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Surnrnarv We have studied 2 dark inclusions in the Allende meteorite using transmission electron 
microscopy. One inclusions consists exclusively of subrounded aggregates of FeO-rich olivine and the 
second consists of chondrules which have been partially replaced by FeO-rich olivine set in a fine-grained 
matrix. The microstructures of olivine and diopside in both DIs are complex and both contain abundant 
pores and submicron inclusions of pentlandite, ilmenite and spinel. These phases are typically rimmed by a 
thin mantle of poorly graphitized carbon (PGC). The presence of PGC provides strong evidence that the 
olivine and diopside formed under similar conditions, after formation of the complex hydrocarbon 
precursors of the PGC at low temperatures. Many of the microstructures appear to be best reconciled with 
formation in a parent body environment as a result of aqueous alteration followed by metamorphism. 
Introduction Dark lithic inclusions @Is) have been recogmzed in CV chondrites for many years [e.g. 1-41 
Recently, however, there has been a renewed interest in these inclusions, as a result of studies by Kojirna 
and Tomeoka (5,6), which have suggested that the DIs have experienced a period of aqueous alteration 
followed by metamorphism, possibly within the CV parent body. Several alternative mechanisms for the 
origin of DIs have already been proposed by previous workers, ranging from nebular [2,4] to parent body 
processes [1,3,7]. The DIs in Allende form a petrographic sequence [4-61, in which one endmember 
resembles the host meteorite and consists of chondrules, mineral fragments and CAIs embedded in a dark 
fine-grained matrix. The other endmember lacks recognizable chondrules, but consists of porous aggregates 
of FeO-rich olivine set within a dark, fine-grained matrix [4-61. Some DIs show textures which are 
intermediate between these two endmembers. In order to gain krther insights into the nature and origin of 
dark inclusions we have restudied 2 inclusions from the Allende meteorite using TEM techniques. The two 
inclusions selected for study are a DI with an intermediate texture (A4314) and an endmember example 
consisting entirely of porous aggregates (A430 1). Both have previously been studied by [4] who determined 
their bulk petrographic properties, bulk chemistry and oxygen isotopic compositions. 
Dark inclusion A4301 BSE imaging of inclusion A4301 shows that it consists of aggregates of FeO-rich 
olivines, whose BSE contrast differs very little from that of the matrix. The olivines in the aggregates are 
often elongate or tabular and are typically coarser-grained (-10 prn) than those in the matrix. Diopside is 
also relatively common within some of the aggregates. Many of the aggregates are rimmed by a continuous 
mantle of fine-grained diopside, which relatively low amounts of olivine. The range of olivine compositions 
in the aggregates is very restricted: FoM5, a range which is slightly larger than that measured by [4] (Fos8. 
&$). Olivines in individual aggregates show a more restricted range of compositions, usually less than 2 
mol% Fo. TEM of the aggregates and matrix shows there is significant porosity present in the inclusions. 
The dominant phase present is coarse-grained olivine, but very he-grained phases, typically olivine, 
pentlandite and spinel (<50nm) occur within the pore space. We have not observed any phyllosilicate 
phases either in the matrix or within the aggregates. The olivines in both the matrix and aggregates have 
identical microstructures. They frequently contain relatively high densities of dislocations and all contain 
abundant submicron (< 100 nm) inclusions, dominantly pentlandite which has a subrounded morphology 
and is randomly oriented within the olivine. Ilmenite and chromite also occur and are relatively common as 
are negative crystals which may be pores or voids. We have only observed one olivine in which the 
inclusions are crystallographically oriented. AEM studies of the olivine indicate that the concentrations of 
minor elements are typically low, certainly below detection limits for energy dispersive analysis (<-0.3 
wt%). Diopside also has an extremely complex microstructure and is highly strained, with abundant pores 
and unoriented inclusions of pentlandite, ilmenite and chromite. The pores are typically 20-50 nm in size 
and have edges which coincide with high index crystallographic planes in the pyroxene. High resolution 
TEM studies show that poorly graphitized carbon (PGC) is also present as individual inclusions within 
matrix diopside and olivine and occurs rimming other inclusion phases. The PGC is 'also present around 
regions of poorly crystalline material within the diopside. 
Dark inclusion A4314: Many of the chondrules in this inclusion appear to have been partially or wholly 
replaced by Fe-rich olivine which has morphologies and grain sizes similar to those found in A4301 [4]. 
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Primary chondrule olivine is still present in most chondrules and has core compositions which are more 
Mg-rich than the fine-grained olivine. These chondrule olivine grains are highly zoned and are enriched in 
FeO at their rims and along fractures. Diopside is also much less common in this inclusion although it does 
occur locally in both rims and chondrules. TEM shows that FeO-rich olivines in the chondrules and matrix 
have many of the characteristics of A4301. The olivines contain abundant dislocations and randomly 
oriented inclusions of pentlandite and chromite. Most of these inclusions have subhedral morphologies, but 
euhedral grains occur in irregularly shaped voids. Many of the inclusion phases are rimmed by a thin film 
of PGC. In addition, the olivine grains contain irregularly-shaped regions (50-150 nrn in size), which high 
resolution TEM indicates are filled by an amorphous or poorly crystalline material, possibly PGC. 
Discussion The microstructures present in the olivine and diopside attest to the complex history of both 
DIs, but provide additional constraints on their origins. The observation of abundant inclusions within 
olivine and pyroxene has special significance. The FeO-rich olivines in the DIs contain high concentrations 
of minor elements (Al, Ti, Cr), which have been attributed to condensation processes [2]. However, these 
elements are evidently not present within the olivine but within oxide inclusions. The inclusion phases may 
have formed as a result of exsolution processes or were included within the olivine during growth. 
Exsolution seems implausible because few inclusions are crystallographically oriented and S to form 
pentlandite would not be readily incorporated into the olivine structure. This is also true of the PGC 
inclusions, which provide crucial evidence for the origin of the inclusion phases and the DIs themselves. 
The formation of PGC is a thermodynamically irreversible process, which results from annealing of 
graphitizable carbons. In nature these are complex hydrocarbons such as kerogens which are formed at low 
temperatures 181. Thus the presence of PGC inclusions precludes the formation of olivine and pyroxene by 
a single step process, such as condensation or nebular oxidation at moderate temperature. In the classical 
condensation sequence, graphitic carbon does not become stable until temperatures have reached 600K at 
10" atrn [9], some 500-600K below the condensation temperature of diopside. The observed relationships 
between inclusions and their hosts has to be the product of a more complex sequence of events in which the 
olivines and pyroxenes must have formed after formation of the low temperature carbonaceous material. 

It has been suggested by [5] that the DIs have been aqueously altered to various degrees followed 
by a period of metamorphism, which has dehydrated phases such as serpentine to form Fe-rich olivine. 
According to [5] dehydration of these serpentine group minerals would result in the formation of acicular 
olivine crystals, consistent with TEM observations made by [lo]. Many of the microstructures in both DI's 
appear to be broadly consistent this model, but there are complexities which require further explanation. 
The origin of the sulfide and oxide inclusions in the olivine grains is consistent with such a process, 
because meteoritic serpentines often contain significant concentrations of Al, Ti, Ni and S [I I]. During 
dehydration these elements are not readily incorporated into the olivine structure and would form inclusion 
phases, exactly analogous to the breakdown of biotite micas in terrestrial metamorphic rocks under 
disequilibrium conditions [12]. The PGC inclusions could be carbonaceous material which was overgrown 
by olivine and diopside during metamorphism. Alternatively, it has been shown by [ l  11 that serpentines and 
PCPs in altered CM carbonaceous chondrites contain high abundances of carbon. Some problems for the 
dehydration model are the presence of diopside in the inclusions, its unusual composition (Mg-rich) and the 
lack of low-Ca pyroxene which would be produced by the dehydration of serpentine to olivine. The origin 
of the diopside cannot be explained by direct dehydration of a hydrous phase. [7] have suggested that this is 
a relict phase. TEM observations show that this is not the case, but probably formed under similar 
conditions to the olivine. An alternative hypothesis is that it may be the product of the reaction of calcite or 
dolomite with excess silica released from the breakdown of serpentine. Carbonates would likely be present 
as a precursor in an altered chondrite. Diopside would then essentially represent a proxy for low-Ca 
pyroxene. 
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