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LONG-SOUGHT PRIMO~DIAL FINE-GRAINED INCLUSION DISCOVERED: 
B.B.Holmberg and A. Hashimoto, Center for Astrophysics, Cambridge, MA 02138, U.S.A. 

Fine-grained inclusions in the Allende meteorite contain secondary minerals (including 
- nepheline, socialite, anorthite, grossular, olivine, hedenbergite, andradite, wollastonite, heni te ,  

sphene, and phyllosilicates), which are interpreted as alteration products from primary phases 
such as melilite, anorthite, spinel, fassaite and perovskite. Most of the primary phases in the 
Allende fine-grained inclusions that have been described appear to have escaped complete 
conversion, but melilite is missing in all except one of them. Allende coarse-grained inclusions 
contain abundant melilite as well as alteration phases very similar to those in the fine-grained 
inclusions. The textural relationships in them suggest that melilite is the primary phase most 
susceptible to alteration [I]. It is'very likely, then, that the small grain size and abundant voids 
in fine-grained inclusions allowed for very efficient interaction of their minerals with external 
fluids (the nebular gas) and allowed all of the melilite to react, and other primary phases to be 
heavily altered [2]. 

In order to verify this scenario and better understand the conditions of alteration that 
affected fine-grained as well as coarse-grained inclusions, it is essential to find and characterize 
a primordial (= pre-alteration) fine-grained inclusion. Fine-grained inclusion El4 in Efremovka 
(CV3) [3,4], is likely to be such a primordid fine-grained inclusion. However, it is 
metamorphosed and its spinel is partially replaced by anorthite [4]. Moreover, it contains 
melilite only as a minor phase, and only in the outer part of the inclusion. 

Kainsaz is among the least metamorphosed meteorites in the C03 class. In a thin section 
of phis meteorite we found a white, elongated (2.2x0.8 mm), fine-grained, irregular, spinel-rich 
inclusion, It consists of loosely-packed, irregular spinel grains (5-30 p) mantled by melilite, 
occasional anorthite, and generally thin diopsidic pyroxene, The memite layer (GehggAk12; 
~0 .15  wt% Na20, no K20) is 1-5 p thick Anortkite (4.1 W% Na20, no K20), when it - 
occurs, decorates melilite discontinuously as a 1 pm thick band. Diopsidic pyroxene (-8 we% 
Al2O3, -1 wt% Ti02, -0.2 wt% FeO) is -1 pm at the thickest and is hardly distinguishable by 
BSE imaging from the underlying melilite, unless an intervening anorthite band is present 
Spinel in the outermost parts of the inclusion is rich in FeO (10-15 wt%), while that in the inner 
region contains only 1-5 wt% FeO. The spinel occasionally encloses small perovskite grains. 
Rare Fe-metal and sulfide abut some spinel grains. Interstices between spinel-cored objects are 
partially filled with angular, finer-grained spinel &melilite&pyroxene), which in many cases 
appears to be debris of once larger grains. A point-count modal analysis on a BSE photo shows 
-45 vol% spinel, -25 vol% melilite+anorthite+pyroxene, and -30 vol% void space. This is the 
most spinel-rich and porous fme-grained inclusion that has been found. The entire inclusion is 
enclosed by an extremely fine-grained, two-layered rim (-80 p.m in total thickness) made up 
largely of Fe-rich olivine. This resembles the 'accretionary rims' described by MacPherson, et 
a1 [5]. The inner layer, which is darker in BSE image, intrudes the inclusion and f d s  the 
interstices between spinel-cored objects for a distance of -50 pm inside the inclusion. 

This newly discovered fine-grained inclusion in Kainsaz (hereafter referred to as K-1) is 
different from Allende fine-grained inclusions in several respects. None of the alteration 
minerals seen in the Allende inclusions are present in K- 1. Instead, the latter contains melilite, 
the mineral most vulnerable to alteration, as a major phase. K-1 does not have the three-fold 
zonation of bulk mineralogy commonly seen in the Allende inclusions, which is interpreted to 
have been produced by an open system (vapor phase) transport and deposition of elements such 
as Ca, Fe, alkalis, halogens, and Hz0 inside the porous fine-grained inclusions [2], These facts 
suggest that K- 1 is a pre-alteration, and therefore primordial, fine-grained inclu.sion. Even K- 1, 
however, has not escaped some effects of alteration: its meiilite contains Na20, and spinels in 
the outermost parts contain significant FeO. 
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The question is: is K-1 a precursor of Allende and other altered fine-grained inclusions? 
Fine-grained inclusions with spinel-cored objects are fairly common in the Allende meteorite. 
This spinel is rimmed by one to three often monornineralic layers consisting of nepheline, 
anorthite, grossular, olivine, diopsidic pyroxene, and/or hedenbergite [2,6]. Usually the 
pyroxene layer (with occasional hedenbergite and andradite attached to its outside) is the 
outermost. If K- 1 was altered, its melilite layer would have been changed to nepheline, sodalite, 
anorthite, and/or grossular [I], the anorthite layer to nepheline and/or sodalite, and the central 
spinel to an olivine and nepheline mixture [2]. Diopsidic pyroxene would tend to be unaffected 
[7]. The hedenbergite and andradite in altered inclusions are interpreted as condensates that 
were deposited on pre-existing surfaces [2,7]. Therefore, there is a good correspondence 
between K- 1 and spinel-rich, Allende fine-grained inclusions in these respects. 

However, the Allende fine-grained inclusions also have abundant interstitial materials 
made mostly of the alteration minerals descibed above, and of diopsidic pyroxene and spinel. 
The volume of these materials often surpasses that of spinel-cored objects [2]. In K-1 there is 
little interstitial material (spinel~melilite~pyroxene), but many voids. If the spinel-cored objects 
in K- 1 disintegrated in the process of alteration, they would provide more interstitial materials. 
However, most of the spinel-cored objects in Allende fine-grained inclusions appear to have 
maintained their structural integrity; the outermost pyroxene layer remains intact. In this respect, 
K- 1 is not likely to be the precursor of the Allende fine-grained inclusions. Efremovka E l4  also 
would not be the precursor for a different reason: it does not have interstices. 

Although one primordial fine-grained inclusion has finally been found, the quest for the 
precursor of the most abundant type of fine-grained inclusion must continue. Judging from the 
huge variety of fine-grained inclusions found in Allende and other meteorites, there is no doubt 
that various types of primordial fine-grained inclusions existed. Less-metamorphosed meteorites 
such as Kainsaz are a good place to look for them. Finally, we should note that the REE pattern 
of K- 1 has yet to be determined. 
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One spinel-centered 
object from K- 1 showing 
spinel (sp) mantled by 
melilite (mel) of variable. 
thickness, discontinuous 
anorthite (an), and thin 
outer diopsidic pyroxene 
(px) layers. This is one of 
the larger and more 
complex grains in the 
inclusion; most grains are 
smaller and have thinner, 
less well-developed 
mantles. The bright object 
at lower right is perovskite. 
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