ast.ka 881931 
EETB3225 
EET 87517 
EET90019 
FRO 90054 
GRA95205 

Hammadah aI Hamra 126 
"Havero 
Hughes 009 
Jalanash 
!«rna 
"Lahrauli 
lEW8S32B 

lEW85440 

lEW 88006 

lEW ssm 
"Novo Urei 
Nullarbor 010 
QUE 93336 
Roosevelt County 027 
Y-74123 
Y-74659 
Y-790981 
Y-791538 
Y-791839 
Y-B2100 
Y-B448 

Mineral compositions listed are for homogeneous cores. 

olivine pigeonite opx augite 
Fo WalEn WolEn WalEn 

79 
82 
0; 

75 
78 

79 

75 

"' 82 

'" 
"' 79 

79 
79 

"' 51 
79 

79 
II) 

82 
82 

84 
79 

79 
77 

79 
79 
91 
78 
91 
7S 
81 
7B 

9.6173 
6rYT7 
6._ 
9.7fl1 
8.4172 
?f:/75 
6em 
1CV78 
5.007 1_ 
8.4174 

2.5181 

7.8/75 
9.8/72 
7.7n4 

9.M'4 

8.M'6 
l1n8 
1CV72 

4.8184 39155 
4.rYT7 

4.9184 37/56 

5.CV87 3G59 

9.0173 3.0177 

1CV72 
8.M'5 
6.8/75 
7.3186 4.5188 
8.9173 
9.0184 4.!lf88 

variable 
86/77 

variable 

**py 

0.55,0.33 
0.13 
0.16 
0.05 

-0 

-0.5 

0.58,0.75 

0.3 
0.17 
0.7 
0.15 
025 

0.33 

0.43,0.50 

0.31 
0.33 

025 
-0 

0.52 
0.11 
045 

02 

texture 

typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 
typical 

shock level notes references 

medium 
very low 
low 

very low 
low 

medium 
low-medium 
medium? 
low 

medium 
hgh 
medium 
medium 
medium 
medium? 
low 

low 

medium 
very low 
medium-high? 
low-medium 

low-medium 
medium 
low·medium 

low 
low-medium 

1,2 
AMN 8-1 
13-15 
13-15 
13-15 
3 
3 
AMN 8-1 

AMN 11·2 
AMN 15-1 
22,23 
AMN 20-1 
4,35,36 

2 5 
7.38 
:5l 
5 
8.9 

AMNIO· ' 
3 24-26, AMN 13-2, AMN 13-3 

AMN 13-2 
AMN 16-1 

5 
4 11 

5 AMN 18·, 
12 

30-32 

30,32,34 
6 13,16,32 

3,24,25 
3 
3 
3 

Table 23 (cont.). Summary of petrographic information on ureilites. Ureilites are grouped by texture. 
Mineral compositions listed are for homogeneous cores. 

PCA82506 
RKPA80239 
AlH.A81101 
Dar aI Gani 084 
"DyaJpur 
FR09OO36 
Goalpara 
LEW 86216 
Y·74154 
Dingo Pup Donga 
ALH82106 
EET87511 
Hammadah aI Hamra 064 
META78008 
Y·74130 
EET83309 
EET87720 
Nilpena 
North Haig 
Hajma 
LEW 87165 

LEW 88774 

olivine pigeonite opx augite 
Fa WolEn Wo/En WolEn 

78 

III 
79 

79 

84 
II) 

79 
81 
84 

-84 
g; 

0; 

78 
77 

78 

8Q-84 
,..7 

II) 

76-92 
0; 

0; 

7S 

6.CV76 
6.7n8 

8.1nB 
5.0181 
11fi6 

4.4176 

8.1/79 
5.001 
4.9190 

'''' 1_ 
variable 
8.Ml3 

9.M'5 
variable 

9.CV76 
?Fs 13 

3.001 

1.7/88 

4.>'82 
4.f'177 
4.ffi6 
42/78 

42/75 

37~ 

:J&.;5 

=s 
=s 
=s 

""" 

""'" 
*ureilite fails; **py = modal pyroxenel(pyroxene+olivine). 

**py 

0.48 

0.41 

0.33 

0.02 

-0.5 
0.35 

0.65 

0.05,0.37 
-0.5,-1 

0.27 

026 

0.83-0.87 

texture 

typicaVpoikilitic 
typical/poikilitic 
mosaIcized 
mosaicized 
mosaicized 
mosaicized 
rnosaicized 
mcfsalcized 
mosaicized 
euhedral 
bi-modal 

bi-modal 
bi-modal 
bi-modal 
bi-modal 

poIymict 
poIymict 
polymict 
polymict 
typical? 
? 
bi-modal? 

shock level notes references 

low 

low 

high 
high 
high 
high 
high 
high 
high 
medium 

low 

medium 
medium 

medium-high 

medium? 

13 

6 

7 
8 

9 

10 

11 

12 

13,16 
13,16 
16,17 
4 

5 
1,22 

5 

'" 3 
5 
13,18, AMN 9-3 
20, AMN 11-2 
4~7 

29 

29,33 

19 
21,AMN 12-3,AMN 13-1 
10 

5 
6 
AMN 12-1, AMN 13-1 
27,28 

Notes: (I) paired with FR093008; (2) pyroxene is c1inobronzite; (3) paired with LEW 88201 , LEW 882821 and LEW 88012; (4) paired with Nova 001; 
(5) paired with QUE 93341; (6) other highly variable pyroxene compositions are reported - these may be interstitial or shock melts; (7) paired with AU-{ 

82130 and ALH 84136; (8) paired with EET 87523 and EET 87717; (9) composilions given are for monomict ureilitic clasts; (10) compositions given 
ar~ for monomict ureilitic clasts; possibly paired with North Haig; (11) possibly paired with Nilpena; (12) contains -6% chromite; (3) paired with 
FR090168. 

References: (1) Baba et al (1993); (2) Bland et al (1992); (3) Yanai and Kojima (I995b); (4) Weber and Bischoff (1996); (5) Berkley et al (1980); (6) 
Hutchison (1977); (7) Wlolzka (1994); (8) Malhotra (1962); (9) Bhandari et al (1981); (10) Jaques amd Fitzgerald (1982); (11) Treiman and Berkley 
(1994); (12) Goodrich et al (1987a); (13) Goodrich et al (1987b); (14) Goodrich and Berkley (1986); (15) Berkley and Jones (1982); (16) Berkley 
(1986); (17) Saito and Takeda (1990); (18) Berkley et al (1985); (19) Prinz et al. (1987); (20) Berkley (1990); (21) Warren and Kallemeyn (1991); (22) 
Folco (1 992); (23) Fioretti and Molin (1996); (24) Takeda et al (1992); (25) Takeda (1989); (26) Takeda et al (l988b); (27) Warren and Kallemeyn 
(1994); (28) Prinz el al (1994); (29) Takeda et al (1989); (30) Takeda et al (1979a); (31) Takeda et al (l979b); (32) Takeda (1987); (33) Goodrich 
(1 9R6h) : (14) T~kt'(hlllnrl Y~n~; (lQ7R)· (1<;, ."!p..,t"n ,,",.,1 (1000(;\· (1.:;\ r .. ;I,n~: n' n ' "'''''1,-,. ,.., ... , "'_'- ____ ~ n ·._ •. _ ...... ,,, ... ,...,...,,.., ,. 
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with common (100) (Takeda et a!. 1992). In Y-74130 and META78008, low-Ca 
pyroxene with Wo_4.5 appears to be a complex mixture of clino- and ortho-pyroxene 
sequences in x-ray diffraction (Takeda 1987, Takeda et a!. 1989). It is possible that in all 
ureilites low-Ca pyroxene with WO<.j was originally protoenstatite. 

The typical ureilite texture is characterized by large, anhedral olivine and pyroxene 
grai ns averaging -1 mm in size, which meet in triple junctions and have curved 
intergranular boundaries (Fig. 30a). Olivine grains may contain small . rounded inclusions 
of pyroxene; pigeonite or orthopyroxene may contain similar inclusions of olivine andlor 
augite. This poikilitic texture is especially common in PCA 82506, RKPA80239, and 
LEW 85440. In some ureilites the olivine and pyroxene grains show a pronounced 
elongation, with aspect ratios up to -6: I (Fig. 30a). Fabric analysis (Berkley et a!. 1976, 
1980; Goodrich et a!.-1987a) shows that this elongation reflects both a foliation defined 
by the {IOO} crystal face of olivine, and a lineation defined by the crystallographic [OOI} 
c-axis of olivine. Several ureilites display a mosaicized texture with much smaller grain 
size, which is probably a result of shock deformation and/or recrystallization. These 
ureilites appear to have originally had the typical ureilite texture, as evidenced by dark: 
matrix material outlining relict grain boundaries of large, elongate grains, and a common 
preferred orientation of grains within relict domains (Neuvonen et al. 1972). Dingo Pup 
Donga has a unique texture of euhedral, non-interlocking grains, and size-sorted layers 
(Berkley et a!. 1980). 

Four ureilites have an unusual bimodal texture (Fig. 30b). They are characterized by 
extremely large crystals of low-Ca pyroxene up to at least 15 mm in size which 
poikilitically enclose domains that have the typical ureilite texture. In ALH 82130 these 
are pigeonite, while in META78008, Y-74130, and EET 87511 they are orthopyroxene. 
In ALH 82130 and EET 87511 the typical-textured domains are devoid of pyroxene; in 
Y-74l30 and META78008 they consist of olivine + augi te , the latter of which contains 
small, rounded, poikilitic inclusions of pigeonite. These ureilites are sufficiently 
heterogeneous and coarse-grained that some thin sections show only the large pyroxene 
crystals and some show only the typical-textured domains. 

Pyroxene in most ureilites is characterized by a lack of ex solution features. 
However, in ALH 82130, augite occurs as irregular lamellae and blebs in large poikiIltic 
pigeonite crystals. This texture may be the result of unmixing of an original pigeonite at 
the pigeonite eutectoid reaction line at -1246°C (Takeda et aI. 1986, Mori et a!. 1986), 
although if this is the case the pigeonite should be orthopyroxene. X-ray diffraction of the 
ALH 82130 pigeonite shows a weak orthopyroxene-like stacking sequence, which may 
be a remnant of orthopyroxene that later reinverted to pigeonite (Takeda et al. 1989). In 
LEW 88774, large pyroxene crystals have exsolved to roughly equal proportions of 
orthopyroxene and augite , in coarse lamellae -50!lm wide (Warren and Kallemeyn) 994, 
Chikami et al. 1997a) . This meteorite may have a bimodal texture, but this is not yet 
clear. 

Olivine and pyroxene core compositions within each ureilite are very homogeneous 
in terms of mg#. Forsterite contents range from -74 to 95 (Table 23, Fig. 31). There are 
no significant gaps in this range, but there is a spike at -F079. Coexisting pyroxenes span 
a similar range (Table 23, Fig. 32), and indicate olivine-pyroxene equilibrium. There is 
no correlation between mg# and modal pyroxene/(pyroxene+olivine), nor between mg# 
and pyroxene type (Fig. 32). 

Ureilite olivines are characterized by high CaO (-0.30-0.45 wt %) and Cr,o, (-0.56 
to 0.85 %), and pigeonite also has high Cr,O, (up to -1.26 %). Representative analyseso! 
olivine and pyroxene cores are given in Tables 24 and 25. Examination of olivine and 
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Flgur~ 30. Pho~omi~rographs of ureililes. (a) Kenna, showing typical ureilite texture and fabric. Field of 
view. ~s. 7 mm In w.ldth. (b) ALH 82130, illustrating bimodal texture of large low-ea pyroxene crystal 
pOlklhtlcally enclosl~g areas th~t have the typical ureilite texture. Field of view is 5.8 mm in width. (c) 
large euhedral graphite crystals In ALHA78019. Field of view is 1.5 rnm in width. 
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Figure 31. Histogram of mg# of olivine cores 
for monomict ureilites. Data from Table 23. 
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Figure 32. Correlation between mg# of olivine and 
pyroxene cores (pigeonite, orthopyroxene and augite) in 
monomict ureilites. Data from Table 23 . 

pyroxene minor element trends using a set of high-precision analyses for eight ureilites 
shows a very high degree of intragrain and intergrain homogeneity within each ureilite 
(Goodrich et a1. 1987b). Olivine cores among ureilites have essentially identical MglMn 
and MglCr ratios (Fig. 33). Olivine in LEW 88774 plots off the MglMn and MglCr 
trends, with a low FelMn ratio and an exceptionally high Fe/Cr ratio (Fig. 33). Both 
olivine and pyroxene show a negative correlation between FeO and MoO (Fig. 34), in 
contrast to the positive correlation with essentially constant FeOlMnO commonly shown 
by groups of related igneous rocks. Ratios of CaO/AI20) for olivine cores are high and 
vary by a factor of -3 among ureilites. There is a significant correlation between 
CaO/AI20) in olivine and coexisting pyroxene cores, again indicating olivine-pyroxene 
equilibrium. There is no correlation ofCaO/AI20 3 with mg#. 

A characteristic feature of ureilites is the OCCurrence of reduced rims on olivine 
grains where they are in contact with carbonaceous matrix material or crosscut by veins 
of carbonaceous material (Berkley et 'a1. 1980). These rims consist of nearly FeO-free 
olivine andlor enstatite, riddled with tiny inclusions of low-Ni metal. In most ureililes 
they are narrow (10-100 Ilm), and boundaries with cores are sharp; zonation can be 
detected only over -30-40 ~m (Miyamoto et al. 1985). However, in ALH 82130 and HH 
126 the rims are considerably widened, to the point that the olivine grains have been 
almost completely reduced and only rare metal-free cores preserve the original 
composition (Berkley et al. 1985, Sexton et al. 1996). Pyroxene grains also sometimes 
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Table 24. Compositions of olivine grain cores from representative ureilites. 

Y-74659 ALHA 77257 ALHA 77257 Y-79098 I Y-790981 Y-74130 ALHA78019 ALHA78019 
(I) (I) (2) (I) (2) (I) (I) (2) 

Chemical Composition (wt %) 

SiO, 403 393 382 37.6 37.5 
111,0, 0.03 0.03 0.Q40 0.03 0.042 0.04 0.02 0.031 
FoO ao 1 ~1 142 19.8 212 21.0 21.1 22.5 
MoO 49.7 46.1 . 452 40.0 40 .• 39.7 39.1 403 
MoO 0.46 0.46 0.452 0.42 0.425 0.42 0.42 0.421 

Cr203 O.sa 0.72 0.743 0.55 0.606 0.39 0.72 0.698 
CoO 0." 0.34 0.340 0.20 0326 0.24 0.41 0.453 

T,"' 99.40 99.08 9928 99.39 9927 

Cation Formula Based on 4 Oxygens 

Sl 0.9903 0.9883 0.." 0.98:lO 0.9632 
AI 0.0009 0.0009 0.0009 o.oem 0.= 
F. 0.1650 02551 0.4304 0.4591 0.4627 ., 1.8201 t.m8 1.5496 13468 1.5278 .0 0.0096 0.009B 0.0092 0.0093 0.0093 
C, 0.Q113 0.0143 0.0113 0.0081 0.0149 
Ca 0.0079 0.0092 0.0078 0.0067 0.0115 
T alai Cations 3.0051 3.0054 3.0022 3.0142 3.0100 

Cation Ratios FelMn and JOO*Mg/(Mg+Fe) (mg#) 

F_ 17 '" 31 47 49 49 50 S3 
mg. 91.7 87.1 • ss» 783 n3 n.1 78! 762 

(1) Complete analyses by Takeda (1987); (2) Partial analyses by Goodrich et al . (1987b) are shown for 
comparison. These are high precision analyses for the minor elements. 
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Figure 33. Correlations between (a) molar Fe/Mn and Fe/Mg ratios and (b) molar FefCr and FelMg ratios 
in olivine and pyroxene cores in 8 ureilites. indicating constant MnlMg and CrlM g ratios. Data from 
Goodrich et aI. (l987b). The Fe/Mn-FefMg trend has also been observed among other ureilitcs, based upon 
a less precise set of data (Mittlefehldt 1986). Olivine in LEW 88774 is off the trends shown by other 
ureilites. LEW 88774 data from M. Prinz (peTS. comm.). 

have reduced rims, consisting of enstatite with inclusions of low-Ni metal, but they are 
usually much narrower than the olivine reduction rims. In LEW 88774, chromite grains 
are also reduced along contacts with carbon, forming complex zones consisting mainly of 
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Figure 34. Negative correlation between MnO and FeO 
in olivine cores among ureilites. Data are from Goodrich 
et al. (1987b) (dOlS) and Takeda (1987) (circles). The data 
of Berkley and Jones (1982) (small squa res) seem 
systematically high compared to other data for individual 
ureilites. The data of Berkley et al. (1980) are not shown 
because of problems with Mn standard ization (Berkley, 
pers. comm.). 
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Cr-Fe-carbide, eskolaite (Cr,O,), and several other phases (Prinz et al. 1994, Warren and 
Kallemeyn 1994). Olivine rims show a negative correlation between FeO and MnO 
(Miyamoto et al. 1993), consistent with reduction. Chromite in LEW 88774 has 54 to 
59% Cr,o" 8 to 21% MgO, 14 to 19% AI,O" I to 22% FeO and 0.6 to 2.8% TiO, 
(Warren and Kallemeyn 1994, Chikami et al. 1997a), and ranges from FeCr,O,-rich to 
MgCr,O,-rich to MgAI,O,-rich with increasing reduction (Prinz et aL 1994) . 

Carbon phases. The carbon-rich matrix of ureilites occurs mostly along silicate 
grain boundaries, but also intrudes the silicates along fractures and cleavage planes. In 
some ureililes, what appear to be isolated pockets of matrix are included in silicate grains, 
but these may be parts of veins intruding from grain boundaries in the unseen dimension. 
In rare cases matrix material surrounds poikilitic inclusions of olivine in 10w~Ca 
pyroxene. 

Graphite is the most common polymorph of carbon in ureilites. Vdovykin (1970) found 
traces of chaoite and organic carbon compounds in Havero, Novo Urei. Dyaplur and 
Goalpara. Diamond and lonsdaleite have been identified in Kenna (Gibson 1976, Berkley 
et al. 1976), Haver6 and Goalpara (Marvin and Wood 1972) by electron diffraction and 
electron microprobe techniques. Diamond and lonsdaleite occur as small «I to 311m) 
anhedral to subhedral grains within a fine-grained matrix of graphite (Marvin and Wood 
1972, Berkley et aL 1976). Diamond has also been identified in Dyalpur by TEM (Mori 
and Takeda 1988) and in Nilpena by x-ray diffraction of acid resistant residues (Ott et a1. 
1984), and is inferred to occur in other ureilites based upon the difficulty of cutting them. 

In most ureilites the graphite is very fine-grained. However, in ALHA78019, 
ALHA78262, ALH 83014 and Nova 001 (paired with Nullarbor 010), it occurs as large, 
mm~sized, euhedral crystals (Fig. 30c), intergrown with metal, sulfide, or splotchy metal­
sulfide intergrowths (Berkley and Jones 1982, Treiman and Berkley 1994, M. Prinz, pers. 
comm.). The elongate graphite blades commonly parallel the direction of si licate grain 
boundaries and have a strong tendency to align with their long axes parallel to the 
observed foliation. In places they intrude into sil icate grains and, rarely, appear to be 
completely enclosed within silicate grains. 

Carbon also occurs in the fonn of cohenite (Fe3C) in metallic spherule inclusions in 
olivine and pigeonite in at least five ureilites (Goodrich and Berkley 1986). These 
spherules also contain C-bearing Fe-Ni metal, sulfide (predominantly troilite), and rare 
phosphorus~bearing minerals, and have textures typical of eutectic crystallization in the 
Fe~C system. Bulk compositions of the spherules range between 4 and 5 wt % C and 3 
and 7 wt % Ni. 

Metal, sulfules and phosphides. The composition of interstitial metal in ureilites is 
quite variable. both within individual specimens and among different ureilites. Nickel 
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contents range from 1 to 9%: Si contents range from undetectable to -3%, and CI 
contents range up to -1.5%. HIgh P contents (1 %) have been reported in metal in FRO 
90054 (Fioretti et a1. 1996). Carbon contents of the metal are unknown, but must be very 
low" SchreJberslte (Fe3P) has been reported in FRO 90054 and several other ureilites. 
S~lfldes are not abundant, and are also quite variable in composition. High Cr varieties 
with up t~ -,34% are common in the interstitial material of Kenna, and low-Cr (0.5 to 
2.8~) v,anetIes occur as J.Ull-sized grains within the silicate grains (Berkley et a1. 1976). 
Brezmalte (Cr,S,) occurs in LEW 88774 (Prinz et a1. 1994). 

Interstitial silicates. Fine-grained interstitial silicates are common in ureilites 
(Goodrich 1986a, Ogata et al. 1987, 1988, 1991; Saito and Takeda 1989, Tomeokaand 
Takeda 1989, Takeda et a1. 1988b, Mori and Takeda 1983, Prinz et a1. 1994). 
InterpretatIOns of these materIals vary and unfortunately so does the nomenclature used in 
their ~escription :They occur along grain boundaries in narrow zones, generally 10 to 20 
)..1m Wide, bu~ up to 70 ~m in Y-74123, and as veins intruding into olivine and pyroxene 
from the gram boundanes. They are often difficult to distinguish optically because they 
res~mble .t~e reduced margins of olivine and pyroxene core crystals and may be masked 
by mterstItlal metal and .carbon. An exception is in Roosevelt County (Re) 027, in whicb 
they are up to 200 ~m WIde and optically prominent (Goodrich et a!. 1987a). In Y-790981 
and LEW 85328 these materials occur as pockets within pigeonite (Saito and Takeda 
1989, Ogata et a1. 1987), making the pigeonite cloudy. 

Th~ interstitial silicates consist of euhedral to subhedral crystals of low-Ca pyroxene 
and auglte, surrounded by Si-Al-alkaJi glass. Low-Ca pyroxene ranges from Wo and 

. \-14 
augIte ranges from W026-43' These pyroxenes have much higher mg# than core pyroxene 
(up to mg# 99) and lower MnlMg, CrlMg, NalMg, TilMg and A1IMg ratios (Goodrichet 
a~. 1~87b): Augite containS up to 13% Al 20 3 and 0.3% Na20. Aluminian-titanian. 
dlOpslde with 5.05% Ti02 occurs in an AI-rich vein in Y-74130 (Tomeoka and Takeda 
1989). In LEW 88774 the interstitial pyroxenes are CHich, and intergrown with ,m· 
Sized chromlte and corundum (Prinz et aJ. 1994). The glass in ureilites contains up to 
21% Alp" 4.5% N~O and 4.5% K,O (Goodrich 1986a). Tiny grains of SiO, are ~so 
observed m the glass. All phases are highly variable in composition. 

Polymict ureilites. Four ureilites are polymict; North Haig, Nilpena, EET 83309 and 
EE!. 87720. ~hey are frag~ental breccias containing lithic clasts of typical monomici 
ureilite matenal plus a vanety of other lithic clasts, set in a matrix of smaller mineral 
fragments, carbon, suessite (Fe3Si), sulfides, minor chromite and minor apatite (Jaques 
and Fitzgerald 1982, Prinz et a!. 1983a, 1986b, 1987, 1988a; Keil et al. 1982, Warren and 
~al~emeyn 1~89b, 1991). Olivi~e. grains in the ureilite clasts range from -F0

76
_
S4

. Other 
lithIC clasts mclude a porphyntIc enstatite clast resembling material from enstatite 
chondrites or aubrites, clasts resembling chondritic material, feldspathic melt rocks, and 
clasts of a ?istinct ~~-AI-Ti.-rich assemblage that resembles angrites. The angrite-like 
clasts con tam anorthItIC plagIOclase (An96_9S)' alurninian-titanian-diopside with up to 8% 
AlP, and 2% TiO" and olivine (Fo49.,,) containing up to 1.7% CaO (Prinz et al. 1986b 
1987). The feldspathic melt clasts contain feldspathic glass with fine crystallites of 
ohvme and s.or:netimes low-Ca pyroxene or phosphate. Some contain larger angular 
crystals of ollvme, pyroxene, or phosphate. The composition of the glass ranges from 
- An,.". Bulk compositions of the clasts are high in SiO, (up to -61 %), Al, O, (up to 
- 21%), and alkalIs (up to -7% Na,O, 0.8% K,O). Nilpena contains clasts of 
carbonaceous chondrite matrix-like material. This material has close affinities to CI· 
matrix, ~ont~ning sap.onitic smectite clays, serpentine, magnetite, pentlandite, pyrrhotite 
and fernhydnte, and dIffers from CM-matrix (Brearley and Prinz 1992). 
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The mineral fragments in polymict ureilites are mostly olivine and pyroxene having 
compositions consistent with derivation from monomict ureilites. However, in EET 
83309 olivine compositions span a greater range (F06Z_9S) than in monomict ureilites. 
Some olivine fragments have significantly lower CrZ0 3 and CaO contents than olivine in 
monomict ureilites. Plagioclase, which does not occur in monomict ureilites, is common 
among the mineral fragments in polymict ureilites, and spans the entire range of Ano_loo. 
Plagioclase in the range An30_so contains no detectable K20 (Prinz et al. 1987). Modally, 
polymict ureilites are quite similar to monomict ureilites, with the significant addition of 
1-2% plagioclase. They have modal pyroxene/(pyroxene+olivine) ratios of -0.25. 

Shock state. Monomict ureilites are classified in Table 23 as being of very low, low, 
medium, or high shock leve1. Very-low shock ureilites contain large, euhedral graphite 
crystals. In low-shock ureilites the silicates show only minor fracturing, undulatory 
extinction and kink bands, primarily in olivine. Diamonds are believed to be absent and 
graphite can sometimes be distinguished as small, euhedral crystals. These features 
indicate shock pressures <20 GPa (Carter et al. 1968). Medium shock ureilites show a 
greater extent of fracturing, undulatory extinction, and kink banding. Sub-grain 
boundaries may be prominent in olivine, and pyroxene may be cloudy due to glassy 
inclusions. Diamonds and/or lonsdaleite are present. In high shock ureilites the olivine is 
completely shattered or mosaicized (Lipschutz 1964) and pyroxene is mottled by melt 
glass. Diamonds and/or lonsdaleite are present. Shock pressures of at least 100 GPa are 
indicated by these features (Carter et al. 1968). Some of the criteria used in this 
classification scheme are open to question, however. 
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Figure 35. CI- and Mg-normalized lithophile element 
abundances in bulk monomict and po1ymict ureilites, 
and the unusual ureilite LEW 88774. Data plotted are 
averages of analyses from Bhandari et al. (1981), Binz 
et al. (1975), Boynton et al. (1976), Goodrich and 
Lugmair (1991, 1992, 1995). Goodrich et al. (1991, 
1987a), Higuchi et al. (1976), Janssens et al. (1987), 
Jarosewich (1990), Jaques and Fitzgerald (1982), 
Kallemeyn and Warren (1994). Spitz and Boynton 
(1991), Takeda (1987), Wanke el al. (l972a), Warren, 
Kallemeyn (1989, 1992), Wasson et al. (1976), Wiik 
(1972), Yanai and Kojima (l995b). A few suspect 
values have not been plotted; Na and K values from 
Yanai and Kojima (l995b) and K from Wiik (1972) . 
Data are plotted in order of increasing nebular volatility 
as estimated from calculated condensation temperatures 
compiled by Wasson (1985). 

Lithophile elements. Lithophile element abundances in ureilites (Fig. 35, Table 26) 
reflect their ultramafic mineralogy. They are enriched in Sc, V, Mg, Cr and Mn, generally 
up to -2.7 X CI. Chromite-rich LEW 88774 is unusually enriched in Sc, V and Cr (Table 
26, Fig. 35). Calcium abundances are near-chondritic, varying mainly with pyroxene 
abundance and type. One analysis of Havero (Wiik 1972) shows extremely low Ca (0.09 
x el) consistent with the upper limit reported by Wanke et a1. (1972a), and LEW 88774 
has exceptionally high Ca (3.7 x CI). Zinc is near-chondri tic or slightly depleted. The 
plagiophile and incompatible elements AI , Sr, K, Na and Rb are moderately to strongly 
depleted (Fig. 35). Again, LEW 88774 is unusual, with high AI, K and Na (Table 26, Fig. 
35). The polymict ureilite EET 83309 has higher abundances of AI, K and Na, and other 
polymict ureilites (EET 87720 and Nilpena) have abundances of these elements near the 
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upper end of the ureilite ranges (Fig. 35). Y-74130 and Y-79098I have high Al and Na, 
probably due to a high augite content and a high content of AI -alkali -rich interstitial 
material, respectively. 

The CalAl ratios of ureilites are superchondritic, ranging from -2 to 14 x eI, with 
the exception of Y-74123, and the analysis of Havero with low-Ca from Wiik (1972) . 
Bulk ureilite compositions show a negative FeO-MnO correlation, similar to olivine and 
pyroxene (Fig. 33). The MnlMg ratios are nearly constant at 0.6 1 ±0.07 x cr, while 
CrlMg ratios are more variable: 0.79±0.17. (We suspect the unusually high Mn data of 
Spitz and Boynton (199l) are erroneous, and have not included them in this discuss ion.) 
Again, LEW 88774 is unusual, with MnlMg 1.3 x cr and Cr/Mg II xCI. 

Rare earth elements. Rare earth element patterns have been determined for 28 
ureilites. In general, REE abundances are low compared to other achondrites. This REE 
depletion is consistent with major incompatible element depletion. There is no correlation 
between degree of REE depletion and mg#. The classic CI-normalized REE pattern of 
ureilites is V -shaped at subchondritic values, with severe middle REE depletion (Fig . 
36a). Europium ranges to as low as 0.005 x CI. Many ureilites , however, have LREE­
depleted patterns, with La ranging from - 0.005-0.1 x cr, and negative Eu anomalies (Fig. 
36b). LEW 88774 and FRO 90054 stand out with only slightly LREE-depleted patterns at 
near-chondritic values (Fig. 36b). For some ureilites, e.g. RC027 and Y-791538, one 
subsampJe may have a V -shaped REE pattern while another has a LREE-depleted pattern 
(compare Figs. 36a and 36b). 

The nature and origin of tpe V -shaped REE patterns in ureilites has been a subject of 
considerable investigation and controversy. It has been shown (Boynton et aI. 1976, Spitz 
and Boynton 1991 , Goodrich and Lugmair 1995) that the LREE-enriched part of the 
pattern can be removed by leaching with weak acids, leaving a residue with a severely 
LREE-depleted pattern with a negative Eu anomaly, and yielding a leachate with a 
LREE-enriched pattern and positive Eu anomalies (Fig. 36d). ]t has been assumed that 
the LREE-enriched component is contained in an acid-soluble minor phase, which has 
extremely high LREE abundances. The LREE-enriched component also appears to be 
inhomogeneously distributed (Goodrich et al. 1987a, Goodrich et al. 1991), and it may be 
Ubiquitous, since LREE-enriched leachates can be obtained even from samples that have 

. bulk LREE-depleted patterns (Goodrich and Lugmair 1992). 

The identity or host of the LREE-enriched component remains unknown. Electron 
microprobe and ion mkroprobe searches for LREE-enriched phases in interstitial areas 
have eliminated metal , sulfide, graphite, interstitial pyroxene and glass as LREE carriers 
(Spitzet al. 1988). However, ion microprobe analyses do show general LREE-enrichment 
in carbon-rich interstitial areas (Spitz et a1. 1988, Guan and Crozaz 1 995a). Some part of 
the LREE-enriched component is associated with olivine and is either on grain surfaces 
or internally equilibrated (Goodrich and Lugmair 1995). Guan and Crozaz (l995a) also 
observed LREE-enrichment in reduced rims on olivine grains in Novo Urei. The 
abundance of LREE-enriched component has been correlated only with the abundance of 
Sr and Ba (Goodrich and Lugmair 1995). 

Polymict ureilites have higher REE concentration than most monomict ureililes and 
generally have distinct patterns (Fig. 36c). Ion microprobe analyses have shown that oliv­
ine and pyroxene fragments in EET 83309 have REE patterns lypical of those in 
monomict ureilites (Guan and Crozaz 1995b). Feldspathic melt clasts in polymict 
ureilites have a variety of REE patterns unlike those of ureilites (Guan and Crozaz 1995b 
1997). Aluminian-titanian-diopside in an angrite-like clast in North Haig has a REE pat­
tern similar to that of aluminian-titanian-diopside in Angra dos Reis (Davis et al. 1988). 
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Figure 36. CI-normalizcd REB patterns for representative ureilites. (a) Many ureilites have V-shaped REE 
patterns. (b) Other ureilites have LREE-depleted patterns with negative Eu anomalies. "Note that some 
ureilites (e.g. Re027) show V-shaped patterns in some subsamples and LREE-depleted patterns in other 
subsamples. (c) Polymict ureilites EET 83309, EET 87720, North Haig and Nilpena, unusual ureilite LEW 
88774 and FRO 90054. Note that Eu in EET 87720 is an upper limit (arrow) and the positive Eu anomaly 
may not be real. (d) Leaching experiments, for example on Kenna, show that the LREE-enriched part of tht 
V-shaped bulk ureilite REE pattern can be removed with weak acids. Leachates are LREE-enriched with 
positi ve Eu anomalies, and residues are extremely LREE-depleted with negative Eu anomalies. Data are 
from Boynton et al. (1976), Ebihara et a!. (1990), Goodrich el al. (l987a). Jaques and Fitzgerald (1982), 
Spitz (1991 , and pers . comm.), Spitz and Boynton (1991), Wanke et al. (1972a), Warren and Kallemeyo 
(1989,1992). 

Siderophile trace elements. Siderophile trace element data for bulk ureiJites are 
summarized in Figure 37. Generally, abundances of the refractory siderophiles Re, Os, 
Wand If are similar within each ureilite, and range from -0.1-2 x CI among ureilites. 
Abundances of the more volatile siderophiles are generally lower, with Ni = 0.006 to 0.2 
x CI, and tend to increase in the order Ni < Au < Co < Ga < Ge within each ureilite. EEf 
87511 has exceptionally low abundances of Ni, Au and Co, and an exceptionally steep Ni 
to Ge trend. LEW 88774 has very high Ga (2.8 x CI), considerably out of the range of 
other ureilites. Carbonaceous (metal-rich) vein separates from Kenna and Haver6 show 
patterns similar to bulk ureilites, but at higher abundances (Fig. 37). There is no apparent 
correlation between siderophile element abundances and mg# among ureilites. Ureilite 
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Figure 37. CI-nonnalized (race siderophile element 
abundances in represen tative ureilites (unlabeled). 
Bulk ureilites have higher abundances of the 
refractory elements Re , Os, Wand lr in approxi­
mately chondri tic ratios, while abundances of the 
more volatile elements are lower and increase in Lhe 
order Ni-+Au -+Co-+Ga-+Ge. Carbonaceous vein 
separates from Havero show a similar pattern at 
higher abundances. LEW 88774 has exceptionally 
high Ga, while EET 87511 shows a highly 
fractionated pattern of volatile and moderately 
volatile siderophile elements . Data from Higuchi et 
al. (1976), Janssens et al. (1987), Kallemeyn and 
Warren (1994), Spitz and Boynton (1991), Warren 
and Kallemeyn (1992). 

siderophile element abundances are considerably higher than those of ultramafic rocks 
from differentiated planets such as the Earth, Moon and Mars 

There are good linear Re-Ir, Os-Ir, and to a lesser extent W-Jr correlations among 
bulk ureilites and carbonaceous vein separates, indicating that the refractory siderophiles 
are contained in a common component (e.g. see Goodrich 1992). The more volatile 
siderophiles also show linear correlations with Ir, suggesting that to a first approximation, 
ureilite siderophiles are. a mi~ture of a refracto~riCh and a refractory-poor component 
(Boyn,on et a1 . 1976, Higuchi et a!. 1976, Jansse set a!. 1987, Spitz and Boynton 1991). 
The refractory-rich component appears to be r ~sented by the carbonaceous vein 
s~parates. Spitz (1992) observed two distinct Ga-Ir tren~, suggesting distinct refractory~ 
flch components for two groups of ureilites, but it seelns-.likely this

l 
was sPJIridus 

(Kallemeyn and Warren 1994). However, it has also been noted that urel lte siderophile 
element abundances are better correlated with solid metal/liquid metal partition 
coefficients than with volatility, suggesting that they are controlled by fractionation of 
metal in a magmatic system rather than mixing of two components (Goodrich et a1. 
1987a). 

Carbon and nitrogen. Carbon contents measured for most ureilites range from -2 to 
6% (Bogard et a1. 1973, Gibson 1976, Grady and Pillinger 1986, Grady et aJ. 1985a, 
larosewich 1990, McCall and Cleverly 1968, Wacker 1986, Wiik 1969, 1972). 
Measurements for individual ureilites are quite variable, as carbon is primarily contained 
in matrix material, which is inhomogeneously distributed. FRO 90054 has an unusually 
low carbon content of 0.24% (Grady and Pillinger 1993). There do not appear to be any 
correlations between carbon content and other geochemical or isotopic parameters. 
Nitrogen concentrations range from -10 to 150 ppm (Grady et a!. 1985a, Grady and 
Pillinger 1986, Murty 1994). The CIN ratios of ureilites are significantly lower than those 
in carbonaceous chondrites with similar C contents. Diamond is enriched in nitrogen; for 
example, diamond in Lahrauli contains 771 ppm N compared to 11.3 ppm for the whole 
rock (Murty 1994). 

Noble gases. Ureilites contain trapped noble gases in chondri tic abundances, with a 
frac,ionated or planetary type pattern as in CM chondrites (Fig. 38). Gas contents vary 
considerably, Xe contents vary by a factor of -100 in bulk rocks, for example, but 
elemental and isotopic ratios are distinctive. Carbonaceous matrix material is enriched at 
least 600-fold in noble gases relative to the silicates, and the gases are largely contained 
in the carbon (Weber et a!. 1971, 1976; Gobel et a!. 1978). In diamond-bearing ureilites, 
diamond is the principal gas-carrier; graphite is virtually free of trapped gases (Weber et 

./ 
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Figure 38. Elemental abundances of noble gases in repre­
sentative ureilites relative to cosmic abundances . A typical 
eM (Haripura) pattern is shown for reference (Mazor et al. 
1970). Ureilite data from Bogard et al. (1973), Goodrich el 
a!. (1987b). Mazor et al. (1970), Muller and Zahringer 
(1969), Ott et al. (1993), Wacker (I 986). 

al. 1976, Gobel et al. 1978). However, the diamond-free ureilite ALHA78019 has trapped 
noble gas abundances comparable to those of diamond-bearing ureilites (Wacker 1986), 
In ALHA 78019 the gases are contained in a fine-grained carbon whose structural state is 
unknown, while the coarse-grained graphite is gas-free. The fine-grained carbon has a 
near-chondritic Xe/C ratio. 

Most of the 3He in ureilites is cosmogenic in origin, while most of the 4He appears to 
be trapped. The extremely low 4HePHe ratios are consistent with low U and Th contents. 
Ureilites have extremely low 4oArP6Ar ratios, indicating very little radiogenic Ar and 
thus very early depletion of K. Neon in monomict ureilites appears to be a mixture of 
trapped and cosmogenic components. The composition of the trapped component has 
been estimated from Hajmah, which contains little cosmogenic Ne, and has been named 
Ne-U (Ott et al. 1985b). Solar wind implanted noble gases, notably Ne-B, are present in 
polymict ureilites (Ott et at. 1990, 1993), consistent with their being regolith breccias. 
Cosmic-ray exposure ages, based on 3He and 21Ne, range from 0.5 to 32 Ma for ten 
ureilites and show no apparent clustering (Bogard et al. 1973, Gobel et a1. 1978, 
Goodrich et al. 1987a, Milller and Ziihringer 1969, Ott et al. 1984, 1985b; Stauffer 1961, 
Weber et al. 1971). 

Isotopic systematics 

Oxygen.isotopes. On an oxygen-isotope plot, ureilites plot along the line with slope 
-1 defined by C2-C3 matrix material and Allende CAls (Fig. 1 b), thought to be a nebular 
mixing line (Clayton et al. 1973, Clayton 1993). This pattern is unique among 
achondrites. Except for acapulcoites and lodranites, all other groups of achondrites and 
primitive achondrites plot along slope -0.52 mass fractionation lines (e.g. see Fig. lb,c). 
Ureilites show greater scatter about the CAl line than do the chondritic materials that 
define it, and it is possible to fit various slope -0.52 lines to the data, possibly organizing 
some ureilites into groups related by mass-fractionation. Unique detennination of such 
groups is difficult, and for those that have been postulated (Clayton and Mayeda 1988) 
there do not appear to .be common petrographic features or chemical trends consistent 
with a fractionation relation. 

There are no correlations between oxygen-isotopic composition and any 
petrographic or chemical parameters of ureilites except mg#. Ureilites show a good 
correlation (Fig. 39) between mg# (Fo in olivine) and ~170. Such a correlation is shown 
by some chondri tic materials (e.g. Rubin et a1. 1990), but amongst achondrite groups is 
otherwise shown only by lodranites (Fig. 39; see also Fig. 28). 

Sm-Nd. Ureilites fall into 3 Sm-Nd groups: (1) A Kenna group including whole rock 
samples and a pyroxene separate from Kenna, a whole rock sample of Novo Urei, and a 
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Figure 39 (left). Correlation between mg# of olivine and d l70 in ureilites . Data from Clayton and Mayeda 
(1996) and Table 23. Lodranites may show a similar correlation (see also Fig. 28). Data from McCoy et aL 
(1991.). 

Figure 40 (right). Sm-Nd isotopic "'tlata for ureilites. Whole rock samples and a pyroxene separate from 
Kenna, and whole rock samples of Novo Urei and ALHA77257 define a line with a slope corresponding to 
an age of 3.79 Ga (Kenna group). Mineral separates and a whole rock sample of Goalpara are consistent 
with this line within error (analytical uncertainty not shown) . Acid leachates of Kenna plot at the LREE­
enriched end (low 147Sm/144Nd) of the line (field labeled L). Samples of ALH 82130, META78008 and 
some samples PCA 82506 are consistent with the 4.55 Ga chondritic evolution line (4.55 Ga group). Onc 
whole rock sample of PCA 82506, and a .leachate and residue generated from it, define a line with a slope 
corresponding to an age of 4.23 Ga (dashe . e). A whole rock sample of LEW 85440 is consistent with 
this line. Note that the 3.79 Ga and the 4.23 Gines intersect the chondritic evolution line at the same 
point (l47Sm/144Nd - 0.51). Data from Goodrich an ugmair (1991, 1992, 1995), Goodrich et aL (1991), 
Takahashi and Masuda (1990a), Torigoye-Kita et al. (1 5a,b,c). 

whole rock sample of ALHA77257. These defin a 143NdJI44Nd_ I47SmlI44Nd line with a 
slope corresponding to an age of 3.79 Ga and an . itial 143Ndl144Nd ratio of 0.50938. 
Mineral separates and a whole rock sample of GoaJp are cC?nsistent with this line (Fig. 
40). Acid leachates of Kenna have 147Sml144Nd and 1 d/144Nd ralios very similar to 
those of the LREE-enriched whole rocks (Fig. 40), and ar terpreted to represent the 
composition of the LREE-enriched component in Kenna (Goo .~ Lugmair 1995). 
(2) A 4.55 Ga group including some whole rock samples of PCA 82506;-w-OOle.ro~ 
samples of ALH 82130 and META78008, and mineral fractions of META78008. These 
plot along the 4.55 Ga chondri tic evolution (Fig. 40). (3) One whole rock sample of PCA 
82506, and an acid leachate and residue generated from it, define a line with a slope 
corresponding to an age of 4.23 Ga. A whole rock sample of LEW 85440 is consistent 
with this line (Fig. 40). Both the 3.79 Ga line and the 4.23 Ga line intersect the chondritic 
evolution line at 147Sml 144Nd - 0.51. Interpretation of the significance of these data is 
controversial (Torigoye-Kita et al. 1995a,b; Goodrich et al. 1995), and clearly depends on 
understanding the LREE-enriched component in ureilites. Torigoye-Kita et a1. (1995a,b) 
have argued that the 3.79 Ga line is a mixing line, and that the LREE-enriched 
component is a terrestrial contaminant, since its Sm-Nd isotopic composition is similar to 
that of average terrestrial crust. Soil from the site where Kenna was found has a similar, if 
not identical, composition (Goodrich and Lugmair 1995). However, Goodrich and 
Lugmair (1995) and Goodrich et al. (1995) argue that if the 3.79 Ga and 4.23 Ga lines are 
mixing lines, then samples devoid of LREE-enriched component, such as acid residues 
and leached mineral separates, should plot at the intersection of these lines with the 
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chondritic evolution line. at 147Smll44Nd - 0.51. They suggest that these lines are 
isochrons and give the time of introduction of LREE-enriched material to highly-depleted 
(1 41SmJl44Nd - 0.51) 4.55 Ga-old proto-ureilite material. Torigoye-Kita et al. (1995a) 
point out that two of their GoaJpara pyroxene separates (those with highest 147Sml l44Nd 
in Fig. 40a) have error bars that overlap the 4.55 Ga line, and argue that these points 
represent the uncontaminated, 4.55 Ga-old end member of a mixing line. However, a line 
drawn from the 4.55 <;ia line at the 147SmJ144Nd ratios of these pyroxenes to the 
composit ion of the LREE-enriched component, falls below all but the most LREE­
enriched Kenna samples. Whether ureilites have young Sm-Nd ages or not awaits 
resolution. 

Rb-Sr. Rubidium-Sf isotopic data for ureilites scatter widely. Takahashi and Masuda 
(1990a) report a BAB! (basaltic achondrite best initial, Papanastassiou and Wasserburg 
1969) whole rock model age of 4.55 Ga, and a 4.01±0.06 Ga Rb-Sr internal isochron for 
META 78008. All other analyzed ureilites have older model ages, indicating that they 
have experienced open system behavior at some younger time(s). Fifteen analyzed 
samples of Kenna including whole rocks, leachates and residues show essentially 
identical "Sr/8OSr ratios of -0.70866 (Goodrich and Lugmair 1995). Strontium in soil 
from near the Kenna recovery site has a much higher 87Sr/86S r ratio (0.7 199), and so does 
not appear to be a contaminant. 

U-Th-Pb. U-Th-Pb systematics have been investigated for META78008 and 
Goalpara (Torigoye-Kita et al. 1995a,c). Extensive leaching procedures were used to 
remove the effects of contamination. The Pb, Th and U abundances in the residues were 
extremely low- for example, up to -8 nglg Pb, 3.2 nglg Th, and 0.9 nglg U in 
META 78008. The leachates were significantly enriched in Pb- up to 250 nglg in 
META78008 and 1478 nglg in Goalpara. On a 207Pbf206Pb_204Pbf206Pb diagram, the 
MET A 78008 leachates plot along a mixing line between the Pb isotopic composition of 
Canyon Diablo troilite and modern terrestrial Pb, indicating terrestrial Pb contamination. 
The least-contaminated residues yield a Pb-Pb isochron age of 4.563±O.021 Ga. All of the 
Goalpara samples showed evidence of mixing with modem terrestrial Pb, and in some 
cases another Pb component, probably old terrestrial Pb. On a U-Pb concordia diagram, 
the META 78008 residues plot along a line connecting modern terrestrial Pb with the 
concordia point of 4.562 Ga, and the Goalpara residues define a general trend that 
intersects concordia at -4.5 Ga. This old age for Goalpara. and the observation that 
leachable fractions are contaminated with terrestrial Pb, led Torigoye-Kita et al. (l995a) 
to suggest that REE in the leachable fractions are also terrestrial, and therefore that the 
3.79 Ga Sm-Nd line for Goalpara and Kenna (Fig. 40a) is a mixing line. 

Ar-Ar. 39 Ar.40 Ar determinations have been made on bulk samples of Kenna, Novo 
Urei, PCA 82506, and Havero (Bogard and Garrison 1994). Interpretation of the Ar 
release spectra is uncertain due to possible contamination effects, but the most recent 
times of Ar degassing can he inferred. These times are -3.3 Ga for Havero, -3.3 to 3.7 
Ga for Novo Urei, -4.1 Ga for Kenna and 4.5 to 4.6 Ga for PCA 82506. It is possible thai 
the younger degassing ages record the same events that affec ted Sm-Nd ages. 

Carbon and nitrogen. Carbon isotopic compositions of ureilites are in the range 
o"C = -II to 0%, (Grady et al. 1985a,b; Grady and Pillinger 1987a), and some 
correlation with mg# has been suggested. Graphite and diamond appear to have the same 
isotopic composition, but a small fraction of the carbon, which combusts at high 
temperature, is "C-depleted. This may be from carbide. FRO 90054, which has an 
unusually low carbon content, also has an exotic carbon isotopic composition: 013C ::; 
-24.3%, (Grady and Pillinger 1993). 
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_ Nitrogen isotopic compositions in ureilites are variable, and there is evidence for 

distinct compositions in carbon phases (oISN :;; -110 to 60%0), silicates (oI SN :;; 0±20%0), 
and metal (Grady et al. 1985a, Grady and Pillinger 1986, Murty 1994). Nitrogen in FRO 
90054 is exotic : ol5N = +64%, (Clrady and Pillinger 1993). Nitrogen isotopic 
compositions 10 polymlct urellttes range up to ol sN :;; +527%0 (Grady and Pillinger 
I 987b). 

Discussion 

_ Ur~ilites are clearly achondritic, and in terms of their mineralogy, textures, bulk 
lithophile element ratios, and depletion of lithophile incompatible elements, resemble 
groups of ultramafic rocks from evolved parent bodies such as the Earth, Moon and Mars_ 
Th~s. they have been widely believed to be either igneous cumulates or partial melt 
reSIdues. H?wever, the~ differ from such groups in several important ways. First, they 
show no eVIdence of bemg related to one another by igneous fractionation processes, and 
they lac~ ~ompl~mentary :ock types (i.e. ureilitic basalts). Second, they have 
charactenstlcs which are typIcal of chondritic materials and difficult to reconcile with 
e~tensiv~ igneous processing, namely their oxygen-isotopic characteris-tics, high trace 
slder?p~lle element abundances, and the presence of planetary-type noble gases. Ureilites 
r~malO I~completely understood in the context of the distinction between primitive and 
differentiated sola~ ~ystem ~terials. Discussions of ureilite genesis usually tacitly 
assume that they on gmated on one parent body, hut this may not be the case. 

Igneous processes among ureilites. Ureilites lack plagioclase, have superchondritic 
CalAI ratios, and are depleted in incompatible lithophile elements. These features 
indicate a high degree of igneous processing. Urei lites also show a high degree of internal 
textural and chemical. equilibr~tion, b»th within and ~tween olivine and pyroxene, which 
suggests slow cool 109 at high tefnperatures. Estimates of pyroxene equilibration 
temperatures range from _1200 0 to } 280°C (Takeda 1987, Takeda et al. 1989, Chikami et 
al. 1?97a). In ~artial melting m1~els, at least 15% melting is required to eliminate 
plagIOclase, while -20 to 30% Ill-elting is required to produce the more extreme REE 
depletions and negative Eu anomaHes of ureilites (Spitz and Goodrich 1987, Warren and 
Kallemeyn 1992, Goodrich 1997 ,assuming a chondritic source. In cumulate models, 
much higher degrees of processing are required, because the superchondritic Cal Al ratios 
of olivine in ureilites could only b produced if their parent magmas were derived from 
previously plagioclase-depleted sou ces (Goodrich et al. 1987a). 

The question of whether ureih es are residues or cumulates is one of the classic 
problems of ureilite research. Berkle et al. (1976, 1980) and Berkley and Jones (1982) 
argued that they are cumulates largel~ on the basis of their textures and fabrics. The 
multi-stage history required by the cumulate model, however, predicts the existence of 
numerous complementary rock types, PartiC~ly ~ari ou s basalts. Scott et al. ( 1993) and 
Warren and Kallemeyn (1992) argued that :h~~tence of a large number of ureilites, 
and no apparently related basaltic meteorites, indicat-e.s,...rhat ureilites comprise the major 
rock t~~e on thei~ pa~n~ body and are. th~refore residues:Alth~ome textural f~res­
of urelhtes remam dIffIcult to explam to a pure res idue model (Trelman and Berkley 
1994), few workers now advocate a cumulate model for ureilites. Warren and Kallemeyn 
(1989b) proposed a hybrid paracumulate model, in which ureilites form as "mushy 
cumulate-like partial melt residues." , 

Regardless of whether they are residues or cumulates, ureilites show no correlations 
of mg# with bulk composition, mineral minor element composi tion, pyroxene type, 
pyroxene/(pyroxene+olivine) ratio, or REE depletion. Such correlations would be 
expected if ureilites were related to one another either by progressive partial melting of 
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common source material, or by fractional crystallization of a common magma or similar 
magmas. Thus, ureilites do not seem to be a suite of related igneous rocks in the sense 
that other achondrite groups do. 

This conclusion is consistent with the problem that large degrees of igneous 
processing and a high-temperature history are difficult to reconcile with the lack of 
oxygen-isotopic equilibration among ureilites (Clayton and Mayeda 1988). All other 
groups of achondrites and even most primiti ve achondrites show significant degrees of 
oxygen-isotopic equilibration (Fig. 39). Scott et al. (1993) suggested that individual 
ureilites formed in distinct zones that were sufficiently isolated from one another thai 
they did not communicate isotopically. Warren and Kallemeyn (1992) also pointed out 
that kilometer-scale heterogeneities in oxygen-isotopic composi tion may have been 
preserved because oxygen diffusion is slow. However, the plausibility of deriving each 
(or at most a few}-ureilite(s) from a distinct, kilometer-sized zone of a ureilite parent 
body (UPB), or a distinct UPB, decreases as the number of ureilites continues to grow. 
Alternatively, several models have suggested that the UPB accreted from material that 
was already depleted in the plagioclase component relative to chondrites (Takeda 1987, 
Kurat 1988). Such models require only a small degree of planetary igneous processing, 
which might not lead to oxygen-isotopic equilibration or readily distinguishable chemical 
trends. They also avoid the problem of locating the missing basaltic complements to 
ureilites, which in no way can be accounted for by the 1 to 2% plagioclase in polymicl 
ureilites. Other suggestions for disposing of the basalts include blowing the crust off the 
UPB by volatile-enhanced, explosive volcanism (Warren and Kallemeyn 1992, Scott el 
al. 1993) or stripping it off via impacls. 

Reduction among ureilites. The only apparent chemical trend observed among 
ureililes is Ihe negative FeO-MnO (positive Fe/Mn-Fe/Mg with constant Mn/Mg) 
correlation shown by both bulk and mineral compositions (Figs. 33, 34), which indicates 
a relation by reduction, with no effects of fractional crystallization or partial melting 
(Mittlefehldt 1986, Goodrich et al. 1987b, Takeda 1987). Because ureilites contain 
carbon, it has been widely thought that carbon-silicate redox reactions must be 
responsible for Ihis trend (Berkley and Jones 1982, Goodrich and Berkley 1986, 
Goodrich et aL 1987b, Walker and Grove 1993), particularly since there is also evidence 
in the form of reduced rims on primary minerals for a secondary, in -situ, carbon 
reduction event. Carbon redox reactions are strongly pressure dependent, and thus lead to 
estimates of the pressure range over which ureilites formed: experimental data indicate a 
pressure of -2.5 MPa for the most magnesian ureilite and -10 MPa for the most ferroan 
ureilite (Walker and Grove 1993). 

However, several features of ureilites are inconsistent with a relation by progressive 
reduction of common material in a planetary setting: the lack of correlation between 
pyroxene/(pyroxene+olivine) and mg#; a lack of correlation between carbon content and 
mg#; and a lack of correlation between metal content or siderophi le element abundances 
and mg#. Progressive reduction shou ld lead to . an increasing ratio of 
pyroxene/(pyroxene+olivine) through the reaction (Mg,Fe),SiO, + C - (Mg,Fe)SiO, + 
Fe + CO (McSween and Labotka 1993), decreasing carbon content through loss of CO, 
and increasing metal content, although metal may have segregated gravitationally. In 
addition, if reduction occurred in a magma or during partial melting, the FelMn-Fe/Mg 
trend would show the effects of fractional crystallization or partial melting along with 
reduction, rather than pure reduction (Goodrich et al. 1987b). 

The correlation between mg# and <1 170 (Fig. 39) suggests that the reduction relalion 
among ureilites may be a nebular, rather than planetary, feature. Some chondri tic 
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materia,ls which show r:ng#-ti,l70 correlations also show negative FeD-MnO correlations 
(Takeda 1987, Goodrich 1997b), and it has been shown that a nebular mg#-<1I7O 
correlatl.on .coul~ survive 15 to 30% SIlIcate partial melting, assuming that each ureilite 
melte~ In IsolatIOn from the others and did not experience any further (planetary) 
reduction due to carbon (Goodrich I 997a). 

. This rai~es ~nother c1ass.ie pro~le~ of ureilite research-the question of whether 
t~elr carbon IS pn~a~y . The fme gral~ size ?~ graphite in most ureHiles, the presence of 
dla~onds, .the r~stnctlOn. of carbon to interstitial areas and veins, and its obvious reaction 
rel~u.on wIth ~nmar~ mt.nerals, led to the idea that the carbon was shock-injected into 
urellnes late In theIr history, probably by a carbonaceous chondrite-like impactor 
(Wasson et al. 1976, Boynton et al. 1976). However, the discovery of large euhedral 
~raphl.te cry~ta~s to. apparen~ly unshocked ureiJites, and of iron-carbon alloy spherule 
mc~uslOns wlthm.pnmary mmerals, showed. that gr~phite was a primary igneous phase. 
which had been dIsrupted and converted to diamond m most ureilites by late shock events 
(Berkley and Jones .1982, Goodrich and Berkley 1986). In this case, the reduced rims on 
pnmary slhca,te grams could have formed when ureilites were excavated by impact and a 
sudd~n drop. m pressure caused a drop in carbon-controlled f0

2
. Sudden excavation is 

co.n~Istent with t~e lack of exsol~tio~ in pyroxene in most ureHiles, high Ca contents in 
oilvme, and coolIng rate determl~a~IOns on .reduced rims (Toyoda et a1. 1986). Several 
authors have proposed catastrop"!"c Impact dISruption models for the UPB (Takeda 1987 
Warren and Kallemeyn 1992). Polymict ureilites may place constraints on such model; 
(Guan and Crozaz 1995b, 1997). 

. If carbon was primary in £eilites, then planetary reduction, which would have 
disrupted a ne~u.lar rng#~~170J'~;;elation, can be avoided only if all ureHites formed at 
pressures suffICIently hIgh ~ prevent carbon redox reactions, that is -7.5-10 Mpa 
(Warren and Kallemeyn 199t, Walker and Grove 1993). This implies a parent body with 
a ~1~lmum ,radIUS of - I 00 ~m, which is large by the standard of present day asteroids. 
~IS IS conSidered. by some ~thors to be a problem, although it is likely that the average 
size of t~e asterOIds has de reased (see Warren and Kallemeyn 1992). An alternative 
~xplanatlOn for th~ mg#_~17 co.rrelation is that the UPS accreted with a radial gradient 
m ..1

17
0, upon WhIC~ ~as su enmposed a radial gradient in mg# created by pressure­

~;,e~~~~~arbon-sl"cate r~~dOX reactions (Walker and Grove 1993, J.H. Jones, 

.The questio~ of the role of bon in ureilite petrogenesis is closely associated with 
the Issue of thelf noble gas cont ts, because the gases are largely contained in the 
carbo?, ~he presenc~ o~ trapp~d nOJj~gases in near-chondritic abundances is difficult to 
explam In a scenano mvolvmg larg -scale igneous events, because gases would be 
expecte~ to be lost from open mag tic systems at high temperatures. No other 
achondrite group, exc~pt th~ lodranites, .contains trapped noble gases in such high 
abundances. However, ,If meltmg occurred I a closed system, that is, at sufficiently high 
pressures, the gases mIght be largely retaine Berkley and Jones 1982, Wacker 1986) . 
Berkley and Jones (I982) calculated that 10 Pa pressure would permit noble gas 
retentIOn, .and W.acker (l ~86) .argued tha.t unde~hese conditions noble gases would 
actualJ~ diffuse ~nto the mtenor of carner carbo grains from surface sites, hence 
becommg more tightly trapped. Again, this model i ~lies a large parent body. Alter­
nauvely,.lf the carbon was a late addition, the primitive 'gases may have been introduced 
after the Igneous events occurred and the problem of their r'e~tion is avoided. 

The high .siderophile element abundances of ureilites are iI·so......unusual compared to 
other achondntes and rocks ~rom evolved parent bodies, and bearun. the question of 
whether {he apparent reductIOn relation among them was established bY-...JJ.ebular or 
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planetary processes. If this relation was established in the nebula before accretion of the 
metal component, then there is no reason to expect a correlation between mg# and 
siderophile element abundances, as long as the degree of subsequent igneous processing 
was not high. If it was established by carbon reduction on the UPB, then ureilites should 
show either increasing metal content, if metal did not segregate or decreasing siderophile 
element abundances jf metal did segregate, with increasing mg#. However, Goodrich et 
al. (1987b) proposed a complex magmatic model in which this is not the case. On the 
other hand, the siderophile element patterns shown by ureilites (Fig. 37) suggest the 
presence of two components, one refractory -rich and associated with metal-rich 
carbonaceous matrix material , and onc refractory-poor (Boynton et al. 1976, Higuchi et 
al. 1976, Janssens et al. 1987, Spitz and Boynton 1991). This has led to the suggestion 
that the metal was a late addition, along with the carbon and noble gases (Wasson et al. 
1976, Boynton et al. 1976), which again would be consistent with a lack of correlation of 
siderophile element abundances with mg#. 

The relation of diamond to graphite remains unclear and this further complicates the 
picture. The idea that the diamonds were produced from original graphite by shock 
(Vdovykin 1970) is supported by the observation that apparently very low shock stage 
ureilites such as ALHA78019 do not appear to contain diamond (Wacker 1986). The high 
noble gas contents of diamonds relative to graphite can be explained because gas-free 
graphite has been shown to trap large amounts of noble gases upon shock transformation 
to diamond (Yajima and Matsuda 1989). The shock formation hypothesis for ureilitic 
diamond was originally taken as support for the carbon-gas-metal-injection hypothesis 
(Boynton et ai. 1976, Wasson et al. 1976). However, studies of apparently low-shock 
ureilites have shown that there is no correlation of either noble gas abundance or carbon 
content with degree of shock. Matsuda et al. (1988, 1991) suggested that diamonds in 
ureilites were not produced by shock, but rather by chemical vapor deposition from an 
H2-CH4 gas onto refractory-rich early condensates in the solar nebula, thus explaining the 
association of refractory-rich siderophile elements with the carbonaceous vein material in 
ureilites. These authors found that fractionation of heavy noble gases during vapor 
deposition of diamond produced abundance patterns similar to those of ureilites. 
Conclusive evidence for diamonds in the very low shock stage (e.g. ALHA78019, 
Nullarbor 010) would support the vapor deposition hypothesis. If ureilitic diamonds did 
form by vapor deposition in the nebula, then at least part of their c'arbon may be primary. 

How old are ureilites? Isotopic age data suggest that the ultramafic ureilite 
assemblage formed close to 4.55 Ga ago. Uranium-Th-Pb data clearly indicate ages of 
-4.55 Ga for two ureilites, with no evidence for later disturbance aside from recent 
terrestrial Pb contamination (Torigoye-Kita et al. I 995a,c). Samarium-Nd data for several 
ureilites are also consistent with an -4.55 Ga age, with no later disturbance (Fig. 40). 
These results may record the time of accretion of the UPB, consistent with the 4.56 Ga 
canonical age of meteorites. It is also possible that the ureilite assemblage was generated 
by planetary igneous processes within a few million years after accretion. 

However, Sm-Nd data for several other ureilites (including one which has a 4.55 Ga 
U-Th-Pb age) suggest disturbances at 4.23 and 3.79 Ga, which are clearly associated with 
the poorly-understood LREE-enriched component in ureilites (Fig. 40). Whether this 
component is a terrestrial contaminant, in which case these young ages are meaningless, 
is controversial (Torigoye-Kita et al. 1995b, Goodrich et al. 1995). Because of the 
apparent pervasiveness of the LREE-enriched component in ureilites, and the importance 
that young Sm-Nd ages would have, this matter deserves further investigation. If it is 
shown that the LREE-enriched component is indigenous to ureilites and was introduced 
to the ultramafic assemblage at 3.79 and 4.23 Ga (Goodrich and Lugmair 1995), its 
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nature may still be uncertain. It might have been derived from a foreign impactor, or it 
might represent a crustal component of the UPB. It could, therefore, indicate either 
impact events or internal heating events. The latter possibility would require a large UPB , 
which would have implications for some of the issues discussed above. 

Ureilite precursor material. Because ureilites have high carbon contents, and 
because their oxygen-isotopic compositions are similar to those of carbonaceous 
chondrites, it has been suggested that ureilite precursor material was similar to 
carbon+metal-bearing carbonaceous chondrites (Vdovykin 1970, Clayton et al. 1976a, 
Higuchi et al. 1976, Wasson et ai. 1976). Tomeoka and Takeda (1989) and Takeda (1987) 
suggested (hat Ca-AI-rich interstitial materials in ureilites are remnants of CV-like parent 
material. In general, many models for ureilite petrogenesis have assumed carbonaceous 
chondrite-like precursor material. In detail , however, the data do not show a clear link to 
any carbonaceous chondrite group. Siderophile and volatile element abundance patterns 
in the carbonaceous vein material in ureilites are inconsistent with derivation from CI 
chondrites (Boynton et al. 1976, Binz et aL 1975), and carbon isotopic compositions of 
ureilites are quite distinct from those of carbonaceous chondrites (Grady et al. 1985a). 
Nevertheless, the observation that chondrules and cbondrule rims in Allende show an 
mg#-~ 170 correlation similar to ureilites (Rubin et al. 1990) suggests the possibility that 
ureilite precursor material resembled some components of carbonaceous chondrites. 
Whether ureilite precursor material ever had a chondri tic-type plagioclase component is, 
as discussed above, uncertain. It seems likely that ureilite precursor material is not 
represented in terrestrial museums. 

LEW 88774. Chr~ite-bearing LEW 88774 is an unusual ureilite. Compared to 
other monomict ureilites it is exceptionally enriched in Cr, Ca, AI , Sc, V, Na, Ga, and to a 
lesser extent K a~/REE (Table 26; Figs. 35, 36c, 37) and it plots off the FelMn-FelMg 
and FelCr-FelM rends shown by other ureilites (Fig. 33). It has the lowest mg# (Fo_74 ,) 

of any ureilite~ hich is consistent with the presence of chromite in indicating that it 
formed at high r f02 than other ureilites (Prinz et a1. 1994). However, its FelMn ratio is 
low (Fig. 33a) and indicates that it is not part of the same reduction sequence as other 
ureilites. It al~o has the highest pyroxene/(pyroxene+olivine) ratio (0.9) among ureilites, 
which is inco?sistent with its fitting into a reduction sequence. If this rock is a cumulate, 
extensive fraqtional crystallization of chromite is required. If it is a residue, its starting 
material mus~ have been Cr-enriched. Most of the enriched elements in LEW 88774 are 
refractory, an~ so its precursor material may have been a Cr-rich refractory chondritic 
component, sirilar to chromite-rich chondrules (Krot et aI. 1993), although it is not clear 
that Ga enric~ent can be explained this way (Kallemeyn and Warren 1994). LEW 
88774 may pro ide clues to distinguishing nebular from planetary features in ureilites. 

\ AUBRITES 

Among all of,\ the achondrites, aubrites may be the most fascinating from a 
mineralogical perspe~tive. These meteorites formed under highly reducing conditions 
and, thus, contain a variety of minerals unknown from earth. Aubrites are brecciated 
pyroxenites that consi~rimarily of FeO-free enstatite. Keil (1989) summarized the 
membership of the aUbrit'q at that time. Included were Aubres, Bishopville, Bustee, 
Cumberland Falls, Khor Te~ki, Mayo Belwa, Norton County, Pena Blanca Spring, 
Pesyanoe, ALHA 78113, 20 Allan Hills meteorites within the ALH 83009 pairing group, 
9 Lewis Cliff meteorites within fu, LEW 87007 pairing group, and Yamato 793592 . 
Eight of the 9 non-Antarctic meteorife&, were observed falls. Also related are the non­
brecciated meteorites Shallowater and Mt---.E.gerton, both of which differ substantially 
from the remainder of the group and are discuSsed--s~.rarately later. The Si-bearing iron 

"-.... 
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meteorite Horse Creek might be related to this clan. Aubrites are clearly related to 
enstatite chondrites, sharing similar mineralogy and mineral compositions (Keil 1968, 
Watters and Prinz 1979) and oxygen-isotopic compositions (Clayton et aJ. 1984), 
although the exact nature of this relationship is still controversial. In this section, we 
review the petrology and mineralogy of aubrites. We first focus on the silicate phases, 
which comprise the bulk of aubrites, and then turn our attention to the less abundant 
metallic phases. phosphides, nitrides and sulfides. 

enstatite 

plagioclase 
diopside 
forslerile 

kamacite 

troilite 

Table 27. Modal compositions of selected aubrites 
(Watters and Prinz. 1979). 

Cumberland Khar Mayo Norton 
Bishopville Falls Temiki Belwa County Shallowater 

74.8 94.0 88.5 97.5 84.5 81.6 
16.2 0.7 6.6 0.3 1.0 2.9 

1.9 0.9 1.5 0.6 2.7 0.0 
6.7 1.5 3.6 1.6 10.0 4.7 

trace 0.7 0.1 trace 0.3 3.7 
0.5 1.1 0.1 0.1 1.0 7.1 

Mineralogy and petrology 

Silicates. Enstatite, plagioclase, diopside, and forsterite are all found in aubrites. 
Bevan et aJ. (1977) reported rare fluor-amphibole in Mayo Belwa and Okada et aL (1988) 
reported silica in Norton County. Watters and Prinz (1979) reported the most 
comprehensive study of the mineralogy and mineral compositions of a suite of aubrites. 
Table 27 lists modal analyses for representative aubrites from this work. 

Aubrites are dominated by pyroxenite clasts. Individual enstatite grains up to 10 em 
in length have been reported from Pefia Blanca Spring (Lonsdale 1947) and enstatite 
grains are commonly mm-sized in all aubrites. This extremely coarse grain size makes 
obtaining a representative sample for chemical analyses essentially impossible. The clasts 
exhibit igneous textures, with adjacent enstatite exhibiting irregular intergrown borders 
(Fig. 41) typical of co-crystallization (Okada et aL 1988). Post-crystallization shock has 
affected many of the enstatite grains, giving rise to a range of macroscopic appearances 
from white to colorless and transparent (Okada et aL 1988). Enstatite is essentially FeO­
free (Table 28). 

Diopside is also found in aubrites in abundances ranging from 0.2 to 8.1 vol % 
(Watters and Prinz 1979; Table 27). This diopside is essentially FeO-free and has 
W040.1_46. 1 (Table 28). Diopside occurs as both independent grains and as ex solution 
lamellae within enstatite (Reid and Cohen 1967, Watters and Prinz 1979, Okada et al. 
1988). The abundance of diopside exsolution within the host grains ranges from -9 to 
25%, suggesting that the parent magma crystallized enstatite, pigeonite and diopside as 
distinct phases (Okada et a1. 1988). 

Plagioclase abundances are highly variable (0.3 to 16.2 vol %), although most 
aubrites are depleted in plagioclase relative to chondrites (-10 vol %, McSween et al. 
1991). Plagioclase compositions range from An U _8 2 (Table 28; Watters and Prinz 1979). 
Watters and Prinz (1979) observed one grain of An23.8 in Khor Temiki, while other grains 
averaged An2.0. Okada et a!. (1988) reported a huge range of compositions from An0-92.J' 

although these authors attributed much of this range to disequilibrium during rapid 
crystallization of impact-melt clasts within Norton County. 
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Figure 41. Photomicrograph in polarized light of Norton County illu strating the large enstatites which are 
mlltually intergrown at their borders, suggesting co-crystallization. Field of view = 2.6 mm. 

Forsterite shows a co erable range in abundance (0.3-10.0 vol %) and is 
essentially FeD-free (Tab 28) (Watters and Prinz 1979). Grains up to 4 mm in size 
occur .as dis~inct grains , lthin the brecciated matrix and, less frequently, enclosed within 
enstatite grams. / 

Metal and ass~ciated phosphide and silicide. Metallic Fe,Ni is a minor but 
important constitue~t of most aubrites. It comprises from a trace to 0.7 vol % of aubri.t~s 
(Watters and Prinz li9~79)' excluding the metal-rich Shallowater and Me Egerton. AubflliC 
metal is dominantly iIi con-bearing kamacite with 3.7-6.8 wt % Ni and 0.12-2.44 wt % Si 
(Watters and Prinz 979). Casanova et al. (1993a) observed a somewhat larger range in 
kamacite compositi ns, including the presence of Si-free kamacite in Norton County . 
Metal in aubrites oc urs as inclusions in enstatite, interstitial grains up to several h~ndred 
j.lITI in diameter, and m-sized nodules. Okada et at. (1988) also observed rare taemte and 
tetrataenite within \metal of Norton County. From the relationship between the 
composition and size\of the taenite , these authors inferred a cooling rate of:5;1 °C(Ma. ~ 
variety of phases OCC~intimatelY associated with aubritic metal and the metal itself tS 
often associated witH sulfides. Schreibersite is found associated with metal in most 
aubrites (Watters and rinz 1979) and occasionally as isolated grains (Casanova et al. 
1993a). Casanova et a!. (1993a) observed the nickel silicide perryite ((Ni,Fe),(Si,PJ,) in 
the em-sized metal nodules of Norton County and Mt. Egerton. Native copper has also 
been reported from aubri es (Ramdohr 1973). 

Casanova et aJ. (I9 a) analyzed the metal nodules from Norton County, ALH 
84007, ALH 84008 and Egerton for the elements Cr, Co, Ni, Ga, As, W, Re, Ir and 
Au. With the exception of r, which behaves as a chalcophilic element at the oxygen 
fugacities experienced by a brites, these elements were all present at approximately 
chondri tic abundances. casan\et aL (I993a) interpreted these results to indicate that 
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Table 28. Representative silicate compositions from aubrites 
(Watters and Prinz, 1979). 

enstatite diopside forsterite 

Norton Cumberland 
Bustee County Falls Bustee Bustee 

ChemicaL Composition (WI %) 

59.4 59.1 
0.09 0.07 
0.02 <0.02 
0.02 <0.02 
0.05 0.07 

_ 0." <0.02 
40.3 39.6 

0.42 0.64 
0.02 0.02 
n.d. n.d. 

100.4 99.5 

54.4 54.6 
0.70 0.39 
0.19 0.28 
0.04 0.02 
0.12 <0.02 
0.05 0.04 

22.8 20.2 
21.3 24.0 

0.33 0.29 
n.d. n.d. 

100.0 99.8 

42.8 

b.d. 
<0.02 

n.d. 
<0.02 
<0.02 

56.9 
0.05 
n.d. 
n.d. 

99.99 

plagioclase 

KhoT KhoT Norton 
Temiki Temiki County 

67.6 61.9 65.3 
20.3 24.2 21.8 
<0.02 0.03 0.03 

n.d. n.d. n.d. 
<0.02 <0.02 0.02 

n.d. n.d. n.d. 
0.08 0.14 0.03 
0.43 5.1 1.77 

11.2 9.0 10.7 
0.64 0.23 0.53 

100.4 100.6 100.1 

Cation Formula (0=4 for olivine, 6 for pyroxene, 8 for plagioclase) 

1.983 1.991 
0.003 . 0.003 

0.001 0.002 
0.003 
2.006 1.988 
0.015 0.023 
0.001 0.001 

4.015 4.008 

0 .7 

99.2 
0.1 

1.1 
98.8 

0 .1 

1.947 1.968 
0.030 0.017 
0.005 0.008 
0.001 0.001 
0.004 
0.002 0.001 
1.216 1.085 
0.817 0.927 
0.022 0.020 

4.044 4.026 

1.004 

1.990 

0.001 

2.996 

Molar Mineral End MemberJ 

40.1 
59.7 

0.2 

46.1 
53.9 

0.0 

2.956 2.733 2.873 
1.046 1.260 1.130 

0.005 0.009 0.002 
0.020 0.24 I 0.083 
0.950 0.771 0.913 
0.036 0.013 0.030 
5.013 5.028 5.032 

3.6 
94.4 

2.0 

1.3 
75.2 
23.5 

2.9 
89.0 

8.1 

these cm-sized nodules had not been part of a large central core that experienced frac­
tional crystallization, but rather were metal particles which never segregated to the core. 

The unusual Si-bearing iron meteorite Horse Creek is likely related to the aubrites. 
Horse Creek was described by Buchwald (I975), who also summarized the previous 
literatu~e. This meteorite contains 6.3 wt % Ni and 2.3 wt. Si in the bulk. Horse Creek is 
composed of dominant kamacite with an exsolved Ni silicide along the (Ill) planes of 
the kamacite. Thus, the meteorite's structure is similar to a Widmanstatten structure, but 
with nickel silicide in place of kamacite and kamacite in place of taenite, although Horse 
Creek is a hexahedrite. The Ni sil icide has been described by some workers as perryite 
similar to that found in enstatite chondrites and achondrites, although Buchwald (1975) 
questions whether these are a single phase or a range of compositions in a solid solution. 
Schreibersite is also found in Horse Creek. Horse Creek is clearly related to metal in 
aubrites and may also represent metal which never segregated to the core of the aubrite 
parent body (Casanova et aJ. 1993a). 
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Table 29. Representative sulfide analyses from aubrites. 

troilite oldnamite daubreelitc alabandite caswell. ncideite niningerite 

KnOT Pena Blanca Mayo Norton Norton 
Pesyanoe Bishopville Temiki Spring Pesyanoc Belwa County County Bustee Bustce 

ca 0.17 
Fe 62.5 
Ti 0.46 
Mg 0.08 
Mn 0.12 
Cr 0.21 
Na n.d. 
S 37.3 
Total 100.84 

Ca 0.015 
Fe 3.847 
Ti 0.033 
Mg 0.011 
Mn 0.008 

0.12 
57. 1 

5.70 
0.06 
0.25 
0.52 
n.d. 

36.5 
100.25 

0.Q1 1 

3.592 
0.418 
0.009 
O.ot6 

0.014 0.035 
Na 

Total 3.928 4.081 

52.0 
<0.02 
<0.02 

0.19 
1.06 

<0.02 
n.d. 

42.4 
95.65 

3.924 

" 0.024 
0.058 

Chemical Compositions (wt %t) 

54.3 <0.02 0.72 0.29 
<0.02 17.8 23.5 17.1 

0.12 0.17 0.16 <0.02 
0.89 0.75 2.10 1.42 

<0.02 1.27 33.7 42.9 
<0.02 33.9 1.50 0.13 

n.d. n.d. n.d. n.d. 
44.5 45.9 38.1 38.7 
99.81 99.79 99.78 100.54 

Atomic Formula (S=4) 

3.904 0.060 0.024 
0.890 1.416 1.015 

0.007 0.010 0.011 
0.106 0.086 0.291 0.194 

0.065 2.065 2.588 
1.821 0.097 0.008 

b.d. 

b.d. 
0.18 
b.d. 
0.08 

37.4 
15.7 
46.3 
99.66 

0.010 

0.004 

n.d. 
25.1 
28.5 
<0.05 

0.02 
2.9 

n.d. 
44.9 

101.42 

1.284 
1.699 

0.001 

0.45 
6.07 
0.18 

29.6 
12.8 

0.13 
0.03 

50.7 
99.96 

0.028 
0.275 
0.009 
3.080 
0.589 

1.992 0.159 0.006 
1.891 0.003 

4.006 4.017 2.872 3.94 3.829 3.897 3.143 3.991 

Data for troilite, oldhanJ,Hd'aubreelite and alabandite from Watters and Prinz ( 1979); caswellsilverite 
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from Okada and KeiU I982); heideitc from Keil and Brett (1974); and niningerite from McCoy (1996). 

Sulfides. A /markable feature of aubrites is the occurrence of elements which are 
normally lithop,Hile under oxidizing conditions becoming chalcophile under such highly 
reducing con9.ttions. This gives rise to the formation of a variety of cubic sulfides, 
including trot· ite, FeS; oldhamite, CaS; alabandite, (Mn,Fe)S; niningerite, (Mg,Mn,Fe)S; 
daubreelite, eCr,S,; heideite, (Fe,Cr), .,(Ti,Fe),S,; djerfisherite, K,(Na,Cu)(Fe,Ni)12S14; 
and caswells Iverite, NaCrS, (Fuchs 1966, Watters and Prinz 1979, Okada and Keil 1982, 
McCoy 1991). Representative analyses of these phases in aubrites are given in Table 29. 

Amongl these sulfides, that which has garnered the most attention is oldhamite (CaS). 
Oldhamite typically is a minor phase in aubriles, occurring as grains on the order of a 
hundred mjc~ons in size within the brecciated matrix (Floss and Crozaz 1993). Rare clasts 
of oldhamite-'rich lithologies have, however, been identified in Norton County (Wheelock 
e1 aL 1994) and Bustee (Kurat et aJ. 1992, McCoy 1998). These clasts contain abundant 
oldhamite, -30% in the Bustee clasts, with co-existing enstatite, diopside, plagioclase 
and/or forsterite. Oldhamite in these clasts can contain inclusions of alabandite, 
niningerite, troilite, daubreelite, caswellsilverite, metal, heideite, forsterite and osbornite 
(TiN). In the Bustee claS!, the Ti-rich sulfides titanian troilite containing 17.2 to 25 .2 wt 
% Ti, osbomite and heideik--~ll found within oldhamite. 

Unlike most other meteorite?wh~ silicates or phosphates act as the major REE 
carriers, oldhamite is the host in aubrites (K"1Jr:'!!.. et a1. 1992, Floss et a1. 1990, Lodders et 
aL 1993, Wheelock et aJ. 1994). Rare earth eleriimt~undances in oldhamite grains are 
typically 100 to 1000 times those found in CI chondrites. Further, Floss and Crozaz 
(1993) recognized \0 distinct REE patterns in their study of 109 oldhamite grains from 
the aubrites Mayo Belwa, Bustee and Bishopville. Some aubritic oldhamite grains exhibit 
REE abundances and patterns similar to unequilibrated enstatite chondrites (e.g. Floss 
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and Crozaz 1993; Crozaz and Lundberg 1995). 01dhamite also has an extraordinarily 
high melting temperature as a pure substance (2450-2525'C; Vogel and Heumann 1941; 
Chase et al. 1985). 

A full discussion of the REE element abundances and patterns within aubrites is 
beyond the scope of this review. As stated earlier, representative bulk samples are 
virtually impossible to obtain, given the coarse grain size of the aubrites. Further, 
deriving petrogenetic information from such data requires extreme caution, since any 
"bulk" sample will consist of materials from a number of different lithologies. A small 
number of papers (e.g. Floss and Crozaz 1993, Lodders et al. 1993, Shimaoka et al. 1995) 
discuss mineral and bulk chemical data and interested readers should consult these 
references. 

Unusual dasts and related meteorites. A variety of silicate-rich clasts and related 
meteorites are also found within aubrites and are briefly discussed here. With the 
exception of Shallowater and Mt. Egerton, all of the meteorites discussed here are either 
fragmental or regolith breccias (see Keil 1989 and references therein), consisting of a 
variety of rock clasts. Not surprisingly, impact~melt clasts are a fairly common 
component of aubrites. Several such clasts have been discussed by Okada et al. (1988). In 
the Cumberland Falls meteorite, clasts of chondri tic material s imilar in composition 10 
LL chondrites (Kallemeyn and Wasson 1985), but petrographically unique (Binns 1969), 
have been admixed during this surface residence. Since these lithologies do not speak 
directly to the origin or evolution of the aubrite parent body, they are not discussed 
further here. 

The Shallowater aubrite has been recognized as unique since its original description 
by Foshag (1940). It is the only known unbrecciated aubrite. In addition, it contains 
significant quantities of both metal and troilite (Table 27). It is also the only aubrite to 
contain ordered orthopyroxene, rather than the disordered pyroxene common to other 
aubrites (Reid and Cohen 1967). Keil et al. (1989) noted that Shallowater consists of 80 
vol % orthoenstatite crystals up to 4.5 em in size which contain, as inclusions and in the 
interstices, xenoliths of an assemblage of twinned low-Ca clinoenstatite, forsterite, 
plagioclase, metallic Fe,Ni and troilite. These xenolithic phases can occur as 
polyminerallic inclusions with all phases or as individual mineral grains and comprise 
-20 vol % of the rock. The origin of Shallowater appears to be unrelated to that of the 
other aubrites. Keil et al. (1989) argue that Shallowater formed when a totally-molten 
enstatite-like asteroid was struck by an impactor of enstatite chondrite-like composition. 
but achondritic texture. The impactor was disrupted, forming the xenoliths, which were 
mixed into and quenched the enstatite-rich mantle of the molten target body. Thus, in this 
scenario Shallowater samples a separate parent body from the other aubrites with a 
dramatically different history . Several unanswered questions remain with this scenario, 
such as the lack of related lithologies which would have resulted from such an event. 

Mt. Egerton is an unbrecciated meteorite composed of em-sized enstatite crystals 
with about 21 wt % metallic Fe,Ni occurring in the interstices between the large enstatite 
laths. ~n additi0n to these phases, diopside, Si02, troilite, brezinaite and schreibersite are 
also found (Casanova et al. 1993b). Mineral and oxygen-isotopic compositions, as well as 
the unfractionated trace element composition of the metal, are all similar to other 
aubrites. In most respects, Mt. Egerton should be classified as an aubrite. It is, however, 
unusual in containing a far greater percentage of metal than other aubrites. 

Fogel (1994, 1997) has found a small number of basaltic vitrophyre clasts within the 
Khor Temiki and LEW 87007 aubrites. The clasts are <I em in maximum dimension and 
consist of 60 to 90 vol % enstatite, minor diopside or olivine, troil ite , metal and 10 to 40 
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vol ~ of glass w~ich is hi~hly enriched in A120 3, N~O, K20 and CaO relative to bulk 
aubntes or enstatIte chvlldntes. In the case of the Khor Temiki vitrophyre, the glass also 
contains signi ficant quantities of dissolved sulfur (0.82 wt %; Fogel 1994). It should be 
noted that not all dark clasts within aubrites are basaltic vitrophyres. Newsom et a1. 
(1996) studied dark clasts in Khor Temiki and concluded that they are simply highly 
brecciated, containing a fine-grained matrix or enstatite with abundant inclusions. 

Discussion 

Although several authors have argued that aubrites formed by direct condensation 
from the solar nebula (Wasson and Wai 1970, Richter et al. 1979, Sears 1980), recent 
workers agree that the clasts within the breccias are of igneous parentage. Keil (1989) 
summarized the evidence for an igneous origin for aubrites, including textures of 
pyroxenitic clasts indicative of co-crystallization from a melt (Fig. 41), a range of clast 
types consistent with fractional crystallization (Okada et al . 1988), large crystal sizes 
inconsistent with condensation, and the presence of melt inclt;sions within enstatite grains 
(Fuchs 1974). 

In a simplified model for the origin of aubrites (McCoy et al. 1997d), the direc t 
precursor to the aubrites is an enstatite chondrite. Certainly. similarities in mineral and 
oxygen-isotopic compositiorw; between enstatite chondrites and aubrites suggest some 
kind of link. Watters and Prinz (1979) argued that the precursor to aubrites may have 
been more similar to EL chondrites, while Fogel et al. (1988) favored an EH chondrite as 
the l.ikely starting material. The enstatite chondrite is heated to the point of partial 
meltmg. The partial melts,..both basaltic and Fe,Ni-FeS, are removed from the source 
region. The removal of these components is supported by the modal data of Watters and 
Prinz (1979) (Table 7) which demonstrate depletions relative to enstatite chondrites for 
most aubrites in pI gioclase and for all aubrites in metal and troilite. Continued heating 
completely melt this ultramafic residual material, which subsequently crys tallizes to 
form the coarse~grained, igneous aubrites. The pyroxene intergrowths typical of co­
crystallization sbggest that aubrites crystallized from a total o r near-total melt rather than 
~~~~~. ' 

I 
While thfts model may be broadly correct in concept, several questions and 

objections hare arisen over the details of such a model. These questions include: (I ) 
Wh.a! happen~d to t~e ~asaltic partial melts? (2) Is aubritic oldhamite a nebular relict or 
an Igneous crfstalltzatlOn product? (3) Can aubrites be derived by melting of known 
enstatite chondrites? 

What ha1pened to the basaltic partial melts? Differentiation of any likely 
chondri tic precursor should produce a significant quantity of basaltic material. Despite 
this fact, brecci~ted aubrites contain a relative paucity of basaltic clasts. A number of 
theories have been proposed to explain the ultimate fate of these partial melts. As 
discussed earlier,lFogel (1994, 1997) has identified basaltic vitrophyres within aubrites 
which almost certainly sample these partial melts . Thus. partial melts are not completely 
absent from the aubrtte parent body. However, it is clear that these rare basaltic clasts do 
not account for the abundant (10 to 20 vol %) basaltic material which would have been 
generated during partja~elting of an enstatite chondrite-like source. One can, of course, 
speculate that we have an'-Pnrepresentative sample of the aubrite parent body , although 
the fact tha~ aubritic regolith ~ecci~s do not ~ontain abundant basalti~ clasts suggests that 
such matenal does not oc~ur a~lck depOSits on. the surface of thiS body. Keil (1989) 
speculated that these materials cou1li.t!ave been stripped from the parent body by impacts 
or, perhaps, the aubritic precursor wasp l'l,gioclase-poor and abundant basalts were never 
formed. Wilson and Keil (1991) argued that, basaltic material likely did exist and, owing 

~ 
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to the presence of volatiles. may have been erupted at velocities exceeding ~he escape 
velocity of the aubrite parent body and, thus, were lost as small pyroclasts mto space 
early in the history of the solar system. Finally, it is worth noting that both modal 
analyses (Watters and Prinz 1979) and bulk chemical analyses (Lodders et al. 1993) 
demonstrate that some aubritic samples are enriched in plagIOclase and It IS possible that 
much of the basaltic material was locally redistributed. The absence of basaltic melts is 
also a problem for understanding the genesis of ureilites and lodranites. 

Is aubritic oldhamite a nebular relict or an igneous crystallization product? 
Although general consensus exists that aubrites formed from a m~lt. some, aUlh~rs have 
suggested that many oldhamite grains are nebular relicts which survlv.ed Igneous 
processing (Floss and Crozaz 1993, Kurat et al. 1992, Lodders 1996). In partIcular, these 
authors cite as support the similarities in REE patterns between oldhamlte m aubntes and 
unequilibrated enstatite chondrites, the inability to produce these patterns thro~gh 
fractional crystallization, and the remarkably high melting te~peratur~ of pure ~Id~amlte. 
In contrast, the large size of some aubritic oldhamite grams (which ~re d,lfflCUlt, ~o 
reconcile with the small size of oldhamites found in enstatite chondntes If aubntIc 
oldhamite is a relict) (Wheelock et al. 1994, McCoy 1998), the presence of oldhamite 
partially enclosing s ilicates (Wheelock et al. 1994), REE patterns in some oldhamite 
grains consistent with igneous fractionation (Floss and Crozaz 1993, ~heel~ck et al. 
1994) and the occurrence of phases as inclusions within oldhamlte which have 
condensation temperatures which are lower than oldhamite (Wheelock et al. 1994, 
McCoy 1998) all suggest that at least some oldhamite grains formed by igneous 
processes. 

A recent focus of research on the origin of aubrites has been experimental studies 
which both examine REE partitioning between oldhamite and silicate melts and replicate 
partial melting of enstatite chondrites in an effort t.o examin.e. questions of aubrite 
petrogenesis, Partitioning of REE between oldhamlte and s llI~at~ melts has been 
examined by Jones and Boynton (1983), Lodders (1996) and DIckinson and McCoy 
(1997). Partition coefficients measured in these works are generally, around U?lty, while 
apparent partition coefficients determined by ratioing REE elements m oldha~rut,e to those 
in bulk aubrites are on the order of 100 to 1000 (Wheelock et al. 1994). DIckinson and 
McCoy (1997) demonstrated that the strongest control on REE partitioning is the 
composition of the crystallizing oldhamite. Calcium-poor oldhamite (63 to 79% CaS) 
produces a LREE-depleted, HREE-enriched pattern with a negative .Eu anon:~ly. In 
contrast Ca-rich oldhamite (88-89% CaS) produces a bowed pattern WIth a POSitive Eu 
anomaly. Temperature also strongly influences partitioning, Partition coefficients 
increase with decreasing temperature. Experiments run for 2 days at 1200°C and 
annealed at 800°C for 9 days exhibit larger partition coefficients for Eu and Gd than 
those which were not annealed, 

Measured partition coefficients are clearly inconsistent with a simple igneous o~igin 
in which oldhamite is the first crystallizing phase and REE abundances ~re .determ~~ed 
solely by high temperature partitioning between the oldhamite and bulk. lIqUid. PartItion 
coefficients near unity are consistent with the nebular modeL Oldhamlte REE patterns 
may have been established by a complex process of partial. ~elting, mel,t !emoval, 
fractional crystallization with oldharnite of varying compositIOns crystalltzmg fr?m 
isolated melt pools. subsolidus annealing and exsolution of Mg, Mn, Cr, and Fe-nch 
phases, producing a wide range of REE pallerns. 

More direct evidence for the history of aubritic oldhamite comes from the work of 
Dickinson and Lofgren (1992), Fogel et al. (1996) and McCoy et al. (l997c), in which 
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samples of the Indarch (EH4) chondrite were partially melled in the range of 1000° to 
15()()°C. Fogel et al. (1996) added synthetic CaS to their powdered Indarch to directly 
address the question of oldhamite melting, Each of these experiments produced melting 
of CaS at temperatures far below the melting temperature of the phase in isolation , 
McCoy et al. (l997c) found that at temperatures as low as 1200°C, no relict sulfides 
remained in the experimental charges and two sulfide me lts, one Fe-rich and one 
Mg,Mn,Ca,Cr-rich, were found . Thus, it seems highly unlikely that oldhamite found 
within enstatite chondrites would survive as a relict phase within aubritic parem body . It 
is possible that oldhamite crystallizes from the Mg,Mn,Ca,Cr-rich sulfide melt or, as 
noted by Fogel et aL (1996), from the silicate melt, which contains weight-percent levels 
of di ssolved S presumably combined with Ca or Mg, Thus, it appears likely that aubritic 
oldhamite is a product of igneous crystallization, 

Can aubrites be derived by melting of known enstatite chondrites? Although 
aubrites clearly derived from a highly reduced precursor like enstatite chondrites, Keil 
(1989) presented several arguments that aubrites and enstatite chondrites formed on 
different parent bodies. These include the absence of enstatite chondrite clasts within 
aubritic breccias, the differences in cosmic-ray exposure and thus impact ejection ages , 
and the implausibility high thennal gradient necessary for a s ingle enstatite chondrite­
aubrite parent body. More relevant to this discussion, several differences exist between 
aubrites and known enstatite ch~ndrites, e,g. Ti contents of troilite, (Keil 1989) and these 
features are not easily explained by)gOe0us fractionation, 

A unique oldhamite-pyrox/ Ie clast in Bustee contains the most Ti-rich troilite found 
in aubrites, as well as the T~' rich phases osbomite and heideite, Thus, this occurrence 
may shed some light on th origin of the Ti enrichment in aubritic troilite relative to 
enstatite ch~~drite troilite: re~io.u~ ~or~ers have pr?posed that Ti could be en!,iched in 
aubritic trolilte through "'lmlsclblilty In the Fe-TI -S system (Brell alld Kell 1986), 
preferential fractIOnatIOn of TI-nch FeS (Fogel et al. 1988) or melting of osborntte 
(Casanova 1992). However~no immiscibility exists in the Fe-Ti-S system ; temperature 
and density difference bet een Ti-rich and Ti-poor troilite are too small to produce 
fractionation; and the ?ccurr nce of.Ti-rich tr?il.ite wit~ ,osbornite in Bustee suggests that 
melting of osbornite IS not roducmg the Tl-fiCh trOlhte, Instead, we suggest that co­
crystallization with and/or ~Solution from oldhamite provides such. a ~e~h~~is~. 
Indeed, oldhamite experiment by McCoy et al. (1997c) demonstrated Immlsclblilty In 

the Fe-Ca-S system, in the for of one sulfide melt enriched in Fe and the other which 
contained all the Ca in the sys m, Oldhamite efficiently excludes Ti , which can be 
preferentially incorporated into tro\~ite , thus pr,oviding a .me~hanism for ~nriching aubritic 
Iroilite in Ti and weakening argutt.ents agamst a denvatton of aubntes from known 
enstatite chondrites. "'-

In addition, all of the Indarch melt;;;g~xperiments (Dickinson and Lofgren 1992, 
Fogel et al. 1996, McCoy et aL 1997c) demoQ!'trated significant exchange of elements 
between different phases (e.g. SI between metal'a~ silicate melt; S between sulfIde and 
silicate melt) . This movement of elements rnight'p~uce compositions. not rea~i~y 
predicted on the basis of equilibrium melting relations alone--and could explamJ he.ongm 
of some features of aubrites not readily explicable by modeling of equilibrium or 
fractional partial melting. 

HOW ARDITES, EUCRITES AND DlOGENITES 

The howardite, eucrite and diogenite (RED) meteorites make up the largest suite of 
crustal igneous rocks we have available from any solar system body other than the Earth 
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and Moon. These rocks include basalts, cumulate gabbros and orthopyroxenites, plus 
brecciated mixtures of the igneous lithologies. Together, they provide an unmatched look 
at differentiation processes that occurred on asteroidal-sized bodies early in the history of 
the solar system. The HED meteorites have O-isotopic compositions similar to those of 
the llAB irons. main-group pallasites, mesosiderites, angrites and brachinites (Fig. Ie.d), 
and thus may have been formed in the same region of the solar nebula. 

Mineralogy and petrology 

Diogenites. The diogenites are coarse-grained orthopyroxenites, typically containing 
from -84 to -100 vol % orthopyroxene (Bowman et al. 1997. Hewins, pers. comm.). 
Most of them have been brecciated, so the original grain size is not well known, but it 
must have been at least 5 cm based on the largest reported clasts (Mason 1963). The 
typicaJ diogenite, for example Johnstown, is composed of orthopyroxene clasts in a fine· 
grained fragmental matrix of orthopyroxene. Four exceptional diogenites are ORO 
95555, LEW 88679, Tatahouine and the Yamato Type A, or Y-74013-type, diogenites. 
The initial description of ORO 95555 (AMN 19-2) states that this diogenite has a 
polygonal·granular texture of anhedral orthopyroxene grains from <I to 2.4 mm in size. 
The initial description of LEW 88679 (AMN 15-1) states that this diogenite does not 
have a cataclastic texture, but rather is composed of anhedral grains of pyroxene up to 6 
mm in size. Tatahouine apparently broke up during or after atmospheric passage as it is 
composed of numerous coarse-grained orthopyroxene fragments of cm size, generally 
without fusion crust on them. Unlike pyroxenes in most diogenites, those in Tatahouine 
show patchy extinction under crossed polars. The Yamato Type A diogenites have a 
granoblastic texture composed of equant, rounded orthopyroxene grains a few tens of Ilm 
to mm size, containing inclusions dominantly of chromite and troilite. 

Chromite and olivine are common minor minerals, each making up between -0 to 5 
vol % (Bowman et al. 1997, Hewins, pers. comm.). EETA79002 may be unusually 
olivine-rich (Sack et aL 1991, 1994a), but olivine is very heterogeneously distributed in 
this diogenite (e.g. Bowman et aL 1997), and a mean abundance is currently unknown. 
Chromite occurs as coarse, mm-sized equant grains as well as in smaller grains a few tens 
to hundreds of flm in size. The smaller chromite grains are often poikilitically enclosed in 
orthopyroxene. The coarser chromites are often found as separate euhedral grains or 
fragments in the matrix, but some are preserved in their original igneous contact with 
orthopyroxene. Olivine grains are commonly a few hundred flm in size, but they are 
usually crystal fragments in the matrix. Olivine has been found in Roda in its original 
textural context with orthopyroxene, where igneous grain borders between the minerals 
are preserved. A third minor mineral in typical diogenites is anorthitic plagioclase (-0-5 
vol %; Bowman et al. 1997, Hewins, pers. comm.). This mineral has not been well 
described in the literature, but where the textural setting is mentioned, it has been 
reported only as crystal fragments in the diogenite matrix. 

Accessory minerals in the typical diogenile include diopside (-0 to 2 vol %), troilite 
(-0-3 vol %), metal (<1 vol %), a silica phase (-0 to 2 vol %), and rare phosphates 
(modal data from Bowmfln et al. 1997 and Hewins, pers. comm.). Diopside occurs as 
exsolution lamellae in the orthopyroxene, with thicknesses of at most a few ~m. Troilite 
is highly variable in abundance between different diogenites and within a given 
diogenite. In some, it is a trace phase usually of )lm-sized grains enclosed in 
orthopyroxene, often forming inclusion "curtains" within the pyroxene (Mori and Takeda 
1981a). In other diogenites, troilite occurs as larger equant grains or polycrystalline 
aggregates in the matrix. Like troilite, meta] frequently occurs as )lm-sized grains in 
inclusion "curtains" in orthopyroxene. A silica phase is sometimes associated with metal 
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and troilite in these inclusion "curtains" (Gooley and Moore 1976). A silica phase is also 
present as equant grains a few tens of )lm in size in some diogenites, but the textural 
setting has not been well described. Phosphates are rare in diogenites , and not well 
described. In Roda, two rounded, 5-10 flm size Iight-rare-earth element-rich phosphates 
have been found enclosed in diopside exsolved from orthopyroxene (Mittlefehldt 1994). 

The Yamato Type B, or Y-75032-type, diogenites are unusual. The many recovered 
specimens are undoubtedly all pieces of a single fall. These meteorites, described by 
Takeda et ai, (1979a) and Takeda and Mori (1985) are brecciated rocks composed of 
subangular mineral and lithic clasts set in a black, glassy matrix containing fine-grained, 
clastic debris. The pyroxene in these meteorites is coarse-grained orthopyroxene and 
inverted pigeonite a few mm in size, which has exsolved augite lamellae and blebs. 
Enclosed in the rims of some pyroxene grains and interstitially at grain boundaries are 
irregular to triangular or lath-shaped plagioclase grains on the order of a few hundred flm 
in size. Plagioclase also is present as fragmental debris in the black glassy matrix. 
Chromite occurs as minute inclusions in the pyroxenes, and as clastic debris up to 300 
Ilm in size in the black glassy matrix. Troilite has been reported in the black glassy 
matrix. Mittlefehldt and Lindstrom (1993) reported ilmenite and a silica polymorph in 
lithic clasts. . 

The compositions of pyroxenes in most diogenites are well known (Berkley and 
Boynton 1992, Fowler et al. 199 , Mittlefehldt 1994, Mittlefehldt and Lindstrom 1993, 
Sack et al. 1991, Takeda and ori 1985, Takeda et al. 1979a, 1981). Table 30 gives 
representative pyroxene com ositions for select diogenites, and Figure 42 shows a 
portion of the pyroxene quadri aleral displaying average orthopyroxene compositions for 
diogenites. Most diogenites c ntain orthopyroxene with a very uniform, common major 

DiA .. c--r--,-'; '\ -;"C\.-., -",-" 
.. ' 

/

5 ': / E6IL'~P7\/ 8 \/ 

\, '\ ... 'o"·,.EO !~ 
::::,.0 \ E2. \ . • '<t ./ ~ A "l \. e 'f'"'-..-..y _______ ______ 
~- \ eM_ ,. ·· ·· f 

\.. ." / P '_. G/ \ \ 
\/ 

15 20 25 30 35 Fs-

Figure 42. Pyroxene quadrilateral for HED pyroxenes , with detailed view of diogenite orthopyroxene 
compositions. Labeled diogenites are; E2· most magnesian pyroxene in EETA79002, M - Manegaon , E6 . 
EET 83246, Ll .. LAP 919()(), P7 - PCA 91077, L9 - LEW 88679, P .. Peckelshe;m, EO - EET 87530, A .. 
ALH 85015, G . Garland, L8 . LEW 88008, Y . Yamato Type B diogenites. Diogenite data are from 
Fowler et al . (1994), Mittlcfehldt (1994), Mittlefehldt and Lindstrom (1993), Mittlefehldt (unpublished) . 
Bulk pigeonitc compositions for cumutate euerites , anomalous magnesian euedte Pomozdino and 
representative basaltic eucrites arc from the data in Table 30, plus Metzter et al. (1995). The dispersion of 
the basaltic eucrite data approlt imately parallel to lines of constant En content probably renects the 
difficulty of detennining bulk compositions in the exsotved pyroltenes. 
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Table 30. Compositions of pyroxene grains from representative diogeniles and eucrites. 

EETA79002 

(I) (2) 

55.6 54.5 
0.59 0.85 
0.10 0.10 
0.44 0.60 

12.7 15.1 
0.43 0.50 

29.4 27.5 
1.10 1.16 

,d "" 
100.36 100.31 

peA 
91077 

(3) 

Johnstown Peckels EET Garland LEW 
heim 87530 88008 

(4) (5) (6) OJ (6) (9) 

Chemical Composition (wt %1) 

54.1 54.1 52.6 54.8 54.1 54.5 53.2 
0.69 0.99 1.11 0.40 0.79 0.32 1.18 
0.07 0.11 0.20 0.04 0.10 0.02 0.14 
0.58 0.66 0 .55 0.34 0.48 0.39 0.74 

16.0 15.4 5.65 17.3 17.4 18.6 19.1 
0.56 0.50 0.24 0.59 0.60 0.69 0.67 

25.2 26.5 16.0 25.7 25.6 25.4 23.7 
1.37 1.24 23.3 1.10 1.60 0 .63 2.40 
0.02 nd nd 0.01 nd nd nd 

98.59 99.50 99.65 100.28 100.67 100.55 101.13 

Cation Formula Based on 6 Oxygens 

Y·75032 

(10) (II) (12) 

53.4 53.6 53.4 
0.69 0.77 0.12 
0.16 0.35 0.19 
0.24 0.45 0.31 

20.3 6.87 20.0 
0.65 0.27 0.66 

23.8 16.4 22.5 
0.67 21.3 2.19 

nd bd nd 
99.91 100.01 99.97 

Si 1.9752 1.9623 1.9900 1.9670 1.9499 1.9900 1.9644 1.9851 1.9462 1.9746 1.9747 1.9791 
"AI 0.0247 0.0361 0.0100 0.0330 0.0485 0.0100 0.0338 0.0137 0.0509 0.0254 0.0253 0.0209 
Total tet" 1.9999 1.9984 2.0000 2.0000 1.9984 2.0000 1.9982 1.9988 1.9971 2.0000 2.0000 2.0000 
Ii 0.0027 0.0027 0.0019 0.0030 0.0056 0.0011 0.0027 0.0005 0.0039 0.0044 0.0097 0.0053 
"AI 0.0199 0.0094 0.0071 0.0047 0.0081 0.0106 
Cr 0.0124 0.0171 0.0169 0.0190 0.0161 0.0098 0.0138 0.0112 0.0214 0.0070 ' 0.0131 0.0091 
Fe 0.3773 0.4547 0.4922 0.4683 0.1752 0.5254 0.5284 0.5666 0.5844 0.6278 0.2117 0.6199 
Mn 0.0129 0.0152 0.0174 0.0154 0.0075 0.0181 0.0185 0.0213 0.0208 0.0204 0.0084 0.0207 
Mg 1.5565 1.4756 1.3815 1.4359 0.8839 1.3909 1.3853 1.3788 1.2922 1.3116 0.9005 1.2428 . 
Ca 0.0419 0.0448 0.0540 0.0483 0.9255 0.0428 0.0623 0.0246 0.0941 0.0265 0.8408 0.0870 
Na 0.0014 0.0007 
Total Cations 4.0036 4.0085 3.9852 3.9993 4.0122 3.9959 4.0092 4.0018 4.0139 4.0024 3.9923 3.9954 

ca 
Mg 
F, 
FeIM, 
mg. 

Cation Ratios Ca:Mg:Fe, Fe/Mn and mg# (lOO*Mg/(Mg+Fe)) 

2.1 2.3 2.8 2.5 46.6 2.2 3.2 1.2 4.8 1.3 43.1 4.5 
78.8 74.7 71.7 73.5 44.5 71.0 70.1 70.0 65.6 66.7 46.1 63.7 
19.1 23.0 25.5 24.0 8.8 26.8 26.7 28.8 29.7 31.9 10.8 31.8 
29 30 28 30 23 29 29 27 28 31 25 30 
80.5 76.4 73.7 75.4 83.5 72.6 72.4 70.9 68.9 67.6 81.0 66.7 

(1.2) average magnesian and typical pyroxenes, Mittlefehldt, unpublished; (3, 6) average pyro~ene, Fowler et al. (1994): 
(4, 5, 7.8, 9) average pyroxenes. Mittlefehldt (1994); (10. II, 12) average low-Ca pyroxene, hlgh·Ca pyroxene and bulk 
pigeonile, Takeda and Mori ( 1985). All meteorites are diogenites. 

element composition of - W02:tIEn74:t2FS:!4:d (Fig. 42). Severa] diogenites are exceptions 
to this general uniformity. Manegaon is slightly more magnesian, with an average 
pyroxene composition of W02.sEn76.sFs20A (Fowler et al. 1994, Fredriksson 1982, 
Mittlefehldt 1994) and some pyroxenes in EETA 79002 are even more magnesian, up to 
WoUEn79,FsI8.3 (Mittlefehldt and Meyers 1991, and unpublished) . There are several 
diogenites that are more ferroan than the typical diogemte. In order of decreasing mg# (m 
parentheses), these are EET 83246 (73.6), EET 87530 (72.7), Pcckelsheim (72.6), ALH 
85015 (71.9), LEW 88679 (71.3), Garland (70.8), LEW 88008 (69.6) and Yamato Type 
B diogenites (66.4) (Fowler et aL 1994, Mittlefehldt 1994). 

Excluding low-Ca clinopyroxenes formed by shock deformation of orthopyro~ene 
(Mori and Takeda 1981a), clinopyroxenes in diogenites are the product of subsoI~dus 
exsolution from the orthopyroxene or 10w-Ca pigeonite (for Yamato Type B diogennes) 
grains. Few analyses of these clinopyroxenes are available in the literature. For typical 
diogenites, many of the clinopyroxenes are too narrow to analyze with the electron probe. 
Mori and Takeda ( 1981 a) determined an average lamella width of 77 nm for lbbenbtiren 
and 6 nrn for Johnstown. They identified these as augite. Larger clinopyroxene grains are 
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Table 30 (collt'd). Compositions or pyroxene grains from representative di ogcniles and cucriles. 

SiO, 
AlP, 
TiO, 
Cr,O, 

'.0 
"'" Mgo 
C.O 
Na,O 
TOlal 

s; 
'AI 
Tolal let" 
To 
'AI 
() 

" '" Mg 
Ca 
No 
Total Cations 

Bind" MoallHl 

(19) 

Serra 
de Mage 

. (20) (2 1) (22) 

Moore 
County 

(23) (24) 

Chemical Cumpositioll (WI %) 

53.4 53.0 53.3 
0.51 0.85 0.55 
0.22 0.37 0.24 
0.24 0.40 0.26 

21.7 8,48 20.1 
0.71 0.37 0.67 

22.2 14.7 21.3 
1.05 21.6 3.52 

bd 0.06 0.01 
100.03 99.83 99.95 

51.6 51.7 
0.39 0.62 
0_28 OAO 
0.27 0.37 

24.8 11.3 
0.89 0.47 

19.2 13. 1 
1.65 22.3 

bd 0.05 
99.08 100.31 

51.5 52.3 52.7 52 .4 51.5 52.1 51.6 
0,47 0.34 0.69 OAO 0.24 0.78 0 .30 
0.29 0.24 0.37 0.26 0.31 
0.27 0.12 0.23 0.14 0. 15 

0.67 0.35 
0.32 0. 17 

23.9 27.4 10.5 24.4 29.2 13.9 27.3 
0.80 0.95 0.42 0.85 0.97 0.48 0.91 

18.6 18.6 13.4 17.6 15.5 12.2 15.1 
3.71 0.75 22.3 4.62 2.65 19.7 4.70 

bd 0.02 0.07 nd bd 0.07 0.01 
99.54 100.72 100.68 100.67 100.52 100.22 100.44 

CatiOIl Formula Based 011 6 Oxygells 

I_'_ I_I~'_ '_ I_I_'_'_ '~I_ 
0.0134 0.0255 0.0154 0.0176 0.0276 0.0212 0.0135 0.0301 0.0148 0 .0097 0.0260 0.0104 
2.0000 2.0000 2.0i00 1.9958 1.9804 1.9900 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 
0.0062 0.0104 0.0067 0.0081 .0114 0.0083 0.0069 0.0104 0.0074 0.0090 0.0191 0.0101 
0.0090 0.0118 0.0087 .. 0_0017 0.0003 0.0031 0.0012 0.0088 0.0032 
0.0071 0.0118 0.0077 0.0082 O. 110 0.0082 0.0036 0.0068 0.0042 0.0046 0.0096 0.0052 
0.6752 0.2642 0.6259 0.7951 O. 70 0.7641 0.8704 0.3282 0.7731 0.9438 0.4405 0.8803 
0.0224 0.0117 0.0211 0.0289 0.01 0 0.0259 0.0306 0.0133 0.0273 0.0318 0.0154 0.0297 
1.2309 0.8162 1.1819 1.0970 0.737 1.0597 1.0529 0.7465 0.9937 0.8928 0.6889 0.8677 
0.0419 0.8623 0. 1404 0.0678 0.9025 0 .1520 0.0305 0.893 1 0.1875 0.1097 0.7998 0 .1942 

0.0043 0 .0007 _. 0.0037 0 .0015 0.0051 
3.9927 3.9927 3.9931 4.0009 4.0 184 4. 82 3.9981 4.0037 3.9963 3.9929 3.9872 3.9911 

CatiOIl Ratios Ca:Mg:Fe, Fe/Mil ~ d mgll (IOO'Mgl (Mg+Fe)) 

0.0051 0.0007 

Ca 2.1 44 .4 7.2 3.5 45.2 7.7 1.6 45.4 9.6 5.6 41.5 10.0 
Mg 63.2 42.0 60.7 56.0 36.9 53.6 53.9 37.9 50.8 45.9 35.7 44.7 
Fe 34.7 13.6 32.1 40.6 17.9 38.7 44.5 16.7 39.6 48.5 22.8 45.3 
Fe/Mn 30 23 30 28 24 29 28 25 28 30 29 30 
mg' 64.6 75 .5 65.4 58.0 67.4 58.1 54.7 69.5 56.2 48.6 61.0 49.6 

(1).14, l.'i, 22,23,24) average lo~-Ca pyroxene. high-Ca pyrorJle and bulk pigconitc. Pun and Papike (1995): (16, 
11. IS) aveJ.ngc low·Ca pyroxene, lugh: Ca pyroxene and hulk pig onile Lovcri~lg (1975) : (19, 2U. 21) average low-Ca 
flyroxenc, lugh·Ca pymxenc and bulk plgcomte Harlow el al . (197 ). All mclconlcli are cumulate cucritcs. 

present in both of the meteor.ites, and have b~en analyzed by electron microprobe by 
Floran et aL (1981) and Mlttlefehldt ( 1994), The larger clinopyroxene grains in 
d~ogeni.tes are comp?sitionally diopside. The 9(inop~roxene grains in the Yamato Type B 
dlO.genltes are aU~Iles based on both c0f.1posltlOnal and crystallographic criteria 
(Mmlefehldt and Lmdstrom 1993, Takeda ~d Mori 1985, Takeda et aJ. I 979a). Table 30 
gIves representatIve clinopyroxene analyse! from selected diogenites. 

. AI.though th.e major elements in dio~6nite orthopyroxene grains are very uniform, the 
mmor incompatible elements show considerable variation. Mittlefehldt (1994) showed 
that the contents of A120 3 and Ti02, for hverage orthopyroxenes vary by factors of -3 and 
4, respectively, and are positively correJated. Fowler. et a1. (1994) further showed that the 
minor in~ompatib.le elem~nt contents tl~r orthopyroxene from individual diogenites can 
also be highly van able, with Al content varying by a factor of 2 in pyroxenes from ALH 
85015, for example. The variation in in ompatible elements is decoupled from mg#, and 
orthopyroxenes with similar mg# can have quite different Ti02 and AI 0

3 
contents 

(Mittlefehldt 1994). The compatible mino~lement Cr varies as well by fac~ors of 2 to 3 
(Fowler et aL 1994, Mittlefehldt 1994). rerkley and Boynton (1992) found a weak 
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Table 30 (cont'd). Compoli ilion~ of pyroxene grains rrom reprclicnt;)(ivc diogenites and eucrites. 

S iD, 
At,D. 
TiD, 
Cr,D. 
F.a 
MoO 
MgO 
C,O 
Na,O 

Total 

s; 
' AI 

Total tel' 

"AI 

'" Fe 
Mn 

Mg 
C. 
N, 
Total Calions 

Y-191195 

(25) (26) 

49.9 51 .1 
0.27 0. 68 
0. 16 0.40 

0. 11 0 .28 
32 .6 15. 5 

1.05 0.50 
13 .6 11.2 
2.34 20.4 

(27) 

Pomol.dino 

(28) (29) (30) 

SioUJ! 
Cuunty 

(311 (32) 

Chemical Composifioll (WI %) 

50.3 50.6 51.4 50.7 49.1 50.7 
0 .33 0.29 0.87 0.47 0.23 0.47 
0.23 0.30 0.65 0.36 0.25 0.32 
0 ,15 0.16 0.30 0.29 0.42 0.39 

28.0 31.3 14.2 28.5 36 .1 16 ,6 
0.90 0.98 0.48 0.92 1.12 0.53 

12.9 15.2 12.0 14.3 11.7 9.84 
7.30 1,19 20.0 4.39 0.78 20.8 

nd nd~ nd 0.04 0.10 0.05 nd nd 

100.03 100.06 100.11 100.06 100.00 99.98 99.70 99.65 

CaliOIl Formula Based 011 6 Oxygel1s 

UO\J vanlc 

(33) 

49.8 
0.15 
0. 13 
0.15 

34.1 

0.85 
12.0 
2.56 

nd 
99.76 

V-75011 
,84C 

Y-79JI64 

(34)(35) (36) 

53.4 
0 ,64 
0. 10 
0 .75 

17.6 
0.58 

24.5 
2.05 

bd 
99.82 

47.4 48.5 
0.96 0.59 
0 .82 0.33 

0.10 0.61 

33.1 32.2 
0.99 0.98 
4,31 9.4 

11.9 6.90 
0.03 nd 

99.61 99.51 

1.9752 1.9620 1.9734 1.9801 1.9598 1.9780 1.9786 1.9695 1.9903 1.9627 1.9537 1.9606 
0.0126 0.0308 0.0153 0.0134 0.0391 0.0216 0.0109 0.0215 0.0071 0.0364 0.0463 0.0281 
1.9878 1.9928 1.9887 1.9935 1.9989 1.9996 1.9895 1.9910 1.9974 1.9991 2.0000 1.9887 
0.0048 0 .0116 0.0068 0.0088 0.0186 0.0106 0.0076 0.0093 0.0039 0.0028 0.0254 0.0100 

0.0003 
0.0034 0.0085 0.0047 0.0050 0.0090 0.0089 0 .0134 0.0120 0 .0047 0.0218 0.0033 0.0195 
1.0792 0.4977 0.9187 1.0244 0.4528 0.9299 1.2166 0.5393 1.1398 0.5410 1.1410 1.0886 
0.0352 0.0163 0.0299 0.0325 0.0155 0 .0304 0.0382 0 .0174 0.0288 0.0181 0.0346 0.0336 
0 .8023 0.6409 0 .7543 0.8865 0.6819 0.8314 0.7027 0.5697 0.7148 1.3420 0.2647 0.5663 
0.0992 0 .8393 0.3069 0.0499 0.8171 0.1835 0.0337 0.8658 0.1105 0.0807 0.5255 0.2989 

0.0030 0.0074 0.0038 -- 0.0024 
4.0119 4.0071 4.0100 4.0036 4.0012 3.9981 4.0017 4 .0045 3.9999 4.0055 3.9972 4.0056 

Ca(iOIl Ratios Ca:Mg:Fe, Fe/Mn alld mg# (JOO·Mg/(/lfg+Fe)) 

Ca 5.0 42.4 15.5 2.5 41.9 9.4 1.7 43.8 5 .6 4.1 27.2 15.3 
Mg 40.5 32.4 38.1 45.2 34.9 42.8 36 .0 28.8 36.4 68.3 13.7 29.0 
Fo 54 .5 25.2 46.4 52.2 23.2 47.8 62.3 27.3 58 .0 27.5 59.1 55.7 
FeIMn 31 31 31 32 29 31 32 31 40 30 33 32 
mg# 42 .6 56.3 45.1 46.4 60.1 47.2 36.6 5 1.4 38.5 71.3 18.8 34.2 

(25. 26, 27) nvemge low-en pyroxene, high-ea pyroxene anu bulk pigeonile, cumulate euc rite, Mittlcfchldt anj 
Lindstrom (1993 ); (28, 29, ~O) a ycrage low-en Jlyro~ene, high -en pyro~cnc nnd bulk pigconitc, nnonmlous. mngncsiJIl 
euc ritc, Wrmcn ct al. (1990); (3 1,32) IlYcrOlge low-en pyroxcne and high-ea pyru xc nc, main-group eucrite, Mittlefehldt. 
unpuolishcd ; (33) "vcrage corc, largc pigconitc, Stmlllcrn-trcnd cUeri le, Chri~ tophe Mic he l-Lc yy ct :11. (1987); (34. J~) 
corc ""U rim pyro xe nc in IC:lst-mctOl murphnscu oas[lh d[ls t from polymicl c ucri lc , Tflkcd<l c l rd . (1 994e ); (36) avcrage bulk 
p it;Cfll1i ll;., cYol veu . I"cc ry.~l ali 7.c d basalt d ilS t ffllm polymicl cucri tc, Miltlerchld l and Li nd.~t r(lm ( 1993). 

positive correlation between orthopyroxene Cr20) content and mg# within individual 
diogenites. 

There are relatively few analyses of diogenite olivine in the literature (Floran et al. 
1981, Gooley 1972, Milliefehldt 1994, Sack et al. 1991), and because many of them are 
either fragments in the matrix, or are of unknown textural context, it is difficult to know 
how they fit in diogenite petrogenesis. Representative olivine analyses are given in Table 
31. Hewins (198 1) found that orthopyroxene and olivine in 5 diogenites have an 
equilibrium distribution of FelMn. Mit(1efehldt (1994) presented data for olivine from 
Roda for grains in igneous contact with orthopyroxene, the only such case documented In 

the literature. The FelMg data are compatible with subsolidus equilibration between 
olivine and orthopyroxene (Mittlefehldt 1994). Olivines in diogenites with (he typical 
orthopyroxene composition are in the range F070_73 (Floran et al. 1981 , Mittlefehldt 19~4, 
Sack et al. 1991), whereas olivines from the slightly more ferroan diogenite Peckelshelm 
have an average composition of F065 (Gooley 1972), and those from the magnesian· 
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Table 3(, Olivine analyses for representative diogenitc':s, eucri tes and howardiles. 

E1lemeet Johnstown Pcckelshcim Roda Y-793 164 Washouga l Y-7308 Y-82049 Y-82049 YUrluk 
(I) (2) (3) (4) (5) (6) (7) (8) (9) ( 10) 

37.1 
26.9 
35.1 

0.55 
0.03 
0.07 

99.75 

37.5 
25.8 
35.9 
0.51 
0.03 
0.07 

99.81 

35.89 
30.69 
32.65 

0.44 
nd 

0.02 
99.69 

Chemical Composition (WI %) 

36.9 31.0 40.2 
24.9 60.4 12.1 
36.9 6 .9 47 .3 

0.52 
0.02 
0.04 

99.3 

1.26 0.28 
nd 0.10 

0.08 0.07 
99.60 100.05 

36.70 
26.55 
36.17 
0.50 

36.2 
33 .6 
30 .0 

0.63 
bd nd 

0.03 0 .06 
99 .95 100.49 

Calioll Formula Based on 4 Oxygens 

35.0 
37.6 
26.5 
0.72 

37 .0 
30 .7 
32.4 

0.57 
nd 0.02 
0.05 0.04 

99.87 100.73 

Si 0.9921 0.9959 0.9799 0.9832 1.0009 0.9960 0.9789 0.9931 0.9887 0.9966 
F. 
'Il 

0.6016 0.5730 0.7008 0.5549 1.6309 0.2507 0.5923 0 .7709 0.8883 0.6915 
1.3988 1.4208 1.3286 1.4653 0.3301 1.7466 1.4378 1.2265 1.1156 1.3006 
0.0125 0.0115 0 .0102 0.0117 0.0345 0.0059 0.0113 0.01 46 0.0172 0.0130 
0.0006 a 0006 a 0004 0 0020 0.0004 
0.0020 0.0020 ~0006" 00011 ( ~OO28 00019 ~0009 0.0018 0.0015 0 .0012 

TotalCations 3.0076 3.0038 30201 30166 29992 3003t 30212 3.0069 3.0113 3 .0033 

CalIOn RallOS Fe/Mil a~ mg# (lOO·Mg/(Mg+Fe)) 

FelMn 48 50 69 - 43 52 53 52 53 

mgt 69.9 71.3 655 725 1 8 874 708 6 1.4 55.7 65.3 

(1,4) Mittlefehldt (1994); (2) Floran el al. ( 1981); (3) Guole (1972); (5, 8, 9) Mittlefehldl and Lindslrom ( 1993); (6, 10) 
Desnoyers (1982); (7) Miyamo to el al . (1978). 

pyroxene bearing diogenite EETA 79002 hav an average composition of F076 (Sack et al. 
1991 , 1994a, and Mittlefehldt, unpUblished). 

Chromite analyses for diogenites have been presented by Berkley and Boynton 
(1992), Floran e( al. (1981), Fredriksson (1 82), Gooley (1972), Mittlefehldt (1994), 
Mit(lefehldt and Lindstrom (1993) and Sa et al. (1991), and ilmenite analyses for 
Yama(o Type B diogenites have been gi

l
n by Mittlefehldt and Lindstrom (1993). 

Representative chromite and ilmenite ana yses are given in Table 32. Unlike the 
orthopyroxenes and olivines, chromites in , iogenites are variable in mg#. Sack et aL 
(1991, 1994a) show a range in mg# for EE A79002 chromi(es from -14 to 32. This is 
essentially the same as the range found for t~e averages of chromites from all diogenites. 
The range in AI20 3 contents of average chr.?mites is considerable, from -6.8 to 21.6 wt 
%, excluding small chromites (Miulefehldt ,994). Within individual diogenites, chromite 
grains can also be variable in A120 3 CO£osition . Gooley reported a range in AI20 3 
content in Roda chromites from 8.6 to 8.6 wt %, although most of the grains he 
analyzed contained between 8.6 and 10.2 t %. Mittlefehldt (1994) and Mittlefehldt and 
Lmdstrom (1993) showed that small gra ns were of different composition than large 
grains, but the differences were not systefuatic; small grains in Shalka had lower Al20 3 
contents and lower mg# than large grainJ, the opposite was true for ALHA 77256, while 
for Yamato Type A diogenites small chrf mites had higher AI, O, and lower mg#. 

Few analyses of plagioclase f~om !.dio~enites are available. Analyses are given for 
Garland, Johnstown, Manegaon, Peck~lsheim, Roda and Yamato Type B diogenites by 
Floran et a!. (1981), Fredriksson (l98t), Gooley (1972), Mittlefehldt (1978, 1994) and 
Minlefehldt and Lindstrom (1993). Mo~t plagioclase in diogenites lies in the range An,,­
An", although plagioclase as sodic as 4\n73_76 is present in Peckelsheim, LEW 88679 and 
Yama(o Type B diogenites (Gooley 19\72, Takeda and Mori 1985, Mittlefehldt, unpub­
lished). Table 33 gives representative pl~gioclase analyses from selected diogenites. 

\ 



Ti02 

AI20 3 

Crps 
vp, 
FeO 

Table 32. Compositions of chromite and ilmenite grains from representative diogenites and eucrites. 

Mane- ALHA 
77256 

Y-75032 
Serra Moore Y -79 1195 Pomo7..dino 

Moama de Mage Shalka Johns- County 
town gaon 

(9) (12) (10) (11) (7) (8) 
(1) (2) (3) (4) (5) (6) 

Chemical Compos ilion (wt %) 

0.50 0.42 0.22 0.78 1.96 54.1 5.39 3.2 52.9 10.1 52.9 11.9 
6.84 9.37 16.1 21.6 7.90 0.02 7.72 8.3 0.08 5.7 bd 5.02 

60.6 56.3 48.7 43.8 55.0 0.37 50.1 53.0 0.27 42.3 0.19 39.1 

(13) 

51.6 
0.03 
1.75 

bd 
0.96 0.35 0.40 0.40 0.59 bd 0.67 0.73 bd 0.81 bd 0.76 

27.2 30.1 27.8 27.0 31.8 42.4 32.7 33.1 42.8 39.5 42.9 42.2 44 .7 
3.90 2.54 4.33 6.24 1.95 3.15 2.38 1.30 2.35 1.31 1.92 0.98 1.36 

(14) (15) 

4.52 54.3 
7 .30 0.07 

49.8 0.22 

0.68 0.23 

34.2 43.5 
1.15 1.56 
0.67 1.10 

Peters-
burg 

(i6) 

3.6B 
14.5 
43.9 
nd 
34.3 

1.63 

0.51 0.51 0.49 0.43 0.55 0.89 0.81 0.58 0.86 0.66 0.82 0.60 0.90 
Total 100.51 99.59 98.04 100.25 99.75 100.93 99.77 100.21 99.26 100.38 98.73 100.56 100.34 98.32 100.98 

Cation Formula Based on 4 Oxygens (Ideal Spinel = 3 Cations per 4 Oxygens, Ideal Ilmenite == 2 Cations per 3 Oxygens) 

MgO 
MnO 

0.51 
9B.52 

11 
Al 
Cr 
v 
Fe 

0.0131 0.0111 0.0056 0.0189 0.0523 0.9943 0.1428 0.0849 1.3255 0.2714 1.0010 0.3216 0.9709 0.1231 1.3392 0.0723 
0.2808 0.3883 0.6479 0.8211 0.3301 0.0006 0.3205 0.3453 0.0031 0.2400 -- 0.2126 0.0009 0.3116 0.0027 0.4467 
1.6686 1.5649 1.3147 1.1168 1.5418 0.0071 1.3953 1.4790 0.0071 1.1949 0.0038 1.1108 0.0346 1.4257 0.0057 0.9072 
0.0268 0.0099 0.0110 0.0103 0.0168 __ 0.0189 0.0207 .- 0.0232 -- 0.0219 -- 0.0197 0.0060 --
0.7922 0.8850 0.7938 0.7282 0.9429 0.8666 0.9633 0.9770 1.1926 1.1803 0.9028 1.2681 0.9353 1.0357 1.1931 0.7497 
0.2024 0.1331 0.2203 0.2999 0.1030 0.1147 0.1249 0.0684 0.1167 0.0698 0.0720 0.0525 0.0507 0.0621 0.0762 0.0635 
0.0150 0.01 52 0.0142 0.0117 0.0165 0 .0184 0.0242 0.0173 0.0243 0.0200 0.0175 0.0183 0.0191 0.0205 0.0306 0.0113 

Total Cations 2.9989 3.0075 3.0075 3.0069 3.0034 2.0017 2.9899 2.9926 2.6693 2.9996 1.9971 3.0058 2.0115 2.9984 2.6535 2.2507 

Cation Ratios FelMn. mg# (JOO'Mg/(Mg+Fe)) and cr# (JOO'CrI(Cr+-Al)) 

Mg 
Mn 

FelMn 53 58 56 62 57 47 40 56 49 59 52 69 49 50 39 
mg# 20.4 13.1 21.7 29.2 9.9 11.7 11.5 6.5 8.9 5.6 7.4 4.0 5.1 5.7 6.0 

66 
7.B 

67 .0 
cr# 85.6 80.1 67.0 57.6 82.4 92.5 81.3 81.1 69.4 83.3 100.0 83.9 97.5 82.1 67.8 

(1-4) average typical chromites, diogenites, Mittlefehldt ( 1994); (5, 6) average chromite and ilmenite, diogenite, MIUletehlClt (unpublished); (7) average 
chrom ite, cumulate eucrite, Lovering (1975); (8- 11 ) average chrom ite and ilmenitc, cumulate eucrite. Bunch and Keil (1971); (12, 13) average chromitc am 
ilmenite. cumulate eucrite, Miulefehldt and Lindstrom (1993); (14. 15) average chromite and ilmenite, anomalous magnesian eucrite, Warren ct at. (1990); 
( 16) average c ru-omite. magnesian basal! clast. polymict cucrite. Buchanan and Reid (\996). 

TiO~ 

Al20 3 

Cr20 3 

V~Os 
FeO 
MgO 
MnO 

Total 

Table 32 (conl"d). Compositions of chromite and ilmeni te grains from representative diogenites and eucriles. 

Ibitira 

(17) (18) 

23.8 
3.01 

19.8 
nd 
50.6 

1.39 
0.71 

99.31 

53.2 
nd 
nd 
nd 
43.1 

1.58 
0.36 

98.24 

Bouvante 

(19) (20) 

4.20 53.2 
8.15 bd 

51.7 0.12 
nd nd 
34.5 44.8 
0.52 0.54 
0.57 1.02 

99.64 99.68 

Stannern 

(21) 

Sioux 
County 

(22) (23) 

Y-82066 

(24) 

Millbillillie Juvinas 

(25) (26) (27) (28) 

Chemical Composition (Weight Percent) 

52.9 
0.08 
0.05 

bd 
44.7 

0.49 
0.B7 

99.09 

3.4 
7.2 

51.6 
0.93 

35.5 
0.28 
0.62 

99.53 

52.9 
0.03 
0.06 

bd 
45.0 
0 .61 
0.87 

99.47 

52.0 
0.01 
O.OB 

bd 
45.5 

0.7B 
0.94 

99.3 1 

2.37 
8.09 

52.6 
nd 
33.4 
0.36 
0.58 

97.40 

52.5 5.0 
0.06 7.9 
0 .03 50.6 

nd 0.77 
44.3 35.5 

0.63 0.24 
0.96 0.63 

98.48 100.64 

52.5 
0.06 
0.05 

bd 
44.7 

0.B5 
0.87 

99.03 

Pasamonle 

(29) (30) 

1.38 
17.7 
44.4 

0.61 
34.5 

0.74 
0. 46 

99 .79 

52.5 
0.11 
0.10 

bd 
44.6 

0.46 
0.B5 

9B.62 

Y-7501 IY-793 J64 
.84C 

(31) (32) 

53.2 
0.06 
0.03 

bd 
44.5 

0.53 
1.14 

99.46 

51.5 
0.01 
0.06 

bd 
45.7 

0.50 
0.90 

9B.67 

Cation Formula Based on 4 Oxygens (Ideal Spinel"" 3 Cations per 4 Oxygens, Ideal Ilmenite = 2 Cations per 3 Oxygens) 

li 0.6233 1.4066 0.1078 1.2903 1.4105 0 .0625 1.4013 1.3802 0.0594 1.4107 0.1262 1.4187 0.0346 1.4297 1.3121 1.3497 
AI 0.1236 -- 0.3280 -- 0.0033 0.2074 0.0012 0.0004 0.3177 0.0025 0 .3 124 0.0025 0.6959 0.0047 0.0023 0.0004 
Cr 0.5452 -- 1.3957 0.0031 0.0014 0.9970 0.0017 0.0022 1.3856 0.0008 1.3422 0.0014 1.1710 0.0029 0.0008 0.0017 
V 0.0182 -- 0.0207 -- 0.0163 --
Fe 1.4737 1.2672 0.9851 1.2083 1.3254 0.7256 1.3256 1.3430 0.9307 1.3237 0 .9961 1.3433 0.9625 1.3506 1.2205 1.3319 
Mg 0.0721 0.0828 0.0265 0.0260 0.0259 0.0102 0.0320 0.0410 0.0179 0.0335 0.0120 0.0455 0.0368 0.0248 0.0259 0.0260 
M1 0.0209 0.0107 0.0165 0.0279 0.0261 0.0128 0.0260 0.0281 0.0164 0.0291 0.0179 0.0265 0.0130 0.0261 0.0317 0.0266 
Total Cations 2.8588 2.7673 2.8596 2.5556 2.7926 2.0337 2.7878 2.7949 2.7277 2.8003 2.8275 2.8379 2.9301 2.8388 2.5933 2.7363 

FeJMn 
mg# 
er# 

70 118 
4 .7 6.1 

81.5 

Cation Ratios Fe/Mn. mg# (lOO'Mg/(Mg+Fe)) and cr# (lOO'Cr/(Cr+-AI)) 

60 43 
2.6 2.1 

81.0 100.0 

51 
1.9 

29.5 

57 
1.4 

82.8 

51 
2.4 

57.3 

4B 
3.0 

84.3 

57 
1.9 

81.3 

46 
2.5 

25.1 

56 
1.2 

Bl.l 

51 
3.3 

35.9 

74 
3.7 

62.7 

52 
1.B 

37.9 

39 
2.1 

25.1 

50 
1.9 

80.1 

(17, 18) individual chromite and ilmenite grains, basaltic eucrite, Steele and Smith (1976); (19,20) average chromite and ilmenite, Stannem-trend eucrite, 
Christophe Michel-Levy ct al. (1987); (21) average ilmenite, Stannern-trend eucrite, Bunch and Keil (1971); (22, 23) average chromite and ilmenite, main-group 
eucrite, Bunch and Keil (1971); (24) avearge ilmenite, main-group eucrite, Mittlefehldt and Lindstrom (1993); (25, 26) avearge chromite and ilmenite, main-group 
eucrite, Yamaguchi et al. (l994); (27-30) average chromite and ilmenite, main-group eucrites, Bunch and Keil (1971); (31) ilmenile, least-metamorphosed basalt 
clast, polymict eucrite, Takeda et al. (1994c); (32) average ilmcnite, evolved basalt clast, polymict eucritc, Mittlefehldt and Lindstrom (1993). 
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Little is known of the composition of metal in diogenites. Gooley and Moore (1976) 
classified the metal as to textural setting depending on whether it occurred enclosed in 
orthopyroxene clasts or in the fragmental matrix. The mineralogy of the metal was not 
identified for 5 of the meteorites they studied, but for Ibbenbtiren, Peckelsheim and Roda 
both kamacite and taenite occur. The metal in diogenites shows a wide range in Ni and 
Co contents, even within a single meteorite. For metal grains of unspecified mineralogy, 
median Ni contents range from -0.07 wt % for that in the matrix of Shalka to 7.7 wt % 
for metal in the matrix of Ellemeet. Cobalt is variable too, from 0.11-1.7 wt % in these 
same grains, and the median Ni/Co ratio varies from 0.04-64.5. Roda contains some 
metal that is unusually rich in Co, with a median composition of 2.0 wt % Ni and 23.6 wt 
% Co. Kamacite varies in composition from 2.2-3.8 wt % Ni and from 0.5-7.6 wt % Co. 
Taenite varies in composition from 15.4-53.3 wt % Ni and from 1.1-2.7 wt % Co. 

Cumulate eucrites. Cumulate eucrites are coarse-grained gabbros composed 
principally of low-Ca pyroxene and calcic plagioclase, with minor chromite and 
accessory silica polymorph, phosphate, ilmenite, metal, troilite (e.g. Delaney et al. 1984). 
Zircon has been listed for Serra de Mage, but the attribution is unclear (Gomes and Keil 
1980, p. 77). Many cumulate eucrites are unbrecciated; ALH 85001, Binda, EET 87548 
and Medanitos are exceptional in this. Binda, in fact, is a polymict breccia (Garcia and 
Prinz 1978) and some polymict eucrites contain abundant cumulate eucrite material (e.g. 
see Takeda 1991). The textures of unbrecciated cumulate eucrites are typically 
equigranular with subequal amounts of pyroxene and plagioclase grains 0.5-3 mm in 
diameter (Hess and Henderson 1949, Lovering 1975, MittJefeh1dt and Lindstrom 1993). 
The cumulate eucrites have been subdivided into the feldspar- and orthopyroxene­
cumulate eucrites based on modal abundances (Delaney et a!. 1984). 

The original igneous pyroxene of cumulate eudrites was pigeonite, which has 
subsequently undergone subsolidus exsolution of augite and, in some cases, inversion to 
orthopyroxene, with additional augite exsolution. Hess and Henderson (1949) determined 
that original pigeonite in Moore County had only partially inverted to orthopyroxene. 
They described four pyroxenes in Moore County; low-Ca pigeonite developed from the 
original igneous pigeonite by exsolution of coarse lamellae of augite, and hypersthene 
developed from the low-Ca pigeonite through inversion and exsolution of fine lamellae of 
satite. Mori and Takeda (1981b) found that the original pigeonite underwent a complex 
series of exsolution, decomposition and partial inversion to end as a mixture of seven 
pyroxene phases. Harlow et al. (1979) found that the original igneous pigeonite in Serra 
de Mage had inverted to hypersthene, with development of four types of augite 
exsolution during the subsolidus cooling history. Similarly, in Moama the original 
igneous pigeonite has exsolved augite and inverted to hypersthene (Lovering 1975, 
Takeda et a1. 1976). Binda is the most magnesian of the cumulate eucrites, and the only 
one classified by Delaney et al. (1984) as an orthopyroxene-cumulate eucrite. Takeda et 
al. (1976) have shown that the original pyroxene in Binda was a low-Ca pigeonite that 
exsolved augite and inverted to hypersthene. Table 30 gives representative pyroxene 
analyses for selected cumulate eucrites, and estimated primary pigeonite compositions 
are plotted in Figure 42. 

As is the case for all HED meteorites, plagioclase in cumulate eucrites is calcic, and 
is on average more calcic than that in basaltic eucrites. Basaltic eucrite plagioclase has 
compositions in the range of bytownite to anorthite, while in cumulate eucrites the 
plagioclase is anorthite, An91 _9S . A-881394 contains unusually calcic plagioclase, An98 
(Takeda et al. 1997b). The K20 contents of cumulate eucrite plagioclases are very low, 
typically <0.1 wt %. Representative plagioclase analyses for selected cumulate eucrites 
are given in Table 33. 
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Chromite is an ubiquitous minor mineral in cumulate eucrites, while ilmenite has 
been reported from many of them. Delaney et a!. (1984) found ilmenite in all the 
cumulate eucrites they studied except Moama. The textures of chromites in cumulate 
eucrites are not well described in the literature. Hostetler and Drake (1978) mention that 
chromite and ilmenite occur as "well developed crystals" in Moore County, while 
Lovering (1975) describes chromites in Moama as occurring as equidimensional grains 
and elongate grains intergrown with tridymite. Details of chromite compositional 
variation are not described in the literature. but this mineral is apparently variable in 
composition in individu.aJ meteorites. The mean composition of ten chromite grains 
reported by Bunch and Keil (1971) for Moore County is significantly different than the 
mean of five grains analyzed by Hostetler and Drake (1978). Hostetler and Drake (1978) 
did not find zoning for the major elements in chromite grains. however. Mittlefehldt and 
Lindstrom (1993) show that chromite grains in ferroan cumulate eucrite Y-791 195 vary 
from 8.6 to 15.7 wt % in TiOz and from 44.6 to 32.4 wt % in CrZOJ . Ilmenite occurs as 
individual grains. and composite grains with chromite and as exsolution lamellae in 
chromite (Bunch and Kei l 1971, Hostetler and Drake 1978, Mittlefehldl and Lindstrom 
1993). Representative chromite and ilmenite analyses are given in Table 32. 

The composition of metal in the cumulate eucrites Binda. Moama, Moore County 
and Serra de Mage has received only cursory study (Duke 1965, Lovering 1964, 1975). 
For the unbrecciated cumulate eucrites. the metal is poor in Ni, with SO.5 wt % Ni. 
Cobalt has been determined only for Moama among these meteorites, and it is similarly 
low: 0.23 wt % (Lovering 1975). For Binda, one grain contained 0.44 wt % Ni and 1.38 
wl % Co, while five other grains ranged from 1.9-2.1 wt % Ni and had -2.2 wt % Co 
(Lovering 1975). The textural setting of the metal analyzed in Binda was not given, so it 
i difficult to compare these with the analyses of unbrecciated cumulate eucriles. 

Basaltic eucrites. This subsection includes discussion of unbrecciated and monomict 
basaltic eucrites, as well as clasts from polymict HED samples that are similar to the 
basaltic eucrites. Some unusual igneous clasts will be dealt with separately, below. 
Basaltic eucrites are pigeonite-pJagioclase rocks with fine to medium grain size. 
Textures. where preserved. are generally subophitic to ophitic. One exceptional eucrite is 
ALHA8100 I, which has a fine-grained quench texture consisting of pyroxene 
microphenocrysts set in a groundmass of glass or cryptocrystalline material (AMN 6-1; 
Warren and Jerde 1987). Almost all basaltic eucrites are brecciated. resulting in a rock 
composed of mineral and lithic fragments set in a fine-grained, generally fragmental 
matrix. Some eucrites have been highly recrystallized. resulting in a granular texture such 
as in Ibitira (Steele and Smith 1976). Vesicles are rare in eucrites; Ibitira is a spectacular 
exception. Vesicles have also been reported from peA 91007 (Warren et a!. 1996). 

Minor and accessory phases in basaltic eucrites include the silica polymorphs 
tridymite and quartz, chromite. ilmenite. metal, troilite, whitlockite. apatite. olivine and 
rare zircon. The minor and accessory phases an~ generally found interstitial to pyroxene 
and plagioclase. However, cloudy pyroxene grains contain inclusions of chromite. 
ilmenite. metal and/or troilite. while some plagioclase grains contain inclusions of 
phosphates. 

The original igneous pyroxene in basaltic eucrites was pigeonite, which 
subsequently underwent subsolidus exsolution of augite. Inversion of pigeonite to 
onhopyroxene is uncommon. Some of the original igneous pyroxene in Sioux County 
was orthopyroxene (Takeda et a!. I 978a). Takeda and Graham (1991) described the 
mineralogic characteristics of basaltic eucrite pyroxenes. and related them to a 
metamorphic sequence of types from I to 6. In the least metamorphosed, type I, basaltic 
eucrites, augite ex solution lamellae in the pigeonite are <0.1 /.1m thick, the pyroxenes are 
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not cloudy, and the original igneous zoning is preserved. In the most metamorphosed, 
type 6, augite lamellae in pyroxenes are several ~m thick, clouding of the pyroxenes is 
present, the pyroxenes are homogeneous in composition, and the pigeonite has partially 
inverted to orthopyroxene. Takeda and Graham (1991) used the amount of preservation 
of chemical zoning of the pyroxene as one of the criteria for classifying basaltic eucrites 
by metamorphic type. However, basaltic eucrites exhibit a range of grain sizes, and 
possibly not all had the same original igneous zoning. 

Basaltic eucrites are ferroan, and their pyroxenes are iron-rich. Table 30 gives 
representative pyroxene analyses for selected basaltic eucrites, and estimated primary 
pigeonite compositions are shown in Figure 42. In the least metamorphosed basaltic 
eucrites, there are at least three types of zoning trends, as summarized by Takeda and 
Graham (1991). In one, the core of pyroxenes are magnesian pigeonites with low Ca 
contents. Thes.e are zoned through increasing Fe and Ca to ferroaugite or subcalcic 
ferroaugite compositions. Another type of zoning starts from low-Ca magnesium 
pigeonite cores, shows Fe/Mg zoning at roughly constant Ca content to low-Ca 
intennediate pigeonite compositions, and then is zoned through increasing Ca contents at 
roughly constant enstatite content to ferroaugite compositions. A third type of zoning is 
from relatively ferro an intermediate pigeonite compositions through increasing Ca 
contents at roughly constant enstatite content to ferroaugite compositions. In most cases, 
however, basaltic eucrite pyroxenes have undergone subsolidus FelMg equilibration and 
augite exsolution, and are now composed of low-Ca, homogeneous intermediate or 
ferriferous pigeonite hosts containing lamellae of ferroaugite. 

Plagioclase in basaltic eucrites is calcic, in the range of bytownite to anorthite (Table 
33). Unlike cumulate eucrites, plagioclase compositions in individual basaltic eucrites 
can show considerable range in anorthite content. For example, Warren and Jerde (1987) 
reported that plagioclase in Nuevo Laredo spans the range -An92_74, which is most of the 
range observed for all basaltic eucrites. The K20 contents are low, typically :::;0.2 to OJ 
wt %, although the more sodic plagioclase compositions can have K20 contents of -0.5 
wt%. 

Chromite and ilmenite (Table 32) are ubiquitous minor minerals in basaltic eucrites, 
but they have received little systematic study. Chromites in many basaltic eucrites have 
between -3 to 6 wt % TiO, and -7 to 9 wt % Al,O, (Bunch and Keil 1971). 
Exceptionally titanian chromites are found in Ibitira, with -15-24 wt % Ti02, and these 
have low Al,O, contents in the range -3.0 to 5.5 wt % (Steele and Smith 1976). 
Chromites low in TiO, occur in Millbillillie (-2 wt % TiO,; Yamaguchi et a!. 1994) and 
Pasamonte (-1.4 wt %, Bunch and Keil 1971). The chromites in Millbillillie have AI,O, 
contents within the typical range given above, while those in Pasamonte are unusually 
Al20 r rich, 17.7 wt % (Bunch and Keil 1971). The titanian chromites in Ibitira appear to 
be clearly exceptional among basaltic eucrites, and the AI20)-rich chromites from 
Pasamonte may also be unusual. The Ti02-poor chromites in Millbillillie may simply 
represent the low Ti02 end of the basaltic eucrite distribution. 

Olivine in basaltic eucrites is rare, and is found in the more ferroan examples or in 
the mesostasis of the least-metamorphosed basaltic eucrites (e.g. Mittlefehldt and 
Lindstrom 1993, Takeda et a!. 1994b). These olivines are very iron-rich (Table 31). 

Partial cumulate eucrites. Some eucrites are partial cumulates, mixtures of cumulus 
crystals and a substantial amount of solidified melt. Warren et al. (1990) first suggested 
this based on their study of the unusual magnesian eucrite Pomozdino, and the following 
description is from this source. Pomozdino is a monomict breccia containing two types of 
mafic clasts in the comminuted matrix; coarser-grained ophitic-poikilophitic clasts and 
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fi~e-grained, anhedral-granular clasts. Pomozdino originally contained two distinct 
pnma~y pyro~enes,. one, W09.4En42.7Fs47.9 (Table 30, Fig. 42), compositionally similar to 
the prImary pigeomte of cumulate eucrite Moore County, and one exhibiting Ca zoning, 
WOl9En4oFs41 to W039En34Fs27' more like that seen in pyroxenes of the basaltic eucrites 
Bouvante and Stannern. Both of these pyroxene types are magnesian, with mg# of -47 
and -52, respectively. Compare these with bulk pyroxenes from basaltic eucrites such as 
Bouvante which have mg# - 38 (Christophe Michel-Levy et a!. 1987, see Table 30). 
ChromI~e and IimeOlte m Pomozdino are similar to those in Moore County and more 
ma~neslan than those of basaltic eucrites (see Table 32). Plagioclase, however, is more 
SOdl~, AnSI .S7 ' than. those found in cumulate eucrites, An91 _9S. Warren et al. (1990) 
conSidered Pomozdmo to be a mixture of between 20 to 40% cumulus minerals with 
me~t. The pol~mict ~ucrite Petersburg also contains basaltic clasts more magnesian than 
typical basaltiC eucntes (Buchanan and Reid 1996, Mittlefehldt 1979). Although these 
authors did not favo~ a partial cumulate model for the fonnation of the Petersburg clasts, 
th~ general petrologiC and compositional similarities with Pomozdino suggest that this 
might be a plausible scenario. Warren et al (1996) have also identified Y-791195 Y_ 
791186 and RKPA80224 as possible partial cumulates. ' 

Howardites, polymict eucrites and polymict diogenites. Howardites have long been 
k~own to be poly~i~t bre~cias (Wahl 1952). More recently, numerous polymict breccias 
WIth bulk compOSItIOns lIke those of eucrites have been recovered from Antarctica 
leading to recognition of polymict eucrites as a distinct rock type (e.g. Miyamoto et al: 
1978, Olsen et a!. 1978, Takeda et a!. 1978b). Diogenites with basaltic eucritic clasts are 
also known (Lomen~ et al. 1?76), an~ it has thus become obvious that, in terms of major 
components, howardltes are mtermedlate members of an essentially continuous sequence 
of polymict breccias, including polymict eucrites and polymict diogenites (Delaney et aJ. 
1983)~ th~t extends from the monomict eucrites to the monomict diogenites. Most of the 
matenal III the polymict breccias is identical or very similar to the basaltic eucrites, 
cumulate eucrites or diogenites (e.g. Delaney et al. 1984, Duke and Silver 1967) and the 
description of this material will not be repeated. Here we will describe the' general 
features o.f the matrix plus brecciated and melted clasts of the polymict breccias, 
concentratIng on the howardites. . 

The polymict breccias are composed of diverse mineral and lithic clasts set in a fine­
grai~ed fragmental to glassy matrix. Howardites also commonly contain glassy spheres 
and megularly shaped particles. Lithic clasts in the polymict breccias tend to receive the 
most ~etailed study, so descriptions of the matrix are typically cursory, if given at all. 
There IS no good census of matrix types in the polymict breccias. Many polymict breccias 
have f~agmenta] matrixes that have been little modified by metamorphism; the 
howardnes Bholghati, Kapoeta and Frankfort are examples (Mason and Wiik 1966a,b; 
Reid. et al. 1990). Some polymict breccias have metamorphosed matrixes; polymict 
eucnteY-792769 has a fine-grained, sintered matrix (Takeda et a!. 1994b). Glassy or 
glass-nch matnxes are also common, for example in the paired polymict eucrites LEW 
85300, LEW 85302 and LEW 85303 (Kozul and Hewins 1988), the howardite Monticello 
(Olsen et a!. 1987) and the polymict breccia (polymict diogenite?) Y-791073 (Takeda 
1986). 

~he polymict breccias, especially the howardites and polymict eucrites, contain 
brema clasts, melt rocks and glass particles of various types. Duke and Silver (1967) 
first recognized breccia clasts in howardites. Bunch (1975) divided the breccia clasts into 
three types, and he restricted his definition to polymict clasts. These clasts consist of 
angular mineral and lithic clasts in either a fine-grained fragmental matrix (crystalline 
matrix breccias), glassy or devitrified matrix (glassy matrix breccias), or troilite matrix 
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(sulfide matrix breccias). Labotka and Papike (1980) and Fuhrman and Papike (1981) 
also recognized sulfide matrix breccias as an important clast type, but lumped the crystal­
line and glassy matrix breccias, plus melt rocks, into their dark matrix breccia type. Melt 
rocks have a variety of textures. The matrix varies from glass to cryptocrystalline 
material to fine-grained quench-textured matrix; the melt rocks contain inclusions of 
rounded, partially melted minerals, subangular to rounded minerals, or euhedral plagio­
clase or pyroxene crystals (Bunch 1975, Delaney et a!. 1984, Hewins and Klein 1978, 
Klein and Hewins 1979, Mitt1efeh1dt and Lindstrom 1997, 1998). Glass particles vary 
from spherical to irregular in shape, from glass sensu stricto to devitrified glass; they may 
contain phenocrysts of olivine andlor Jow-Ca pyroxene (Bunch 1975. Hewins and Klein 
1978, Labotka and Papike 1980, Mittlefehldt and Lindstrom 1998, Olsen et a!. 1990). 

Unusual igneous clasts. Most igneous clasts in polymict breccias are basically the 
same lithologies...as occur as basaltic and cumulate eucrites and diogenites, and the 
descriptions of these meteorite types above serve to describe the clasts. There are some 
unusual clasts that deserve brief mention. Dymek et al. (1976) described a fine-grained 
porphyritic clast from the Kapoeta howardite composed of pyroxene microphenocrysts 
and a few chromite microphenocrysts in a holocrystalline. variolitic groundmass of 
acicular plagioclase and pyroxene. Mitt1efeh1dt and Lindstrom (1997) described two 
similar clasts, a Kapoeta clast consisting of low-Ca pyroxene phenocrysts and 
microphenocrysts and ferroan olivine microphenocrysts in a cryptocrystalline granular 
textured groundmass. and a clast from the howardite EET 92014 consisting of skeletal 
pyroxene phenocrysts in a glassy groundmass containing microphenocrysts of pyroxene. 
The cores of the pyroxene phenocrysts in these clasts are magnesian, and can be more 
magnesian than core compositions of zoned basaltic eucrite pyroxenes (e.g. Mittlefehldt 
and Lindstrom 1997). Ikeda and Takeda (1985) briefly described magnesian olivine· 
orthopyroxene clasts in the Y -7308 howardite containing variable amounts of 
plagioclase. chromite and high-Ca clinopyroxene. Olivine is euhedral to anhedral and 
FO

M
_
73 

in composition. Orthopyroxene is the major phase, and is similar in composition 
to pyroxenes in the ferroan diogenites~ WOz_3En67_72Fs26_30' Ikeda and Takeda (1985) also 
describe unusually ferroan clasts composed of fayalitic olivine, Fo IO_14 ' hedenbergitic 
pyroxene. W04IEnl6-19Fs40-4]' tridymite and plagioclase, An78_8S' with minor ilmenite, 
chromite. troilite, Fe·metal and whitlockite. Olivine is euhedral to subhedral a few tens of 
microns in size, and some is included within the larger pyroxene grains. Plagioclase and 
tridymite are several hundred microns in size. 

Chondritic clasts. Chondri tic clasts are a minor component of many HED 
meteorites, especially the polymict breccias. Zolensky et a!. (1996) discussed the 
mineralogy and petrology of numerous chondritic clasts from HED meteorites and 
summarized previous work. They found that about 80% of the chondritic clasts are CM2 
materials, while CR2 chondritic materials are less abundant. Some clasts appear to have 
CI chondrite parentage, but they have been heated, with consequent petrographic 
alteration (Buchanan et a!. 1993). The polymict eucrite LEW 85300 contains a few 
chondri tic clasts that are closest to CV3 chondrites in mineralogy and petrology, but have 
some unusual compositional characteristics (Zolensky et al. 1992). 

Composition 

The HED meteorites in general show limited ranges in major, minor and trace 
element composition within the different meteorite types. The polymict breccias, 
especially the howardites, are exceptional to this. and to a lesser extent, so are the 
cumulate eucrites. Bulk major and minor element compositions of selected HED 
meteorites are given in Table 34; trace element compositions are given in Table 35. 
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Major and minor element composition. Diogenites are very uniform in bulk major 

and minor element composition. with the exception of Cr
2
0

3
. Variation in Cr

2
0

3 undoubtedly reflects variation in the amount of chromite in the meteorites. This partially 
reflects the mineralogical nature of the diogenites, and is not entirely a problem of 
sampling these coarse-grained rocks; analyses of some diogenites always contain more 
Cr,O, than typicaL For example, 10 analyses for Cr,O, in Shalka whole-rock samples 
range from 1.1 to 2.4 wt %, while for Johnstown, 29 analyses range from 0.7 to 1.1 wt %. 
As mentioned above, some diogenites are slightly more magnesian or ferroan than the 
typical diogenite. Nevertheless, the compositions of these meteorites are not very 
different from the typical diogenite; for example compare magnesian diogenite 
Manegaon (MgO 26.5 wt %, FeO 14.3 wt %) and ferroan diogenite Garland (MgO 25 .0 
wt %, FeO 18 .5 wt %) with the typical diogenites Johnstown and Shalka (MgO 25.5 to 
25.8 wt %, FeO 15.9 to 16.3 wt %). The Yamato Type B diogenites are exceptional , 
being quite distinct in bulk composition from other diogenites, as expected from their 
distinct mineralogies (Table 34). 

The cumulate eucrites show a wider range in bulk major and minor element 
composition. In part thjs reflects compositional differences among the rocks, but it is also 
complicated by difficulties in adequately sampling these coarse-grained, modally 
heterogeneous lithologies. Serra de Mage is particularly difficult to adequately sample; 
reliable measurements of Al20 3 in this rock vary from 12.7 to 20.9 wt %, reflecting 
differences in plagioclase content in the samples. The mg# of the cumulate eucrites will 
be less sensitive to sampling problems, as it is essentially defined by the pyroxene in the 
rock. The cumulate eucrites vary in mg# from -65 for Binda to -44 for Y-791195. The 
compatible element Cr generally reflects this variation in mg#, and is high in Binda and 
low in Y-791195. However, EET 87548 is exceptional in having the highest Cr content, 
yet a rng# in the mid-range of cumulate eucrites (Warren et al. 1996). 

The basaltic eucrites are very unifonn in composition. Most plot within a very limited 
range in mg#, CaO, A120 3• Ti02 or Cr20 3 contents. Figure 43 is a Ti0

2 
vs. mg# plot for · 

basahic eucrites, a variant of a diagram first used by Stolper (1977) to discuss their 
petrogenesis. Many basaltic eucrites plot within a small region of mg# - 38-40, Ti0

2 
_ 

0.6-0.7 wi %. These are frequently referred to as the main-group eucrites. Some eucrites 
plot within this same mg# band, but at higher Ti02 contents. These are the Stannern-trend 
eucrites. Some eucrites have both higher Ti02 contents and lower mg#, and are referred 
to as Nuevo Laredo-trend eucrites. Figure 44 shows histograms of CaO and Cr

2
0

3 contents for basaltic eucrites, where the uniformity in bulk compositions of these samples 
becomes obvious. 

Figure 43. Ti02 vs. mg# diagram for basaltic 
euerites. The Stannern-trend (down arrow) is 
likely a Irend of increasing partial melting. Most 
tucrites are members of the main-group. Their 
origin is controversial ; they may either be 
primary paniat melts or residu al melts. The 
Nuevo Laredo-trend (left arrow) is a fractional 
crystallization trend. Anomalous eucrites are 
ALHA8 1001, Ibilira and Pomozdino. The data 
are averages of alJ available literature 
determinations. 
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Figure 44. Hislograms of (a) CaD and (b) CrPl for basaltic eucrites. Both CaD and Crp3 have narrow 
ranges in basaltic eucrices, and the laner in particular has been taken as evidence for buffering by residual 
spinel in the eucrite source region, and hence a partial melting origin (Jurewicz et al. 1993), Arrows show 
the ranges in experimental, low temperature equilibrium partial melts of Murchison determined by these 
authors. Anomalous eucriles as in Figure 43 . 

The extreme heterogeneity in bulk major and minor e lement composition of the 
polymict breccias contrasts sharply with the uniformity seen for the igneous lithologies. 
For all intents and purposes, the polymict breccias are intermediate in composition 
between the diogenites and basaltic eucrites, and span wide ranges in composition. Figure 
45 shows the relationship between CaO and MgO contents for polymict breccias 
compared to monomict basaltic eucrites and diogenites. The linear relationship displayed 
in this figure is consistent with the petrographic evidence that the polymict breccias are 
dominated by basalt clasts similar to the basaltic eucrites and orthopyroxene clasts similar 
to the diogenites. With few exceptions (see below), the polymict breccias would plot 
between basaltic eucrites and diogenites on any element·element plot (Fig. 46). Note that 
the single meteorite type, the howardites, spans a wide range in CaO and MgO contents, 
in contrast to what is observed for basaltic eucrites and diogenites (Fig. 45). This 
heterogeneity can also occur within individual howardites; seven analyses each of CaG 
and MgO for Kapoeta range from 3.1 to 9.9 and 8.1 to 22.2 wt %, respectively. This 
likely reflects differential sampling of basaltic and orthopyroxenitic clasts and matrix. 
Four matrix samples of Bholghati only vary from 6.7 to 7.2 wt % and 15.7 to 17.6 wt % 
for CaO and MgO, respectively (Laul and Gosselin 1990). 
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Figure 46. ~ca.ndiu~ vs .. Sm (a). La vs. Sm (b) and Eu vs. Sm diagrams for HED meteorites show the 
extreme variatIOns In highly incompatible elements (La Sm Eu) ,' n the HED 't d 

. . . . . . . ' , SUi e compare to a 
modera~e[y Incompatl.ble (bu~k dlstnbutlOn coeffiCient near unity) clement. Sc. The polymict breccias, 
h?war~ltes and polyml~t eucntes. are intermediate in trace element contents between basaltic eucrites and 
dJOgemtes. The scatter In La and Sm c?ntem .in diogenites and cumulate eucrites is due to the strong control 
~f a trapp,ed melt component on highly Incompatible element contents in igneous cumulates. The 
'fIatlene~ Eu-Sm trend between cumulate and basaltic eucrites is due to Eu becoming more compatible 

once plagIOclase becomes a liquidus phase. 

Trace lilhop~ile element composition. Excluding the polymict breccias for the 
moment, the tr~ce Incompatible lithophile elements show systematic distributions related 
to rock type (Ftg. 46). The contents of Sc, La, Sm and Eu, for example increase in the 
sequence ?JOg~mte~ cumulate eucnte, .basaltlc eucrite. The La content varies by a factor 
of -2000 In thiS SUi te, whereas Sc vanes by only a factor of -3. The trace incompatible 
~Iements. are not uniform in the diogenites and the cumulate eucrites. For highly 
incompatible ~lem~nts such as La and Sm, these meteorite types show wide ranges in 
content; the.dlOgemt~s show a range of ~ f~clor of -30 in La content, for example. The 
mode~ately I~compatlb le element Sc exhibits much narrower ranges in content. For the 
basaltiC eucntes, both the highly incompatible and moderately incompatible lithophile 
~Iements. have ~arrow ranges, although the former are more variable than CaO, an 
~ncompallble major element: In s~me cases, the content of highly incompatible elemems 
In whole-rock samples of dlOgemtes are higher than observed in separated clasts. This 
sugg.es.ts that ev~n the monomict diogenites may contain incompatible eJement.rich 
debrIS tn the matnx (Mittlefehldt 1994). 

Siderop~lile element compositi~n. Si.derophile elements are strongly depleted in 
HED .meteorltes, and. are generally hIgher In the polymict breccias than in the monomict 
breCCias and unbrecclated samples. The Co and Ni contents of HED meteorites are fairly 
~elJ known, but ~he com~nts of other siderophile elements are poorly known. In part this 
IS due to there bemg relattvely few analyses (e.g. Mo, W), in part due to the susceptibili ty 
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to anthropogenic contamination (Au), and in part due to the very heterogeneous 
distribution in the rocks (e.g. Ir). Because most HED samples are breccias, and chondritic 
debris is found even in supposedly monomict breccias (e.g. Mittlefehldt 1994), the 
siderophile element content of any RED sample needs to be evaluated cautiously. 

The content of Co, a compatible siderophile element, in diogenites is well known 
through analyses of separated ciasts, 6-38 flg/g (Mittlefehldt 1994). The Ni contents of 
these clasts range from 20 to 110 Jlg/g, but in many clasts Ni was below the detection 
limit. An analysis of a whole-rock sample of Shalka yielded a Ni content of 2.1 ~g/g 

(Chou et aI. 1976). For a few clast samples, Ir contents are in the range of 2500 to 4000 
pg/g (Mittlefehldt 1994), whereas Chou et al. (1976) report 8 and 63 pglg for whole rock 
Shalka and Tatahouine, respectively. The siderophile element contents of cumulate 
eucrites are generally poorly known due to few analyses. Their Co contents are in the 
lower end of the range of diogenites, -6 to to Ilg/g. Binda, a polymict cumulate eucrite, 
is exceptional with -16 Ilg/g. A few analyses for Ni, Ir and A~ are available for some 
cumulate eucrites. The ranges observed are 1.2 to 13 flg/g for Ni , 3.2 to 270 pglg for Ir 
and 0.038 to I ng/g for Au. Again, Binda is exceptional, containing 21 flg/g Ni, 700 pglg 
Ir and 2.5 nglg Au. The Co content of basaltic eucrites is generally in the range of 3 to 8 
Ilg/g. Nickel contents appear to be much lower. Warren et al. (1996) determined Ni 
contents of -0.5 to 1.5 Ilg/g for a suite of Antarctic monomict eucrites. These same 
authors determined Ir contents in the range 0.5 to 6.5 pg/g. These low Ni and Ir contents 
are significant because they put firm upper limits of _to-2 to 10-3 % and 10-3 to 10-4 % on 
the amount of chondritic contamination that can be in the breccias. There are limited Mo 
and W data on basaltic eucrites. These refractory siderophile elements are roughly 
correlated with refractory incompatible lithophile elements such as La in basaltic eucrites, 
but are depleted compared to CI abundances by factors of 30 for W!La and 570 for 
MolLa (Newsom 1985, Newsom and Drake 1982). 

Noble gases. Some howardites are enriched in noble gases compared to other HED 
meteorites. Excluding decay products and cosmogenic gases, these howardites contain 
two noble gas components, planetary- and solar-type gases (e.g Mazor and Anders 1967). 
Early in the study of noble gases in howardites it was believed that these gases were 
brought in by a carrier phase (Mazor and Anders 1967, Millier and Zahringer 1966). The 
characterization of carbonaceous chondrite fragments in howardites (Wilkening 1973) led 
to the identification of these clasts as the carriers of the planetary-type gases (Wilkening 
1976). Mazor and Anders (1967) noted that the planetary- and solar-type gas contenls 
were correlated, and thus believed that they were brought in by the same carrier. 
However, subsequent experiments have shown that the solar-type gases are a surface 
correlated component of mineral and glass fragments of the howardites themselves, not 
just of the chondritic materials (Black 1972, Padia and Rao 1989, Rao et aI. 1991). These 
solar-type gases represent solar wind and solar flare gases implanted in the outer few IJrn 
of grains in the breccias, and show that these howardites were part of the regolith of their 
parent body. 

Ages 

It has long been known that the HED suite of meteorites is very old, not much 
younger than the chondrites. This was established by analyses of w?ol~-:ock suites (~.g. 
Birck and Allegre 1978, Papanastassiou and Wasserburg 1969), on mdIvIdual meteofl~es 
(e.g. Allegre et al. 1975, Tera et al. 1997) and on igneous clasts from the polymlCt 
breccias (Nyquist et a!. 1986) using the long-lived Rb-Sr, Sm-Nd and/or Pb-Pb 
chronometers, as well as by evidence for the decay products of the short-lived nuclides 
1291 and 244PU (e.g. Rowe 1970). The best estimate of the age of magmatism for the 
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Figure 47. The age of magmatism on the HED 
parent body. The narrow band labeled HED 
mantle fractionation is the time of major 
parent body differentiation determined by Mn­
Cr chronometry, and the width of the band 
includes the uncertainty on this age . The best 
estimate for the age of eucrite formation is 
given by the datum labeled basaltic eucrites. 
The ages of the brecciated basaltic eucrite 
Juvinas and the least metamorphosed basalt 
clast from Y-75011 are compatible with these 
age estimates. The brecciated basaltic eucrites 
Bouvante and Nuevo Laredo are significantly 
younger, but this could be due to impact 
metamorphism. The unbrecciated cumulate 

fractfonation 

4.6 4.7 eucrites Moama, Moore County and Serra de 
Mage are significantly younger than the 
inferred HED mantle fractionation, and Serra 

de Mag~ is si~nific.antly younger than the basaltic eucrites best age estimate. The age of the Johnstown and 
TatahoUlDe dlOgcDltes are also significantly younger than the inferred RED differentiation time but these 
ro~ks are brecciated and shocked, respectively, casting uncertainty on the meaning of their young age. The 
eVlde~ce sh~wn here has been taken to indicate that the cumulate eucrites are -100 Ma younger than the 
basaluc eucntes. Data are from Birck and Allegre (1981), Lugmair and Shukolyukov (1997), Nyquist et a!. 
(1986), Smoliar (1993), Takahashi and Masuda (1990), Tera et a!. (1997). 

basaltic eucrites based on these data is in the range 4.51 Ga (Pb-Pb, Bouvante and Nuevo 
Laredo, Tera et al. 1997) to 4.60 Ga (Rb-Sr, Juvinas and ¥ -75011,84B least 
metamorphosed basalt clast, Allegre et al. 1975, Nyquist et al. 1986). Smoliar (1993) has 
examined all available Rb-Sr data on eucrites, and derived his best estimate for their 
formation age of 4.548±O.058 Ga. Recently, evidence for the presence of very short-lived 
~.lMn (t[12 3.7 Ma) and 60Fe (t1l2 1.5 Ma) at the time of formation of basaltic eucrites has 
been found (Lugmair et aI. 1994a,b; Shukolyukov and Lugmair 1993a,b). Lugmair and 
Shukolyukov (1997) have determined a Mn-Cr isochron for diogenite and basaltic eucrite 
samples, and combined this with a precise Pb-Pb age and Mn-Cr isotopic systematics for 
the angrite LEW 86010 to derive an estimate for the time of differentiation of the HED 
parent body of 4.5648±0.0009 Ga. Lugmair and Shukolyukov (1997) were careful to 
describe this time as "a time of HED mantle fractionation," rather than the time of 
formation of the diogenites and basaltic eucrites. 

Age information on cumulate eucrites suggests that they are younger than basaltic 
eucrites. Tera et aI. (1997) determined Pb-Pb ages for Moama, Moore County and Serra 
de Mage, all unbrecciated cumulate eucrites. These ages are, respectively, 4.426±0.094, 
4.484±0.019 and 4.399±0.035 Ga, and are within the uncertainty of Sm-Nd ages 
determined on the same meteorites by Jacobson and Wasserburg (1984), Tera et at. 
(1997) and Lugmair et al. (1977). None of these ages overlaps the estimated time of HED 
parent-body differentiation given above within the stated 20 uncertainty envelopes (Fig. 
47). Takahashi and Masuda (1990) determined a Rb-Sr isochron for the diogenites 
Johnstown and Tatahouine of 4.394±O.OIl Ga; again, this is outside the error envelope of 
the estimated HED parent-body differentiation time (Fig. 47). In this case, the difference 
is plausibly due to secondary processes as Johnstown is a breccia and Tatahouine has 
suffered shock damage. 

Metamorphic and impact ages are best determined using the 39Ar_4oAr method, and 
Bogard (1995) has recently summarized these studies. He demonstrated that almost every 
eucrite and howardite studied by Ar-Ar chronometry contains evidence for significant Ar 
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degassing. and argued that this was due to heating events on the HED parent body. 
Bogard (1995) further showed that most eucrites and howardites had their Ar-Ar ages 
reset within the time period of -4.1 to 3.4 Ga ago; relatively few samples gave evidence 
for older or younger Ar-AT ages. In cases where multiple samples have been analyzed 
from the same meteorite, the Ar-Ar ages are not always concordant. For example, the 
results compiled by Bogard (1995) show that Ar-Ar resetting of different samples of 
Kapoeta vary from -3.44 to 4.48 Ga. Paradoxically, one of the oldest Ar-Ar ages for 
HED meteorites is the 4.495±O.0 15 Ga age for Ibitira (Bogard and Garrison 1995), an un· 
brecciated, highly metamorphosed eucrite with homfelsic texture (Steele and Smith 
1976). 

Noble gas studies geared toward determining cosmic-ray exposure ages for a number 
of HED meteorites have recently been done by Eugster and Michel (1995) and Welton et 
al. (1997). The former authors used their results on eucrites, diogenites and howardites to 
determine composition and shielding dependent production rates, and then calculated 
cosmic-ray exposure ages for their data plus literature data. Based on this analysis, 
Eugster and Michel (1995) suggested that 81 % of all HED meteorites studied fell into 
five exposure age clusters; 6±I, 12±2, 21±4, 38±8 and 73±3 Ma. Welton et al. (1997) 
determined the noble gas contents of diogenites, and calculated exposure ages for them. 
They found that 70% of the diogenites have ages consistent with the 21 and 38 Ma age 
clusters. Using these data and literature data on eucrites and howardites, Welton et al. 
(1997) performed statistical analysis to determine that the 21 and 38 Ma exposure age 
clusters are statistically significant, while the 12 Ma cluster is not. The 6 and 73 Ma 
clusters are the smallest identified by Eugster and Michel (1995) and so presumably they 
are also not statistically significant. Both the 21 and the 38 Ma age clusters contain the 
range of petrologic types; eucrites, polymict eucrites, diogenites and howardites. 

HED meteorite petrogenesis 

The earliest petrogenetic model for asteroidal differentiation was that of Mason 
(1962). He noted that the lithologies in the HED group could plausibly represent a 
fractional crystallization sequence from early orthopyroxenites, through increasing 
plagioclase content to the basaltic eucrites. Mason (1962) suggested that a. ~hondritic 
body depleted in Na was totally melted, a metallic core segregated, ~nd th~ s~hcate melt 
solidified via fractional crystallization. The eucrites were thus the residual liquid products 
of an extensive sequence of crystallization. In this model, the crust of the asteroi~ from 
top down was composed of eucrites, howardites and diogenites. Mason (1962) conSidered 
howardites a brecciated igneous rock type, not a mixture of lithologies. 

Stolper (1977) presented an alternative model for eucrite petrogenesis in which t~e 
basaltic eucrites represent primary partial melts of their parent body. Stolper based hiS 
arguments on the results of melting experiments on basaltic eucrites in .which he found 
conditions of temperature and oxygen fugacity at which the eucrites are multiply 
saturated with pyroxene, plagioclase, olivine, metal and spinel. Because this is a plausi.ble 
mineral assemblage for a chondri tic parent body, Stolper (1977) concluded that eucntes 
are primary partial melts of their parent body. In Stolper'S model, the parent body 
undergoes minimal heating as total melting is not envisioned. 

The Mason and Stolper models represent end member models, and several 
intermediate or hybrid models have been developed. Ikeda and Takeda (1985) developel1 
a magma ocean model for RED petrogenesis. They invoke ~ accretio~al ener~y source 
to cause total melting of the outer portion of the parent asteroid, producmg a thlll magma 
ocean. The magma ocean undergoes fractional crystallization and volatile loss, producing 
first dunites and then orthopyroxenites (diogenites). At some point during crystallization. 
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the surface of the magma ocean became a stable, crystalline "scum" layer composed of 
volatile-poor "Trend A" eucrites like Juvinas and Nuevo Laredo. The lower portions of 
the magma ocean suffered less volatile loss, and melts from this lower region were 
occasionally extruded as more volatile-rich "Trend B" magmas like Stannem. 

Warren and Jerde (1987) presented a hybrid model of the Mason and Stolper 
petrogenetic schemes, in which members of the Stannem-trend are partial melts of the 
HED parent asteroid, while the Nuevo Laredo-trend eucrites and the main-group eucrites 
are residual liquids from melts that first produced the diogenite cumulates. Warren and 
Jerde (1987) also suggested that the main-group and Nuevo Laredo-trend eucrites might 
be mixtures of cumulus grains and residual liquid. 

Hewins and Newsom (1988) recognized the two eucrite trends , A and B, of Ikeda 
and Takeda (1985) but suggested that these trends are the result of two distinct parent 
melts, rather than divergent evolution of a single magma ocean. Hewins and Newsom 
(1988) suggested that magnesian parent melts that were formed by high degrees of partial 
mehing followed fractional crystallization paths to produce an incompatible-element­
poor trend and an incompatible-element-rich trend (equivalent to trends A and B of Ikeda 
and Takeda 1985, respectively). The Hewins and Newsom (1988) scenario posits that 
magnesian parental melts were produced on the HED parent body. and they suggest that 
two clasts from polymict breccias are candidates for these melts. More recently, 
Mittlefehldt and Lindstrom (1997) studied two additional magnesian basalt clasts from 
howardites, and reviewed existing data on the other two. These authors concluded that all 
four magnesian basalt clasts so far identified are more likely impact melts of the parent 
body surface. In their opinion, there is no petrologic evidence for the existence of primary 
magnesian basalt clasts in RED meteorites. The reality of separate "A" and "B" trends in 
the basaltic eucrite suite is open to question. 

The central issue in all these models is whether main-group eucrites are primary 
partial melts or residual liquids. Experimental studies of chondri tic materials have been 
done to attempt to resolve this issue. Jurewicz et at. (1993, 1995a) performed melting 
experiments on CM, CV, Hand LL chondrites. Volatile elements like Na were allowed to 
escape from the system in these experiments. Jurewicz et al. (1993, 1995a) showed that 
there is a close match between the low-temperature melting fraction of volatile-poor CM 
chondrites and the main-group eucrites suggested by Stolper (1977) to be primary partial 
melts. Consequently these authors favored Stolper's model for eucrite petrogenesis. One 
potential problem with these experimental studies is that a volatile-poor, eM chondrite­
like source has insufficient pyroxene to produce orthopyroxene cumulates in abundance. 
This seems at odds with the RED meteorite suite, in which diogenites and orthopyroxene 
clasts in polymict breccias are modally significant. The problem is compounded by 
melting experiments on LL chondrites which do contain sufficient pyroxene to easily 
explain diogenites, but produce minimum melts unlike eucrites (Jurewicz et a!. 1995a). 

The partial melt vs. residual melt origin for main-group eucrites remains an unsettled 
problem in the meteoritical community. Indeed, a recent series of publications has 
resulted in a range of models for eucrite petrogenesis. Jones et al. (1996) consider that the 
eucrites Bouvante, Stannern, Chervony Kut, Cachari and Sioux County are primary 
panial melts. Ruzicka et al. (1997) believe basaltic eucrites, excluding Bouvante and 
Siannern, formed from a magma ocean that first fractionally crystallized dunites and 
orthopyroxenites, and then crystallized under conditions approaching equilibrium to 
produce the suite of basaltic eucrites. Righter and Drake (1997) suggested the eucrite 
parent body was totally molten, separated a core, and then underwent equilibrium 
crystallization to form dunites and orthopyroxenites. A basaltic residual liquid then 
underwent fractional crystallization to form the main-group basaltic eucrite suite, while 
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B?uvant and Stannem represent other residual melts. Note that Ruzicka et al. (1997) and 
RIgh.ter an~ .D~ake (1997) come to opposite conclusions as to which igneous rocks 
reqUIre equlhbn,um vs. fractional crystallization to form them. Warren (1997) presented 
an updated verSIOn of the Warren and Jerde (1987) model for eucrite petrogenesis. He 
suggested that theHED suite formed from a large magma system, probably a global 
magma, ~cean. DlOgentte c~mulates formed early while the system was rapidly 
crystallizing. !he rate of coolmg, and thus crystallization, slowed down and high mg# 
cumulate eucntes were produced. During this period of slow crystallization, the residual 
melt w~s repeatedly tapped to produce the basaltic eucrite suite. At the end of 
magmatIsm, low mg# cumulate eucrites are formed from the last dregs of the magma 
system. Clearly, we are not converging on a consensus opinion for eucrite petrogenesis. 

. The petrogenesis of diogenites is more clear cut, at least to a first order; these coarse. 
gramed rocks ar~ Q.lmulat~s from a fractionally crystallizing magma. The nature of their 
parent .magma IS uncertam, ho~ever. Stolper (1977) suggested that they may have 
crystallized from a melt of essentIally orthopyroxene composition. Recent study of minor 
element distributions in the pyroxenes, trace element study of bulk orthopyroxene 
separates and S~S study of pyroxenes have tended to support this model (Fowler et al. 
1994, 1995; Mlttlefehldt 1994). Both bulk samples and pyroxene grains show wide 
ranges .m .lOcompatible element contents, suggesting a wide range in fractional 
crystallizatIOn, yet !hey have .a v~ry restrict~d range in mg# and mineralogy, suggesting a 
ver~ ~arr~w range In crystallIzauon. The Uniformity in mg# could be due to metamorphic 
eqUIlibratIOn (Fowleret aL 1994, 1995; Mittlefehldt 1994), but the nearly monomineralic 
natur~ of .dlOgennes Implies either a restricted range in crystallization or a parent melt 
very nch In orthopyroxene component (Mittlefehldt 1994). The former is at odds with the 
~ide r~nge in incompatible element abundances. Fowler et a1. (1995) suggested that the 
?lOgenIte~ may have been derived from a suite of parent mafic melts with different 
incompatIble element contents, rather than a single orthopyroxenitic melt. Shearer el al. 
(1997) have concluded that diogenites did not form from highly orthopyroxene normative 
~agm~s. R~ther, they suggest that the major and trace element systematics of the 
dlOg~nIte sUite c~n ?e modeled as cumulates arising via small amounts (10-20%) of 
fract~onal crystallIzatIOn of a suite of distinct basaltic magmas formed either by fractional 
meltmg of a homogeneous source, or equilibrium melting of heterogeneous sources. 

Sack et a~. (199.1) suggested that two diogenites are unusually olivine-rich, and 
re~resent meltmg residues (restites) from the HED parent body rather than cumulates. 
Mmlefehldt (1994) argu~d that those two diogenites were not unusually olivine-rich, 
based on modal data provided by R. Hewins and on a bulk composition for one of them. 
Fowler et aL (1995) and Mittlefehldt (1994) showed that these two diogenites are not 
unu~ual I.n .mlOor and trace element composition compared to other diogenites, and that a 
restIte ongm for them seems unlikely. 

The cumulate eucrites are cumulates from a fractionally crystallizing mafic melt. 
Stolper (1977) demonstrated that the cumulate eucrites are too iron-rich to have 
crystallized from basaltic eucrites. Liquidus pyroxenes for Sioux County have an mg# of 
71-72 (Stolper 1977), while the most magnesian cumulate eucrite Binda contains 
pyroxenes with a bulk mg# of 67 (Takeda et a!. 1976). Using the data in Stolper (1977) 
one c~n infe~ that liquidus pyroxene in Nuevo Laredo or Lakangaon, the most ferroa~ 
basaltIC eucntes, would have an mg# of -59, compared with bulk pyroxene mg# of 58 
and 56 for Moama and Serra de Mage, respectively (Harlow et a!. 1979, Lovering 1975). 
Several researchers have suggested that the parent melt of , the cumulate eucrites was 
un~sual in that it had a LREE-enriched pattern. This was originally based on calculations 
usmg bulk analyses of mineral separates from Moore County and Serra de Mage, and 
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mid-1970s vintage partition coefficients (Ma and Schmidt 1979, Ma et al. 1977), and has 
recently been reiterated by Hsu and Crozaz (1997) based on SIMS analyses of pyroxenes 
and plagioclase in Moama and Moore County and modern partition coefficients. These 
latter authors concluded that subsolidus redistribution did not affect the REE they 
measured, and that therefore the cumulate eucrites most likely were formed from melts 
with fractionated REE patterns which do not seem to be genetically related to the basaltic 
eucrites. Pun and Papike (1995) similarly found that nominal parent melts for the 
cumulate eucrites Binda, Moama, Moore County and Serra de Mage, calculated through 
inversion of mineral REE data obtained by SIMS, showed LREE-enriched patterns. 
These authors cautioned that unusual parent melts provided only one possible explanation 
of the result, and that subsolidus redistribution of the REE or inappropriate partition 
coefficients could be the cause of the unusual calculated patterns. Treiman (1997) 
showed that the cumulate eucrites Moore County and Serra de Mage can be modeled for 
major and trace elements as mixtures of cumulus minerals and trapped melt from parent 
melts similar to basaltic eucrites. He suggested that subsolidus redistribution of the REE 
causes parent melts calculated by inversion of SIMS data to have unusual REE patterns. 

Thermal metamorphism of the BED parent body crust 

As discussed above, almost all HED meteorites show textural evidence for extensive 
thennal annealing.in the form of Fe-Mg equilibration and exsolution of pyroxenes and 
mineral grain recrystallization . Detailed study of the pyroxene textures led to the 
observation that the mg# and textural features were roughly correlated; more magnesian 
lithologies (diogenites, cumulate eucrites) are more annealed than are more ferroan 
lithologies (basaltic eucrites). As the former are intrusive rocks and the latter surficial 
rocks, this observation led to development of a layered-crust model for the HED parent 
body by H. Takeda and colleagues (e.g. Miyamoto and Takeda 1977, Takeda 1979, 
Takeda et al. 1976). In this model, the extent of pyroxene ex solution and inversion is 
related to the depth of formation of the rock, and the pyroxene textures are largely caused 
by slow cooling from the magmatic stage (Tak.eda 1979). It was recognized that some 
eucrites do not fit the overall trend, and later metamorphism was also noted as an 
important process in some cases (e.g. Takeda and Graham 1991). One possibility is that 
impact heating was an important agent of metamorphism, and this has been used to 
explain the textural differences between basalt clasts in polymict breccias and monomict 
eucrites (e.g. Nyquist et aI. 1986, Takeda and Graham 1991). Heating by subsequent 
flows or intrusions is another possible metamorphism agent (Takeda and Graham 1991). 

Other researchers have argued that impact heating (Keil et al. 1997) and contact 
metamorphism by later intrusions/extrusions (Yamaguchi et al. 1996) cannot possibly 
explain the great preponderance of metamorphosed lithologies in the HED suite. 
Yamaguchi et aI. (1996,1997) have addressed the issue of why thermal metamorphism 
was so prevalent among the basaltic eucrites, which presumably were extrusive flows on 
the HED parent body. These authors suggest that a high eruption rate on the parent body 
could bury early form basalts rapidly enough that heat conducted up from the mantle 
through the crust would be sufficient to anneal eucrites. Reestablishment of the parent 
body thermal gradient thus causes global thermal metamorphism in the crust. In this 
model , the earliest formed basalts would be the most highly metamorphosed, and the 
latest extrusions would be unmetamorphosed. This model can easily accommodate 
vesicular yet highly recrystallized eucrites such as Ibitira which must have been extruded 
onto the sutface and yet suffered extensive metamorphism. 

4 Vesta, the BED parent body? 

The HED meteorite group is the only such group, excluding lunar and martian 
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meteorites, for which we hav~ a strong candidate for the parent body. the asteroid 4 
Vesta. McCord et al. (1970) first showed that the reflectance spectrum of Vesta in {he 
wavel~ngth ~egion from 0.3 to 1.1 11m was matched by the laboratory spectrum of a 
basaltIc eucnte,Nuevo Laredo. Subsequently, Consolmagno and Drake (1977) argued 
that Vest~ was Indeed the parent body of the HED meteorites. Wasson and Wetherill 
(1979) dIScussed the dynamical problems of moving material from Vesta to Eanh­
cro~smg orbIts where they could be sampled as meteorites. Basically. Vesta is far from 
orbital resonances such that only energetic events could propel material into regions 
where they, w~uld have a reasonable probability of evolving into Earth-crossing orbits. 
S~ch materIal IS expected to be heavily shocked, in contrast to most HED meteorites. The 
y~eld of .material fr~m Vesta should be much smaller than from other, presumably 
differentiated asterOIds more suitably placed in orbital-element space (Wasson and 
Wetherill 1979). 

. Hostetler and Drake (1978) proposed that the material ejected from Vesta was 
oflgmally m fragments large enough to shield most of the mass from cosmic-ray 
bomba:dment. Some of these bodies evolved into Earth-crossing orbits , and collisions in 
space lIberated the smaller pieces that now fall as meteorites , with cosmic-ray exposure 
ages of 5-75 Ma. Recently, Cruikshank et al. (1991 ) determined that three asteroi'dsof 
-1 -3 km diameter in Earth-approaching orbits have spectral characteristics very similar to 
those of Vesta and the HED meteorites. These authors suggested that these three asteroids 
are the immediate sources of many of the HED meteorites. Cruikshank et al. (1991) did 
not favor Vesta.as the.ultJ .m~te ~ource for the Earth-approaching asteroids. They were led 
by .the oxygen-IsotoPIc simllanty of HED meteorites and main-group pallasites into a 
belIef that the parent body of these meteorites was one and the same, and must therefore 
have been totally disrupted to liberate pallasites from the core-mantle boundary. Binzel 
and Xu (1993) surveyed numerous small asteroids in orbits similar to Vesta's and found 
20 with diameters between 4 and 10 km that have spectra similar to that of Vesta. These 
small asteroi~s form a "trail" in orbital-element space from near Vesta to near the 11 
res~n~ce. Bmzel and Xu ( 1993) proposed that these small asteroids are spalls from 
collISIOns on Vesta, and that some of their brethren reached the 3: I resonance had their 
orbits pertur~ed into Earth-crossing or Earth-approaching orbits, and ultimately' delivered 
HED meteontes to the Earth. 

Wasson and Chapman (1996) have argued that Vesta is not the HED parent body. 
They suggested that there must have been many asteroids with basaltic crusts based on 
the number of differentiated parent bodies inferred from the meteorite rec~rd. They 
further ~~ggested that space weathering has altered the reflectance spectra of most of 
these bodies to resemble S asteroids, and that one of these asteroids in a more favorable 
orbit is the parent bo.dy for HED meteorites. In their view, Vesta stands out as being like 
HEDs only because It. w~s recently resurfaced, exposing fresh material. The controversy 
over wh.ether Vesta IS Indeed the HED parent body will likely only be resolved by 
petrologIcal and geochemical analysis of returned Vesta samples. 

The geology of the surface of Vesta has come under increasing scrutiny through both 
ground- and space-based telescopic study. Based on this work, Vesta is known to harbor 
regions rich i~ orthopyroxene and regions more basalt-like (Binzel et al. 1997, Gaffey 
1997). ~here IS a general hemispheric dichotomy, with one hemisphere being richer in 
magneSIan pyroxenes (more diogenite-Iike) than the other (Binzel et al. 1997). This 
hemIsphere also gIves spectral evidence for the presence of substantial olivine (Binze! et 
al . 1997, Gaffey 1997). 
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ANGRJTES 

The angrite grouplet consists of four meteorites, Angra dos Reis , LEW 860 I 0, LEW 
87051 and Asuka 881371. These rocks, while petrologically distinct, have identical 
oxygen-isotopic compositions (Clayton and Mayeda 1996), have similar unusual 
mineralogies (e.g. McKay et al. 1988a, 1990; Prinz et al. 1977, Yanai 1994) and share a 
number of geochemical characteristics (Mittlefehldt and Lindstrom 1990. Warren et al. 
1995) that suggest that they originated on a common parent body . Although the angrites 
share a narrow region of O-isotope space with the HED meteorites, mesosiderites and 
brachinites (Fig. Id), the unusual mineralogies and compositions of the angrites suggest 
that they are not closely related to any of these other meteorite groups. The angrites are 
crustal igneous rocks of generally basaltic composition, although Angra dos Reis is 
mineralogically and compositionally quite unusual. 

Mineralogy and petrology 

Angra dos Reis. The most detailed description of this rock was given by Prinz et al. 
(1977), and the synopsis given here is derived from this source unless otherwise noted. 
Angra dos Reis is a medium- to coarse-grained igneous rock composed dominantly of 
aluminian-titanian-diopside, with minor olivine, spinel and troilite, and accessory 
magnesian kirschsteinite, celsian, whitlockite, titan ian magnetite, baddeleyite and metal. 
The pyroxenes occur in two textures; a groundmass of small xenomorphic grains on the 
order of 100 flm in size, and larger, poikilitic grains on the order of 1 mm in size. 
Pyroxene grains in the former join at triple junctures. The small groundmass grains are 
enclosed in the poikilitic grains, and occur along the margins of the large grains where 
they are partially enclosed. Olivine occurs as grains within the groundmass, or as 
aggregates of small equidimensional grains joining at triple junctures. Wasserburg et al. 
(1977) noted that olivine is heterogeneously distributed in the meteorite. Spinel occurs as 
xenomorphic grains "dispersed throughout" pyroxene. Whitlockite occurs as mm-sized 
grains dispersed throughout the rock, although again, Wasserburg et al. (1977) note that it 
is heterogeneously distributed. Magnesian kirschsteinite occurs as inclusions in olivine. 
Celsian and titanomagnetite are found in the groundmass. The compositions of olivine 
and kirschsteinite are given in Table 36, pyroxene in Table 37, spinel and titanomagnetite 
in Table 38, and celsian in Table 39. 

Plagioclase has also been reported, but has not been found in thin section . Prinz et al . 
(1977) found a few grains of plagioclase in mineral separates prepared by Wasserburg et 
aI. (1977). The composition of this plagioclase is given in Table 39. Lugmair and Marti 
(1977) report small amounts of feldspar in one subsample of Angra dos Reis prepared by 
Wasserburg et al. (1977), but did not characterize it. Storzer and Pellas (1977) found 
feldspar in subsamples they prepared for track work. These authors did not characterize 
the feldspar, but noted that two distinct types were present. The majority of the grains 
required etching conditions like those used to reveal tracks in bytownite, while one grain 
required etching conditions like those used to reveal tracks in albite-oligoclase (Storzer 
and Pellas 1977). The composition of plagioclase measured by Prinz et al. (1977) for 
Angra dos Reis is quite distinct from that in the other angrites (Table 39), but like those 
in HED meteorites (Table 33). Because plagioclase has not been found in thin section in 
Angra dos Reis, there is the possibility that the grains measured by Prinz et al. (1977) 
represent contaminants introduced during sample processing. Eucrites were being 
actively studied in Wasserburg's lab during the time period that Angra dos Reis was 
being prepared (Wasserburg et al. 1977). Both types of feldspar found by StOrzer and 
Pellas (1977) have identical cosmic-ray track records, indicating identical exposure 
histories. 



Si02 
At20 3 
FeO 
MgO 
MnO 
Cr20 3 
CaO 

Tolal 

5i 
AI 
Fe 
Mg 
Mn 
Cr 
Ca 

Angru 
dos Reis 

( I) 

36.3 

38.3 
24.3 

0.60 
0.03 
1.29 

100.82 

1.0170 
0.0000 
0.8974 
1.0146 
0.0142 
0.0007 
0 .0387 

Table 36. Representative olivine and kirschsteinite analyses for angrites. 

Angru 
dos Reis 

(2) 

34.6 
0.33 

26.2 
8.90 
0.42 
0.02 

28.9 
99.37 

1.0154 
0.0114 
0.6430 
0.3892 
0.0104 
0.0005 
0.9087 

LEW 
86010 

(3) 

32.5 
0.03 

50.6 
13.4 
0.62 
0.01 
2.16 

99.32 

0.9985 
0.0011 
1.3002 
0.6136 
0.0161 
0.0002 
0 .0711 

LEW 
86010 

(4) 

Asuka 
88 1371 

(5) 

Asuka 
881371 

(6) 

Asuka 
881371 

(7) 

Chemical Composition (wt %) 

32.4 
0.01 

32.2 
4.93 
0.39 
0.02 

29.2 
99.15 

39.9 
0.04 

10.3 
47.5 

0.18 
0.17 
0.06 

98.15 

33.3 
0.02 

43.1 
20.5 

0.48 

1.92 
99.32 

39.6 
0.06 

13.5 
45.4 

0.16 
0.34 
0.28 

99.34 

Cation Formula Based on 4 Oxygens 

0.9913 0.9994 
0.0004 0.0012 
0.8239 0.2158 
0.2248 1.7732 
0.0101 0.0038 
0.0005 0.0034 
0.9573 0.0016 

0.9816 
0.0007 
1.0625 
0.9006 
0.0120 
0.0000 
0 .0606 

Asuka 
88 1371 

(8) 

34.2 
0.06 

43.5 
19.6 
0.50 
0.08 
1.89 

99.83 

1.0012 
0.0021 
1.0650 
0.8551 
0.0124 
0.0019 
0.0593 

Asuka 
881371 

(9) 

37.6 
0.04 

28.6 
32.8 

0.34 
0.07 
0.85 

100.30 

1.0070 
0.0013 
0.6406 
1.3092 
0.0077 
0.0015 
0 .0244 

Asuka 
881371 

(10) 

30.6 
0.04 

53.4 
0.35 
0.77 

13.5 
98.66 

1.0068 
0.0016 
1.4694 
0.0172 
0.0215 
0.0000 
0.4760 

Asuka 
88137 1 

(II) 

31.0 

43.3 
2.30 
0.64 

21.6 
98.84 

0.9894 
0.0000 
1.1558 
0.1094 
0.0173 
0.0000 
0 .7387 

Tolal Calions 2.9826 2.9786 3 .0008 3.0083 2.9984 3.0180 

0.9956 
0.0018 
0.2839 
1.7011 
0.0034 
0.0068 
0.0075 
3.0001 2.9970 2.9917 2.9925 3.0106 

La 

Fo 
Fa 
Fe/Mn 
mg# 

Cation Ratios Lomite (La). Fosterite (Fa). Fayalite (Fa). Fe/Mn and mg# (100' Mgl(Mg+ Fe)) 

2.0 
52.0 
46.0 
63 
53.1 

46.8 
20.1 
33.1 
62 
37.7 

3.6 
30.9 
65.5 
81 
32.1 

47.7 
11.2 
41.1 
82 
21.4 

0.1 
89.1 
10.8 
56 
89.2 

3.0 
44.5 
52.5 
89 
45.9 

0.4 
85.4 
14.2 
83 
85.7 

3.0 
43.2 
53.8 
86 
44.5 

1.2 
66.3 
32.4 
83 
67.1 

24.3 
0.9 

74.9 
68 
1.2 

36.9 
5.5 

57.7 
67 
8.6 

(1) Average of olivine analyses (Prinz et ai., 1977); (2) Average of Idrschsteinite analyses (Prinz et ai., 1977); (3) Average of olivine 
analyses (Crozaz and McKay. 1990); (4) Average of kirschsteinite analyses (Crozaz and McKay, 1990); (5. 6) Large, magnesian olivine 
core and rim. respeclively (Yanai. 1994); (7, 8) Large. olivine )ltcnocrysl core and rim . respectively (Mikouchi e l al.. 1996); (9, 10) 
GrnundmlUll ohvin~ core a nd ri.m. ro .. ~.:tive l )' (Mikouchi ~I ... 1 .. 1996); (II) OroundmalUl klnlchMCini\c (Yanai. 1994). 
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Ca 
Mg 
Fe 
Fe/Mn 
mQ# 

Ao"", 
dos Reis 

(I) 

45.9 
10.0 

2.16 
0.21 
6.70 
0.06 

10.6 
24.1 
nd 
99.73 

LEW 
86010 

(2) 

48.5 
5.85 
0.83 
0.67 
7.69 
0.09 

12.0 
24.1 
nd 
99.73 

Table 37. Representalive pyroxene analyses ror angriles. 

LEW 
86010 

(3) 

44.8 
9.11 
2.21 
0.35 
9.58 
0.10 
9.23 

24.4 
nd 
99.78 

LEW 
86010 

(4) 

LEW 
86010 

(5) 

LEW 
86010 

(6) 

Asuka 
881371 

(7) 

Chemical Composition (wt %) 

43.2 42.3 41.8 46.5 
11.0 11.8 11 .7 7.82 
2.71 3.14 3.39 1.78 
0.17 0.13 0.16 0.38 
9.84 10.4 10.9 12.1 
0 .09 0.09 0.10 0.17 
8.39 7.56 7.18 8.19 

24.4 24.2 24 .1 23 .1 
nd 
99.80 

nd 
99.62 

nd 
99.33 100.04 

Asuka 
881371 

(8) 

41.4 
6.63 
3.90 

bd 
26.1 

0.16 
0.05 

21.5 
0.04 

99.78 

Asuka 
881371 

(9) 

~.6 

9.13 
lY 
O.~ 

aoo 
0.00 
&00 

23.0 
Qro 
~.M 

Asuka 
881371 

( 10) 

44.5 
3.91 
2.42 

27.4 
0 .24 
0.10 

21.1 
nd 
99.67 

Cation Formula Based on 8 Oxygens (Ideal Plagioclase = 5 Cations per 8 Oxygens) 

1.7185 1.8233 1.7073 1.6501 1.6237 1.6 149 1.7751 1.7072 1.7460 
0.2815 0.1767 0.2927 0.3499 0.3763 0.3851 0.2249 0.2928 0.2540 
2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 
0.0608 0.0235 0.0633 0.0778 0.0906 0.0985 0.0511 0 .1209 0.0455 
0.1598 0.0825 0.1165 0.1453 0.1576 0.1477 0.1270 0 .0295 0.1581 
0 .0062 0 .0199 0.0105 0.0051 0.0039 0.0049 0.0115 0.0182 
0.2098 0.2418 0.3053 0.3143 0.3339 0.3522 0.3863 0 .9001 0.3170 
0.0019 0.0029 0.0032 0.0029 0.0029 0.0033 0.0055 0.0056 0.0019 
0.5915 0 .6723 0.5242 0.4776 0.4325 0.4134 0.4659 0.0031 0.5079 
0 .9668 0.9708 0.9963 0.9986 0.9953 0.9977 0.9449 0.9500 0.9436 

0.0032 0.0022 
3.9968 4.0137 4.0193 4.0216 4.01 67 4.0 177 3.9922 4.0124 3.9944 

54.7 
33.5 
11.9 

110 
73.8 

51 .5 
35.7 
12.8 
83 
73.5 

Cation Ratios Ca:Mg:Fe. Fe/Mn and mg# (100' Mg/(Mg+ Fe)) 

54.6 
28.7 
16.7 
95 
63.2 

55.8 
26.7 
17.6 

108 
60.3 

56.5 
24.6 
19.0 

115 
56.4 

56.6 
23.4 
20 .0 

107 
54.0 

52.6 
25.9 
21.5 
70 
54.7 

51.3 
0.2 

48.6 
161 

0.3 

53.4 
28.7 
17.9 

167 
61 .6 

1.8359 
0.1641 
2.0000 
0.0751 
0.0260 

0.9454 
0.0084 
0.0061 
0.9328 

3.9938 

49.5 
0.3 

50.2 
113 

0 .6 

Asuka 
881371 

(II) 

40.7 
8.26 
4.75 

25.2 
0.06 

21.7 
0.15 

100.82 

1.6537 
0.3463 
2.0000 
0.1451 
0.0493 

0.8563 
0.0021 

0.9447 
0.0118 
4.0093 

52.5 
0.0 

47.5 
408 

0.0 

(1) Average of analyses (Prinz et al., 1977); (2-6) Individual analyses (Crozaz and McKay, J 990); (7, 8) Mikouchi et al. (1 996); (9· 11) 
Individual analyses (Yanai, 1994). 
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Table 38. Representative oxide analyses for angrites. 

Angra Angra LEW LEW Asuka Asuka 
dos Reis dos Reis 86010 86010 881371 881371 

(I) (2) (3) (4) (5) (6) 

Chemical Composition (wt %) 

Ti02 0.65 21.9 0.78 27.0 1.48 27.3 

AI2°:,1 54.5 3.50 56.9 4.86 37.8 2.42 
CrZ0 3 3.30 1.02 1.21 1.11 20.9 0.01 
V20 3 0.07 0.26 0.60 0.08 
Fe20 3 3.40 .18.5 1.86 40.2 
FeO 28.4 48.8 32.2 25.8 31.4 68.4 
MgO 8.00 1.18 5.87 1.16 6.98 0.02 
Mno- 0.18 1.17 0.17 0.36 0.26 0.22 
CaO 0.76 1.21 0.07 0.06 0.13 0.09 
Si02 0.51 1.23 0.05 0.06 0.25 0.10 
Total 99.77 98.77 99.11 100.61 99.80 98.64 

Cation Formula Based on 4 Oxygens 
(Ideal Spinel == 3 Cations per 4 Oxygens) 

" 0.0137 0.6052 0.0166 0.6786 0.0337 0.7960 
AI 1.7990 0.1516 1.8985 0.1914 1.3492 0.1106 
Cr 0.0731 0.0296 0.0271 0.0293 0.5004 0.0003 

V 0.0016 0.0077 _. 0.0146 0.0025 
Fe'" 0.0717 0.5116 0.0396 1.0110 --
Fe2 ... 0.6652 1.4997 0.7623 0.7211 0.7952 2.2179 
Mg 0.3339 0.0646 0.2476 0.0578 0.3150 0.0012 
Mn 0.0043 . 0.0364 0.0041 0.0102 0.0067 0.0072 
Ca 0.0228 0.0476 0.0021 0.0021 0.0042 0.0037 
Si 0.0143 0.0452 0.0014 0.0020 0.0076 0.0039 
Total Cations 2.9996 2.9992 2.!;l.993 2.7035 3.0266 3.1433 

Cation Ratios Fe/Mn, mg# (100' Mg/(Mg+ Fe)) and 
cr# (lOO'Cr/(Cr+AI)) 

Fe/Mn 156 41 187 71 119 307 
mg. 33.4 4.1 24.5 7.4 28.4 0.1 
cr. 3.9 16.4 1.4 13.3 27.1 0.3 

(1) Average of spinel analyses (Prinz et aL, 1977); (2) Average of 
titanomagnetite analyses (Prinz et aL, 1977) (3) Average of hercynite 
analyses (McKay e( ai., 1988a); (4) ) Average of titanomagnetite 
analyses (McKay et ai., 1988a); (5) Spinel (Mikouchi et al., 1996); (6) 
Ulv6spinel (Mikouchi et al., 1996). 

LEW 86010, Sadly, petrologic details for LEW 86010 are lacking, and brief 
descriptions only are available in numerous abstracts. LEW 86010 is composed primarily 
of aluminian-titanian-diopside, plagioclase and olivine, with minor kirschsteinite and 
troilite, and accessory whitlockite, hercynitic spinel, titanomagnetite and Fe,Ni metal 
(McKay et al. 1988a, Prinz et al. 1988b). Different authors describe the texture variously 
as "gabbroic or granular" (Delaney and Sutton 1988), "cumulate" (Goodrich 1988) or 
"subophitic to poikilitic" (Prinz et a!. 1988b), but it can best be described as 
hypidiomorphic-granular (McKay et a!. 1988a) (Fig. 48). Aluminian-titanian-diopsides 
are generally anhedral grains on the order of 2-3 mm in size and are zoned from mg# of 
70-75 to about 50, with lower TiO, and AI,03' and higher Cr,03 in the cores (Delaney 

Mittlefehldt et al.: Non-Chondritic Meteorites/rom Asteroidal Bodies 4-135 

Table 39. Representative plagioclase and celsian 
an~lyses for angrites. 

Si02 
AIP3 

'eO 
Mgt) 
Cao 
Na,O 
K,O 
BaO 
Total 

Angra 
dos Reis 

(I) 

Angra 
dos Reis 

(2) 

LEW 
86010 

(3) 

Chemical Composition (wt %) 

46.2 33.6 43.3 
33.6 28.0 36.7 

0.21 

17.2 
1.47 
0.11 

98.79 

0.43 

1.20 
0.15 
0.05 

38.2 
101.63 

0.23 
0.03 

20.5 
0.03 

100.79 

Asuka 
881371 

(4) 

43.8 
35.4 

0.37 
0 .19 

20.2 
0.04 
0.01 

100.01 

Cation Formula Based on 8 Oxygens 
(Ideal Plagioclase = 5 Cations per 8 Oxygens) 

Si 

"AI 

Totaltet" 
Fe 
Mg 
Ca 
Na 
K 
Sa 
Total Cations 

2.1500 
1.8431 
3.9931 
0.0082 

0.8577 
0.1326 
0.0065 

4.9981 

2.0135 
1.9778 
3.9913 
0.0216 

0.0771 
0.0174 
0.0038 
0.8971 
5.0083 

1.9940 
1.9921 
3.9861 
0.0089 
0.0021 
1.0116 
0.0027 

5.0114 

2.0316 
1.9354 
3.9670 
0.0144 
0.0131 
1.0040 
0.0036 
0.0006 

5.0027 

Calion Ratios 100'Mg/(Mg+Fe) (mg#) a~d 
Molecular Proportion of Orthoclase (Or), Albite 

lAb), Anorthite (An) and Celsian (es) 

""'. 18.9 47.8 
0, 0.7 0.4 0 .1 
Ab 13.3 1.8 0.3 0.4 
An 86.0 7.7 99.7 99.5 
Cs 90.1 

(I) Average of plagioclase from mineral separates (Prinz et 
aI., 1977); (2) Average of celsian analyses (Prinz et ai., 
1977); (3) Average of plagioclase analyses (Crozaz and 
McKay, 1990); (4) Plagioclase (Mikouchi et ai., 1996). 

and Sutton 1988, Goodrich 1988, 
McKay et a!. 1988a, Prinz et a!. 
1988b). Plagioclase grains are sub­
hedral to euhedral, on the order of I 
to 2.5 mm in size and are virtually 
end-member anorthite in 
composition (Goodrich 1988, Mc­
Kay et a1. 1988a). Olivine occurs as 
anhedral to subhedral grains 
roughly 1 to 2.5 mm in size and 
containing exsolution lamellae of 
kirschsteinite up to 20 J-lm in width 
(Delaney and Sutton 1988, Good­
rich 1988, McKay et a!. 1988a, 
Mikouchi et aJ. 1995). Olivine is 
uniform in composition with a rng# 
of 32-33 and a CaO content of 1.5 
to 2.2 wt % (Crozaz and McKay 
1990, McKay et a!. 1988a, Prinz et 
a!. 1988b). The compositions of 
olivine and kirschsteinite for LEW 
86010 are given in Table 36, 
pyroxene in Table 37, spinel and 
titanomagnetite in Table 38, and 
plagioclase in Table 39. 

A-881371 and LEW 87051. 
Asuka 881371 and Lewis Cliff 
87051 are similar rocks. They are 
porphyritic-textured rocks contain­
ing large, subhedral to euhcdral 
grains of magnesian olivine set in 
an ophitic textured groundmass of 
euhedral laths of anorthite inter­
grown with euhedral to subhedral, 
highly zoned aluminian-titanian­
diopside and ferroan olivine (Fig. 
49). Kirschsteinite and traces of 
titanomagnetite, spinel, whitlockite, 
troilite and Fe,Ni metal are also 
present (McKay et a!. 1990, 1995; 
Mikouchi et al. 1996, Prinz and 
Weisberg 1995, Prinz et a!. 1990, 
Yanai 1994). 

The coarse olivines are variable in size and composition. Prinz et al. (1990) reported 
sizes from 0.15 to 1 mm for LEW 87051 with core compositions ranging from FOn to 
Fo90, with the largest olivine being the most magnesian. The coarse olivines in A-881371 
are up to about 2 mm in size, and core compositions have a narrower range of FOg! to 
Fo" (McKay et al. 1995, Mikouchi et a!. 1996, Prinz and Weisberg 1995, Yanai 1994). 
The larger of the coarse olivines have very homogeneous cores with strongly zoned rims, 
while the smaller of the coarse olivines show zoning in the cores which is distinct from 
that in the rims (Mikouchi et al. 1996). Mikouchi et a!. (1996) suggested that the zoning 



Figure 48. Photomicrograph of LEW 86010 in transmitted light, partially crossed nichols, show~ng 
heterogeneous, hypidiomorphic texture. Major phases are anorthite (twinned), olivine (unzoned, exsoluuon 
lamellae) and Al-Ti-diopside (zoned). NASNJ5C photo 588 28784 courtesy of G. McKay. 

observed in the smaller olivine cores was an artifact of off-center cuts through large 
olivine grains with zoned rims. The cores of the large olivine grains have high CrZ01 
contents, -0.34 wt %, compared to the cores of groundmass olivine grains, 0.07 wt % 
(Mikouchi et al. 1996). The rims on the coarse olivines and the groundmass grains are 
strongly zoned to Fe- and Ca-rich compositions. Cores of groundmass olivines have 
compositions of about Fo66.7o, with roughly 1 mol % of the larnite (La). comp?nent. 
Ca,SiO., and are zoned out to -Foa, -La,a.25 (McKay et al. 1990, 1995; Mlkouchl et al. 
1996, Prinz and Weisberg 1995, Warren and Davis 1995, Yanal 1994). The lacm!e 
content of the rims of groundmass olivine grains is difficult to determine because of fme· 
scale intergrowth with kirschsteinite (e.g. McKay et al. 1990). Representative analyses of 
olivine and kirschsteinite grains for A-88l371 are given in Table 36. 

The aluminian-titanian-diopside grains are strongly zoned in Fe-Mg, but have nearly 
constant CaO content (McKay et al. 1990, Yanai 1994), while AI,O, and TiO, are 
complexly zoned. Both Al 20 3 and Ti02 are high in the magnesian cores and initially drop 
with decreasing mg#, but as mg# continues to decrease, A120 3 is roughly constant or 
increases slightly, while Ti02 increases significantly (e.g. McKay et a1. 199?, Warren and 
Davis 1995). Representative analyses of pyroxene grains for A-881371 are III Table 37. 
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Figure 49. BSE image of LEW 8705l showing euhedral to anhedral olivine xenocrysts in a groundmass of 
anorthite (dark laths) and Al-Ti-diopside. Image is about 4.8 mm across. NA5NJ5C photo 588 28784 
courtesy of G. McKay. 

Plagioclase in A-881371 and LEW 87051 are essentially pure anorthite. Repre­
sentative analyses of plagioclase grains are given in Table 39. Representative analyses of 
spinel grains for A-881371 and LEW 87051 are given in Table 38. 

Composition 

The angrites are roughly basaltic in composition, although they are unlike any other 
known basalt in the solar system in that they are the most alkali-depleted. This is 
expressed by their very low NazO and K20 contents (Table 40), and by their very low 
contents of the trace alkali elements, Li, Rb and Cs (e.g. Tera et al. 1970). Angrites also 
have low abundances of the moderately volatile element Ga, and they have lower Gal Al 
ratios than any achondrite, lunar sample or martian meteorite (e.g. Warren et al. 1995). 
Paradoxically, however, angrites are not notably depleted in the highly volatile/mobile 
elements Br, Se, Zn, In and Cd compared to lunar basalts and eucrites (Warren et al. 
1995). Figure 50 shows CI- and Sm-normalized moderately volatile and volatile element 
abundances for the angrites compared to the basaltic eucrites Sioux County, Juvinas and 
Ibitira. Also shown for comparison are the ranges in CI- and V-normalize volatile/mobile 
element abundances for 7 basaltic eUCTite falls analyzed by Paul and Lipschutz (1990). 
(Both Sm and U are highly incompatible, refractory elements, and to first" order, CI-
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Table 40. Representative whole rock ,. compositions of angrites. 

Ang" LEW LEW Asuka 
dos Reis 86010 87051 881371 

rI ) ( I) (I) (2) 

Bulk Major Element Composirion 

SiDz wt% 43.7 39.6 40.4 37.3 
TiOz wt% 2.05 1.15 0.73 0.88 

AlzO, wt% 9.35 14.1 9.19 10.1 

Crp3 wt% 0.22 0.12 0.16 0.13 

FeZOJ 
wt% 0.63 

FeO wt% 9.8 18.2 19.4 23.4 

MnO wt% (1'"'10 0.20 0.24 0.20 
MgO wt% 10.8 7.0 19.4 14.8 

CaO wt% 23.1 18.4 10.4 12.5 

NazO wt% 0.0301 0.0211 0.0234 0.022 

PzO, wt% 0.13 0.13 0.08 0.17 

S wt% 0.59 
Total 99.28 98.92 100.02 100.72 

Calion Ratios Fe/Mn and JOO*Mg/(Mg+Fe) (mg#) 

FeJMn 
mg. 

Sc 
Cc 
Ni 
Zn 
La 

Ce 

Sm 
Eo 
Tb 
Yb 

Lo 
HI 
Ta 

" Th 

97 

66.3 
90 

40.7 
80 
64.1 

Whole Rock Trace Element Contenrs 

49.6 56.7 
21 .3 21.8 
58 39 

1.73 1.8 
6.1 4 3.38 

19.2 10.1 

5.76 2.68 
1,78 0.978 
1.39 0.66 
4.82 2.64 

0.686 0.386 
2.79 2.21 

350 260 
0.07 7.1 

640 480 

36.0 
27.4 

45 
0.89 
2.32 

6.2 
1.48 
0.536 

0.36 
1.52 

0.239 
1.17 

110 

0 .180 

220 

116 

53.0 

32.9 

2.34 

5.9 
1.39 
0.53 

1.38 

0.21 
1.03 

2 .4 

(I) Data taken from Mittlefehldt and Lindstrom (1990), ellcepl 
Ni. Zn and Ir from Warren et aL (1995). All iron reponed as 
FeO: (2) Major element data ellcepl Na,O from Yanai (1994). 
Trace element dat.a and Na,O from Warren et al. (199S). Data 
identified by Warren et aT. (1995) as having unusually high 
uncertainties not listed. 

normalized element/Sm and 
elementlU ratios are equivalent.} 
The angrites are depleted in (he 
moderatel y volatile lithophile 
elements Li, Mn, Rb, K and Na, and 
lithophile/siderophile Ga compared 
to basaltic eucrites (Fig. 50), but 
within the ranges exhibited by 
basaltic eucrites for the more 
volatile/mobile elements, and 
moderately volatile siderophile 
elements. Note that volatile 
lithophile Cs in Angra dos Reis is 
more than an order of magnitude 
depleted relative to the narrow 
range exhibited by basaltic eucrites. 

The Pb data displayed in 
Figure 50 are Cl-normalized 1I~ 
(= 204Pbf238U) as determined by 
chronologie studies of angrites and 
eucrites. For Angra dos Reis and 
Ibitira. the measured fJ values of 
Wasserburg et a!. (1977) were used. 
For LEW 86010, the conservatively 
low, inferred source region fJ I of 
Lugmair and Galer (1992) was 
used. For the basaltic eucrite range. 
the inferred source J.1 I values for 
Bereba, Bouvante and Nuevo 
Laredo from Tera et a!. (1997) were 
used. These data show that the 
angrite parent body was depleted in 
volatile/mobile Pb relative to the 
eucrite parent body (Lugmair and 
Galer 1992). 

The angrites exhibit a range of 
fractionated refractory lithophile 
element patterns compared to 
basaltic eucrites (Fig. 51). A-
881371, LEW 86010 and LEW 
87051 show generally similar 
patterns, while Angra dos Reis is 
distinct. All angrites have 

superchondritic CalAI ratios, with Angra dos Reis showing extreme fractionation 
(Mittlefehldt and Lindstrom 1990), and compared to basaltic eucrites, have higher TillI! 
ratios (Fig. 52a). The Antarctic angrites have generally flat REE patterns while Angra dos 
Reis has a fractionated pattern with depletions in the light and heavy REE compared to 
the middle REE, and only Angra dos Reis has a significant Eu anomaly (e.g. Ma et al. 
1977, Mitllefehldt and Lindstrom 1990, Warren et a!. 1995, see Fig. 51). The Antarctic 
angrites have higher ScISm ratios than basaltic eucrites (Fig. 52b). Angra dos Reis has a 
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Figure S1. Sioux County- and Sm-normalized 
refractory lithophile eiemenls in angrites ploued 
by increasing nominal valence and Z. Sioux 
County is used fo r normalization [0 emphasize the 
difference in angrite refractory e lement pauerns 
from that of the most well studied asteroidal 
basalIS, the eucrites. Note the strong depletions in 
Al and slight enr ichme nt in Sc in an tac ti c 
angriles, and the generally high Ti abundance 
relative to other tetravalent cations. Angra dos 
Reis has a very distinctive refractory lithophile 
element pattern compared to the other angrites. 
Oala for this figure are from some of the sources 
listed in Figure 50, plus Morgan and Lovering 
(1964) and Tatsumoto et al . (1973). 
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Figure SO. C I· and Sm-normalized moderately 
volatile and volatile e lements in angrites plotted in 
order of decreasing nebular 50% condensation tem­
perature . Data for the basallic eucrites Sioux 
County, Juvinas and Ibitira are shown for com­
parison. Angrites are severely depleted in moder­
ately volatile li thoph ile elements . The Pb data are 
CI· normalized 2001pb/mU ratios (see text) . The K 
datum fo r LEW 86010 likely represents contam­
ination acquired while in Antarctica. Angrite data 
are means of data from Laul et al. (1972), Lugmair 
and Galer ( 1992), Ma el al. (1977), Mittlefehldt 
and ' Lindstrom (1990), Nyquist et al. (1994), 
SchneLZler and Philpotts (1969), Tera et al. (1970) , 
Warren et al. ( 1995). Wasserburg et aJ. (1977). 
Yanai (1994). The vertical line are ranges of CI­
normalized volatilelU ratios for 7 basaltic eucrite 
falls from Paul and Lipschutz (1990). 
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figure ~2. CI-~ormalized eleme~t ratio for angrites compared to basa ltic eucrites. (a) Angrites have 
systematically higher Ca/AI and TilHf than basaltic eucrites . The sole eucrite with (TiIHO > 1 is Ibitira 
f~r which only si~gle analyses .of Ti and Hf are available. (b) The antarctic angrites hav~lsystematicall; 
higher .SclSm ratlos . than eU~f1tes . Angra dos Reis is distinct from the other angrites in its refractory 
lithophile element ratIOS. Angnte data are from the sources listed in Figure 50. 

lower ~c/~m ratio, b.ut this is because of its higher REE content. The Sc content of Angra 
dos Rels IS substantially greater than that of basaltic eucrites (compare Table 40, Table 
35). The pyroxene of Angrados Reiscontains -200 ppb U (-25 times CI), roughly the 
same cOncentratIOn as found In chondntlc phosphates (StOrzer and Pellas 1977). 
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Ages 

Chronologie studies show that the angrites are virtually as old as the solar system. 
Lugmair and Marti (1977) determined a Sm-Nd age for Angra dos Reis of 4.55 Ga, but 
this was essentially a two-poi nt "isochron" defined by pyroxene and whitlockite 
separates. Wasserburg et al. (1977) reported concordant U-Pb, Th-Pb and Pb-Pb ages for 
Angra dos Reis of 4.54 Ga. Jacobsen and Wasserburg (1984) determined a Sm-Nd age 01 
4.56 Ga for Angra dos Reis, but again, this is virtually a two-point isochron. Lugmair and 
Galer (1992) have determined very precise concordant Pb-Pb ages for pyroxene separates 
for Angra dos Reis and LEW 86010 of 4.5578 Ga. Lugmair and Galer (1992) and 
Nyquist et al. (1994) have determined Sm-Nd isochron ages of 4.55 and 4.53 Ga, 
respectively, for LEW 86010. 

The angrites c~tain isotope anomalies caused by the in situ decay of short-lived 
nuclides, further indicating old ages. Jacobsen and Wasserburg (1984), Lugmair and 
Marti (1977), Lugmair and Galer (1992) and Nyquist et al. (1994) have shown that Angra 
dos Reis and LEW 86010 have anomalies in 142NdJ l44Nd ratios consistent with decay of 
short-lived I4.Sm (t 1l2 103 Ma). Lugmair et al. (1992) and Nyquist et al. (1994) have 
measured anomalies in Cr isotopic composition of mineral separates for LEW 86010 
which demonstrate that short-lived s3Mn (t1/2 3.7 Ma) was present at the time of 
crystal1ization of this angrite. Xenon in Angra dos Reis and LEW 86010 is enriched in a 
heavy component derived from fission of short-lived 244pU (tin 81.8 Ma) (Eugster et al 
1991, Hohenberg 1970, Hohenberg et al. 1991, Lugmair and Marti 1977, Wasserburg et 
a1. 1977). Although Xe from fission of refractory 244PU is present, no 129Xe excess from 
the decay of short-lived, volati le 12'J (til' 16 Ma) has been measured. 

Experimental petrology studies 

Two basic types of petrologic experiments have been performed relevant to angrite 
genes is; one designed to determine the origin of Angra dos Reis, and the other designed 
to infer the genesis of partial melts on the angrite parent body. 

Angra dos Reis was originally considered to be a cumulate (e.g. Prinz et al. 1977), 
but Treiman (1989) suggested rather that the texture of this meteorite indicated that it is a 
metamorphosed porphyry, and nearly a melt composition. Treiman (1989) performed 
melting experiments on an Angra dos Reis analog composition, AdoR 1. He found that 
the liquidus of AdoR 1 was at a plausible temperature, 1246°C, for a melt composition, 
and that the composition AdoR 1 crystallized to nearly 100% pyroxene. Treiman ( J 989) 
could not demonstrate that AdoR 1 was saturated in olivine, as might be expected for an 
asteroidal basalt. He argued that his analog composition was slightly richer in silica than 
Angra dos Reis which would suppress the olivine phase field, and that based on 
experiments done by others in similar systems, co~saturatjon with olivine was plausible 
for Angra dos Reis. Subsequently, several measurements of SiOz have been done on 
Angra dos Reis (Mittlefehldt and Lindstrom 1990, Warren et al. 1995, Yanai 1994), and 
the results are essentially identical to that of the AdoRI analog. Lofgren and Lanier 
( 199 1) performed dynamic crystallization experiments on two Angra dos Reis analog 
compositions to see if the texture of this meteorite could be duplicated without recourse 
to mineral accumulation. Lofgren and Lanier (1991) found that under the appropriate 
crystallization conditions, textures like that of Angra dos Reis could be duplicated. 
However, they also found that olivine did not crystallize in amounts as high as that 
observed in Angra dos Reis. 

McKay et al. (1988b) performed melting experiments on analog compositions of 
LEW 86010 in order to determine whether this rock could represent a melt composition. 
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They found that LEW 86010 contains slight excesses of olivine and plagioclase relative 
to a melt saturated in these phases plus calcic-pyroxene. The compositions of pyroxene 
produced in the experiments closely matched those measured in LEW 860 I 0, and McKay 
et al. (l988b) therefore concluded that LEW 86010 crystallized from a melt close to the 
bulk rock composition. However, they suggested that this could mean either that LEW 
86010 represents a melt composition, or that it was formed by accumulation of minerals 
in essentially cotectic proportions. Jurewicz et aI. (1993) performed melting experiments 
on CM and CV chondrites at oxygen fugacity conditions relevant to angrite petrogenesis. 
They found that minimum melts in these chondrites were "angritic" in the sense that they 
resembled the composition of LEW 86010, although there were differences in detail. 

Origin of the angrites 

The genesis of the angrites is not well understood. In part this is because there are 
rew members in the group let, so magmatic trends are not well represented. More 
important, though, are the differences between various members of the grouplet which 
makes it difficult to determine the relationships among them. 

The petrogenesis of LEW 86010 seems relatively well understood. The bulk 
composition of this rock is similar to that produced by partial melting of CM or 
(especially) CV chondrites at oxygen fugacities of about 1 log unit above the iron~wiistite 
buffer (Jurewicz et al. 1993). The oxygen fugacity used for these experiments was that 
estimated by McKay et al. (1994) based on their experiments on the effects of fo, on Eu 
partitioning. Similarly, the results of melting experiments on synthetic LEW 86010 
compositions show that this rock could represent a melt composition (McKay et al. 
1988b, 1995). The refractory incompatible element pattern of LEW 860 lOis relatively 
unfractionated (Fig. 51), and plausibly that of a partial melt extracted from an olivine­
dominated residue. Finally, variations in trace element contents with major element 
zoning in minerals in LEW 86010 are consistent with closed crystallization of a melt with 
a composition like that of the bulk rock (Crozaz and McKay 1990). Minor fractionation 
of the CaJAI ratio from chondritic may be due to minor hercynitic spinel in the residue, as 
suggested by Mittlefehldt and Lindstrom (1990) and demonstrated experimentally by 
lurewicz et al. (1993). 

The genesis of Asuka 881371 and LEW 87051 is less certain. Melting experiments 
on eM and CV chondrites suggest that LEW 87051 could be a high temperature partial 
melt (Jurewicz et al. 1993). However, olivine~melt equilibrium experiments and the 
cOfft'positions of the large olivines in A-881371 and LEW 87051 show that these olivines 
ue xenocrysts (e.g. McKay et aI. 1995, Mikouchi et al. 1996), as first suggested by Prinz 
et aJ. (1990). Thus, these meteorites are hybrid rocks. The measured groundmass 
compositions for LEW 87051 and A-881371 are similar to LEW 86010 in composition 
(Prinz and Weisberg 1995, Prinz et aI. 1990). Hence, the groundmass fraction of these 
rocks could be a partial melt of the angrite parent body. The groundmass is still highly 
olivine nonnative, and Mikouchi et a1. (1996) suggested that the groundmass contains a 
dissolved olivine xenocryst component. These meteorites may represent contaminated 
partial melts (e.g. Mittlefehldt and Lindstrom 1990), or possibly, they are impact melts 
(Jurewicz et aI. 1993, Mikouchi et al. 1996). 

The origin 'Of Angra dos Reis is unknown. Although the texture and major element 
composition allow this rock to represent a melt composition (e.g. Treiman 1989), its 
fractionated trace element pattern is not easily understood as being that of a melt 
(MittJefehldt and Lindstrom 1990). Jones (1982) suggested that Angra dos Reis was a 
mesocumulate, a cumulate with a significant fraction of trapped inte rcumulus melt. 
Mittlelehldt and Lindstrom (1990) calculated that a mixture of about 60% cumulus 
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pyroxene and 40% melt could reproduce the REE pattern of Angra dos Reis. However, 
the melt would be very REE-rich, and they found no way to relate this melt to plausible 
partial melts of the angrite parent body, for example LEW 86010. The angrite parent 
body is extremely depleted in the moderately volatile elements Na, K, Rb and Ga 
compared to even the volatile-depleted eucrites (e.g. Mittlefehldt and Lindstrom 1990, 
Tera et al. 1970, Warren et al. 1995). Warren et al. (1995) have suggested that this does 
not extend to the most volatile elements, such as Cd and In. However, the estimated ~ 
(,"UI'04Pb) for the angrite parent body does appear to be roughly a factor of 5 greater 
than that of the eucrite parent body (e.g. Lugmair and Galer 1992, Tera et al. 1997), 
suggesting a lower content of volatile Pb. It remains enigmatic how volatile depleted 
parent bodies were formed in the solar nebula. See discussion in Mittlefehldt (1987) and 
Humayun and Clayton (1995). 

Angrites and-eucrites represent the products of basaltic magmatism on asteroids, and 
it is instructive to compare them. Angrites are critically undersaturated in silica while 
eucrites are hypersthene normative, and thus mimic the dichotomy of alkaline and 
tholeiitic basalts on Earth (Mittlefehldt and Lindstrom 1990). Melting experiments on 
chondrites show that this difference can simply be due to differences in oxygen fugacity; 
melting under high f02 conditions yields melts critically undersaturated in silica, while 
melting under low f02 conditions yields melts that are hypersthene normative (Jurewiczel 
al. 1993, 1995b). The higher Ca/AI ratio for angrites compared to eucrites (Fig. 52a) is 
due to stabilization of hercynitic spinel in the residual source at high f02 causing a sligh! 
depletion in Al in the melt (Jurewicz et a!. 1993, Mittlefehldt and Lindstrom 1990). 
Excluding Angra dos Reis, angrites also have slightly higher ScISm ratios than eucrites 
(Fig. 52b) indicating that the residual source region for eucrites did contain some 
pyroxene. Based on melting experiments, the residual source region of LEW 86010 did 
not contain pyroxene (e.g. McKay et al. 1995). 

MESOSIDERITES 

Mesosiderites form one of the two major types of stony irons, and they are more 
enigmatic than the other group, the pallasites. Whereas pallasites are composed of 
materials logically expected for the core-mantle boundary region of a differentiated 
asteroid, the mesosiderites are composed of metal mixed in with mostly basaltic, gabbroic 
and pyroxenitic lithologies, and only minor olivine. Hence, mesosiderites seem to be 
mixtures of core material and crustal material, with little of the intervening mantle being 
present. This curious mix has fueled many imaginative scenarios for the formation of 
mesosiderites (see review by Hewins 1983) since the time of Prior (1918), who suggested 
that mesosiderites were formed by the invasion of a eucrite magma by a pallasite magma. 
Table 41 (below) gives a petrologic synopsis of all well-classified mesosiderites. 

Bulk textures and classification 

The silicate phase of mesosiderites is a brecciated mixture of igneous lithologies. 
The overall silicate texture is of mineral and lithic clasts in a fine-grained fragmental to 
igneous matrix (F1oran 1978, Powell 1971). Large lithic clasts include basalts, gabbros, 
anorthosites, orthopyroxenites, and dunites. The basalts, gabbros and orthopyroxenites 
dominate, while dunites are subordinate and anorthosites are rare. Hence, the lithic clasts 
are dominantly from the crust of a differentiated asteroid, and are broadly similar to 
eucrites and diogenites. Mineral clasts consist mostly of coarse-grained orthopyroxene 
fragments up to at least 10 em in size. Coarse-grained olivine clasts, up to at least 10 cm 
in size (McCall 1966), are less abundant, whereas coarse-grained plagioclase fragments a 
few mm in size are the least common. All-in-all, the silicate assemblage in mesosiderites 
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is very similar to that in the howardites; with the exception of the lack of coarse-grained 
olivine in the latter (Prior 1918). 

Mesosiderite petrologic classification has been organized similarly to that of 
chondrites, where compositional and textural features are used to form a grid of types 
(Van Schmus and Wood 1967). The mesosiderites are divided into three petrologic 
groups based on the orthopyroxene content (Hewins 1984, 1988; see Fig. 53). 
Compositional class A mesosiderite silicates are relatively basaltic in composition, 
containing more plagioclase and clinopyroxene. The compositional class B mesosiderite 
silicates contain a greater proportion of orthopyroxene, and. are therefore more ultramafic. 
A unique meso siderite from Antarctica, RKPA79015, contains almost exclusively 
orthopyroxene as its silicate phase (Prinz et al. 1982a), and is the sale member of 
compositional class C (Hewins 1988). There is no apparent relationship between the 
compositional classes of mesosiderites and the amount of metal andlor troilite they 
contain. The metal content varies from about 17-90 wt % and troilite from <1-14 wt % 
(Table 41). Many new mesosiderites have not yet been formally classified, so additional 
petrologic-compositional types may exist. Chaunskij, for example, is unusual in 
containing cordierite, a mineral not previously reported in mesosiderites, more metal and 
a higher level of shock damage in the metal than typical (Petaev et al. 1993), and a very 
different composition of metal (Wasson et al. I 998a). 
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Figure 53. Orthopyroxene wt % vs. plagioclase 
wt % for mesosiderites showing the generally 
greater basaltic component, indicated by plagio· 
clase, in the compositional class A meso­
siderites compared to the more ultramafic-rich 

50 B mesosiderites. Data are from the summary in 
Table 41. 

In addition to compositional distinctions based on the ratio of basaltic-gabbroic to 
orthopyroxenitic material in the breccias, mesosiderites have been further subdivided 
based on silicate textures. This is analogous to separation of chondrites into petrologic 
types 1 through 6. Like the chondrite sequence, the mesosiderite textural classification 
was originally thought to reflect increasing metamorphic equilibration of the silicates 
(Powell 1971). The lowest metamorphic grade (1) is characterized by a fine-grained 
fragmental matrix. Successively higher grades (2 and 3) are characterized by 
recrystallized matrixes, while the highest grade (4) mesosiderites are melt-matrix breccias 
(Floran et al. 1978b). Both compositional classes A and B mesosiderites contain members 
of textural grades I through 4 and the sale compositional class C mesqsiderite is of 
textural grade 2. 

This textural classification is somewhat too simplistic. Textures are variable in some 
mesosiderites; different samples of Estherville, for example, show textures indicating 
grades 3 and 4 (Hewins 1984). Also, F10ran (1978) noted that even some textural grade I 
mesosiderites contain some igneous textured matrix material. One problem with the 



Table 41. Petrologic characteristics of mesosiderites 

Name 

ALHA77219 

.. AlHA81059 

.. AlHA81098 
AlHA81208 
Barea (I) 

class 

lB 

lB 
lB 

2B? 
lA 

Bondoc 3B{+) 
Budulan 38(+) 
Chaunskij ? 

Chinguetti 1 B 

Clover Springs 2A 

Crab Orchard 1A 

Dalgaranga A 
Donnybrook 38(+) 
Dyarnlsland (I) lA 

Emery 3A 

Estherville (f) 314A 

Hainholz 4A 

Harvard University4A 
lamoni 38 
lowicz (f) 3A 

Mincy 38(+) 

metal 
wt% 

56.6 

43.7 
70 
90 

80 

37 

54.6 

17.5 

50.2 

5 ... 

53.4 
53.3 

59.6 

Morristown 3A 49.8 

troil silicate 
wt% wt% 

1.6 41 .8 

opx 

76.0 
72.4 
70.0 
67.4 
72.8 
97.5 
63.6 
53.5 
53.9 

0.68 55.62 Bl.3 
70.2 
46 
46.B 
81.3 
89.0 
50.3 
47.9 

0.76 44.64 50.4 
49.3 
54.1 

2 .~ 80.2 61.6 
51.3 

7.3 42.5 54.8 
46.2 
38.0 

3.40 40.2 59.3 
76.5 
53.2 

4.30 42.3 59.2 
2.00 44.7 63.4 

63.B 
0.61 39.79 63.3 

46.9 
73.6 
60.9 
74.9 
79.5 

0.66 49.54 51.1 
54 .7 

.il2ITlll'mOOe silicates to 100% 
opx 

1.4 
4 .8 
6.0 
3.8 
2.2 

3.2 
2.9 
0.5 
2.6 

5.5 
1.1 
2.8 
2.7 
1.7 

9.0 
4.5 

2.5 
2.0 
3.6 

3.7 
0.1 
1.7 

4.0 

pJag 

12.9 
18.7 
18.8 
23.1 
22.1 

27.3 
30.6 
34.4 
16.5 
20.3 
34.2 
34.7 
11.8 

6.1 
32.0 
37.5 
39.3 
33.5 
33.9 

22.8 
36.5 
30.B 
32.5 
40.6 
27.1 
19.4 
29.5 
29.7 
27.4 

25.3 
26.0 

7.4 31.B 
2.1 17.B 
2.1 27.5 
3.3 18.1 
3.1 15.6 
4.2 29.5 
6.8 31.4 

oliv 

4.1 

2.2 

0.5 

2.1 

0.8 
0.3 
1.1 

2.5 

3 .8 

2.2 

1.5 

3 .6 
0.7 
0.7 
0.7 

6.0 

trid 

2.9 
1.6 
3A 
4.2 
0.3 

6.2 
6.7 
7A 
0.2 
4.1 
5.9 
7.6 
2.1 
1.1 
8.6 

10.6 
5.0 

11.3 
4.1 

2A 
5._ 
9.6 
_.8 

13.7 
5.5 
1.7 

11 .9 
5.3 
3 .9 

1.8 
5.6 

10.5 
2.6 
7.1 
3A 
L4 
6.' ... 

moe 

1.3 
0.59 
1.8 
1.2 
0 .2 
0.3 
2._ 
2 .3 
1.4 
0.2 
1.8 
4.7 
5 .2 
1.7 
3.8 
2.1 
2.3 
0.8 
2.9 
3.4 

0 .7 
1.5 
4.0 
3.7 

4.' 
1.5 
0.7 
1.3 
3 .5 
2 .0 

4.0 

1.7 
lA 
1.3 
0.2 
0.3 
U 
07 

om 

1.4 
1.5 

0 .4 
2.3 
2.2 
1.2 
1.5 

0.8 
1.0 
1.2 
0.8 
1.0 

0.7 
0.3 
0.6 
0.3 
0.3 

1.0 
0.3 
1.2 
1.5 
0.7 
0.8 
1.2 
OA 
0.7 
1.4 

1.5 
0.4 
1.0 
1.8 
1.0 
0.1 

LO 
0.5 

ilm 

0.50 

. 0.7 

0.' 
0.8 

2.1 

0.9 

0.2 

0.5 

0.19 

I, 

Table 41 (cont9 d)_ Petrologic ch..-.cteristics of mesosiderites 

Name c;lass 

Mount Padbury 1 A 

Patwar (f) tA 

Pinnaroo 4A 

RKPA79015 2C(+) 
.. RKPA80229 2C(+) 
.. RKPA80246 2C(+) 
.. RKPA80258 2C(+) 

.. RKPA80263 2C(+) 
Simondium 4A 

Vaca Muena 1 A 

metal 
w," 

troll 

w," 
slhj-Ie. 

w'" opx 
49.8 7.6 42.6 59.6 
57 44.7 
33.2 9.07 57.73 52.8 
3B.05 11.89 50.05 58.2 

58.3 
64.08 7.76 28.16 50.9 
54.6 13.9 31.5 57.3 

42.7 

47.3 

89.3 
87.7 

8.B 48.5 63.B 
60.3 

12.63 40.07 52.9 
52.3 

Veramin (I) 28(+) 48.6 0.60 50.8 71.0 

West Poinl 3A 
75.0 
66.2 

norm/mode sihc;ales to 100% 

cp' plag 

2.6 23.2 
4.3 35.0 
3.3 30.7 
3.2 33.6 
0.7 30.4 
1.4 35.4 
3.5 32.5 

2A 
2.8 

1.2 
0.3 
2.0 

5.1 
9.0 

27.7 
31.2 
32.1 

0.3 30.0 
tr 20.8 
0.3 18.0 
3.5 24.2 

oliv 

'.9 

1.7 

1.8 

1.8 

OA 
lA 

5.7 
2.0 

trid 
8.5 

13.0 
9 .0 
33 
5.0 
6.5 
3.1 

0.2 

3.7 
4.4 
8.0 

12.8 

2.5 
4.3 

Poorly characterized mesosiderites (paired meteorites listed in parentheses after the parent): 

m" em ilm 

3.3 0.9 
2.9 0.2 
2.2 0 .3 
0 .33 0.77 · 0.61 
5.0 0.7 
3.6 0.2 
2.0 0.69 0.93 

1.5 

1.2 
2.1 
3.0 
4 .3 
1.0 
2.3 
1.8 

1.8 
1.3 
0.6 
0.2 
1.5 

" 

0.48 

notes 

mode 
norm 
matrix mode 
matrix mode, paired with AlHA77219 
matrix mode, paired with AlHA77219 
probably clasllrom one 01 above 
n,\,m 
mOde 
matrix mode 
mode, flO corona 
mOde 
mode, opx '" lotal pyx, cordierite '" 7.1% 
nonn, opx = lolal pyx, cordierite ,. 4.1 % 
mOde 
matrix mode 
mod, 
matrix mode 
mode 
matrix mode 
mode 

norm 
mod, 
norm 
mode 
matrix mode 
mode 
norm 
malrix mode 
mode, no corona 
norm 

malrix mode 
mod, 
matrix mode 
mod, 
moo'e, coarse-grained 
mode, fine-grained 
matrix mode 
mod. 
matrix mode 

notes 

mod, 
matrix mode 
mod, 
no~ 

matrix mode 
mode, no corona 
norm 

paired with RKPA79015 
paired with RKPA79015 
mode, paired with RKPA79015 
malrix mode 
paired with RKPA79015 
norm 
mode, no corona 
mode 
matrix mode 
mode, no corona 
matrix mode 
mode, Morristown? 

A-882023, Acfer 063, Acfer 265, EET 87500 (EET 87501, EET 92(01), Ellanin (recovered in deep sea cores, USNS E1tanin), lIafegh 002, LEW 86210, LEW 
87006, MAC 88102, Murchison Downs, Pennyweight Point, QUE 86900 (QUE 93001, QUE 93002, QUE 93126, QUE 93150, QUE 93517, QUE 93575, QUE 
93584, QUE 93586, QUE 946 14, QUE 94639, QUE 94299), Um-Hadid, Weiyuan 

References: 
Classification: F10ran ( 1978), Hewins (1984, 1988). Classifications indicated with (+) are considered petrologic grade 4 by Hewins (1984, 1988). 

Wt % mctal-trolite-silicate: Alderman (1940) - Pinnaroo; F10ran (1978) - Hainholz, Pinnaroo, Simondium; larosewich and Mason (1969) - Patwar; 
Mason and larosewich (1973) - Barea, Budulan, Chinguetti, Clover Springs, Dyarrl Island, Emery, Mount Padbury; McCall (1966) - Mount Padbury; 
Powell (1971). Sondee, Crab Crchard, Estherville, Hainholz, Lowicz, Morristown, Patwar, Vaca Muerta, Veramin. 
Modes: Hewins (1988) . ALHA8l208, RKPA80258; Hewins and Harriott (1986) - Mincy ; Petaev et al. (1993) - Chaunskij; Prinz et al. (1982) ­
RKPA79015, Prinz et aL (1980) · rest. 

Matrix modes: Boesenberg e t al. (1997) - Lamont; Hewins (1988) . ALHA 77219, ·81059, ·81098; RKPA80258; Delaney et al. (1981) - rest. 

Norms: Alderman (1940)· Pinnaroo; Floran (1978) - Hainholz, Pinnaroo, Simondium; larosewich and Mason (1969) - Patwar; Mason and Jarosewich 
(1973)· Barea, Budulan, Chinguetti, Clover Springs, Dyarrllsiand, Emery, Mount Padbury; Nelen - Mason (1972) - Estherville; Marvin and Mason 
(1980) - ALHA77219; Petaev et al. (1993)· Chaunskij. 
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Figure 54. Pol ished and etched slab of Pinnaroo, a type 4A mcsosidcrirc. Note the general coarse 
segregation of metal and silicate, the large silicate clast (upper ccmer) and large metal clast, and the highly 
embayed borders between metal and silicate. This slab is 13 em across. (Photograph courtesy of the 
Smithsonian Institution). 

textural classification of mesosiderites is that it is frequently difficult to decide what is 
and what is not true matrix. Because of the pervasive, intervening metal plus troilite, it 
can be difficult to distinguish between true matrix material and small, fine-grained 
breccia or impact melt clasts. Finally, Hewins (1984, 1988) has shown that the type 28 
2C and 3B mesosiderites have some igneous textured matrix, and so could be reclassified 
as petrologic grade 4. This is shown in Table 41 where their classification is given as, e.g. 
3B(+}, indicating possible classification as melt-matrix mesosiderites. 

No systematic study of the metal-silicate textures at the macro-scale, similar to that 
done on pallasites, has been done for mesosiderites. There may be a correlation between 
si licate texture type and macro-scale metal-silicate textures. Both Pinnaroo (Fig. 54) and 
some parts of Esth~rvil1e are classified as melt-matrix breccias (type 4A) and exhibitcm­
scale separation of metal and silicate. The Patwar, Mount Padbury (Fig. 55) and Vaea 
Muerta fragmental matrix breccias (type I A) exhibit fine-scale homogeneous distribution 
of metal and silicate. Some mesosiderites have anomalous metal-silicate textures. 
RKP A 79015 (Fig. 56) being one example. 

Mesosiderite matrix 

Matrix textures. Mesosiderites exhibit essentially a continuum in particle sizes from 
large lithic and mineral clasts down to fine matrix grains, making the distinction between 
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Jlaure 55. Polished slab of Mount Padbury, a type IA mesosidcrite. Numerous em-sized si licate and metal 
daslS are dispersed in a fi nely divided metal-silicate matrix . Note metal-rich areas, some of which are 
aetaJ·rich breccia clasts. (Photograph courtesy of the Smithsonian Institution). 

matrix and clast arbitrary at some level. Because silicate textural domains are commonly 
bordered by troilite andlor metal, it is very difficult to distinguish matrix from fine· 
Jrained clasts in mesosiderites. Table 41 includes matrix modes for many of the 
mesosiderites, including members of all types except 4A and 4B . (A ~atrix mode is 
Biven for Estherville, but Delaney et aJ. (198 1) did not indicate the textural type, 3A or 
4A:ttorresponding to the Estherville thin section used for modal determination.} 

According to Powell (1971) mesosiderites of textural grade I are characterized by 
clearly distinguishable cataclastic texture, with highly angular mineral and lithic 
fragments of all sizes. The fine-grained matrix contains much material of size <10 ~m. 
Silicate-silicate grain boundaries in the matrix are not intergrown . These mesosiderites 
1ft tex.turally heterogeneous even on the microscopic scale. 

Powell (1971) defined mesosiderites of textural grade 2 as sti ll exhibiting a clearly 
cataclastic texture , but that the angularity is mostly confined to the larger lithic 
fngments. The matrix material is coarser-grained, and most grains are >10 J..lm in size. 
Contacts between small silicate grains may be sutured, and small grains may be inter­
crown with larger si licate fragments. Textural grade 2 mesosiderites are sti ll texturally 
heterogeneous on a microscopic scale, but this is less pronounced than in grade 1. 

Powell (1971) originally defined textural grade 3 as his highest metamorphic grade. 
Subsequent workers have shown that mesosiderites of textural class 3 display 
characteristic textures that are related to compositional type. Textural grade 3 
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- - - - --- -: ~ ---- - - -
Figure 56. The type 2C mesosiderite RKPA7901S has an unusual texture, with silicate-free metal regi. 
several em in size. (Photograph courtesy of the Smithsonian Insriwtion). 

mesosiderites were originally split into the pyroxene poikiloblastic and plagioclase 
poikiloblastic textures for compositional class A and B. respectively (F1oran 1978). 
Hewins (1984) reinterpreted the type 3B mesosiderite matrix to have an igneous texture. 
and therefore the texture of these mesosiderites will be referred to as plagioclase 
poikilitic. The plagioclase poikilitic matrix is characterized by plagioclase grains sevei'll 
mm in size enclosing numerous rounded to euhedral orthopyroxene grains on the order of 
100 ~m in size. As described by Floran (1978), the pyroxene poikiloblastic texture iI 
characterized by large, inclusion-poof. low-Ca pyroxene grains, up to em-size, wim 
optically continuous overgrowths enclosing anhedral grains of plagioclase. tridymitc. 
silica, tcoilite and metal. There are also optically continuous low-Ca pyroxene grains 
the matrix enclosing a similar suite of minerals. 

Mesosiderites of textural grade 4 exhibit igneous-textured matrixes. As originally 
defined by Floran et al. (I 978b ), these mesosiderites have fine- to medium-grained, 
intergranular textures composed of orthopyroxene granules between a network of 
subhedral, lath-shaped plagioclase grains. Minor to accessory minerals found betwecl 
orthopyroxene and plagioclase grains include tridymite, augite, troilite, chromile. 
whitlockite and metal. 

A unique texture found in mesosiderites is the corona texture developed around 
olivine grains (Delaney et a1. 1981, Nehru et al. 1980, Powell 1971 , Ruzicka et al. 1994 
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Table 42. Compositions of pyroxene grains from representative mesosideritcs. 

Mount Chillguclli Emery Dllunybrool:. Mincy 
Padbury 

( I ) (2) (j) (4) (5) (6) (I) (8) (9) (10) (II ) ~ 
Chemical Compositioll (wt %) 

'0, 53. 1 52.6 54 .7 52.9 53.2 52.6 54.8 54 .7 54.6 54.0 54.0 53.9 AI,o, 0.58 0.97 1.33 0.68 0.66 1.14 0.44 0.62 0.92 1.35 1.20 1.36 
TiO, 0.40 0.64 0.09 0.50 0.40 0.66 0.08 0.10 0.16 0.21 0.28 0.22 er,o. 0.29 0.46 0.71 0.33 0.29 0.60 0.13 0.16 0.28 0.46 0.39 0.80 
'oO 20.7 9.27 15.5 19.9 19.2 10.4 15.8 15.2 14.8 15.5 13.2 13.0 
.." 0.96 0.48 0.58 1.01 0.89 0.53 0.70 0.76 0.73 0.70 0.60 0.54 
MgO 23.2 15.3 26.5 23.1 23.9 15.0 27.6 28.0 27.5 27.4 26.1 27.9 c.o 1.25 20.2 1.09 1.80 1.55 19.8 0.14 0.4 1 0.96 0.18 4.14 1.52 
Tolal 100.48 99.92 100.50 100.22 100.09 100.73 99.69 99.95 99.95 99.80 99.91 99.24 

Cation Formula Ba.H!d 011 6 Oxygcm 
~ 1.9641 1.9599 1.9671 1.9593 1.9631 1.9525 1.9838 1.9728 1.9687 1.9538 1.9531 1.9479 
·AI 0.0253 0.0401 0.0329 0.0297 0.0287 0.0475 0.0162 0.0264 0.0313 0.0462 0.0469 0.052 1 
Tolalter 1.9894 2.0000 2.0000 1.9890 1.9918 2.0000 2.0000 1.9992 2.0000 2.0000 2.0000 2.0000 
To 0.0111 0.0179 0.0024 0.0139 0.0111 0.0184 0.0022 0.0027 0.0043 0.0057 0.0076 0.0060 
·AI 0.0000 0.0025 0.0235 0.0000 0.0000 0.0024 0.0026 0.0000 0.0078 0.0 114 0.0043 0.0058 
C< 0.0085 0.0136 0.0202 0.0097 0.0085 0.0176 0.0037 0.0046 0.0080 0.0132 0.0112 0.0229 

" 0.6403 0.2889 0.4662 0.6164 0.5925 0.3229 0.4784 0.4585 0.4463 0.4690 0.3993 0.3929 

'" 0.0301 0.0151 0.0177 0.0317 0.0278 0.0167 0.0215 0.0232 0.0223 0.0215 0.0184 0.0165 
10\1 1.2789 0.8496 1.4203 1.2751 q143 0.8298 1.4890 1.5050 1.4777 1.4775 1.4069 1.5027 
Co 0.0495 0.8065 0.0420 0.07 14 0.0613 0.7875 0.0054 0.0158 0.0371 0.0070 0.1604 0.0589 
T 0IaI Calions 4.0078 3.9941 3.9923 4.0072 4.0073 3.9953 . 4.0028 4.0090 4.0035 4.0053 4.0081 4.0057 

Cafirll/ Rafio.~ Ca:Mg:Fc. Fe/Mil (llId mgH (JOn.M/l./(Mg~Fe)) 

Co 2.5 41.5 2.2 3.6 3.1 40.6 0.3 0.8 1.9 O. 8.2 3.0 
10\1 65.0 43.7 73.6 65.0 66.8 42.8 75.5 76.0 75.4 75.6 71.5 76 .9 

" 32.5 14.9 24.2 31.4 30.1 16.6 24.2 23.2 22.8 24.0 20.3 20.1 ''''', 21 19 26 19 2 1 19 22 20 20 22 22 2. .... 66.6 74.6 75.3 67.4 68.9 72.0 75.7 76.6 76.8 75.9 77.9 79.3 

(I. 2) impllCt melt matrix pyroxenes; (3) fragmental matrix pyroxene; (4, 6. 7. 8) malri~ pyroxenes; (5) corona st ructure 
pyJOxene; (9. 10. 11. 12) ch:ld:lerySls e l1 c lo~cd in plJikil itic plagiocln~e; aJl data from Miulefchldl, unpublished. 

Many olivine grains in mesosiderites are surrounged by a zoned sequence containing, in 
order of a~unda.n~e, orthop~roxe?e, plagioclase, whitlockite, ·chromite, clinopyroxene 
(typ~ not IdentIfted) and i1memte. Against the olivine, the corona mineralogy is 
dominantly orthopyroxene and chromite, with or without whitlockite. A middle zone still 
has. orth~py~oxen~ as th~ major mineral , but plagioclase makes up about lh of the zone, 
Y{.jitlocklte IS van able In abundance from a few percent up to about 20% , and minor 
amounts of c~romite are present. The outer zone is similar to the matrix in mineralogy, 
except that thIS zone is devoid of tridymite and metal. 

. Mat~ix miner,!i c?mpositions. There are relatively few published analyses of matrix 
mmerals In mesosIdentes , and for many analyses in the literature, it is often difficult to 
dete~mine what t~xtural type of material has been analyzed. We will therefore rely 
heavIly on unpublIshed data by one of us (DWM). We will not discuss the composition 
small olivine grains here, as the development of corona textures and the abundance of 
tridymite in the matrix indicates that these are basically small mineral cl asts which could 
not have substantially reacted with the matrix . There are few, if any, analyses of matrix 
plagioclase avai lable in the literature. Hence, we will focus on pyroxene in the matrix. 
We include in this category overgrowths on larger si licate grains. 

Representative analyses of matrix pyroxene grains are given in Table 42, and Figure 
57 shows the molar Fe/Mg vs. molar FelMn relationships for mesosiderite pyroxenes. For 
the ty.pe 1 A mesosider.ite Mount Padbury, low-Ca pyroxene and calcic clinopyroxenes 
from Impact melt matnx have low molar FelMn ratios, 21 and 19, respectively, and are 
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Table 42 (cont'd). Compositions of pyroxene grains from representative mesosideritcs. 

Mincy l3udulan Pinna roo Chioguel1i 

(16) (17) (18) (19)- (20-)- (21) 

Chemical Compos ilion (Weight f'ercenl) 

53.5 .53.1 53.1 52.5 51.8 53.9 52.4 55.0 54.2 
0.95 0.77 0.63 0.57 0.95 0.8\ 0.92 0.60 0.80 
0.34 0.24 0 .27 0.20 0 .35 0 .13 0.29 0.09 0. 12 · 
0.52 0.56 0.49 0.42 0.53 0.62 0.54 0.43 0.26 

16.9 18.5 21 .6 22.4 22.0 17.0 20.7 15.3 14.9 
0 .78 0.76 0.79 0.89 0.91 0 .57 0.84 0 .52 0.57 

26.0 24.2 21 .8 20.5 19.5 25.5 19.9 27.5 27.4 
1.32 1.60 1.68 2.B4 3.90 1.46 4.72 1.14 1.08 

100.3 1 99.73 100.36 100.32 99.94 99.99 100.31 100.58 99.33 

Calion Formliia Based 011 60xygells 

(22) 

53.7 

0.73 
0.13 
0.49 

17.0 
0 .64 

25.3 
1.39 

99.38 

Mincy 

(23) 

53.5 
1.53 
0.36 
0.45 

17.1 
0.79 

25.4 
0.76 

99.89 

(24) 

53.2 
0.99 
0.39 
0.50 

17.2 
0.64 

25.4 
1.05 

99.57 

Si 1.9482 1.9608 1.9749 1.9701 1.9566 1.9668 1.9620 1.9743 1.9681 1.9716 1.9523 1.9534 
"AI 0.0408 0 .0335 0.0251 0.0252 0.0423 0 .0332 0.0380 0 .0254 0.0319 0 .0284 0.0477 0.0·128 
Totalte" 1.9890 1.9943 2.0000 1.9953 1.9989 2.0000 2.0000 1.9997 2.0000 2 .0000 2 .0000 1,9962 
Ti 0.0093 0 .0067 0 .0076 0.0056 0.0099 0.0036 0.0082 0.0024 0.0033 0,0036 0 .0099 0.0108 
"AI 0 .0000 0.0000 0.0025 0.0000 0.0000 0.0016 0.0026 0.0000 0.0023 0.0032 0 .018 1 0.0000 
Cr 0.0150 0.0164 0.0144 0.0125 0.0158 0.0179 0.0160 0.0122 0.0075 0.0142 0.0130 0.0145 
Fe 0.5147 0.5713 0.6719 0.7030 0.6950 0.5188 0.6482 0.4593 0,4525 0.5220 0.5219 0.5262 
MIl 0.0241 0.0238 0.0249 0.0283 0.0291 0.0176 0.0266 0.0158 0.0175 0.0199 0.0244 0.0261 
Mg 1,4110 1.3318 1.2083 1.1465 1.0977 1.3867 1.1105 1.4712 1,4828 1.3843 1.3814 1.3900 
ca 0.0515 0 .0633 0.0670 0.1142 0. 1578 0 .0571 0.1894 0 .0438 0.0420 0 .0547 0 .0297 0.0413 
Total Cations 4.0146 4.0076 3 .9966 4.0054 4.0042 4.0033 4.0015 4.0044 4.0079 4 .0019 3.9984 4.0071 

Catiull Ratios Ca:Mg:Fe. Fe/Mil alld mg# (I00"Mg/(Mg+Fe)) 

Ca 2.6 3.2 3.4 5.8 8.1 2 .9 9.7 2 .2 2 .1 2.8 1.5 2.1 
Mg 71.4 67.7 62.1 58.4 56.3 70.7 57.0 74.5 75.0 70.6 71.5 70.9 
Fe 26.0 29.1 34 .5 35.8 35.6 26.4 33.3 23.3 22.9 26.6 27 .0 27.0 
FelMn 21 24 27 25 24 29 24 29 26 26 21 20 

mg' 73.3 70.0 64.3 62.0 6 1.2 72.8 63.1 76.2 76.6 72.6 72.6 72.5 

(13. 14) chnd:n:rysts enclosed in poikililic plagioclase; (1 5.1 6. 17, 18. 19) impact me!t matrix pyroxenes; (20. 21 ) and (22. 
23) core-rim pairs for large pyro~enes; (24) rim onlnrgc pi geollile; nil dnla from Miule fehldt, unpublished . 

relatively magnesian, with mg# of 66.6 and 74.7, respectively. For the type IB 
mesosiderite Chinguetti, a small fragmental low-Ca pyroxene grain from the matrix has a 
higher molar FelMn of 26 than the Mount Padbury impact-melt matrix grains, and is 
quite magnesian with a mg# of 75.3. 

For the type 3A, pyroxene poikiloblastic mesosiderite Emery, low-Ca pyroxene and 
calcic clinopyroxene analyses for matrix grains, plus low-Ca pyroxene from the corona 
around an olivine grain have low molar Fe/Mn, 19-21, and are magnesian, with mg#of 
67.4 to 72.0. For type 3B mesosiderites, the plagioclase poikilitic textural grade, low-Ca 
pyroxene chadacrysts (mineral grains completely enclosed in a single host crystal) from 
poikilitic plagioclase show a range of compositions. Donnybrook pyroxene chadacrysis 
with similar mg# (75.9 to 77.9) can show a range of eaO contents from -0.2 to -4.1 
wt % (Table 42). Mincy and Budulan have generally more ferroan chadacrysts wilh a 
narrower range in CaO contents. Note that for each of these mesosiderites , only one thin 
section was studied, so sample heterogeneity cannot be established. Hewins and Harriott 
(1986) found a limited range in CaO of chadacrysts in a thin section from a different 
specimen of Budulan than studied here. Also shown in Table 42 are representative 
analyses of matrix pyroxene grains from Donnybrook, and analyses of rims on large low­
Ca pyroxene cores for Budulan and Mincy. 

A range of pyroxene analyses are given for the type 4A mesosiderire Pinnaroo. These 
grains range from magnesian, low-Ca pyroxenes with molar Fe/Mn of -27 to 30, 

SiO, 
A!,o, 
TiO, 
Cr,o. 
FoO 

"'" 1AgO 
CoO 
Total 

.~ 
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Table 42 (cont'd), Compositions of pyroxene grains from representative mesosiderites. 
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Budulan 

53.2 
0 .92 
0.26 
0.52 

19.2 
0.70 

24. 1 
1.46 

100.36 

53.6 
0.60 
0.13 
0.47 

lB.2 
0 .74 

24.6 
1.44 

99.78 

50.9 
1.15 
0.B3 
0,44 

10.5 
0.64 

14 .0 
20.6 
99.06 

PalIYlIr 

(29) 

Mou nl 
I'adbur)' 

Chemical Composition (WI %) 

52.2 51.4 51.8 50.3 52.4 
0.99 0.62 0 .69 0.66 0 .75 
0.48 0 .40 0.42 0.44 0 .46 
0.36 0 .34 0.47 0.24 0.41 

22.2 14.4 22.3 29.5 9.75 
0.89 0.70 0 .92 0.88 0 .47 

21.7 12 .7 21.4 11.0 14.7 
1.24 19.6 1.72 7.97 21.4 

100.06 100.16 99.72 100.99 100.34 

Calion Formula Based 011 6 Oxygells 

52.5 
0.56 
0.35 
0.29 

23.6 
0 .98 

21.1 
1.22 

100.60 

v.~ 

Mucrta 

(34) 

50.6 
0.30 
0.23 
0.18 

30.1 
1.19 

17.2 
0.80 

100.60 

51.6 53.2 
1.24 0.21 
0.60 0.18 
0.41 0.27 
8.48 21.2 
0.47 0 .84 

14.2 22.9 
21 .6 0.82 
98.60 99.62 

1.9563 1.9722 1.9346 1.9540 1.9585 1.9526 1.9717 1.9565 1.9665 1.9592 1.9523 1.9B49 
0.0399 0.0260 0.0515 0.0437 0.0278 0 .0307 0.0283 0 .0330 0.0247 0.0137 0.0477 0 .0092 
1.9962 1.9982 1.9861 1.9977 1.9863 1.9833 2.0000 1.9895 1.9912 1.9729 2.0000 1.994 1 
0 .0072 0.0036 0 .0237 0.0135 0 .0115 0.0119 0.0130 0.0129 0.0099 0.0067 0.0171 0.0051 
0.0000 0.0000 0.0000 0.0000 0 .0000 0.0000 0.0022 0 .0000 0.0000 0.0000 0.0076 0.0000 
0.0151 0.0137 0.0132 0.0107 0.0102 0.0140 0.0074 0.0121 0.0066 0.0055 0.0123 O.OOBO 
0.5905 0.5601 0.3338 0.6950 0.4589 0.7030 0.9671 0.3045 0.7393 0.9747 0.2683 0.6615 
0.0218 0 .0231 0.0206 0.0282 0.0226 0.0294 0.0292 0.0149 0.0311 0.0390 0.0151 0.0265 
1.3207 1.3490 0 .7930 1.2106 0.7212 1.2022 0.6426 0.8180 1.1779 0.9925 0.8007 1.2734 
0.0575 0.0568 0.8389 0.0497 0 .8002 0.0695 0 .3348 0 .8562 0.0490 0.0332 0.8757 0.0328 

Total Cations 4.0090 4.0045 4 .0093 4 .0054 4.0109 4.0 133 3.9963 4.0081 4.0070 4.0245 3 .9968 4 .0014 

CaliOIl ROlios Ca:Mg:Fe, Fe/Mn and mg# (IOO"Mg/(Mg+Fe)) 

Ca 2.9 2 .9 42.7 2.5 40,4 3.5 17.2 43.3 2.5 1.7 45.0 1.7 
Mg 67.1 68.6 40.3 61.9 36,4 60.9 33.0 41 .3 59.9 49.6 41.2 64 .7 
Fe 30.0 28.5 17.0 35.5 23.2 35.6 49.7 15.4 37.6 48.7 13.8 33.6 
FelMn 27 24 16 25 20 24 33 20 24 25 18 25 
"'JI 69.1 70.7 iR.4 63.5 61.1 63.1 39.9 72.9 61.4 50.5 74.9 65.8 

(25, 26) core-rim pair for. /arge pyroxene; (27. 28) impact melt clast pyroxenes; (29, 30) polygenic basalt clast RV.02 
pyrox~ncs;.(311 rno~ogeme basalt clast RV-05 pyroxene; (~2, 33, 34) gabbr? clasl RC-07 pyroxenes; (35,36) pyroxene 
mcluSlOns In trtdynlllc. ganbro clast RC-07 ; nil data fro m Mmle fehldt, unpuhllshed except (31) from M illlefehidl (1978). 

to more c~cic ~yroxenes with molar FelMn of 24 to 25. Some of these grains may not be 
true ma~r.lX grams. The low-Ca pyroxenes with the higher molar Fe/Mn are similar in 
composll\O~ to Jar~e low-Ca pyroxene clasts in the igneous matrix. suggesting that the 
smaJler grams are SImply smaller clasts. 
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Figure 57, Molar Fe/Mg vs. Fe/Mn for 
mesosiderite pyroxenes compared to the field for 
HED meteorites. The'HED field shows the effect 
of igneous processes; both partial melting and 
fractional crysta llization result in re latively 
conSlanl Fe/Mn bUI varying Fe/Mg. Mesosiderite 
mafic clasts show primarily the effects of FeO 
reduction ; both Fe/Mn and Fe/Mg decrease during 
this process. Most mesosiderite matrix and impact 
melt pyroxenes, and pyroxene chadacrysts in 
plagioclase poikilitic mesosideriles ronn a band of 
roughly constant FelMg but varying FelMn. Data 
are from Mittlefehldt (1990 and unpublished). 



4-152 PLANETARY MATERIALS 

Table 43. Compositions of olivine grains from representative mesosiderites. 

AUlA Crab Emery l-iainholz Mincy Pinnaroo VcralHin 

77219 Orchard 
- _._------ --- ._--_. __ . --(12) (13) (I) (2) {JJ (4) (5) (6) (7) (') (9) (10) (Ill 

Chemical Composition (WI %) 

SiD, 37.5 36.3 39.3 39.0 37.4 37.4 40.8 39.5 39.4 41.9 38.S 42.1 39.3 

FnO 27 .3 32.2 17.6 20.6 25.4 22.8 8.5 13.3 13.4 9.90 24.8 8.01 18.5 

MgO 35.0 30.7 43.8 40.9 36.0 39.0 51.7 46.0 46.0 50.7 37.9 51.6 41.7 

MoO 0 .65 0 .80 0.39 ,,' 0.64 0.63 0.21 0.32 0.32 "' "' 0.20 0.50 

Cr,O, "' 0.04 "' "' "' 0,04 0.04 0.04 0.06 "' "' "' 0.03 

C,O 0.05 O.OB "' "' "' 0.07 0.04 0.07 0,01 "' "' "' 0.03 

Total 100.50 100.12 101.09 100.5 99.44 99.94 101.29 99.23 99.19 102.50 101.5 101.91 100,06 

Calio" Formula Based on 4 Oxygens 

S( 0.9960 0.9939 0.9891 0.9968 0.9956 0.9800 0.9830 0.9933 0.9917 0.9998 1.0024 1.0026 1.0031 
F, 0.6064 qJ373 0.3705 0.4412 0.5656 0.4997 0.1713 0.2797 0.2821 0.1976 0.5369 0.1595 0.3949 

Mg 1.3855 1.2527 1.6429 1.561 \ 1.4285 1.5231 1.8563 1.7239 1.7256 1.6029 1.4593 1.6313 1.5863 

M" 0.0 146 0.0166 0.0083 .. 0.0144 0.0140 0.0043 0.0068 0.0066 0.0040 0.0108 

C< 0 .0009 .. 0.0006 0 .0006 0.0006 0.0012 .. 0.0005 

Ca 0.0014 0.0023 0.0020 0.0010 0.0019 0.0003 .. ·-O.OOO6Total 
Cations 3.0039 3.0057 3.0106 3.001 1 3.0043 3.01 96 3.0167 3.0064 3.0077 3.0003 2.9976 2.9974 2.9965 

Cation Ratios Fe/Mil and mgH (100· Mg/(Mg+ Fe)) 

F<>IM" 41 40 45 39 36 40 41 41 40 37 

mg. 69.6 62.9 81.6 78.0 71.6 75.3 91.6 86.0 85.9 90.1 73.1 92.0 80.1 

(I) large olivine (Prin7. et al.. 19110); (2, 6, 7. (3) olivines from corolla structures (Nehru C{ a1 . 1980); (3. 4, 5, 10, IZ) large 
olivines (Mittlefehldt 1980); (II) small olivine (Mitt1efehldt 1980); (8,9) core and rim of large olivine (Miulefehldt unpublished). 

Mineral and lithic clasts 

The igneous mineral and lithic clasts in mesosiderites are superficial1y similar to 
igneous clasts in howardites, eucrites and diogenites. However, many of them have subtle 
to stark differences with RED materials and are distinct igneous materials. 

Ultramafic mineral clasts. Coarse-grained olivine clasts are commonly found in 
mesosiderites, but are absent in RED meteorites. These olivine clasts are typically 
rounded, single crystal fragments of cm size, although some brecciated clasts may have 
had po1ycrystalline precursors (McCall 1966, Mittlefeh1dt 1980). Texturally, many of 
them are very similar to the rounded olivine grains found in pallasites, and this led to the 
initial suggestion that mesosiderites were formed by mixing eucrite and pallasite magmas 
(Prior 1918). Table 43 presents representative analyses of mesosiderite olivine grains, 
and Figure 58 compares them to oJivines from main-group pallasites. Mesosiderite 
olivines extend from more magnesian to more ferroan compositions than found in main­
group pallasites (Fig. 58). No complete analyses of coarse-grained mesosiderite olivines 
are available in the literature, so the contents of minor elements, CaO and CrZ0 3, are 
unknown, and only a few analyses containing MnO have been published. Nehru et al. 
(1980a) presented complete analyses for a few olivines from their study of corona 
textures, but these may be small mineral fragments. Delaney et al. (1981) presented 
partial analyses determined by Nehru et al. (1980a) for meso siderite oli vines, which again 
may be for small grains. Their data indicate that most mesosiderite olivine grains have 
FeO/MnO ratios in the range of -30 to 42, lower than, but partially overlapping, the 
range for main-group pallasites. A few bona fide coarse-grained olivines studied by 
Mitt1efeh1dt (1980) have FeOlMnO of 40 to 45, within the range of main-group pallasit' 
olivines. 

Coarse-grained low-Ca pyroxene clasts are common in mesosiderites. Many of these 
clasts are similar to diogenites and to orthopyroxenite clasts in howardites. Many are 
single crystal fragments, although polycrystalline pyroxenites are also present. These 
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Figure 58. Histogram of olivine forsterite 
contents for individual mesosiderite olivine 
grains compared to average olivine com­
positions for main-group pallasites. Main­
group pallasite olivines do not vary in com­
position within a given meteorite, except for 
minor zoning near the rims. Mesosiderite 
olivines show a wide range . Sources of 
pallasite data given in Figure 17. Meso­
siderite data are from Agosto el a!. (1980), 
Delaney el ill . (l980), Mittlefehldt (1980 and 
unpublished), Nehru et a!. (1980), Prinz et 
.1. (980). 
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clasts range in size up to about 10 cm. Coarse-grained orthopyroxenes are the most 
magnesian pyroxenes contained in mesosiderites, while coarse-grained pigeonites are 
among the most magnesian clinopyroxenes (Powell 1971). Systematics of pyroxene 
textural-compositional relationships are not well known. Powell (1971) determined that 
orthopyroxenes range from about Fszo to Fs4o, and that in the mesosiderites Lowicz, 
Mincy and Morristown, orthopyroxenes more ferroan than about Fs30 were inverted from 
original pigeonite. This is similar to what is observed in the HED suite. Pyroxenes in 
typical diogenites (Fs_2s) crystallized as orthopyroxene, while that in the ferroan Yamato 
Type B diogenites (Fs_32) crystallized as pigeonite. Table 42 gives representative coarse­
grained 10w~Ca pyroxene analyses for mesosiderites. 

Mafic lithic clasts. Mesosiderites contain basaltic and gabbroic clasts that are 
petrologically similar to basaltic and gabbroic eucrites and to mafic clasts in howardites 
(Ikedaet a!. 1990, Kimura et a!. 1991, McCall 1966, Mitt1efeh1dt 1979, Rubin and Jerde 
1987,1988; Rubin and Mitt1efeh1dt 1992). The original textures of these clasts vary from 
subophitic to ophitic for the finer-grained examples, to hypidiomorphic granular for the 
coarser-grained varieties. Many of them have been modified by shock metamorphism, 
which has caused granulation of minerals, recrystallization, formation of veins, impact 
melting and micro-faulting. These clasts are composed of original ferroan pigeonite and 
anorthitic plagioclase as the major phases, with minor to accessory silica (generally 
tridymite), whitlockite, augite, chromite and ilmenite. They typically contain metal and 
troilite, but it is difficult to determine whether these phases were added later by shock. 
The original pigeonite has undergone exsolution to form augite lamellae in either a lower 
Ca pigeonite or orthopyroxene host. Pyroxene textures in mesosiderites have not received 
the same level of detailed study accorded RED pyroxenes. 

Detailed study of mesosiderite clasts has shown that many of the mafic clasts are 
distinguishable from similar RED meteorite materials. In general, basalts and gabbros 
from mesosiderites have higher modal proportions of tridymite and whitlockite than do 
similar HED lithologies (Nehru et a!. 1980b, Rubin and Mitt1efehldt 1992). Nehru et a!. 
(l980b) presented summary data on basalt and gabbro clasts foun.d in mesosiderite thin 
sections indicating a mean tridymite content of about 11 vol % for the basalt clasts, with 
a range of 5 to 14 vol %, while basaltic eucrites contain variable amounts of silica phases 
from -1 to 8 vol % with a mean of about 4 vol % (Delaney et a!. 1984). More recently, 
detailed petrologic study has been done on large basaltic and gabbroic clasts (up to 
several cm in size) mostly from the mesosiderite Vaca Muerta (Ikeda et al. 1990, Kimura 
et aJ. 1991, Mitt1efeh1dt 1990, Rubin and Jerde 1987, Rubin and Mitt1efeh1dt 1992). The 
basaltic clasts have a wider range of silica contents from about 0.4 to 13 vol % with a 
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lower mean of about 5 vol % than found by Nehru et al. (1980b). This large clast mean is 
probably not significantly different from that of the basaltic eucrites. Nevertheless, the 
high modal silica contents of many mesosiderite basalt clasts serve to distinguish them 
from basaltic eucrites. Nehru et aL (1980b) also noted that mesosiderite basaltic clasts 
have modal chromite > ilmenite, unlike basaltic eucrites which have chromite < ilmenite 
(Delaney et al. 1984). But here again, studies of larger basaltic clasts remove some of the 
distinctiveness. Of the 19 large basaltic clasts with modal chromite and ilmenite data, 
only about half have chromite significantly greater than ilmenite (Kimura et al. 1991. 
Rubin and Jerde 1987, Rubin and Mittlefehldt 1992). 

Pyroxene compositions in mesosiderite mafic clasts also tend to be distinct from 
those of eucrites in that the former generally have lower FeO contents and lower 
FeOlMnO ratios (Mittlefehldt 1990). Figure 57 is a diagram of molar FelMg vs. molar 
Fe/Mn for mesosiderite pyroxenes, with a field for HED meteorite pyroxenes shown for 
comparison. Some mesosiderite mafic clasts have pyroxenes with FelMg-FelMn similar 
to those of RED mafic rocks, for example Mount Pad bury clast RV -05 of Mittlefehldt 
(1979). However, pyroxenes in many mesosiderite mafic clasts have generally lower 
FelMg and FelMn , and these types of pyroxenes are not found among HED samples. 
Many coarse orthopyroxene and magnesian pigeonite clasts in mesosiderites have FelMg· 
FelMn characteristics indistinguishable from those of their HED meteorite counterparts. 
Representative pyroxene analyses for mesosiderite mafic clasts are presented in Table 42. 

Plagioclase grains in mafic clasts are typically anorthitic, An9S _SB' with orthoclase 
contents of about 0.1 to 0.7 mol %; very similar to that of plagioclase in eucrites and 
howardites. Table 44 gives representative plagioclase analyses for basalt and gabbro 
clasts . 

Silicate compositions 

Bulk silicate compositions. Mesosiderite silicates are broadly similar to howardites 
in bulk composition. as would be expected for breccias composed of similar minerals. 
Table 45 gives representative major element compositions for several mesosiderite bulk 
silicates, which can be compared with similar data for howardites in Table 34. One 
problem with mesosiderite silicate analyses is that it is impossible to remove all the 
metal . and even more so all the troilite . from the silicate prior to analysis. Hence, the 
abundance of "FeO" in mesosiderite silicates by techniques such as XRF are always 100 

high and need adjustment. Because of this, we have favored the wet chemical analyses 
from a reputable analyst (E. Jarosewich). which give true FeO contents. We have also 
used some XRF analyses if Sand Ni have been determined which allow us to make 
adjustments for both metal and troilite. One major difference between mesosiderite 
silicates and howardites is the generally lower FeO in the former, resulting in a 
systematically lower PeO/MnO ratio for mesosiderite silicates (Simpson and Ahrens 
1977). Mesosiderite silicates are also quite enriched in P20S compared to howardile5. 
There is a systematic variation in bulk si licate composition with mesosiderite type: 
compositional class A mesosiderites have higher CaO and AI20 3 and lower MgO and 
Cr20) than composi tional class B mesosiderites, consistent with the differences in 
basaltic and ultramafic components between the compositional classes. 

Selected lithophile minor and trace elements for representative mesosiderites are 
presented in Table 46. which can be compared with similar data for howardites in Table 
35, Mesosiderites generally contain lower contents of the most incompatible trace 
elements, such as the light rare-earth-elements, than do howardites. There are also 
systematic differences between compositional classes A, Band C mesosideriles, 
Compositional class A mesosiderites generally contain higher contents of the most 
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Table 44. Compositions of plagioclases from representative mesosiderites. 

Pinnaroo Patwar Clover Springs 

( I ) (2) (3) (4) (5) (6) (7) 

Chemical Composition w (wt %) 

Si0
1 45.3 46.2 46.0 45 .3 45.5 45.6 45.2 

A!203 34.8 34.9 34.5 34.8 34.8 35.2 35.7 
FeO 0.34 0.35 0.19 0.23 0.24 0.16 0.17 
Cao 19.0 18.4 18.3 18.7 18.4 18.5 18.8 
Na20 0 .83 0.95 0.95 0.90 0.95 0.89 0.77 
K,o 0.07 0.09 0.07 0.12 0.11 0.07 0.03 
Total 100.34 100.89 100.01 100.05 100.00 100.42 100.67 

Cation Formula Based on 8 Oxygens 
(Ideal Plagioclase = 5 Cations per 8 Oxygens) 

Si 2.0873 2.1109 2.1182 2.0911 2.0988 2.0930 2.0714 
ioAI 1.8900 1.8795 1.8726 1.8935 1.8921 1.9043 1.9284 
Tolal let 3.9773 3.9904 3.9908 3.9846 3 .9909 3.9973 3.9998 
Fe 0.0131 0.0134 0.0073 0.0089 0.0093 0.0061 0 .0065 
Ca 0.9381 0.9008 0.9029 0.9249 0.9094 0.9098 0.9231 
Na 0.0742 0.0842 0.0848 0.0806 0.0850 0.0792 0.0684 
K 0.0041 0.0052 0.0041 0.0071 0.0065 0.0041 0.0018 
Total Cations 5.0068 4.9940 4.9899 5.0061 5.0011 4.9965 4.9996 

Molecular Proportion of Orthoclase (Or), Albite (Ab), Anorthite (A n) 

0, 0.4 0.5 0.4 0 .7 0 .6 0.4 0.2 
Ab 7.3 8.5 8.6 8 .0 8.5 8.0 6.9 
An 92.3 1!11.0 91.0 91.3 90.9 91 .6 92 .9 

(I) impact melt malrix plagioclase; (2) impact melt clast RV-Ol plagioclase; 
(3) plagioclase in monogenic basalt 0) clast contained in impact melt clast RV-O l; 
(4); polygenic basalt clast RV-02 plagioclase (5); gabbro clast RC-05 plagioclase 
(6) gabbro clast RC-Ol plagioclase; (7) gabbro clast RC-Ol plagioclase inclusion in 
tridymite; all data from Mittlefehldt (1978) except (7) from Mittlefehldt (unpublished). 
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incompatible elements than do compositional class B mesoside rites, and the sole 
mesosiderite of compositional class C is poorest in these elements. There is overlap in 
trace element composition between compositional classes A and B, however, and 
howardites can show considerable variation in trace element content from one sample to 
another. Therefore, caution must be used in interpreting variations in trace element 
conlents with compositional class among mesosiderites. 

Ultramafic mineral clast compositions. There are relatively few bulk analyses for 
coarse-grained olivine and orthopyroxene clasts from mesosiderites. Mittlefehldt (1980) 
presented an analysis for a FOS2 olivine clast from Emery and a F092 olivine clast from 
Pinnaroo done by INAA, with comparative data for Brenham pallasite o livine (FOBS)' For 
both of the mesosiderite clasts, the INAA Cr content was about a factor of 10 higher than 
electron microprobe analyses, indicating that chromite inclusions are present. Cobalt and 
Ni contents of the mesosiderite olivines were substantially higher than in the Brenham 
olivine, suggesting metal inclusions are present in the mesosiderite olivines. The Sc and 
Sm contents of the Emery olivine are much higher than those of Brenham olivine 
(Mittlefehldt 1980), or pallasite olivines in general. 

Orthopyroxene clast analyses were presented for Emery- and Patwar by Mittlefehldt 
(1979) and for Bondoc by Rubin and Mittlefehldt (1992). In addition, Kimura et al. 
(1991) presented results for an orthopyroxene breccia clast and an ol ivine-orthopyroxene 
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Table 45. Bulk chemical analyses of representative mesosiderites. 

Barea 
IA 

- cr,--(T*T 

Si02 21.71 51 .9 
Ti02 0.11 0.26 
A!203 4.01 9.58 
Cf20 3 0.37 0.88 
Fe:P3 
FoO 5.61 13.4 
MoO 0.24 0.57 
MgO 6.62 15.8 
C,O 2.54 6.0z.. 
Na20 0. 12 0.29 
K,O 0.01 0.02 

P20S 0.52 1.24 
F, 50.24 
Ni 6.19 
Co 0.12 
P 
F,S 1.62 
S 
Tolal 100.03 

Fe/Mn 23 
mgll 67.6 

ALHA Mount 
Pat war 77219 Lowicz Millcy Patwar Padbury 

IA IB 3A 38 IA IA 
-(1)- - - [1-) (1-) --U-*f (2)--[2') 12T- (2,) m-(4) -(3j-

ComposiliOI1 (WI %) 

25.76 51.5 32.27 52 .5 50.12 53.6 47.46 52.7 50.3 48.8 48.4 
0.16 0.32 0.16 0.26 0.342 0 .37 0.263 0.29 0.58 0.48 0.72 
5.86 11.71 3.93 6.40 10.58 11.32 6.69 7.43 13.5 13.4 12.5 
0.26 0.52 0.63 1.03 0.767 0 .82 1.474 1.64 0.44 0.43 0.36 

8.87 
6.66 13.7 7.86 12.8 13.36 8 .2 16.78 9.6 16.5 18 .2 20.4 
0.31 0.62 0.41 0.67 0 .533 0.57 0.530 0 .59 0.53 0.59 0.56 
6.88 13.7 12.56 20.4 13.85 14.8 18.27 20.3 6.97 7.32 6.54 
3.63 7.25 3. 14 5.1 1 7.97 8.53 5.29 5.87 10.5 9.47 9.53 
0.19 0.38 0.15 0.24 0.31 0.33 0.22 0 .24 0.36 0.33 0.44 

0.03 0 .05 0.017 0.02 0.008 0.01 0.02 
0.14 0.28 0.30 0.49 1.325 1.42 1.243 1.38 

33.70 23.63 
4.20 2.86 0.35 0.47 
0.13 0.10 
0.02 

11.89 1.10 
0.246 0.544 

99.99 96.00 99.770 99.242 99.66 99.04 99.45 

Calion Rafios Fe/MIT and mg# (l00* MgO/(MgO+ FeO)) 

22 
64. 1 

19 
74.0 

25 14 3\ 16 31 30 36 
64 .9 76.3 66.0 79.0 42.9 41.7 36.4 

(I ) ¥!ct chcmistry analyscs of bulk mctcorite (Jarosewich, 1990). Thc Fc 20) is from rustcd mctal, and nol the silicate 
fracl1on. (I · ) Analyses renonnahzed on a melal- and [rolilc-free hasis to 100%. (2) XRF armlyses of bulk non-mngnetic 
fraction (Simpson 1982). (2*) Analyses with measured FeO corrected for metal and Iroilite contamination using measurrd 
Ni ~Ild S, ;lIld renormulized on a melal- and trnlite-free basis 10100%. (3) Electron microprohe armlyses of fused-glass \raJ 
(~rI11cfehldl 1979) on basaltic impa(;llllcll (;lasl, (4,5) A vemge of melal- Iroilite corfected lNAA on bulk sample and eleCiroo 
mIcroprobe analyses of fused -gluss bead (MiHlefehldt 1979) on polygeni!; bnsnlt clast (4), nnd monogeni!; basalt dos! (5). 

breccia clast from Vaca Muerta. We will not consider these latter breccia clasts here 
because of the possibility of contamination by other silicate materials. In general, the 
mesosiderite orthopyroxenites are similar in composition to diogenites (Mittlefehldt 
1979). Although Mittlefehldt (1979) pointed out some trace element compositional 
differences between the Patwar orthopyroxenite and diogenites, subsequent recoveries of 
diogenites from Antarctica have largely removed the distinction. The Bondoc ortho­
pyroxenite is more magnesian than that in typical diogenites (mg# 81 vs. -74-76) (Rubin 
and Mittlefehldt 1992), but is within the range of individual orthopyroxene grains found 
in the diogenite EET A 79002, mg# 73-82 (Mittlefehldt, unpublished). 

Mafic lithic clast compositions. Both the basalt and the gabbro clasts in 
mesosiderites show much wider ranges in trace element compositions than do 
petrographically similar materials in the HED suite, and some of them have slightly 
unusual major element compositions. Representative major element compositions for 
basalt clasts are given in Table 45, and selected trace-element analyses are given in Table 
46. These should be compared to basaltic eucrite analyses given in Tables 34 and 35. All 
of the mesosiderite clasts have high Ni and Co contents indicating that metal is present. 
The Ni and Co contents of mesosiderite metal was used to estimate the true FeO contents 
of the samples. Some of the analyses also have high Se contents indicative of high modal 
troilite. In the absence of information on the troilite Se content, a correction to FeO for 
troilite was done assuming troilite has a cosmic S/Se ratio. The mg# and molar FelMn 
ratios discussed below are based on these corrected FeO contents. 
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Figure 59. R~re earth element diagram-for mesosiderite mafic clasts compared to select basaltic and 
cumulate eucntes. ~ount Padbury RV-05 is a monogenic basalt, Patwar RV-02 a polygenic · basalt, Vaca 
Muerta Pebble 5 an lmpa~t melt of. cumulate gabbro(s), Vaca Muerta Pebble 18 an extremely fractionated 
cumulate gabbro (see R~m and MiUlefehldt 1992 for classification). Data from Mittlefehldt (1979) Rubin 
and Jerde (1987), Rubin and Mittlefehldt (1992), Warren and Jerde (1987). ' 

Some rnesosiderite b~salts are virtual clones of basaltic eucrites, for example, Mount 
Padbury clast RV-05 (Mlttlefehldt 1979). This clast has a mg# of -36, in the range of 
basaltIC eucntes (33 to 41; see Table 34), a molar Fe/Mn of -36. like that of basaltic 
eucrites, and a flat rare-earth-element (REE) pattern at about 9 to 10 x CI chondrite 
abunda~~es. However, many of the basaltic clasts are distinct in major element 
composlllon. For example, Patwar basalt clast RV-02 (Mittlefehldt 1979) has a mg# of 
-42, hIgher than that of bao;;aitlc eucntes, and a molar FelMn of -30 lower than that of 
basaltic eucrites. This clast also has. a LRE~-depleted pattern with a p~sitive Eu anomaly, 
a patt~rn .unknown among basaltIc eucnte falls. Figure 59 shows REE patterns for 
mesosldente basalt and gabbro clasts compared to basaltic and cumulate eucrites. 

As is the case for the basalt c.1asts, some of the mesosiderite gabbro clasts are similar 
to cumulate eucrite gabbros in bulk major and/or trace element contents. Cumulate 
eucr i t~s are .more heterogeneous in major and trace element compositions than are 
basaltl.c e~cntes, and ther~ ar~ f~wer of them, so it is difficult to decide whether a given 
mesosl.de:lte gabbro clast IS dIstInct from the eucrite counterparts. The mesosiderite clast 
most SImilar to cumulate eucrites in major and trace element composition is Vaca Muerta 
Pebble 5, but this clast is texturally an impact melt (Rubin and lerde 1987). Several 
mesosldente gabbro clasts have trace element contents similar to those of cumulate 
eucntes (Mittlefehldt et al. 1992). However, many of the mesosiderite gabbroic clasts 
show extreme depletions in the most incompatible elements, such as the LREE, when 
compared to cumulate eucrites (Mittlefehldt 1979, Rubin and Mittlefehldt 1992). 
Extremes In thIS case are Vaca Muerta Pebbles 6 and 18, which have Sm abundances of 
0.03 and 0.021 x CI chondrites. respectively (Rubin and lerde 1987. Rubin and 
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Table 46. Trace clement analyses of the non-magnetic fraction of 
representatitive mesosiderites and select mafic clasts. 

Ill'll'tl MOlll\1 Pntw~r Clover E..~lhcr- Lowin Pinn3mo C hin - Vcrnmin Mincy RKPJ\ PnlwM MOIInl 
I'adhury Sllring~ ville guclli 79UIS ,'''"" IA IA IA 2A ]A ]A 4A IB 2B ]B 2C IA IA 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ., RV·OI RV-02 RV-OS 

Na mgfg 1.53 1.52 1.33 1.46 1.83 1.25 1.31 0.502 0.929 0.767 0 ,067 2.45 2.33 3.1. 
Sc IJglg 17.9 19.4 18.1 \9.9 19.9 17.5 15.8 12.8 11.2 19.8 9.04 2B.7 30.8 31.4 
C< mglg 5.16 3.58 7.75 8.87 6 .06 5.08 , 6.72 6.68 5.03 3.31 3.14 3.05 2.40 
Co IJglg 52.6 113 43.8 72.1 39.5 51 320 79.4 108 138 95 48.0 63.0 22.2 

" mglg 1.29 4.2 1.8 2.52 1.04 2.1 5 .44 16.4 2.8 3.28 7.49 4.00 2.18 060 
Se 1-191'9 3.3 14.4 19.5 0.' 2.' 3.3 21.3 19.7 2.2 2.' 15.5 3 .7 2.' .. 
L. "jig ' .86 1.39 0.82 2. 16 1.78 0.49 0.58 1.05 0. 16 0.42 0.32 1.98 1.53 2.15 
Ce lJg/g 12 3.4 2.3 10 4.' 1.6 bd 2.58 bd bd 1.2 5.2 4.4 5' 

Sm IJglg 0.364 0.366 0.479 0.272 0.703 0.327 0.323 0.138 0.075 0.295 0.0431 1.26 1.06 I.~ 

Eu 119"9 0.23 0.23 ...().24 0.23 0.32 0.18 0.2 0.068 0.044 0. 15 0.011 0.54 0.56 0.57 
lb ,gig 0.098 0.086 0. 11 0.08 0.15 0.094 0.07 0 .042 0.031 0.058 '" 0.39 0.28 0.35 
Yb Ilg/g 0.46 0 .' 0 .63 0.42 0 .73 0.52 0.42 0.22 0.11 0.4 0.078 1.60 1.50 1.55 

Lo ,gig 0.07 0 .08 0.08 0.067 0.1 0.075 0 .068 0.03 0 .027 0.063 0.014 0.23 0.24 0.26 
HI ,gig 0.23 0.28 0.27 0.14 0.42 0.33 0.43 0.11 0 .11 0.23 bd 1.1 0.87 0." 
I, "gig 20.6 60.6 14.6 66.2 bd 9.9 bd 24.8 bd bd 3.8 27 bd .. 
Ao "gig 14.3 49.1 13.7 30.2 10.4 16 bd 33.6 bd bd 57 .6 21 17 bd 

All analyses by INAA ; whole rock by Mittlefehldl (unpublishe~), clasts by Miu lefehldt (1979). 

Mittlefehldt 1992}. These clasts have extreme Eu anomalies, with CI normalized EuiSm 
ratios of 220 to 260, the most extreme ratios known among solar system rocks 
(Mittlefehldt et aL 1992). In spite of these unusual trace element contents, these clasts 
have mg# and FelMn ratios within the range of cumulate eucrites, 

Mesosiderite metallic phase 

Metallography. Powell (1969) provided the first comprehensive study of the metal 
phase of mesosiderites. although he primarily discussed the compositions and cooling 
rates of the metal. Like the silicates, metal occurs on a variety of scales and textural 
settings in mesosiderites from large, em-sized clasts, to veins penetrating silicates, to 
matrix metal grains a few microns in size. An exceptional mesosiderite is RKPA79015 
(Fig. 56), which contains large. several em-sized areas of polycrystalline metal free of 
silicates (Clarke and Mason 1982). The boundaries between metal and silicate are 
generally irregular, with silicate grains commonly penetrating metal regions, and metal 
embays, penetrates, or veins, silicates (Powell 1969, 1971). Even the boundaries of the 
larger metal clasts exhibit fine-scale embayments with the silicate phase (Kulpecz and 
Hewins 1978, Powell 1969). Widmanstatten texture is developed in at least some of the 
larger metal clasts, but in general, kamacite occurs along metal -silicate and metal-metal 
boundaries, with taenite in the cores of the metal particles (Powell 1969). Tetrataenite has 
been observed rimming taenite cores in kamacite (Clarke and Mason 1982). 

Troilite is common in mesosiderites, and makes up between <1 to about 14 wt % of 
the meteorites (Table 41). There are relatively few bulk sample modes or norms, so il is 
not possible to know how representative these values might be. In many cases, troilite 
occurs between silicate-rich and metal -rich regions in thin section. Schreibersite occurs 
included within kamacite, or at the metal -s ilicate grain boundaries of matrix meta] 
particles (Kulpecz and Hewins 1978, Powell 1971). 

Composition. The composition of the metal phase of mesosiderites was first 
extensively studied by Powell (1969) for bulk Ni content,by Wasson et aL (1974) forNi. 
Ga, Ge and Jr, and by Begemann et a!. (1976) for Fe, Ni and cosmogenic nuclides. 
Powell (1969) prepared his samples by grinding large surface areas of mesosiderite slab. 
and therefore his analyses are of metal of all textural types; from clast to matrix metal. 
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Figure 60. Comparison of mesosiderite metal and 
IlIAB irons on a plot of lr/Ni vs. Ga/N i. 
Mesosiderite metal does not exhibit the magmatic 
siderophile element trend shown by the IIIAB 
irons. Note that all low GaiNi mesosiderites are of 
compositional class A, and that duplicate analyses 
of the only compositional class C mesosiderite 
show its metat to be anomalous. The unclassified, 
anomalous mesosiderite Chaunsky (C) has a very 
unusual metal composition. Mesosiderite data are 
from Wasson et al. (1974, 1998a), Hassanzadeh et 
al. (1990); [flAB iron data are from the com­
pilation in Wasson (1974), plus more recent data 
from Esbensen et a!. (1982), Kracher et a!. (1980), 

0 .5 Malvin et a!. (1984), Scott and Wasson (1976), 
Wasson et al. (1989, 1998a). 

Wasson el al. (1974) analyzed some of Powell's powders, powders they produced using 
the same technique, grains obtained by crushing and magnetic separation, and metal 
clasts. Begemann et aL (1976) prepared their metal separates by dry milling the samples 
and they lherefore included metal of all textural types. Hassanzadeh et al. (1990) 
analyzed large metal clasts from 15 mesosiderites for a suite of 11 siderophile elements. 

As discussed by Wasson et al. (1974) and Hassanzadeh et aL (1990), and as is 
evident. in the .dat~ .of Begemann et a!. (1976), the metal samples are invariably 
contammated wtth sIhcates and oxides, and likely troilite as well. In addition, Wasson et 
aI. (1974) and Hassanzadeh et a!. (1990) have argued that the Ga and Fe, and possibly 
~ther s~dero~hlle el~~nt contents of the original metal may have been changed by 
mleractlOn With the slltcates. Hence, differences in the contents of Ni or other siderophile 
elements between different mesosiderites, or between different samples of the same 
mesosiderite, are difficult to interpret. 

Using the original Powell (1971) classification for mesosiderites, Wasson et aJ. 
(1974) showed that textural grade I mesosiderites tended to be lower in Ga, Ge and Ir 
content than other mesosiderites. Using the current classification, it is clear that it is the 
compositional class A mesosiderites that lend to have the lower Ga, Ge and Ir contents. 
Figure 60 shows IrlNi vs. GalNi for mesosiderite metal determined by Hassanzadeh et aJ. 
(1990) and Wasson et al. (1974, 1998a) compared with IIIAB irons. The compositional 
class B .~esosiderites are all clustered at the high end of the Ga/Ni range, while the 
CO~posltlOnal class A mesosiderites span the range from the highest to lowest GalNi 
ratIOs. 

Hassanzadeh et a!. (1990) divided mesosiderite metal compositions into three types; 
low-AuNi, intermediatewAuNi and high-AuNi on the basis of cluster analysis. They noted 
that all compositional class 8 mesosiderites except Chinguetti are in the 10w-AuNi group. 
They further argued that the classification of Chinguetti was not well known because 
only a small area was used for the modal analysis. One unusual feature of mesosiderite 
metal is the very small range in Ir contents compared to that found for igneous iron 
meteorite groups. Mesosiderite metal ranges in Ir from 1.7 to 6.3 Jlg/g, excluding the 
anomalous Chaunskij and RKPA79015 (Hassanzadeh et al. 1990, Wasson et al. 1974, 
19983). In contrast, IIIAB irons range in Ir from 0.011 to 19 "gig (Wasson 1974). This 
difference is clearly shown in Figure 60, where IIIAB irons span three orders of 
magnitude in IrlNi whereas mesosiderite metal varies by only about a factor of [our, 
excluding two anaomalous mesosiderites. The range in Ni content for mesosideriles, 
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excluding Chaunskij is essentially the same as that of the mAB irons. 

As noted by Hassanzadeh et al. (1990) and shown in Figure 60, RPKA 79015 has 
anomalous metal composition. It is low in the refractory siderophiles Ret If and Pt, and 
slightly low in W. Ghaunskij is even lower in refractory siderophile elements than RPKA 
79001 and has higher Ni and Cu than any other mesosiderite (Wasson et al. 1998a). 

Ages 

Modern age determinations have been done on mesosiderites using a variety of 
techniques. Some of the data are difficult to interpret, however. because the samples 
analyzed 3re polymict breccias and petrologic control is not provided. Murthy et aI. 
(1977) and Brouxel and Tatsumoto (1990, 1991) have studied Estherville by Rb-Sr, Sm· 
Nd and U-Th-Pb chronometry, and Prinzhofer et al. (1992) studied Morristown by Sm· 
Nd. Other than indicating that the mesosiderite silicates were formed early in the history 
of the solar system and later metamorphosed, little is learned of the igneous evolution of 
the mesosiderite parent body from these studies. 

A limited amount of chronometry has been done on igneous clasts from 
mesosiderites. Ireland and Wlotzka (1992) reported ion microprobe analyses for U-Pb 00 

zircons. Zircon VM-2, which occurs in a "eucritic clast," is concordant in the U-Pb 
system and yielded a 207Pbf206Pb age of 4.563±O.0IS Ga (Ireland and Wlotzka 1992). 
Petrologic details of this clast were not given, so it is not known whether it is a basalt that 
is petrologically equivalent to basaltic eucrites, or one of the magnesian, low Fe/Mn 
basalts with unusual REE patterns. Either way, this result indicates that magmatic 
processes occurred very early on the mesosiderite parent body. Stewart et at. (1994) 
perfonned Sm-Nd analyses of three igneous clasts from Vaca Muerta that had previously 
been studied by petrography and bulk composition (Rubin and Jerde 1987, Rubin and 
Mittlefehldt 1992), and a clast from Mount Padbury. The Sm-Nd isochron age of the 
Mount Padbury clast is 4.S2±0.04 Ga. The ages of the Vaca Muena clasts are 4.48±O.09 
Ga for a basalt clast, 4.48±0.19 Ga for a gabbro clast and 4.42±O.02 Ga for an impact· 
melt clast. 

Numerous mesosiderites have been studied using the 39Ar30Ar technique in order to 
investigate the metamorphic and impact history of their parent body. Bogard and 
Garrison (1998) and Bogard et al. (1990) have determined AI-Ar ages for 20 samples 
from 14 different mesosiderites, including whole rock and igneous clast samples. Most of 
the samples show stepwise release profiles with only modest increases in calculated age 
with extraction temperature. The average Ar-Ar age for these samples is about 3.9 Ga 
(The published ages of Bogard et al. (1990) are in error due to a round-off error in the 
40K decay constant used (Bogard and Garrison 1998). The average age given here 
incorporates a correction for this error.) 

Cosmic-ray exposure ages have been calculated from 36Ar and 36CI measurements of 
the metal phase of several mesosiderites (Begemann et a1. 1976). The calculated ages 
vary from 9 to 162 Ma, and there is no correlation with petrologic type. The calculated 
cosmic-ray exposure ages for type 1 A mesosiderites vary from 9 to 133 Ma, for type 38 
mesosiderites from 36 to 162 Ma, and for type 3A mesosiderites from 33 to 134 Ma. 

Cooling rates 

Cooling rates of mesosiderites have been an enigma ever since Powell (1969) 
demonstrated that they are among the lowest known. Cooling rates have been determined 
by a variety of techniques on both the silicate and metallic fractions. These cooling rate 
estimates are generally for different temperature regimes, so details of the therma1 history 
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Metallographic cooling rates. The larger metal clasts in mesosiderites have 
metallographic textures that allow cooling rates to be calculated. Powell (1969) originally 
calculated cooling rates for the temperature interval of -500° to 350°C using the Wood 
method, and found rates of the order of 0.1 °CIMa, among the lowest cooling rates 
known. Subsequently, Ni diffusivity in Fe,Ni meta] was revised (Saikumar and Goldstein 
1988), resulting in recalculated cooling rates for mesosiderites of l °ClMa (see discussion 
in Bogard et al. 1990). Kulpecz and Hewins (1978) measured the Ni content in 
schreibersite and kamacite in the Emery mesosiderite, and used a non-isothermal, 
diffusion-controlled growth model for schreibersite in karnacite to calculate a cooling rate 
of o.10ClMa. Here again, the more recent diffusivity data would require revision upward, 
probably of the same order as for the Wood method. However, in order for the method 
employed by Kulpecz and Hewins (1978) to be valid, schreibersite must have nucleated 
and grown solely from kamacite. Taenite and tetrataenite are typically present in 
mesosiderite metal particles, and even though they were not found in the grains studied 
by Kulpecz and Hewins (1978), it is likely that they were present out of the plane of the 
thin section, invalidating the calculated cooling rates (Agosto et al. 1980). Haack et al. 
(l996b) have reexamined the cooling rates of mesosiderites by modeling the Ni content 
of (he centers of wide taenite lamellae and by modeling the central Ni content of 
kamacite using Powell's original data, and the phase diagram and diffusion constants of 
Saikumar and Goldstein (1988). Haack et al. (1996b) obtained very low cooling rates 'of 
.. 0.01 ° to O.03°C/Ma for several rnesosiderites. Although there is uncertainty in the value 
of the low temperature cooling rate of rnesosiderites, it seems clear that this value is very 
low, probably '; l oC/Ma. Haack et al. (l996b) summarized metal phase compositional 
evidence that qualitativel' argue that mesosiderite cooling rates are lower than those of 
other metal-bearing meteorites. 

Silicate-based cooling rates. Estimates of cooling rates on the si licate fraction has 
been done by modeling element distributions in the minerals and by modeling Ar 
diffusion from bulk silicates. Delaney et al. (1981) measured steep Fe-Mg compositional 
profiles in pyroxene overgrowths on orthopyroxene cores for 4 mesosiderites, and 
suggested that these reflect cooling rates of 1 ° to 100°C per annum at temperatures in the 
range of 900° to 1150°C. Because diffusivity data for pyroxenes were lacking, they used 
data for olivines in this calculation. It is now known that Fe-Mg diffusion in pyroxenes is 
substantially slower than in olivine, and the cooling rates inferred for these pyroxene 
overgrowths should be much lower. Jones (1983) estimated values of _2°C per annum for 
the highest rate given by Delaney et al. (198 1), still _105 to 108 times that estimated from 
the metal phase for low temperatures. Ganguly et al. (1994) reexamined the zoning 
profiles determined by Delaney et al. (1981) for Clover Springs and Lowicz overgrowths 
using updated diffusion data and more sophisticated cooling models. They calculated 
cooling rates of - 14°C/Ka at 1150°C and SOC/Ka at 600°C. Ruzicka et al. (1994) 
modeled zoning profiles in overgrowths on plagioclase grains in corona struc tures, and 
estimated cooling rates of ;;:::IOO°C/Ka for temperatures of about 1 100°C. Bogard et al. 
(1990) showed that the Ar-AI release profiles and ages of mesosiderites were consistent 
with slow cooling at low temperature (500° to 350°C) as given by the metallographic 
cooling rates. Ganguly et al. (1994) estimated that the cooling rate at 250°C based on 
cation ordering in orthopyroxene was ~ I °ClMa, similar to that determined on the metal 
phase for low temperatures. 

Mesosiderite formation 

As described above, the silicate fraction of mesosiderites is broadly similar to the 
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HED meteorites. Nevertheless, there are numerous differences in detail in their petrology 
and chemistry. Mesosiderites and HED meteorites show evidence for impact mixing on 
the surfaces of their parent bodies. Because mixing on asteroidal bodies is expected to be 
parent body-wide (e.g. Housen et aL 1979), Mittlefehldt (1979, 1990), Mitt1efehldt et al. 
(1979) and Rubin and Mittlefehldt (1993) argued that mesosiderites and HEDs were 
formed on different parent bodies. 

Because mesosiderites are composed of crustal si licates and iron metal presumed 10 
represent core material of an asteroid, the formation of these meteorites requires complex 
processes. This complexity is compounded by estimates for cooling rates on the metal 
which indicate slow cooling. and hence deep burial (Powell 1969), while the textures and 
compositional zoning of the si licates give evidence for surficial processing and rapid 
cooling at high temperatures (Ganguly et a\. 1994, Ruzicka et aL 1994). Indeed, the 
silicate textures anG mineralogies of the mesosiderites indicate that these meteorites are 
polymict breccias formed by impact processes on the surface of a differentiated asteroid 
(Powell 1971). Rubin and Mittlefehldt (1993) presented a synopsis of the evolutionary 
history of mesosiderites, and what follows has been developed from this source and more 
recent work on mesosiderites. 

Some of the igneous and meta-igneous clasts in mesosiderites are similar to the same 
materials found in the HED meteorite suite; they have essentially identical mg#, molar 
Fe/Mn, and trace element contents as eucrites and diogenites. Because of this, the 
earliest, post-accretion history of the mesosiderite parent body was likely similar to that 
of the HED parent body; parent body-wide igneous processes produced a mafic crust, a 
depleted ultramafic mantle and a metallic core. Just as there is active debate between 
partial melting vs. fractional crystallization models for formation of the HED parent body 
crus t, this same uncertainty applies to the mesosiderite parent body crust. Age 
determinations on igneous and meta-igneous clasts have shown that the original 
mesosiderite parent body crust was formed about 4.56 Ga ago (e.g. Ireland and Wlotzka 
1992). This is essentially the same as the time of formation of the HED meteorites, and 
shortly after the formation of chondritic meteorites (e.g. see Rubin and Mittlefehldt 
1993) . The presence of metal-poor breccia clasts in mesosiderites suggests that the parent 
body surface was gardened by impacts prior to metal-silicate mixing. 

Metal-silicate mixing was the next major event (or events) on the mesosiderite 
parent body. A 'variety of models have been advanced to explain the metal -silicate mixing 
event including both internal and external mixing models (see review by Hewins 1983). 
Almost all models assume that the metallic and silicate fractions of mesosiderites 
originated in distinct regions, the core and crust, respectively, of either a single asteroid. 
or of two asteroids. The most plausible model is that of Wasson and Rubin (1985) and 
Hassanzadeh et al. (1990). These authors posit that an asteroidal core, stripped of its 
silicates by impacts except for some mantle olivine, accreted at low velocity to the 
mesosiderite parent body. Because the metal in mesosiderites appears to be 
undifferentiated, as indicated by the small range in IrlNi ratios (Fig. 60), these authors 
have suggested that the core was undifferentiated and therefore still largely molten at the 
time it was accreted. Hassanzadeh et a!. (1990) further argued that metal -silicate mixing 
was responsible for the compositional distinction between compositional class A and B 
mesosiderites. They argued that all mesosiderites were originally of compositional class 
A, and that the region where the B mesosiderites were formed accreted more olivine with 
the metal. Through reduction of FeO and reaction with tridymite, this o livine was 
converted to orthopyroxene. The presence of metal-rich breccia clasts in mesosiderites 
suggests, but does not prove, that impacts gardened the surface of the parent body after 
metal-silicate mixing, and hence the proto-mesosiderite material remained on the parent 
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Mitt1efehldt (1979, 1990) and 'Rubin and Mittlefehldt (1992) have shown that many 
of the basalt and gabbro clasts in mesosiderites have undergone remelting after metal ­
silicate mixing. These are the clasts that are more magnesian than their eucrite 
counterparts, have low molar FelMn ratios, LREE-depleted patterns with positive Eu 
anomalies, and high modal abundances of tridymite and/or whitlockite. This 
mineralogical and mineral compositional data shows that the mafic magmas were 
reduced by P from the metal phase (Mittlefehldt 1990). The LREE-depleted patterns and 
trace element signatures of some basaltic clasts indicate they are mixtures of basalts and 
cumulates (Mittlefehldt 1990, Rubin and Mittlefehldt 1992), and the extreme Eu/Sm 
fractionation of some gabbros indicate multiple melting and fractional crystallization 
steps (Mittlefehldt 1979, 1990; Mittlefehldt et aL 1992, Rubin and Mittlefehldt 1992) . 
Because many of the mafic clasts in mesosiderites were remelted, it appears that a large 
fraction of the mesosiderite crust m.ay have been remelted after metal -silicate mixing. 

The overgrowths on pyroxene and plagioclase clasts and grains give evidence for 
rapid cooling at moderately high temperatures. The pyroxene overgrowths certainly must 
have formed at the time the mesosiderites were Iithified into their current form, as these 
overgrowths can extend to em size and poikilitically include all other minerals in the 
matrix (e.g. Floran 1978). Therefore, the evidence suggests that after the mesosiderites 
were assembled in their current form, they were still located near the surface of their 
parent body. Subsequently, the meso siderites must have been put in a low-temperature 
environment where the cooling rate was many orders of magnitude lower, as indicated by 
the metallographic cooli~ rates and the cation ordering in orthopyroxene. Bogard et a1. 
(1990) suggested that this was caused by a catastrophic disruption and reassembly of the 
mesosiderite parent body about 4.2 Ga ago, as indicated by the AI-Ar ages. (We have 
adjusted the age quoted by Bogard et al. (1990) to correct for the computational error 
discovered by Bogard and Garrison (1998).) This event resulted in the mesosiderites 
being deeply buried in the parent body, where slow cooling at low temperatures caused 
Ar degassing. Haack et aL (1996b) have argued that break-up and reassembly did not 
occur on the mesosiderite parent body; instead they suggest that the cooling rates and 
petrology can be explained by essentially a single process: metal-silicate mixing by a 
large impact formed the mesosiderite breccias as we see them and led to the evidence for 
rapid cooling at high temperature. Continuing accretion of debris from the impact built up 
an insulating regolith. This gradually lowered the cooling rate at the mesosiderite 
location, leading to the low metallographic cooling rates at low temperature and Ar 
degassing. This model appears inconsistent with the petrologic and geochemical data on 
mesosiderite mafic clasts which suggest that melting and crystallization of much of the 
parent body crust occurred after metal-silicate mixing (Rubin and Mittlefehldt 1993). 

MISCELLANEOUS NON-CHONDRITIC ASTEROIDAL METEORITES 

A number of meteorites do not fit into well-defined groups on the basis of 
mineralogy, petrology or oxygen~isotopic compositions. In some cases, these meteorites 
formed by processes unknown from the main groups. In other cases, their origin was 
similar to that of a well-defined group, although probably representing another parent 
asteroid. Here we discuss several of these meteorites. 

Bocaiuva 

Bocaiuva is a unique silicate-bearing iron meteorite that was recovered as a single 
mass of 64 kg in 1947. The meteorite was studied by Desnoyers et aL (1985) and Malvin 
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et al. (1985) and information given below is taken from these sources. 

Bocaiuva is dominated by Fe,Ni metal (-85 vol %) which exhibits a Widmanstatten 
pattern in some portions. The width of the kamacite bands indicates the Bocaiuva is a 
finest octahedrite. Bocaiuva contains 8.49 wt % Ni in the metal, but a remarkably high 
Ge/Ga ratio (Malvin et al. 1985). The Ge/Ga ratio suggests that Bocaiuva may be related 
to lIP iron meteorites, Eagle Station pallasites, or a small number of ungrouped irons. 
Detailed comparison of the metal compositions suggests that none of these are closely 
related, however, and they may not have formed on the same parent body. 

Silicates in Bocaiuva occur as nodules or aligned stringers up to I em in maximum 
dimension. They are composed of olivine (F~.7)' orthopyroxene (FS7.6). minor plagio­
clase (An49) and clinopyroxene (Fs4.S' W042) in approximately chondritic abundances. 
The mafic silicate compositions are similar to those in lAB irons, while the plagioclase is 
alkali-poor compared to plagioclase in lAB irons. 

The oxygen-isotopic composition of Bocaiuva silicates is closest to that of the Eagle 
Station pallasites (Fig. la) and the CO and CV chondrites, suggesting that the parent 
bodies of all of these meteorites may have formed from a similar reservoir. 

Malvin et al. (1985) argued for an origin by impact, largely because of the analogy 
with IAB irons (see section on silicate-bearing lAB irons) and the occurrence of 
apparently-aligned stringers of silicates indicative of flow. Desnoyers et al. (1985) noted 
that only a small part of the 64 kg mass had been sampled and suggested that more work 
was in order. 

Divnoe 

Divnoe is an ultramafic achondrite whose relationship to other groups has been 
debated. Divnoe has been studied by McCoy et al. (1992) and Weigel et al. ( 1996) who 
reported their work in abstracts and Petaev and Brearley (1994) and Petaev et al. (1994) 
who provided a more comprehensive study. The information given here is taken from 
those papers. 

Divnoe consists predominantly of olivine (74.6 vol %, Fazo_2s) which occurs as mm­
sized elongate grains with a strong preferred orientation. Olivine in Divnoe is unusual in 
containing exsolution lamellae of slightly more and less ferroan olivine, with differences 
in composition of 2 to 4 mol % Fa. Orthopyroxene (Fs2o_2s) is also common throughout 
the meteorite , comprising 14.3 vol % of the bulk. Large clinopyroxene grains often 
poikilitically enclose other grains. The meteorite has been heavily shocked, dispersing 
melted Fe,Ni metal and troilite droplets into the surrounding rock. Plagioclase is depleted 
relative to chondrites, comprising 1.5 vol % of the bulk with a composition ranging from 
An32_4S ' The oxygen-isotopic composition for Divnoe is similar to that for brachinites and 
HED meteorites in 6, 170, although Divnoe has higher OISO and 0170 than these other 
meteorite groups (Fig. Ic). Divnoe is similar to the brachinites ALH 84025 and Brachina 
in its major element composition. However, Divnoe is strongly depleted in the highly 
incompatible lithophHe elements compared to brachinites, and in this is more similarlO 
lodranites. Refractory siderophile elements are enriched in Divnoe compared to 
brachinites. Divnoe and Brachina also contain the same trapped Xe isotopic pattern. 

The relationship between Divnoe and other groups of meteorites is not clear. McCoy 
et al. (1992) argued that Divnoe might represent an extension of the correlation between 
Fa and 6,170 observed in lodranites, although it is much more oxidized (FazO-28) than the 
most oxidized lodranite (Fa I3). Petaev et al. (1994) agreed that Divnoe and the lodranites 
shared a number of similarities and, at the minimum, formed through similar processes. 
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However, these authors concluded that Divnoe is a unique meteorite not genetically 
related to any other known meteorite. The more recent work of Weigel et al. (1996), 
however, provides evidence for a link between Divnoe and brachinites. Future recoveries 
of more brachinites and Jodranites , both of which are small groups whose ranges are 
incompletely understood, will likely be necessary before this issue can be resolved. 

Enon 

Enon is a unique stony-iron meteorite find, but little is known about it. Its oxygen­
isotopic composition is near the field defined by the differentiated meteorite groups 
(Clayton and Mayeda 1996), the IIIAB irons, main-group pallasites, HED meteorites, 
mesosiderites, angrites, and it plots near two of the four brachinites (Fig. Jd). 

A brief description of Enon was given by Bunch et al. (1970), and what follows was 
taken from that source. Enon is compqsed of roughly equal amounts of Fe,Ni metal and 
silicates having a texture similar to mesosiderites. Silicates in Enon are olivine (F091.1)' 
orthopyroxene (W01.9Er:tS7.6FslO.S)' clinopyroxene (Wo43.7EnS1.9Fs4.4) and plagioclase 
(Ab,8.9AnI4.70r6.4) ' The silicates in Enon are quite reduced as shown by the magnesian 
nature of the ferromagnesian minerals. The sodic plagioclase is similar to those in 
chondritic meteorites. Enon also contains chromite, whitlockite, troilite and schreibersite. 
Bunch et al. (1970) suggested that the silicate mineral assemblage of Enon is in, or near, 
equilibrium. 

Major and trace eleme~analysis by INAAIRNAA was reported by Kallemeyn and 
Wasson (1985), who also published an earlier analysis by Bild (1976). Niemeyer (1983) 
reported K, CI, Te, I and U concentrations for an acid-washed silicate fraction of Enon. 
Enon has a chondritic lithophile element signature. With the exceptions of V, Cr and La, 
the Mg- and Cl-normalized refractory and moderately vo latile lithophile elements are at 
CI abundances. The slight depletions in V and Cr are plausibly due to undersampling of 
chromite. Refractory siderophile elements and the moderately volatile siderophile 
clements Au and As are enriched 10 to 20 x CI abundances relative to Mg, whereas the 
three most volatile siderophile elements analyzed, Ga, Sb and Ge, have lower abundances 
of 2 to 6 x CL Enon has slightly low refractory siderophile elementlNi ratios, which 
Kallemeyn and Wasson (1985) attribute to shock mobilization of metal. The. most volatile 
elements studied by Bild (1976) and Kallemeyn and Wasson (1985), Br, Se, Zn and Cd, 
show depletions relative to CI abundances. The compositional characteristics of Enon are 
thus those of a metal -rich chondrite. Kallemeyn and Wasson (1985) state that differential 
melt-solid transport resulting from shock melting is a plausib]e cause for the high metal 
and troilite content and texture of Enon. 

Niemeyer (1983) did an Ar-Ar and I-Xe study of Enon. He determined an Ar-Ar age 
of 4.59 Ga for Enon, and found no evidence for loss of radiogenic Ar at low temperature. 
This suggests that Enon has not been disturbed by thermal events essentially s ince it was 
lormed. No I-Xe age could be determined, but the Xe data suggested that short-lived 
~Pu was present in Enon at levels greater than typical for chondrites at the time of 
closure for Xe loss, indicating that Enon is an ancient object. 

Enon appears to be a highly metamorphosed, metal-rich, reduced chondrite. Its 
silicates are distinct from those of the brachinites with similar a-isotopic composition. 
Enon is much more reduced with an olivine mg# 91 vs. 65-70 for brachinites, and molar 
FeOlMnO of 19 vs. 63-68 (Nehru et al. 1983, Warren and Kallemeyn 1989a). 

Guin 

The Guin iron meteorite was recovered as a single 34.5 kg mass in 1969. Guin is an 
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ungrouped iron with similarities to IIE irons, but with enough significant differences to 
sugges t that it samples yet another parent body. Guin has been studied by Rubin et aI. 
(1986) and the description given here is taken from that work. 

Guin is a coarse octahedrite with an unusually high Ni content. It is similar in 
composition to the iron meteorite groups lAB and HIeD, but is not a member of these 
groups. Guin contains -6 vol % of silicate inclusions which are similar to silicate 
inclusions in the lIE irons Coiomera, Kodaikanal and Elga. The largest inclusion consisl.'i 
of shock-melted plagioclase-rich matrix (-65 wt %, Ab_81) surrounding large, partly­
melted augite grains (-20 wt %, FSIO.4WO'l.) with minor low-Ca pyroxene (Fs,o,Wo,) 
The oxygen-isotopic composition of Guin is similar to that of L or LL chondrites, and 
differs dramatically from that of lIE irons (Fig. I b). 

Rubin et al. (1986) discussed two possible origins for Guin (I) fractional 
crystallization in -a deep-seated magma chamber and (2) shock-melting of chondritic 
material from near the parent body surface. These models have been discussed in me 
section on lIE irons and shall not be repeated here. However, Guin is an important 
meteorite since it suggests that whichever process fanned Guin and the lIE irons operated 
on more than a single parent body. 

LEW 88763 

This small achondrite was originally classified as a brachinite (AMN 14-2). Nehrud 
al. (1992) presented a brief characterization of brachinites, and noted that LEW 88763 
had an anomalous oxygen-isotopic composition compared to other brachinites (see Fig. 
Ic). Nakamura and Morikawa (1993) determined a number of lithophile element 
concentrations on LEW 88763, and noted that it has a composition very similar to that of 
Brachina, and a chondri tic REE pattern. Swindle et aL (1998) did a detailed study of 
LEW 88763, and concluded that it is not a brachinite, but a unique achondrite. The 
description that follows is from Swindle et al. ( 1998). 

LEW 88763 is an ultramafic rock composed of 71% olivine, 7% pigeonite and 
augite, 10% plagioclase, 6% opaque phases including taenite, troilite, chromite and 
ilmenite, 7% unidentified material and accessory whitlockite. It is a fine-grained rock 
with equigranular texture of mostly anhedral grains <1 mm in size. Compositions of the 
major minerals are: olivine F063 _64, pigeonite W04En67Fs29' augite W03sEn46Fsl6 and 
plagioclase Or2_7AbsS_74An\9-44' Chromite has an mg# of 12 to IS . Fe-Mg have 
equilibrated in the mafic si licates; no Fe-Mg zoning was detected in augite, and olivine 
and pigeonite are close to Fe-Mg equilibrium. Compared to brachinites, olivine in LEW 
88763 is slightly more ferroan, and at lower modal abundance (compare with Table 18). 

LEW 88763 has a chondritic bulk composition. Refractory lithophile elements 
including both compatible and incompatible elements are in chondritic ratios, indicating 
that igneous processes have not altered the bulk composition. The REE patterns of three 
samples analyzed show small positive Eu anomalies and variable Ce anomalies, which 
Swindle et a1. (1998) suggest may be due to terrestrial weathering. There is a sligbt 
depletion in moderately volatile and volatile elements consistent with nebulu 
fractionation. Siderophile elements are in chondri tic abundance in LEW 88763, with 
slight depletions in the most volatile siderophile elements measured. Swindle et al. (1998 
suggest LEW 88763 shows a slight depletion in Se, which they attribute to loss of sulfide 
from the rock. However, Se is the most volatile element they measured and it seems the 
Se depletion could equally well be nebular in origin. 

No ages have been determined for LEW 88763, but Swindle et al. (1998) infer thM 
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its K-Ar age. is?: 4.S Ga based on K and AI measurements made on different splits. They 
found no eVIdence for 129Xe excess from the decay of 1291. The isotopic composition of 
Xe in LEW 88763 is identical to chondritic Xe. 

Based on mineralogy, bulk composition and noble gas data, LEW 88763 is an ultra­
metamorphosed chondrite of unique type. 

Puente del Zacate 

Puente del Zacate is a mAB iron with 8.2% Ni in its metallic host. This meteorite is 
unusual, however, in containing a si licate inclus ion, which was studied by Olsen et al. 
(1996). The inclusion is 7 mm in diameter and contained within a troilite nodule. The 
inclusi.on its~lf i~ composed olivine (23 wt %, Fa4), low-Ca pyroxene (14 wt %, Fs6Wo\), 
chromIUm dlOpslde (15 wt %, Fs3Wo,,), plagioclase (15 wt %, An1,Or,), graphite (27 wt 
%),.and traces of .troilite, chromite; daubreelite and Fe,Ni metal. The bulk mineralogy is 
Similar to c~ondntes. The bulk REE pattern calculated from mineral compositions and 
abundances I.S f1~t ~t about 2.5 x CI abundances. The bulk oxygen-isotopic composition 
of Ihe clast IS SImilar to phosphates and chromites in other IlIAB irons (Clayton and 
M.ay~da 199.6.; see .Fig. I.e). The petrography, mineralogy and mineral compositions 
Within the SIlIcate mcluslon of Puente del Zacate are similar to those in lAB irons 
a1though differences in oxygen-isotopic composition and composition of the metallic host 
preclude fOll11ation of these two groups on a common parent body. 

The origin of Puente;el Zacate is unclear. Unlike lAB irons, IIIAB irons display 
fractIonal cryst31Itzauon trends consistent with formation in a single core of an asteroid. 
If this is, in fact, the case, the incorporation of an undifferentiated silicate inclusion is 
difficult to understand. This is especially true considering the link between llIAB irons 
and main-group paliasites, which contain silicates fonned by magmatic processes. Olsen 
et al: ( 1996~ argued that I~B and IIIAB irons may represent a continuum in the degree of 
panlai meltmg they expenenced, with lAB irons fonning from a parent body with a very 
mal.1 degree ~f partial mel.ling and IIIABs representing a higher degree of partial 

mellmg, but WIth some undifferentiated regions remaining in the mantle. Again, this 
seems at odds with the IIIAB-main-group pallasite connection inferred from geochemical 
data, and the likely origins of these groups. The reader is referred to the sections iron 
meleorite groups, the lAB iron silicates and pallasites above. 

Sombrerete 

Further evidence supporting formation of IIE-like meteorites on other parent bodies 
comes from the Sombrerete meteorite. Sombrerete is an ungrouped iron with 10.0 wt % 
Ni in the metallic host (Malvin et al. 1984). 

Sombrerete contains -7 vol % of silicate inclusions, which were studied by Prinz et 
II. (1982b). The inclusions are 1 to S mm in size and rounded. Quench-textured albitic 
glass is the dominant phase and may contain needles of apatite and orthopyroxene, as 
well as microphenocrysts of orthopyroxene. The inclusions consist of orthopyroxene 
(14.7%, En,,), albilic glass (66.7%), quench plagioclase (9.0%), chlorapatite (8.0%) and 
lraces of kaersutite, tridymite, chromite, ilmenite and rutile. The silicate inclusions are 
broadly similar to those in the lIE irons Weekeroo Station and Miles, although 
subSlantially enriched in Alz0 3, N~O and P20 S• The oxygen-isotopic composition of 
Sombrerete silicates lies below the terrestrial mass fractionation line on a three-isotope 
oxygen plot (Fig. Ib) , substantially different from IIE irons and Guin (Clayton and 
Mayeda 1996). 

As in the case of the lIE irons and Guin, the origin of Sombrerete is not clear (see 
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section on lIE irons). However, the existence of these meteorites suggests that at leasl 
three parent bodies experienced similar processes. 

Tucson 

The Tucson meteorite, with its striking ring shape, may be the most famous, and in 
many ways the most enigmatic, meteorite on Earth. The most complete petrologic study 
of Tucson was conducted by Nehru et at. (1982) and the information given here is from 
that work and sources referenced therein. 

Tucson is an anomalous iron meteorite with 0.8 wt % Si and 2200 J.lg/g Cr in the 
metallic host and is chemically uniform. Small (0.1-2 mm) silicate inclusions comprise 8 
vol % of the meteorite, are arranged in curved lines with flow orientation. and are 
elongate parallel to the direction of flow. The inclusions are composed of olivin~ (6?.4 
vol % of the silicate fraction; Fo99_IOO)' enstatite (30 vol %; 0.5-21 wt % AlP,), dlopslIie 
(3 vol %; 5- 18 wt % AI20 J), minor plagioclase or glass and traces of spmel and 
brezinaite. Some of the pyroxenes are the most aluminous known in nature. 

The compositions and textures of both the metal and silicate assemblages suggest 
that Tucson was essentially quenched from high temperature (1300-1500' C). The 
incorporation of aluminum into pyroxene resulted from the difficulty in nucleating 
feldspar. Nehru et .1. (1982) favored a model for the origin of Tucson in which the 
silicate assemblage represented an impactor which mixed with the metal phase. The 
impact mixing caused melting of the silicates and rapid quenching of the me~~1 and 
silicate, producing the quench textures of the silicates, the homogeneous cOmpOSItIOn of 
the metal and the flow alignment of silicates within metal. 

It is interesting to note that the preferred scenario for the fonnation of Tucson bears a 
strong similarity to that suggested for the origin of Shallowater. However, the oxygen­
isotopic composition of Tucson (Fig. la) differs dramatically from the enstatite meteorite 
clan which lie along the terrestrial fractionation line (Clayton et a1. 1976b). Thus, Tucson 
may represent another example of a highly-reduced meteorite parent body which 
experienced processes similar to those postulated for formation of the. Shallowater 
aubrite. 

ACHONDRITIC CLASTS IN CHONDRITES 

Some chondrites contain achondritic inclusions'. In some cases, petrologic and 
geochemical study shows that they are obviously impact melts of the chondrite parent 
body (e.g. Keil et a!. 1980). These are discussed in Chapter 3, not here. However,some 
achondritic clasts are obviously not impact melts of the parent body as they have dlstmct 
oxygen-isotopic compositions, mineralogies unlike bulk chondritic ~ilica~es and 
fractionated trace element abundances (e.g. Hutchison et al. 1988). These mcluslOns are 
of uncertain origin; they are not obviously nebular materials, nor are they easily 
understood in terms of parent-body igneous processes (e.g. Mittlefehldt et a!. 1995) and 
hence are fascinating objects that deserve more study. Only a few of them have b~en 
studied in any detail, and surveys have been done on several others. Here we summanze 
what is known about these clasts. Bridges and Hutchison (1997) have done a survey of 
clasts in ordinary chondrites, and found that they occur in roughly 4% of ordi~ary 
chondrites. Of the 24 clasts they categorized, 10 are chemically fractionated and differ 
substantially from chondrules, and 8 could not be categorized. 

Troctolites 

Three clasts that can be classified as troctolites have been described from the L6 
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chondrites Barwell, Y-75097 and Y-793241. All of these inclusions have H chondrite 0-
isotopic compositions (Hutchison et aI. 1988, Nakamura et aJ. 1994). The petrographic 
descriptions of these clasts are summarized from Hutchison et a!. (1988), Sack et aJ. 
(1994), Yanai and Kojima (1993) and Yanai et aJ. (1983). These inclusions are dominated 
by olivine of varying grain sizes. The grains are subhedral to euhedral from <0.3 to >1.0 
mm in size. Modal and normative data indicate that olivine makes up roughly 70 to 80% 
of the inclusions. Interstitial to the olivine is plagioclase or maskelynite, which makes up 
most of the remainder of the inclusion. Generally, fine-grained chromite is a minor 
component. Chlorapatite is a trace component in the Barwell and Y -793241 inclusions, 
whereas whitlocldte makes up -6% of the Y-75097 inclusion. Only a small surface area 
of the Y-793241 inclusion was available for study by Sack et a!. (1994), so the modal 
data probably are not representative. Significantly, no pyroxene is reported from any of 
these inclusions. Yanai and Kojima (1993) repolt a barred olivine chondrule in the core 
of the Y-793241 inclusion, but petrographic details are not given. 

Olivine compositions from all of these inclusions are within uncertainty the same as 
olivines from the host L chondrite (Hutchison et al. 1988, Sack et al. 1994). Plagioclase 
compositions are variable. In the Barwell inclusion, plagioclase in the core of the 
inclusion is very calcic, up to An74_70, while near the margins of the inclusion they are 
more sodic, Anzo (Hutchis'jil et a!. 1988). In the Y-75097 inclusion, plagioclase is only 
slightly more calcic than that in the host chondrite, and no mention is made of 
compositional variation within the inclusion (Sack et a!. 1994). In the Y-793241 
inclusion, plagioclase is much more calcic than that in the host chondrite, An61 _44 vs. An l9 
(Sacketal. 1994). 

Lithophile and siderophile element data are available for all of these inclusions. Two 
analyses have been done of the Barwell inclusion, one each of the interior and exterior 
(Hutchison et a!. 1988). The LREE are slightly enriched and the HREE are depleted 
relative to CI chondrites, and there is a slight positive Eu anoma1y. The patterns resemble 
thai of plagioclase. which must be dominating the REE budget in the samples analyzed. 
The Barwell inclusion is depleted in siderophile elements, consistent with the low metal 
content. The Y-75097 inclusion has a highly fractionated lithophile element composition, 
but because of the heterogeneous nature of this inclusion (Nakamura et a1. 1994, Sack et 
al. 1994), jt is difficult to estimate a bulk inclusion composition. Many analyses of the 
inclusion display a common REE pattern with Eu at roughly chondri tic abundance, 
moderate depletions in the LREE and HREE, and large depletions in the middle REE 
(e.g. Mittlefehldt et a1. 1995, Nakamura et aI. 1994, Warren and Kallemeyn 1989a). This 
type of pattern appears to represent that portion of the inclusion slightly interior of the 
margin with the host (Mitt1efehldt et a!. 1995). That part of the inclusion nearest the host 
has a REE pattern intermediate between this highly fractionated pattern and that of the 
host. The portion of the inclusion that may be the most interior (the original size and 
shape of the inclusion are unknown) is highly enriched in REE, with LREE at -25 times 
CI abundances, HREE -12 x CI and a negative Eu anomaly (Mittlefehldt et a1. 1995). 
This portion of the inclusion has a high modal abundance of phosphates, which are 
controlling the REE content. Mittlefehldt et a!. (1995) showed that all samples analyzed 
had Na contents higher than, and Sc contents lower than, those of H chondrites, and 
inferred therefore that the bulk inclusion could not have H chondrite composition. 
Analyses of the Y-793241 inclusion yield REE patterns similar to those of the 
intennediate regions of the Y-75097 inclusion (Mittlefehldt et a!. 1995, Nakamura et a!. 
1994), but it is not known whether these analyses are representative. 

The origin of these inclusions is unknown, but considering their general petrologic 
similarity, it is plausible they were all formed by the same process. Hutchison et al. 
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(1988) ascribed the origin of the Barwell clast to an unspecified planetary process, and 
they ruled out either nebular or impact processes. Mittlefehldt et a!. (1995) pointed out 
the difficulties of producing pyroxene-free troctolites on asteroidal-sized bodies. Low 
pressure phase relationships do not yield olivine-plagioclase cumulates without recourse 
to ad hoc models; olivine-pyroxene, pyroxene and/or plagioclase-pyroxene rocks would 
be expected. Mittlefehldt et a!. (1995) also discussed the difficulties of a nebular origin 
for these inclusions. No nebular materials, such as chondrules, proposed chondrule 
precursors, or matrix material, appear to be compositionally like the inclusions, and 
again, ad hoc models would be required to explain their genesis in the solar nebula. The 
origin of these clasts remains a conundrum. 

"Norite" 

Nakamura et al.( 1990) and Misawa et a!. ( 1992) describe a clast from the Hedjaz L3 
chondrite which they classify as a norite. Based on the descriptions given and the 
photomicrographs, the major mafic mineral in this clast is olivine, and hence this is nO{ a 
norite. The clast is small , only about 15 mg in mass, and yet the bulk lithophile element 
composition is not far removed from chondri tic. Misawa et al. (1992) showed that Mg. 
Sc, Sr and Eu were sli ghtly high compared to the range of L chondrites, while the 
moderately volatile Na, K and Rb were depleted. These authors suggested that impact 
melt processes could explain the unusual compositional features. Because of the small 
size of the sample, making representative sampling difficult, and its general similarity in 
bulk composition to L chondrites, we suspect that it is indeed impact melt material and 
will not discuss it further here. 

Orthopyroxene-silica clasts 

Ruzicka et a!. (1995) described a silica-rich orthopyroxenite clast from the Bovedy 
L3 chondrite. The clast is composed of about 84% fine-grained orthopyroxene in equant 
to elongate grains showing normal igneous zoning with core mg# - 92 and rim mg# - 76. 
Tridymite and plagioclase make up about 6% each of the clast. Tridymite occurs as 
equant to elongate grains, generally interstitial to orthopyroxene. Plagioclase is interstitial 
to orthopyroxene and tridymite. and is An77_66 in composition. Plagioclase is associated 
with sodic glass (about 3% of the clast). There is minor pigeonite (-I %) that occurs at the 
rims of orthopyroxene. Chromite, augite, metal and sulfide are accessory to trace phases. 

This clast has a distinctive a-isotopic composition, plotting well away from the 
region of ordinary chondrites. It lies on a mass fractionation line from H chondrites, 
about 3.8 %0 heavier in 180 than the H chondrite mean. The bulk composition is distinct 
from average L chondrites for some elements. The moderately volatile alkali elements 
Na, K and Rb are all depleted relative to L chondrites, while volatile Cs is not. The 
refractory incompatible lithophile trace elements (Sc, Ti, Sr, REE, Hf, Th) are all 
depleted, but in general are not fractionated from each other. Aluminum is slightly 
depleted, Si slightly enriched and Mg, Ca, V, Cr and Mn are at roughly L chondrite 
abundances. Siderophile element abundances are depleted in the clast to -0.2 x Cl for 
refractory siderophile elements and to -0.01 x CI for Ni, Co, Au and the chaJcophile 
element Se. Iron is also depleted in the clast at -0.5 x Cl. 

Ruzicka et a!. (1995) suggested that this clast was formed by a complicated igneous 
process on its parent body involving melting and separation of low temperature metallic 
and silicate partial melts, melting at higher temperature. either as a continuation of 
magmatism or a second melting event, separating this high temperature melt from 
residual metal, olivine and orthopyroxene. Ruzicka et a1. (1995) suggested that other 
silica-rich clasts and chondrules studied by other researchers (e.g. Bischoff et a1. 1993. 
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Brigham et a!. 1986, Wlotzka et a!. 1983) may have had a magmatic origin. Some of 
these authors favored nebular, or at least non-igneous, origins for the clasts studied 
(Brigham et a!. 1986, Wlotzka et a!. 1983). Bischoff et a!. (1993) could not choose 
between igneous processes, or thermal or impact metamorphi sm as the origin of the 
si lica-alkali-rich clasts they studied. The very small sizes of the clasts studied by Bischoff 
et .1. (1993), -I 00-700 ~m across, makes determining their petrogenesis difficult. 

Nakamura et a!. ( 1990) described a small (5 mg) orthopyroxene-silica clast from 
Hedjaz that may be similar to the Bovedy clast, but there is insufficient detailed 
information to make comparisons. 

SUMMARY 

The research discussed in this chapter summarizes past research and current thinking 
about the genesis of a wide diversity of meteorites which were affected by a common 
process-extensive heating on asteroidal bodies. An underlying theme of much of the 
current research on these rocks is the complexity of this process. Far from the simplistic 
ideas of whole body melting with lighter, basaltic components rising to the surface, a 
denser metallic component forming, core and depleted ultramafic components forming 
the mantie, modern meteorite research recognizes that a wide range of parameters can 
influence the final product. Clearly, non-chondritic meteorites were derived from a wide 
range of precursor chondrites, probably a wider range than is currently sampled by 
chondritic meteorites. Non-chondritic meteorite precursors had a wide range in volatile 
and moderately volatile element abundances (compare angrites , lVB irons with lAB iron 
metal and silicates, acapulcoites). Oxygen fugacities clearly differed by many orders of 
magnitude among the precursors, yielding the range from reduced aubrites to oxidized 
angrites. Possible variations in metal/silicate ratios and refractory lithophile/Mg ratios 
have been obscured by the extensive differentiation that produced many of these 
meteorites. The rocks were heated by a potentially diverse suite of heat sources, whose 
identification remains elusive (see however, Wood and Pellas 1991). The heat sources 
were apparently flexible enough to generate the wide range in heating observed. The 
degree of partial melting experienced by a parent body also varied dramatically, from 
very low degrees of partial melting producing acapulcoites and winonaites to very high 
degrees of partial melting to produce some iron meteorites and possibly the HED suite. 
Evidence from mesosiderites further suggests that differentiated crustal rocks were 
remelted and slowly crystallized on a scale larger than seems plausible for simple impact 
melting. Although the highly differentiated parent bodies may have had simil ar 
stratigraphies, the individual meteorites represent vastly different depths within the parent 
body, from metallic cores to the basaltic crust. 

One interesting complexity, however, is that olivine-rich mantle rocks expected from 
differentiation of a chondri tic precursor are surprisingly uncommon. Ureilites are 
potential mantle samples of their parent body, being basalt-depleted ultramafic rocks 
whose origin was probably as residues from partial melting. However, the O-isotopic 
heterogeneity, noble gas contents and siderophile element abundances of ureilites suggest 
that they may not have come from a parent body that underwent large-scale 
differentiation. The "dunite problem" has been discussed by several authors (e.g. Bell et 
al. 1989) and the solution likely has an explanation in asteroidal fragmentation and 
sampling, rather than in our understanding of melting and differentiation. Magmatic iron 
meteorites generally have very long cosmic-ray exposure histories compared to stony 
meteorites, suggesting that the mantle dunites stripped off iron meteorite cores could 
have been largely destroyed long ago. A second complexity is the lack of complementary 
basalts for the iron meteorites and the aubrite, lodranite and ureilite achondrites. 
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Collisional destruction may explain the lack of basalts to match the number of cores, as is 
generally invoked for the lack of dunites. However, the lack of basalts that can be 
associated with the depleted ultramafic achondrites is curious. This is especially true for 
the ureilites, as the polymict ureilites would be expected to contain a mixture of material 
from the parent body surface, including basalts. 

Impact was a clear influence in the history of meteorite parent bodies. In some cases, 
impacts mixed lithologies from the same parent body (e.g. lAB and lIE irons) or from 
different parent bodies (e.g. mesosiderites). [n many cases, stony achondrites experienced 
mixing of lithologies after solidification and cooling. These polymict brecciated 
achondrites vastly improve our sampling of these parent bodies, but also complicate our 
efforts to understand their petrogenesis. There are many unique irons, stony-irons or 
stones which are the only recognized representatives of their parent bodies. The full 
elucidation of the history of these parent bodies will almost certainly have to await 
further recoveries . It seems future research will likely serve to increasingly emphasize the 
complexity of asteroidal healing processes. Answers to many of our questions about the 
genesis of these rocks will be found through continued meteorite research. However, 
many of the most vexing problems will only be solved through eventual study of 
asteroidal materials in situ during planetary missions and on Earth using samples returned 
to our laboratories. 
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