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CARBONACEOUS CHONDRITE. Jordi Llorca and Adrian J. Brearley, Institute of Meteoritics, 
Department of Geology, University of New Mexico, Albuquerque, New Mexico 87131-1126, 
USA. 

The CM2 carbonaceous chondrites contain a remarkable record of processes which 
occurred both within the solar nebula and after accretion on their parent body. In particular, 
CM2 meteorites have undergone aqueous alteration to varying degrees and hence can provide 
important insights into the role of water in the early history of the solar system. Whilst it is 
widely accepted that the alteration reactions occurred on a parent body [I], it has also been 
argued that alteration could have taken place elsewhere, either within the nebula itself or 
perhaps on a preexisting parent body [2]. In recent years, detailed studies of matrix materials in 
CM2 carbonaceous chondrites have begun to provide important insights into the nature of the 
mineralogical products of alteration reactions [3,4,5], but the mechanisms of the reactions are 
not well understood, as yet. It has become clear that the degree of aqueous alteration 
experienced by these meteorites is highly variable and that there may be an alteration sequence 
for the CM chondrites [6,7]. In order to increase our understanding of alteration processes in 
CM2 meteorites we have been studying a number of Antarctic samples. One of these meteorites, 
ALH 84034 was found to be unusually highly altered and exhibits some similarities to Nogoya 
[8]. The majority of CM2 meteorites exhibit only mild or moderate degrees of alteration [6], so 
meteorites such as Nogoya and ALH 84034, which show extreme degrees of aqueous alteration, 
are of special importance to a full understanding alteration porocesses in these meteorites. 

The presence of a few distinct clasts in thin sections of ALH 84034 indicates that it is a 
breccia. Individual clasts can be easily identified by the abundance of matrix and the degree of 
alteration of olivines and pyroxenes in chondrules and other fragments. With the exception of 
these clasts the bulk of ALH 84034 is essentially 100% altered. All Fe,Ni metal and chondrule 
olivines and pyroxenes, with very rare exceptions, have been completely replaced by 
phyllosilicates, iron oxides, sulfides and in some cases carbonates. In some cases, the olivines 
have been perfectly pseudomorphed and their textural relationships to the original mesostasis 
retained, but in the majority of chondrules and silicate fragments such relationships have been 
lost. The outlines of chondrules and silicate fragments in the matrix are well preserved, and now 
consist of regions of fine-grained iron oxides and sulfides rimmed by light green serpentine. 
Despite the fact that ALH 84034 is so extensively altered, the matrix abundance appears to be 
extremely low in comparison with less altered CM2 chondrites such as Murchison. Large areas 
of matrix are absent and matrix occurs predominantly interstitially to chondrules and altered 
silicate fragments and has a light greenlbrown appearance. Carbonates are extremely common 
and occur throughout the meteorite either as single grains or as clusters. Electron microprobe 
analyses have shown that both calcite and dolomite are present. We believe that this may be the 
first reported occurrence of dolomite in a CM chondrite. 

The alteration of matrix materials in CM chondrites has received considerable attention 
in recent years [3,4,5], but the breakdown of chondrules has not been investigated thoroughly. 
Richardson [9] studied the alteration of mesostasis in chondrules in 3 C2 chondrites and [5] have 
reported the details of Fe,Ni metal and glass breakdown in chondrules from Mighei, Murchison 
and Murray. Studies of chondrules which have been highly altered may provide insights into if, 
and how, chondrules have undergone elemental exchange with the meteorite matrix during 
alteration and this in turn may put constraints on the location of the alteration reactions (i.e. 
nebular vs planetary). We have selected a number of chondrules from ALH 84034, which show 
clear evidence for pseudomorphic replacement of olivines and mesostasis glass and studied their 
mineral compositions in detail using electron microprobe and SEM techniques. 
Chondrule 1 is a large, subspherical chondrule, which was clearly a porphyritic olivine 
chondrule prior to alteration (probably an FeO-rich type 11) [lo]. Large, euhedral olivine 
crystals have been pseudomorphed by phyllosilicates (serpentine) and fine-grained, disseminated 
Fe-oxides and sulfides. These pseudomorphs have a deep, reddy brown color and some regions 
appear darker due to a higher abundance of fine-grained opaques. Locally S and Fe-rich 
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compositions are observed which may be tochilinite, although this has yet to be confirmed by 
TEM studies. Interstitial to the olivine pseudomorphs are regions of altered mesostasis which 
have a light brown coloration. Backscattered electron imaging of altered mesostasis shows that it 
consists of two distinct phases. Electron microprobe analyses shows that these phases are a) an 
Mg-rich serpentine and b) an Fe-rich silicate phase which contains between 13 and 16 wt% 
A1203. Calculated on the basis of 14 [O] atoms the analyses of this phase were found to be 
entirely consistent with a stoichiometric chlorite with a composition close to that of clinochlore. 
This is the first confirmed occurrence of chlorite in a CM2 chondrite. The whole edge of the 
chondrule consists of a dark rim of very fine-grained Fe-oxides and sulfides. Chondrule 2 is 
an irregularly-shaped chondrule which consists of pseudomorphed crystals of olivine or 
pyroxene and small regions of altered glass. The alteration products of the glass and silicate 
phases are serpentines with quite distinct Mg/(Mg+Fe) ratios: the former has reacted to a Fe- 
rich serpentine with Mg/(Mg+Fe) = -0.25 whilst the latter is now serpentine with Mg/(Mg+Fe) 
= -0.55. Chondrules 3, 4 and 5 are irregular to subrounded chondrules which have been 
replaced by serpentine, iron-oxides and sulfides. Clear pseudomorphic textures are not evident. 
Texturally the chondrules consist of islands of fine-grained Fe-oxides and sulfides rimmed by 
light green serpentine which is the dominant phase. In all three chondrules the serpentine 
compositions are almost identical with Mg/(Mg+Fe) ratios of -0.55. Chondrule 6 is a spherical 
object which texturally shows pseudomorphic replacement of crystals by serpentine. The size of 
the pseudomorphs indicates that prior to alteration it may have been a fine-grained porphyritic 
Type 1 chondrule. Serpentine compositions are similar to those in chondrules 3,4 and 5. Matrix. 
Electron microprobe analyses of the matrix using a focussed electron beam suggest that it is 
composed of principally serpentine with a range of solid solution compositions from Mg- 
serpentine (Mg/(Mg+Fe) = 0.55) towards cronstedtite (Mg/(Mg+Fe) = 0.2). 
Conclusions: The high degree of alteration exhibited by all the components in ALH 84034 
indicates that their alteration histories were similar. This appears to be incompatible with 
nebular alteration models where mixing of different components with markedly different 
alteration histories is expected. Instead, alteration within a parent body is strongly supported. 
Whilst alteration of all the components in ALH 84034 was severe, individual textural differences 
in some chondrules can still be recognized. The variations in the alteration products and phase 
chemistry in different chondrules can clearly be accounted for by the differences in the 
mineralogy and chemistry of the precursor chondrules themselves. Mg-rich chondrule types 
containing olivine are the most abundant type in unaltered CM2 chondrites [ l l ] .  Their altered 
equivalents in ALH 84034 (CH 3,4,5) all exhibit consistent alteration textures and serpentine 
compositions. In comparison, chondrule 1, an FeO-rich porphyritic variety which is rare in CM2 
meteorites [11,12], shows a different and more complex mineralogy. Chlorite has formed from 
aluminous mesostasis [lo] along with Mg-rich serpentine, and Fe-rich olivines have altered to a 
fine-scale mixture of Fe-rich serpentine, tochilinite?, Fe-oxides and sulfides. Although the 
alteration products in individual chondrules are controlled by the precursor phases the alteration 
was clearly not isochemical. The high Fe-contents of altered glasses and pseudomorphs after 
forsteritic olivine show that movement of Fe into the chondrules (and Mg out) was a pervasive 
process. This appears to be reflected in an enrichment of the matrix in Mg relative to other CM 
chondrites. Similarly, Ca has been removed from chondrule mesostasis and has moved out of 
chondrules to form calcite and dolomite in the matrix. These data further support the concept 
of alteration of matrix and chondrules as a closed system on a parent body. 
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