
1
9
8
3
c
h
t
o
.
c
o
n
f
.
.
1
4
5
H

145 

On the Alteration of Allende Chondrules and the Formation of 
Matrix 

R. M. Housley and E. H. Cirlin 
Rockwell International Science Center, 1049 Camino dos Rios, Thousand Oaks, California 91360 

We report new scanning electron microscope observations of Allende chondrules and matrix. The most 
striking new feature we describe is a peculiar intergrowth of Fe-rich olivine (~Fa50) and clinoenstatite 
(-Fs2). All clinoenstatite we have observed is involved in these associations along the outer margins, grain 
boundaries, and internal crack surfaces. Most of the chondrules also contain abundant opaque inclusions, 
which we show must have been strongly altered and partially replaced subsequent to chondrule formation. 
We believe that the Fe-rich olivine mentioned above has formed from the clinoenstatite by a reaction of the 
type Fe+ l /202 + MgSiO3 - (Fe,Mg)2SiO4 • The observed intergrowth textures require that Fe was able to 
move readily along internal cracks. Since the strains associated with the reaction cause the clinoenstatite to 
cleave, all Allende matrix olivine could have been produced from initially much more abundant enstatite-
rich chondrules and Fe metal by this reaction. We argue that a variation of the small internally heated 
planetesimal as discussed by Fish et al (1960) can provide the most plausible environment in which these 
reactions could have occurred. In such a setting conditions can be more oxidizing and have a higher gas 
pressure at a given temperature than they could in the solar nebula. 

INTRODUCTION 

The Allende CV3 fall of February 8, 1969 greatly increased the total amount of carbonaceous 
chondrite material in the world's meteorite collections. It has now been extensively studied and 
continues to be the object of much work. A thorough basic petrographic and chemical description 
has been provided by Clarke et al (1970). 

Unusual, sometimes centimeter-sized, Ca,Al-rich inclusions constituting about 9% of the 
volume (Clarke et al., 1970) provide a primary focus of attention. Initially, they stimulated 
excitement because of their similarity in composition to material predicted to condense from the 
solar nebula at high temperature. Although it was soon recognized that some have melt textures, it 
can still be argued that others may be direct high temperature condensates. All have been altered 
subsequent to formation; some were altered extensively. Recognized alterations include the 
formation or deposition of grossular, wollastonite, nepheline, sodalite, and anorthite in interior 
cavities and of nepheline, sodalite, diopside, hedenbergite, and andradite in rims. Most of the 
known characteristics of these Ca,Al-rich inclusions and their various suggested interpretations 
have been carefully reviewed by Grossman (1980). 

Matrix constitutes 57% of the section point counted by Clarke et al ( 1970). Allende matrix is 
unusual, perhaps even unique, in character. It consists predominantly of 2-10-µm-sized olivine 
grains with a composition near Fa50 • Some of these grains are subhedral or even euhedral. 
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146 Chondrules and their Origins 

Somewhat smaller grains of pentlandite, Ni-rich metal, high Ca pyroxene, nepheline, and socialite 
are dispersed through this matrix in subordinate amounts. They generally appear to have grown in 
contact with the olivine. 

Most of the known constituents of Allende have been nicely described and illustrated by 
Wark ( 1979), who in particular shows a scanning electron microscope (SEM) picture of a typical 
matrix area. In this paper Wark offers a well-developed, logically consistent interpretation of these 
components and much of the known information concerning Allende, .in terms of nebular 
condensation processes. 

Another important general petrographic study of Allende was reported as part of a compre-
hensive survey of CO and CV meteorites by McSween (1977a,b). He regards all components, 
either rounded or irregular in shape, that show evidence of solidification from a melt as 
chondrules, and we retain this terminology. Chondrules are futher subdivided into four distinct 
categories. Type I, which is by far the most abundant in CO and CV meteorites, consists 
predominantly of forsteritic olivine, usually granular, in the composition range Fao-Fa.10, with or 
without clinoenstatite F5o-Fs7 frequently poikilitically enclosing olivine, and with or without 
abundant opaques. Type II consists predominantly of more iron-rich olivine Fs15-Fs50 with 
chrome-spinel and little, if any, magnetite, metal, or sulfide. Type III consists of excentroradial 
pyroxene chondrules and although it is a minor component in CO chondrites, it has not been 
observed in CV meteorites. Type IV consists of Ca,Al-rich particles showing a distinct melt 
texture. We will adopt these categories in this paper. Type I chondrules are the dominant type in 
Allende. In a random sampling of 1572 points, Mcsween (1977b) found only trace abundances 
of type II and IV chondrules. Matrix constitutes 38% of the area surveyed in this case. 

Following the observational work mentioned above, Mcsween (1979) reviewed the availa-
ble evidence concerning alteration in carbonaceous chondrites. He suggested that starting with 
CO3 or CV3 meteorites, one basic alteration path produced equilibration of Fe/Mg ratios in 
silicates, as is believed to occur in the ordinary chondrites, while another produced various degrees 
of hydrothermal alteration and led to the formation of CM and CI meteorites. 

He also noted another type of alteration that occurs fairly generally and is especially 
pronounced in the CV meteorites (Mcsween, 1977b, 1979). It is the oxidation of various amounts 
of metal in the chondrules to magnetite, accompanied by the enrichment of remaining metal and 
sulfides in Ni. Based on this, he subdivided CV meteorites into oxidized and reduced groups. 
Allende is the most oxidized one known. 

Mcsween (1977b) descnbes opaques in CV3 meteorites as generally occurring in sub-
rounded grains inside chondrules. He indicates that in the oxidized subgroup many of these consist 
of magnetite or magnetite with metal cores. The opaques in Allende have been more fully 
described by Haggerty and McMahon ( 1979), who show reflected light micrographs of several of 
these magnetite-metal complexes. Magnetite in chondrites has long been interpreted, as Mcsween 
(1977b) interpreted it, as evidence of secondary alteration (Ramdohr, 1963). 

This is a necessary interpretation even if chondrules formed by the melting of heterogeneous 
solid precursors. The phase equihbria studies of Muan and Osborn (1956) show that magnetite 
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would readily dissolve in an ultramafic melt of chondrule composition and that upon cooling a 
corresponding amount of magnesioferrite would crystallize. Therefore, rounded magnetite and 
magnetite-metal complexes must have formed by subsolidus oxidation of primary metal or sulfide, 
as is generally believed. 

Since the magnetite contains little Ni this alteration leads to enrichment of the remaining 
metal in Ni. When the Ni content in this metal gets high enough, a reaction between metal and 
troilite to form pentlandite becomes favorable below about 900°K (Kullerud, 1963). Therefore, it 
is entirely possible, even probable, that the original opaque assemblages in Allende consisted 
primarily of metal and troilite as in the less oxidized CV3 meteorites and the ordinary chondrites. 

Thus both Ca,Al-rich inclusions and opaque assemblages in chondrules are known to have 
been altered subsequently to formation in Allende. We present here evidence, largely obtained by 
scanning electron microscopy, that clinoenstatite in chondrules has been partially altered to 
Fe-rich olivine. The sharp contacts between phases with highly disequilibrium Fe/Mg ratios 
requires that the Fe participating in the alteration must have been transported by a process other 
than solid state diffusion. We also present evidence of significant post-chondrule formation 
transport of Na, Si, P, S, Cl, Ca, and Cr. 

We can find no diagnostic difference between the Fe-rich olivine in Allende matrix and that 
observed in chondrules in a texture that requires formation by alteration of clinoenstatite. 
Therefore, we argue that Allende matrix probably formed by the reaction of the appropriate 
amounts of metal and pyroxene-rich chondrules that previously existed, but are now consumed. 

We will argue that the environment in which these reactions could have most easily occurred 
would have been provided by small internally heated planetesimals as discussed by Fish et al 
(1960) and further developed by Dufresne and Anders (1962) and Armstrong et al (1982). 

EXPERIMENTAL METHODS 

All reported SEM work was done with an ETEC Autoscan ideally capable of 50 A resolution, equipped 
with a Princeton Gamma-Tech energy dispersive X-ray analyrer having a resolution of 160 eV, and 
interfaced with a Kevex Quantex-Ray data analysis system. It was periodically calibrated to demonstrate an 
.actual resolution of 150 A or better. In order to obtain good X-ray count rates and cathodoluminescence 
images, most work was done under compromise conditions, but the operating resolution was always better 
than 1000 A. Phases were identified from energy dispersive X-ray spectra obtained under standardized 
geometrical conditions. Semi-quantitative analyses were made by comparing peak intensities to those 
obtained from known standards. 

Samples, including one polished thin section, were all prepared from a single small commercially 
obtained Allende stone. About half a gram of material free of fusion crust and obvious white inclusions was 
gently crushed. Five largely matrix-free chondrules and several small matrix fragments, one with white 
material on one edge, were removed. One chondrule with a chip broken off and the matrix fragments were 
mounted without further treatment for SEM study. 

The remaining gently crushed material was further disaggregated by ultrasonically agitating in ethanol 
for about ten hours. Suspended material was periodically poured off and replaced with fresh ethanol. When 
little more fine-grained material came off, the remainder was dried and sieved. One hundred and twenty-one 
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Chondrules and their Origins 

Fig. 1 Ultrasonically disaggregated 
2:420 µm Allende chondrules. (a) 
Typical collection illustrating irregular 
shapes and dark cavities. (b) Five 
of the most nearly spherical ones, 
two still firmly attached to irregular 
fragments . 

particles'larger than 420µm were obtained. All still have adhering matrix, most have complex shapes, and 
many have large, nearly spherical cavities. A typical collection of them is shown in Fig. la. Five of the most 
spherical particles, three free and two attached to irregular chunks, are shown in Fig. 1 b. Nine whole particles 
were directly mounted for SEM study and another nine randomly selected particles were prepared as 
polished mount. Based on our subsequent study of these mounted particles, it seems that at least most of the 
separated particles are chondrules according to our melting criterion. 

All SEM samples were carbon coated. The polished samples were coated with an empirically 
determined thickness that allowed good contrast between minerals to be obtained in the secondary electron 
imaging mode. A gold coating on the polished section from previous work (Housley, 1981) was removed 
with very dilute, cold KCN solution. Cathodoluminescence imaging in the SEM was used to detect and map 
sodalite occurrences. 

For incidental reasons we have largely used secondary electron imaging in this study, although 
backscattered electron images of the polished section would have been more esthetically pleasing. The main 
difference is that in these images cracks and holes appear bright white rather than dark. 
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OBSERVATIONS 

Evidence for clinoenstatite alteration 

Of the nine particles in the polished mount, we have made detailed SEM studies of six. They 
are all opaque-rich Type I chondrules as defined by Mcsween (19771a). Five are composed 
largely of forsteritic olivine with minor clinoenstatite, while one is largely clinoenstatite with 
minor ovoids of forsterite. We have also carefully studied four similar chondrules in the polished 
section. 

In all nine of the largely forsterite chondrules studied, the subordinant clinoenstatite ( ~ Fs2) is 
preferentially located around the periphery, where it frequently poikilitically encloses angular 
anhedral to ovoid forsterite grains. A similar observation was mentioned by Oarke et al. (1970). 

The clinoenstatite itself does not show any crystal faces. On the exposed sides, it instead 
makes sharp, continuous, but irregular contacts with Fe-rich olivine of matrix composition 
( ~ Fa50). This, in tum, frequently grades into aggregates of Fe-rich olivine blades indistinguishable 
from the matrix in a distance on the order of 10 µm. In all ten cases we have studied, Fe-rich 
olivine is also distributed throughout the clinoenstatite crystals along grain boundaries and along 
abundant internal fractures in a texture strongly suggesting formation by an alteration reaction. 

The above features are illustrated in Figs. 2 and 3. Figure 2a is typical of the forsteritic 
chondrules. It consists largely of angular forsterite blocks cemented together along a network of 
sealed cracks containing, among other things, chromite and sulfides (Housley, 1981). Near the 
right edge there is some clinoenstatite, much of which cannot be distinguished from the forsterite in 
this picture. Then, right next to the edge, there is a border of lighter gray Fe-rich olivine (~Fa50). 

Figure 2b is an enlargement of the region in the box. Notice the sharp contacts between 
clinoenstatite and Fe-rich olivine and the fractured and porous nature of the Fe-rich olivine. Also 
note stringers of sulfides, as are better illustrated in Fig. 2c from a nearby region. Figure 2d from 
another chondrule shows an enstatite grain ( ~ Fs2) surrounded by forsterite ( ~ Fa5). This enstatite, 
in turn, contains micrometer-sized regions of Fe-rich olivine along internal cracks. 

Figures 3a, b; and c are from an interior region of the pyroxene chondrule. Figure 3a shows 
typical intergrowths of Fe-rich olivine (~Fa50) and clinoenstatite (~Fs2). Several ovoids of 
forsterite (~Fa5) are present. The three in the box are enlarged in Figs. 3b and c. Rims of Fe-rich 
olivine about 1 µm thick surround the forsterite ovoids. Figure 3d is a typical enstatite, Fe-rich 
olivine intergrowth from yet another chondrule. 

Even though the Fe/Mg ratio of near one in the Fe-rich olivine is dramatically out of 
equilibrium with those of the forsterite and enstatite, we frequently have not been able to detect 
composition gradients even on a micrometer scale. 

It naturally seems surprising that such a ubiquitous and unusual feature as these intergrowths 
of Fe-rich olivine in chondrule clinoenstatite should not have been reported and discussed 
previously. However, even knowing exactly where to look, we have tried to recognize them using 
reflected light microscopy without any success; this suggests at least a plausible reason. 
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150 Chondrules and their Origins 

Fig. 2 Secondary electron images of polished particles. They differ from backscattered electron 
images in that cracks and pores show very bright edges and dark interiors. Enstatite is labeled En, 
forsterite (~Fas) Fo, olivine (~Faso) 01, and sulfides S. (a) Low magnification image showing 
porosity and network of sealed cracks. Fe, Cr, and Sare strongly enriched along cracks. (b) 
Enlargement of center of region in box showing enstatite in sharp contact with Fe-rich olivine of 
matrix composition. (c) Nearby region showing enstatite, Fe-rich olivine, and abundant fine sulfide 
stringers: (d) Enstatite crystal in separate chondrule enclosed in forsteritic olivine, but showing 
Fe-rich olivine along border and internal cracks. 
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R. M. Housley and E. H. Cirlin: Allende chondrules and matrix 151 

Fig. 3 Secondary electron images of polished particles. (a) Low magnification SEM image of 
pyroxene chondrule. Dark areas are enstatite. Intermediate areas are olivine, mostly of matrix 
composition. (b) Enlarged and rotated view of indicated region. Three rounded objects near the 
center are forsteritic olivine grains that were included in the enstatite. Fe-rich olivine now forms a 
border around these Fe-poor olivines. (c) Same region at higher magnification showing that rim is 
less than 1 µm thick. (d) A region of intergrown Fe-rich olivine and enstatite in another chondrule. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1983chto.conf..145H


1
9
8
3
c
h
t
o
.
c
o
n
f
.
.
1
4
5
H

152 Chondrules and their Origins 

It is worth noting that nepheline and sodalite have a strong tendency to be associated with the 
Fe-rich olivine-clinoenstatite intergrowths, and are frequently completely surrounded by Fe-rich 
olivine. This suggests that the Fe-rich olivine formation and much of the alteration in Ca,Al-rich 
inclusions (as described, for example, by Wark, 1981) took place at the same time in the same 
environment. 

Chondrule-matrix interfaces 

As already described, the separated chondrules in the polished mount frequently grade into 
material similar to the matrix around their peripheries. In the polished section with either SEM or 
reflected light microscopy, it can be seen that boundaries between chondrules and matrix are 
frequently very gradational. This is illustrated by the chondrule in the upper left of Fig. 4a, which is 
a reflected light micrograph. Magnified SEM images of the region in the box, Fig. 4b and c, show 
intergrowths of clinoenstatite and Fe-rich olivine similar to those previously described. Figure 4d 
illustrates typical matrix between chondrules. It consists largely of subhedral Fe-rich olivine with, 
in this case, some intergrown sodalite, especially in the group in the middle left. Pentlandite and 
Ni-rich metal are also common in the matrix. 

In SEM and reflected light surveys of our whole polished section, we did not find any matrix 
qualitatively different from that described and illustrated in Fig. 4. Frequently, boundaries 
between chondrules and matrix are gradational in terms of the size and packing density of Fe-rich 
olivine blades, but not in their composition. 

Extensive SEM study of chondrules in our unpolished mount has also shown that most of the 
surface area exposed consists of subhedral Fe-rich olivine blades or fine fragments. Frequently the 
blades occur in subparallel arrangements. Typical examples are shown in Figs. 5a and 5b. 

Matrix olivine 

Inspection of thousands of matrix olivine grains during SEM study of the matrix fragments 
showed the overwhelming majority of them to be either subhedral plates without any terminations 
or completely irregular fragments. Euhedral crystals are very rare in the matrix. This is, of course, in 
agreement with what we see in the polished section when using either reflected light or the SEM. 

Another rare constituent of the matrix is enstatite, although we have found a few relic grains 
in the polished section. An example of two grains completely surrounded by Fe-rich olivine is 
shown in Fig. 5c. 

In the one matrix fragment that had adhering white inclusion material, we do see beautiful 
euhedral Fe-rich olivine crystals in a narrow border zone. Such zones have been described by 
MacPherson and Grossman (1981) and are also reported by Wark (1979). They are distinctly 
different from typical matrix. 
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Fig. 4 Secondary electron images of polished particles. (a) Reflected light micrograph of matrix 
between two chondrules. Note gradual transition between matrix and chondrule at upper right. (b) 
SEM image of indicated area at the beginning of transition region. The upper right is largely 
enstatite with an included forsterite oval. The rest is largely Fe-rich matrix olivine, with some 
pentlandite in the upper left. ( c) Higher magnification of the center of (b) showing residual enstatite 
in matrix olivine. (d) Typical Allende matrix. Fe-rich olivine with sodalite, dark gray. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1983chto.conf..145H


1
9
8
3
c
h
t
o
.
c
o
n
f
.
.
1
4
5
H

154 Chondrules and their Origins 

Fig. 5 (a) and (b) Parallel intergrowths of Fe-rich olivine exposed on the surfaces of chondrules 
separated by ultrasonic agitation. In (a) delicate structure was protected in cavity. (c) Backscat-
tered electron (BSE) image showing two rare relict enstatite grains in matrix olivine. White areas 
are pentlandite. (d) BSE image. White regions are Ni-rich metal and pentlandite outlining a highly 
altered circular inclusion. Enstatite around the inclusion has been partially altered to Fe-rich 
olivine, which also now fills much of the circle. 
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Opaque inclusions and cavities in chondrules 

All the type I chondrules we have examined in Allende contain abundant subspherical to 
irregular opaque inclusions and cavities. There seems to be a continuous gradation from solid 
inclusions to porous inclusions, to partly full cavities, to nearly empty cavities. These inclusions 
and cavities are apparent in Figs. 2a and 4a. The most abundant minerals in them are troilite, 
pentlandite, magnetite, Ni-rich metal, and Fe-rich olivine, followed by Ca phosphate, which is 
common, and by chromite and heazlewoodite, which are rare. The associations and relative 
abundances of these minerals vary greatly from one inclusion or cavity to another. For example, 
some inclusions consist largely of magnetite with small amounts of Ni-rich metal, while others 
consist largely of troilite or largely of pentlandite. Many typical inclusion assemblages have been 
described by Haggerty and McMahon ( 1979). A common type that they did not mention in which 
Fe-rich olivine in continuity with that in the surrounding altered enstatite partially or completely 
refills a former cavity outlined by Ni-rich metal and pentlandite is shown in Fig. 5d. 

Some examples of the contents of small cavities in forsterite are shown in Fig. 6. The porous 
pentlandite shown in Fig. 6a is very common. Notice the euhedral crystal shapes in the other cases. 
Fortunately, the broken chondrule that was mounted without any exposure to liquids contains a 
number of these cavities, including two large ones on the fresh fracture surface. Part of the contents 
of one of these large ones are illustrated in Fig. 7. It also contains some very fine-grained Cr-rich 
phase, probably chromite, and some other unidentified fine-grained material. 

DISCUSSION 

Fe-rich olivine-clinoenstatite intergrowths 

The textures of the Fe-rich olivine-clinoenstatite intergrowths in chondrules illustrated in 
Figs. 2 and 3 do not resemble any familiar igneous textures in rocks of comparable composition. 
The igneous deJ?osition of Fe-rich olivine along cracks and grain boundaries would require the 
unlikely existence of considerable, very fluid fayalite-rich residual melt down to the temperatures 
at which the cracks formed due to differential thermal contraction. Therefore we rule out an 
igneous origin for these intergrowths. The highly disequilibrium Fe/Mg ratios and the general lack 
of composition gradients also rule out any simple thermal metamorphic origin. 

The textures shown in Figs. 2 and 3 seem to resemble most closely some seen in partially 
weathered terrestrial rocks. Here the mechanism, though perhaps more complicated in reality, can 
be simply visualized. A chemical reaction takes place at an exposed grain surface. The second 
phase produced has a different volume than the first. Thus, the reaction produces strains. These, in 
turn, lead to the initiation and propagation of additional cracks. The reaction then proceeds along 
the new crack surfaces. 

In the Allende chondrules, a reasonably expected reaction consistent with the observed 
compositions is the same one assumed to control the Fe content of olivine in nebular condensation 
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156 Chondrules and their Origins 

Fig. 6 SEM photographs of typical small cavities and their contents. (a) Porous fine-grained 

pentlandite aggregate in broken chondrule. This is the most common cavity-filling material. (b) 

Ni-rich metal crystals in bottom of cavity in broken chondrule. (c) Ca phosphate crystal in polished 

section cavity. (d) Chromite crystal in polished section cavity. 
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Fig. 7 Partial contents of large cavity in broken chondrule. (a) Pentlandite Pn crystal with 
finer-grained pentlandite. (b) Ca phosphate crystal partly coated with very fine material. (c) Olivine 
crystal of matrix composition. (d) Very fine needles of unidentified Fe-rich silicate mineral growing 
into cavity. 
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models (Grossman, 1972): 

(1) 

During this reaction there is a volume change from 31 cm3 per mole for the enstatite to about 45 
cm3 per mole for the olivine. To account for the absence of observed composition gradients, it is 
necessary that Fe diffuse through the newly formed Fe-rich olivine, perhaps about an order of 
magnitude faster than cation diffusion in the clinoenstatite or forsterite. Since cation diffusion 
depends strongly on the defect density in the crystal, this is not unreasonable. 

To account for the observed distribution of Fe-rich olivine along grain boundaries and 
internal cracks, it is also necessary to assume some process that transports Fe rapidly through 
cracks and pores. In the case of terrestrial weathering, the transport medium is generally water. 
Small amounts of presumably hydrated layer lattice silicate related to serpentine have been 
reported from cavities in Allende by Tomeoka and Buseck ( 1982a ), who have also reported mica 
and montmorillonite from the Ca,Al-rich inclusions (1982b). Evidence of limited water transport 
has been reported for the CO meteorite, Warrenton, by Kerridge ( 1972). Despite all this, it seems 
clear from the phase equilibria studies of Bowen and Tuttle (1949) that liquid water did not play 
any significant role in the alteration of enstatite that we describe. In the presence of water enstatite 
is always unstable toward the formation of forsterite plus talc. 

In principle, the reactions we observe could possibly have taken place in a nebular gas, 
although we consider it very unlikely. Fe-rich olivine of the observed composition would only 
become stable below about 500°K (Grossman, 1972). At that temperature reaction rates would be 
very low and gaseous species available to transport Fe very limited. 

Planetesimal model 

We believe a model of small internally heated planetesimals can most easily provide a 
plaUS1ble environment in which the observed alterations could have taken place. Many of the 
general characteristics and possibilities expected of such planetesimals were described by Fish et al 
(1960). DuFresne and Anders (1962) considered a special class of such planetesimals in which 
liquid water was trapped inside an ice shell as a plausible setting for the formation of CI and CM 
meteorites. Recently Armstrong et al (1982) have considered such planetesimals as the most 
likely settings in which alterations of the type they have observed in Murchison Ca,Al-rich 
inclusions could have occurred. They have further discussed how many of the features commonly 
observed in meteorites could easily be explained by the processes expected to have OCCUITed in such 
planetesimals. 

To see how such a model can easily explain our observations we will specifically consider a 
planetesimal with the rock to H20 ratio, surface temperature, and heat generation adjusted so that 
an icy shell surrounds a rocky interior without an intervening liquid water layer. A significant H20 
vapor pressure could have still been present in the hot interior, depending on the temperature at the 
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ice boundary. At a given temperature conditions would have been much more oxidizing than in the 
nebula because of the initial absence of hydrogen and its episodic escape whenever the shell was 
disrupted. 

Substantial pressures of many gases (including, for example, CO, HCI, H2S, S02, and NH3) 

could have been present in such a planetesimal without condensing out at the ice interface. Such 
gases could have acted as catalysts to speed local equilibrium, for example, by transporting cations 
or carbonyls or chlorides. Because of the temperature gradient in the body they could also have 
produced net transport of material by cyclical disequilibrium chemical vapor transport reactions 
(Cirlin and Housley, 1980). 

Opaque inclusions and cavities 

It is clear that the magnetite, chromite, Ca phosphate, and Fe-rich olivine now in the opaque 
inclusions must have resulted from alteration or deposition reactions. They cannot be primary 
phases since they are soluble in a melt of chondrule composition and would not have remained in 
an immiscible opaque liquid phase, even if the chondrules formed by melting heterogeneous solid 
precursors. 

In other CV meteorites, including the type example, Vigarano, metal and sulfide inclusions 
are common in the type I chondrules. We have argued that the textures in the Fe-rich olivine-
clinoenstatite intergrowths in Allende can be most satisfactorily interpreted if relatively free 
migration of Fe took place along cracks. This leads naturally to the idea that cavities in the Allende 
chondrules are holes left by the partial or complete removal of Fe metal and are not vesicles at all. 
Thus, we suggest that much of the original Fe metal migrated out to participate in reaction (1 ). 
Some remained but was largely oxidized to magnetite, leaving a residue of Ni-rich metal. Various 
minerals, including Ca phosphate and Fe-rich olivine, were then deposited in the cavities. 

Matrix 

Alteration of clinoenstatite in Allende chondrules produces Fe-rich olivine identical in 
composition to matrix olivine. The boundary between chondrules and matrix is frequently 
gradational. Parallel groups of subhedral Fe-rich olivine blades frequently occur adjacent to 
chondrules. Enstatite blades completely enclosed in Fe-rich olivine rarely occur in the matrix. 

Based on the above observations, we see no reason why all matrix olivine in Allende could 
not have been produced from initially more abundant enstatite-rich chondrules and metal by the 
alteration reaction (1). The strains associated with the reaction generally seem to cause the 
clinoenstatite to cleave into blades a few micrometers thick. These continue to react until they 
generally are completely Fe-rich olivine. It is only necessary to disaggregate them further to 
produce typical matrix. 

The widespread distnbution of fine-grained pentlandite throughout the matrix appears to 
require that it was produced at temperatures below 900°K. 
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160 Chondrules and their Origins 

SUMMARY 

We have shown that partial alteration to Fe-rich olivine is a common characteristic of 
clinoenstatite in those Allende chondrules containing it. We have shown that these chondrules 
have gradational boundaries with the matrix. 

The evidence presented suggests the view that all matrix olivine in Allende was produced 
from initially more abundant pyroxene-rich chondrules and metal by reaction (1). We argued 
that the most plausible environment in which this reaction could have taken place would have 
been provided by a small internally heated planetesimal. 
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