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Abstract-Lightly altered Al-rich inclusions in amoehoid olivine aggregates have cores containing primary 
melihte + fassaite + spinet + perovskite and no secondary alteration products. In moderately altered incisions, 
whose cores now contain only fassaite + spine1 + perovskite, mehlite was replaced by a fine-grained mixture 
of grossular + anorthite + feldspathoids and perovskite was partially replaced by ilmenite. In heavily altered 
inclusions, fassaite has been replaced by a mixture of phyllosilicates j_ ilmenite and the remaining primary 
phases are spine1 ? perovskite. In very heavily altered inclusions, no primary phases remain, the spine1 
having reacted to form either phyllosilicates or a mixture of olivine + feldspathoids. This sequence of 
alteration reactions may reflect successively lower solar nebular equilibration temperatures. During alteration. 
SiOz, NazO, KzO, FeO, Cr20,, Hz0 and Cl were introduced into the inclusions and CaO was lost. MgO 
may have been lost during the melihte reaction and added during formation of phyll~iIicat~. Electron 
microprobe analyses indicate that the phyllosilicates are a mixture of Na-rich phlogopite and chlorite or Al- 
rich serpentine. Thermodynamic caiculations suggest that, at a solar nebular water fugacity of 10m6, Na-rich 
phlogopite could have formed from fassaite at -470 K and chlorite from Na-rich phlogopite at -328 K. 
Olivine mantling Al-rich inclusions is not serpentinized, suggesting that these objects stopped equilibrating 
with the nebular gas above 274 K. 

AMOEBOID OLIVINE AGGREGATES are greyish-brown, 

it-regularly-shaped objects composed predominantly of 

subspherical lumps ( 1 OO- 1000 pm in diameter) of po- 
lygonal otivine crystals (l-20 Grn in size). In the first 
petrographic study of these aggregates, GROSSMAN and 
STEELE (1976) found assemblages of spinel, perovskite, 
Ca-rich pyroxene and feldspathoids within the olivine 
lumps. The latter assemblages, as well as the loosely- 
packed, angular, subrounded or euhedral olivine crys- 
tals making up the interstitial matrix material between 
the lumps, were first seen clearly in the scanning elec- 
tron microscope (SEM) study of BAR-MATHEWS et 
al. ( 1979). GROSSMAN and STEELE (1976) and GROSS- 

MAN et af. (1979) proposed that the olivine lumps 
formed by solar nebular condensation of olivine at 
- 1400 K around pre-existing high-temperature con- 
densate assemblages containing spine1 and perovskite 
and that the presence of alteration products such as 
feldspathoids in the latter assemblages implies that in- 
teraction between grains and gas continued in the tem- 
perature range 500-900 K. In a trace element study 
of amoeboid olivine aggregates, GROSSMAN et al. 
( 1979) found that refractory elements are uniformly 
enriched relative to Cl chondrites but by a lower factor 
than in Allende coarse-grained inclusions. This was 
attributed to dilution of high-temperature condensate 
assemblages similar to those of coarse-grained inclu- 
sions by olivine which is relatively free of refractory 
elements. KORNACKI~~~ WOOD( 1984b)also suggested 
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that amoeboid olivine aggregates, “Type I B inclusions” 
in their study, are assemblages of nebular condensates. 

The Al-rich inclusions of this study are spherically- 
to irregularly-shaped, 5-300 pm-sized, rimmed objects. 
They are the same as the “high-temperature condensate 
assemblages” of our earlier work on Allende amoeboid 
olivine aggregates and the “concentric objects” or 
“spinel-rich nodules” observed by later SEM studies 
in Type 1B inclusions in Allende (KORNACKI and 

FEGLEY, 1984; KORNACKJ and WOOD, 1984a, 1985) 
and in Ca-, Al-rich inclusions in Mokoia (COHEN et 
al., 1983) and Kaba (PEGLEY and POST, 1985). In con- 

trast to the previous studies, the present work is con- 
cerned with the sequence of alteration processes that 
affected the Al-rich inclusions. Preliminary reports of 
our findings were given by WASHIMOTO and GROSS- 
MAN (1984) and GROSSMAN et al. (1986). 

PROCEDURES 

Sample.9 

Nine amoeboid olivine aggregates were studied in seven 
polished thin sections of the Allende meteorite. Petrographic 
descriptions of two of these objects, TS11 FI (7bin Section 
#II, Feature #I) and TS43F1, have already been published 
by GROSSMAN and STEELE (1976) and BAR-MATTHEWS el 
af. f 1979). In addition, trace element data have heen presented 
by GROSSMAN et ai. (1979) and EKAMBARAM et al. (1985) 
for splits of four of the samples studied herein, TS43F1, 
TSSlFI, TS55FI and TS58F1, obtained by excavation from 
the mirror images of the inclusions in thin section on facing 
slabs of the meteorite. Sample numbers for Al-rich inclusions 
in amoeboid olivine aggregates are derived as in 55101 
(TSSSFI #Oi). 

Ana/.vtieal techniques 

All samples were examined with a JEOL JSM-3S SEM 
equipped with a back-scattered electron (BSE) detector and a 
Si(Li) X-ray analyzer. Mineral analyses were obtained at 15 
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keV and 0.15 nA using the latter device, an on-line PDP 1 I / 
03 computer and a program based on the procedure of BENCE 
and ALBEE ( 1968). Analytical volumes were - 1 pm3. Natural 
and synthetic minerals and glasses of known compositions 
were used for standards For these energydispemive analyses, 
2a uncertainties due to counting statistics are approximately 
+0.2 wt% for concentrations of all elements above I wt% and 
+O. 1 w-t% for concentrations below I wt%. 

Wavelengthdiipersive, twelve-element mineral analyses 
were obtained for four amoeboid olivine aagmgates with a 
JXA-733 automated electron microprobe (EPMA), operated 
at 15 keV and a spot diameter of -3 pm. Three beam cur- 
rents were used 30 nA for alkali-free minerals and 3 or 1 nA 
for nepheline and alkali-rich, ragged material. Sodium evap- 
oration horn polycrystalline nepheline was noted even at these 
low beam currents. To eliminate this problem, the SEM was 
used for determination of NasO and KrO in such nepheline. 
Because of possible uncertainties due to background subtrac- 
tion for NarO and to low concentrations for KsO, however, 
these SEM data were corrected by means of calibration curves 
between SEM and EPMA data obtained from single nepheline 
crystab for which no alkali evaporation was de&ted in EPMA 
analyses. Vanadium analyses were corrected for TiK/3 inter- 
ference by subtracting .0042 X wt% TiOz from the raw V203 
contents. This correction factor was derived from a V-free 
ilmenite standard. For all elements except Ti, 2~ uncertainties 
due to counting statistics are kO.04 wt% for concentrations 
above 2 wt% and + 0.02 wt% for lower concentrations. For 
Ti, uncertainties are +O.lO wt% above 2 wt% and -co.05 wt% 
for lower concentrations. 

TEXTURE AND MINERALOGY 

Al-rich inclusions 

We performed a detailed SEM and EPMA study of nearly 
fifty Al-rich inclusions in three amoeboid olivine aggregates 

and a more cursory survey of more than a hundred Al-rich 
inclusions in five others. It seems appropriate to classify these 
inclusions on the basis of their core minemlogy. The fust group 
have cores of melilite, Ti-rich fassaite and spine1 with minor 
perovskite. The second group have cores of fassaite, spine1 
and a relatively 6ne-grained mixture of anotthite, grossuhu 
and feklspathoids, with minor perovskite and/or ilmenite. The 
third group have cores of spine1 and a fine-grained mixture 
of phyllosilicates and feldspathoids with minor ilmenite. The 
final group have cores containing only the finegmined material 
typical of that in the third group. As will be shown, the fine 
grained materials are replacing the primary phases, and the 
essential difference between these four groups is the minera- 
logical composition of the remaining primary phases: melilite 
+ fassaite + spine1 + perovskite in the first group, fassaite 
+ spine1 + perovskite in the second, spine1 f perovskite in 
the third and none in the fourth. HASH~MOI-O and GROSSMAN 
(1984) suggested that these inclusions exhibit a range of al- 
teration intensity and that inclusion cores were composed 
originally of melilite, fassaite, spine1 and perovskite. Therefore, 
we label the above four groups of Al-rich inclusions lightly 
altered, moderately altered, heavily altered and very heavily 
altered, respectively. 

The lightly altered type is rare. Only two have been found 
so far, in one amoeboid olivine aggregate, TS55Fl. Moder- 
ately, heavily and very heavily altered types occur in many 
amoeboid aggregates. There is a general tendency for the size 
of Al-rich inclusions to decrease with increasing alteration 
intensity. The two lightly altered inclusions are approximately 
300 pm in diameter. Moderately and heavily altered types are 
typically 50-150 gm and very heavily altered types ~5-50 
pm in their longest dimensions. 

Lightly altered type. S5 10 1 is a near-spherical inclusion (Fii 
I), 270 pm in diameter, composed of four concentric zones. 
The core, 100 am in diameter, consists mostly of melilite (Ge 
85-96) enclosing skeletal spine1 crystab (~20 pm in length). 

FIG. 1. Back-scattered electron @SE) image of 55 101, a lightly altered inclusion, showing cavity-free corn 
consisting of skeletal spine1 (Sp; dark) in melilite (Mel: light), finegrained (EG.) inner mantle, cavity-poor 
outer mantle made mostly of spine1 and fassaite (Fas) and pyroxene rim grading outward from fassaite to 
aluminous diopside (Di) in composition. Entire inclusion is enclosed by olivine (Ol), followed by a discon- 
tinuous, hedenbergite (Hd)-rich rind. 
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Minor T&rich fassaite occurs in pockets between spine1 crystals 
or abutting against the longest sides of spine1 crystals. Rare 
perovskite occurs within or abutting against spinel. Voids are 
rare and small. Enclosing the core is an -40 pm thick inner 
mantle (Fig. 2) composed of skeletal spine1 crystals decorated 
with T&rich fassaite, and of a cavity-riddled mixture of feld- 
spathoids (mostly nepheline), anorthite and grossular. In the 
outer mantle (Fig. 3), spine1 is more rounded, fassaite more 
abundant and feldspathoids, anotthite and grossular much 
less abundant than in the inner mantle. Ilmenite occurs as 
tiny blebs (5 1 pm). Fassaite is texturally continuous in some 
places with fassaite in the outermost zone, the rim. In other 
places, cavities separate fassaite in the outer mantle from that 
in the rim. These are partially filled with nepheline or a ragged 
material rich in Mg, Al and Si with a much larger K/Na ratio 
than nepheline. It is a mixture of phyllosilicates (see Mineral 
Chemistry). Such material also often occurs without nepheline 
between spine1 grains in the outer part of the mantle (Fig. 3). 
Frequently, very fine-grained ilmenite is smeared throughout 
this material. 

The rim is a 5pm thick band grading inward from aluminous 
diopside to fassaite which is poorer in Al and Ti than that in 
the interior. The rim contains many small cavities but is less 
porous than the mantle. Enclosing the rim is a porous, O-50 
pm thick olivine crust, followed by a discontinuous, 5 pm 
thick rind made mostly of hedenbergite and salite with oc- 
casional olivine and nepheline, hereinafter called “the hed- 
enbergite-rich assemblage”. The olivine crust consists of 5- 
20 pm-sized, polygonal olivine grains which are zoned from 
Fo 95 outward to Fo 85. In places, the hedenbergite-rich rind 
is in direct contact with the clinopyroxene rim. We define the 
boundary of each Al-rich inclusion at the outer surface of the 
clinopyroxene rim. A single olivine lump often contains many 
Al-rich inclusions. 

55 102 is an oval-shaped, 300 X 200 pm inclusion (Fig. 4). 
Its core consists mostly of spine1 which encloses wormy melilite 
(Ge 92-98), Ti-rich fassaite and minor perovskite. Melilite, 
in turn, encloses small ( l-2 pm) spine1 grains. Fassaite occurs 
preferentially in pockets between spine1 grains. Cavities are 
rare, partially filled with nepheline. anorthite and grossular 
and tend to be contiguous with melilite. Surrounding the core 
is an -20 pm thick mantle consisting of a cavity-riddled, 
fine-grained mixture of anorthite, nepheline, iron-rich spinel. 
and minor grossular and ilmenite, which also embays and 
veins the core along channels in melilite (Figs. 4. 5). Outside 
the mantle is a 3 pm thick, inner rim of Ti-rich fassaite and 

FIG. 2. BSE image of core (right)-mantle (left) boundary of 
55 10 I, showing spine1 crystals of similar morphology and ad- 
joining fassaite in both areas. In the mantle, interstices between 
spine1 grains are partially filled with nepheline (Ne). anorthite 
(An) and minor grossular (Gr). Other abbreviations as used 
previously. 

FIG. 3. BSE image of the outer mantle of 55 101, showing 
interlocking spine1 and fassaite. Fassaite is contiguous with 
rim clinopyroxene (Cpx) in places. Ragged phyllosilicate (Rag) 
fills some of the spaces between spine1 grains. In this area. the 
olivine crust is very thin and is coated by a hedenbergite-rich 
rind. Width of field is 60 pm. Ilm-ilmenite. Other abbrevi- 
ations as used previously. 

an - 15 pm thick outer rim of aluminous diopside. In places. 
ilmenite-laden, ragged phyllosilicates are intergrown with and 
partially replace fassaite in the inner rim layer (Fig. 6). En- 
closing the inclusion is a cluster of zoned, polygonal olivine 
grains with an occasional, thin rind of the hedenbergite-rich 
assemblage. 

Studies of alteration products in coarse-grained inclusions 
(ALLEN et al., 1978; WARK, 1981; MACPHERSON er al.. 198 I) 
show that. of all primary phases, melilite is the most susceptible 
to secondary alteration which converts it to anorthite, grossular 
and feldspathoids. These are precisely the minerals seen in 
the mantles of 55 10 I and 55 102, which differ from their cores 
by the absence of melilite. In 55 101, skeletal spine1 crystals 
often protrude from the core into the mantle (Fig. 2) and Ti- 
rich fassaite abuts against spine1 both in the core and in the 
mantle (Fig. 2), indicating textural continuity between the 
two zones. The only difference in mineralogy and texture be- 

FIG. 4. BSE image of 55102, a lightly altered inclusion, 
showing a core of wormy melilite and spinel, and a line-grained 
mantle of iron-rich spine1 and alteration minerals which em- 
bays and veins the core along melilite channels. Entire inclu- 
sion is surrounded by a massive, polycrystalline crust of zoned, 
polygonal olivine grains. Pv-perovskite. Other abbreviations 
as used previously. 
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Ft(3. 5. BSE image of the core (bottom and sides)-mantle 
(top) boundary of 55102. Small spine1 grains occur within 
both core melite and finsgrained mantle material consisting 
mostly ofanorthite, fsldspathoids and gross&r. Mantle spine1 
is richer in FeG. Abbreviations as used previously. 

tween core and mantle of lightly altered inclusions is that a 
fine-gtained, porous mixture of anorthite, grossular and feld- 
spathoids occupies the same textural position in the mantle 
as melilite does in the core. These observations strongly suggest 
that melilite was altered in the outer parts of these inclusions 
but remained intact in the interiors. Fassaite and spine1 are 
interpreted to have survived even in the mantles of these in- 
clusions because of their relatively high msistance to alteration 
under the conditions of melilite alteration. 

Modemtely u./Zff& type. The only primary phases remaining 
in the cores of Al-rich inchrsions of this type are spinel, fassaite 
and, in some cases, perovskite. The remarkable similarity in 
mineralogy and texture between the cores of inclusions be- 
longing to this type, such as 55 108, and the mantles of lightly 
altered inclusions like 55101 can be seen clearly in Fig. 7. In 
the cores of moderately altered inclusions anortbite is enclosed 
by irregular patches of nepheline and sodalite, a texture fre- 
quently observed in lightly altered inclusions and indicating 
that feldspathoids form by reaction of anorthite. An example 
of a particularly spinel-rich variety of this type of inclusion, 
51101, is shown in Fig. 8. In such inclusions, spine1 is so 
much more abundant than fassaite that the former encloses 
the latter, while in the spinel-poor variety, such as 55108, 
fassaite decorates spinel. Fii 8 shows that the ragged ma- 
terial is sometimes found partially replacing fassaite in the 
inner rim and outer core. Ilmenite is more abundant than 
perovskite in moderately altered inclusions. Cavities in their 
core& empty or pa&By lilled with grossular and nepheline, 
are frequently lined by thssaite, either partially or completely. 

55106 (Fig 9) is a cluster of nearly twenty, 50-150 pm- 
sized, Al-rich inclusions, most of which belong to the spinel- 
rich variety of the moderately altered type and some to the 
heavily altered type. As seen in Fig. 9, the cores of some in- 
clusions ate spinel nodules while the cores of others are spine1 
band& Both types of cores are rimmed by clinopyroxene. The 
olivine crust which usually surrounds Al-rich inclusions is 
thin or absent in many places in 55 106, occasionally placing 
individually distingu&abk Al-rich inclusions in direct contact 
i&h one another with no intervening divine. Others may be 
connected in the third dimension. Sometimes, irregularly- 
shaped islands of unzoned, Fe-poor olivine (Fo 98) are found 
inside a clinopyroxene zone sandwiched between spine1 zones 
These islands are probably fingers of the olivine mantle which 
intrude into deep pockas between individual Al-rich inclusions 
or behveen segments of a single, highly irregular one. Clusters 
of inclusions such as 55106 are found in many amoeboid 
olivine asgregates. The Al-rich inclusions comprising 55106 
are very similar in mineralogy and texture to spinel-pyroxene 

inclusions described by MACPHERSON er al. (1983) in the C2 
chondrite Murchison. 

Heavily &red type. In this type of Al-rich inchrsion, spine1 
and, rarely, perovskite are the only primary minerals. 55 I 15 
(Fig. IO) is a rounded, 80 pm-sized inclusion with a spine1 
corn. The spine1 is cavity-riddled and irregularly veined and 
embayed by ragged material similar to that found just inside 
the rim of lightly and moderately altered incl~ons. Fassaite 
is rare, as its absence defines the heavily altered type. When 
it occurs, it is attached to spinel. Ilmenite occurs as x1-3 grn- 
sized grains enclosed by the ragged material, and is probably 
also the phase that exists as a swarm of fine particles dispersed 
in and looking like an overprinted smear onto the ragged ma- 
terial. The ragged material is porous and frequently has the 
appearance of a bundled hay stack in which sub-parallel strands 
are 0.1-0.3 gm thick and 1-2 pm long. Around the core is a 
5 pm thick zone of ragged material which contains ilmenite 
only of the fine-grained type. Outside of this zone is an un- 
usually thin rim composed only of aluminous diopside, as if 
the inner fassaite rim found on lightly and moderately altered 
inclusions has been replaced by tagged material in this heavily 
altered inclusion. In places+ ragged material is in direct contact 
with olivine. The fine-grained ilmenite may also be an dter- 
ation product of fassaite while the coarser ilmenite.may have 
been derived from perovskite. Replacement of fassaite by a 
ragged-looking phyllosilicate was reported previously by 
JDOMINIK et al. (1978) in a fassaite-, fort&e&-, spinel-rich 
Allende inclusion. 

Some inclusions in the cluster 55 106 are of the heavily 
altered type (Fig. 9). As in 55 I 15, ragged material with ilmenite 
spots is sandwiched between the spinel-rich cores and the thin, 
aluminous diopside rims of these inclusions, and also embays 
and veins the cores. Comparison of these inclusions with the 
moderately altered members of 55106 shows that the total 
thickness of the band of ragged material and the aluminous 
diopside rim is approximately equal to the total thickness of 
the clinopyroxene rim in the latter inclusions (- 10 pm). This 
fact again suggests replacement of fassaite by the ragged ma- 
terial. 

As in the case of moderately altered inclusions, there are 
both spinel-rich and spinel-poor members of the heavily altered 
type, the latter being characterized by a higher proportion of 
melilite alteration products to spine1 than the former. In 
heavily altered, spine&or inclusions, nepheline shows similar 
textural relationships with spine1 and clinopyroxene to those 
in 55 107 and 55 108, the moderately altered, spinel-poor in- 
clusions, but the other melilite alteration products, anorthite 
and grossular, are missing from heavily altered ones, possibly 

RG. 6. BSE image of 55 102, showing fine-grained interior 
(top) and clinopyroxene rim (bottom) which has been parUally 
replaced by fine-grained ragged material containing fine il- 
menite grains. Abbreviations as used previously. 
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FIG. 7. BSE image of 55108, a moderately altered inclusion. In the core of this inclusion, like the mantle 
of 55101 (Fig. 2) elongated spine1 grains decorated with fassaite are separated by cavities and interstitial 
anorthite. feldspathoids, minor grossular and rare andradite (And). Near the pyroxene rim, fassaite is inter- 
grown with spine1 and contiguous with rim pyroxene in places. Note the thick olivine crust around this 
inclusion and the euhedral shaoes of the matrix olivine grains outside of the inclusion to the upper right. 
Other abbreviations as used previously. 

due to their greater degree of alteration. In heavily altered, 
spinel-poor inclusions. the ragged material surrounds irreg- 
ularly-shaped spine1 and clinopyroxene grains. Most of the 

FIG. 8. BSE image of 5 110 1, a moderately altered, spinel- 
rich inclusion, showing abundant cavities associated with fas- 
saite in its core. Bright specks are perovskite and ilmenite. 
Note the void-rich, ragged phyllosilicate at the contact between 
the core and clinopyroxene rim. Abbreviations as used pre- 
viously. 

clinopyroxene is Al-diopside rather than fassaite, again sug- 
gesting selective replacement of fassaite by the ragged material. 

Verv heavily altered type. Members of this type of Al-rich 
inclusion contain no melilite or fassaite and less than 10% 
spine1 by volume in their cores. Figure 11 shows an example. 
inclusion 55 11 I. Spine1 is embedded in a cavity-riddled matrix 
made mostly of the ragged material. Edges of spine1 grains 
are highly irregular and embayed by the latter material, as are 
rare. Ti-, Al-poor fassaite grains. Massive and fine particles of 
ilmenite are dispersed in the ragged material. Fine-grained 
olivine is sometimes found attached to spinel. The core is 
separated from a surrounding 5 pm thick, aluminous diopside 
rim by cavities. The Ti-, Al-rich clinopyroxene layer is missing, 
as in heavily altered inclusions. In another example, a cavity- 
riddled core made mostly of ragged material is crossed by a 
bridge of diopside which is connected at both ends to the 
inner wall of a diopside rim, again illustrating the relative 
resistance of diopside to alteration. 

Another type of very heavily altered inclusion consists 
mostly of olivine enclosed by feldspathoids, although relatively 
large (220 pm) members of this group also have discontinuous 
aluminous diopside rims. Frequently, feldspathoids also en- 
close spine1 and clinopyroxene grains attached to olivine. 
Nepheline is more abundant than sodalite. As the proportion 
of olivine to spine1 and clinopyroxene increases, olivine crystal 
faces become more well-developed (Fig. 12) and the aluminous 
diopside rims become thinner and discontinuous. As also seen 
in Fig. 12, this type of inclusion can coexist in the same olivine 
clump with small, moderately altered inclusions having spine1 
+ feldspathoids f clinopyroxene cores and diopside rims. A 
continuous variation observed between these two inclusion 
types suggests replacement of spine1 and pyroxene by olivine 
and feldspathoids. 

Small (~5 pm), monomineralic nepheline inclusions are 
distributed throughout the olivine clumps, usually at olivine 
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FIG. 9. BSE image of 55 106, a cluster of moderately and heavily altered, spinel-rich inclusions which are ’ 
frequently in direct contact with one another. Rims of clinopyroxene. grading outward from fasJate to 
diopside, enclose cores of nodular or banded spine1 in the middle of the cluster. Three inclusions on the far 
left have spinel-rich cores enclosed by ilmenite (bright)-laden, ragged material which is enclosed by diopside. 
The ragged material embays and veins the core in one of these. Occasionally, forsteritic olivine (Fo) is 
enclosed within pyroxene rims. Other abbreviations as used previously. 

grain boundaries and sometimes with specks of aluminous 
diopside attached to the inner wall of the surrounding olivine. 
These may be very heavily altered inclusions in which sec- 
ondary olivine simply became intergrown with olivine in the 
surrounding clumps and in which even the aluminous diopside 
rims were altered to olivine and nepheline. 

Hedenbergite-rich assemblage 

Hedenbergite is the predominant phase in this assemblage. 
Andradite is ram. The remaining phases are enclosed within 
hedenbergite as small (~20 pm), irregular patches. 8alitic py- 
roxene (En 45-38 Fs 3-9 Wo 53-47 with l-3% A&OS) is the 
second most abundant phase in most places but is more 
abundant than hedenbeqite where the assemblage tills cavities. 
In those cases, hedenbergite tends to line cavity walls and 
salite fills the centers. An intergrowth of unzoned olivine (Fo 

FIG 10. BSE image of 55 115, a heavily altered inclusion, 
showing its spinel-rich core embayed and veined by ilmenite 
(brigbt)_bearing ragged material which also encloses the entim 
core and is enclosed, in turn, by a very thin, discontinuous 
clinopyroxene rim. Abbreviations as used previously. 

- 90) with less abundant nepheline is often enclosed by hed- 
enbergite. Occasionally, accessory metal (-N&Few) and 
pentlandite are found within salitic pyroxene and olivine. An 
important feature common to all occurrences of this assem- 
blage is that it shows sharp boundaries against olivine (Fig. 
I I). Although it decorates outer surfaces of olivine clumps 
and lines cavities within them, it is never intergrown with 
olivine. 

Matrix 

As seen around the Al-rich inclusion in Fig 7 and the cluster 
in Fig. 9, the matrix of amoeboid olivine aggregates is com- 
posed predominantly of poorly-sorted (Cl-40 rm) olivine 
grains. Some of the largest grains are angular to subrounded, 
polycrystalline aggregates in which individual olivine crystals 
are zoned from FeO-poor cores to FeO-rich rims. These are 
strikingly similar to olivine grains comprising nearby olivine 
clumps (Fig. 7), as are smaller, angular, FeGrich, unzoned 
olivine grains in the matrix (Fii 7, left). The matrix contains 
lesser amounts of feldspatboids (Fit 9, dark) as angular grains 
reaching 30 pm in length and oRen enclosing elongated ohvine. 
Lumps containing the hedenbergite-rich assemblage (Fii. 9, 
bright) are common, metallic nickel-iron (-NiiFe& and 
pentlandite minor and calcium phosphate and chromite-rich 
spine1 rare constituents of the matrix. All of these angular 
matrix constituents also occur as parts of olivine clumps or 
attached to them, suggesting that the matrix of amoeboid ol- 
ivine aggregates could have forma at Least in part, by frag- 
mentation of ol,ivine clumps. Indeed, the textural similarity 
and proximity of angular, polycrysmlline olivine clasts to ol- 
ivine inside clumps suggests that the former are pieces broken 
and removed a short distance away from the fatter. 

As pointed out by B~&M~minwt+ ef al. ( 1979), however, 
thereisanothertexturalcomponent inthematrixofamoeboid 
olivine aggregatea. It consists of relatively weBsorted, loosely- 
packed, randomly~ented plates of relatively F&rich divine 
mixed with lesser interstitial feldspathoids. These plates are 
elongated, reach 5- 15 pm in length and resemble those com- 
prising the matrix of Allende and Layer III of accretionary 
rims around coarsagrained Allende inchrsions in both mor- 
phology and composition. This type of matrix is seen at the 
top of Fig. 7, adjacent to the poorly-sorted matrix. 
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FIG. 11. BSE image of 55 11 I, a very heavily altered inclusion, showing porous core made mostly of ragged 
material, highly irregular spine1 grains and ilmenite. Abbreviations as used previously. 

MINERAL CHEMISTRY 

Primary minerals 

Melilite. Melilite occurs only in the cores of the 
lightly altered inclusions 55 101 and 55102. Analyses 

are shown in Table 1. In 55 101, it ranges in compo- 
sition from Ge 85 to Ge 96, with an average of Ge 92, 

FIG. 12. BSE image of 5 I I 13-1, a very heavily altered in- 
clusion (upper left), and 5 I I 13-2, a moderately altered one 
(lower right) inside the same olivine clump. Olivine-feldspa- 
thoid inclusions like 5 1 I 13- 1 are very abundant. Note the 
euhedral olivine in 5 1113- 1 and the aluminous diopside rim 
around 5 I I 13-2, separating it from the surrounding, massive 
olivine. Abbreviations as used previously. 

and in 55102, from Ge 92 to Ge 98. with an average 
of Ge 95. KORNACKI and WOOD (1985) showed that 
gehlenitic melilite is characteristic of spinel-rich objects 
in Allende, including those inside amoeboid olivine 
aggregates. Gehlenitic melilite is also characteristic of 
fluffy Type A, Ca-, Al-rich inclusions (ALLEN el al., 
1978; MACPHERSON and GROSSMAN, 1984) and some 
refractory inclusions in Murchison, the BB and MUM 
inclusions of MACPHERSON et al. (1983). 

Melilite in 55 101 and 55102 is either very fine- 
grained (~2 pm) with a distinct chemical composition 
from one grain to another, or is coarser and chemically 
zoned, judging from analyses within l-2 Frn of each 
other which often show significantly different com- 
positions from each other, e.g. Ge 88 and Ge 94. 

The melilite also contains, in wt%, <.O l-22 (.06 on 
average) NazO, <.Ol-.03 (.Ol) K20, c.03 SczOx. 
<.04-.41 (.12) TiOz, <.02-.03 (c.02) VZ03, <.03-.06 
(c.03) CrZO,, <.02-.08 (c.02) MnO and .03-.19 
(.09) FeO. 

The NazO and Fe0 contents of melilite increase 
from the centers to the edges of the cores of these in- 
clusions, as shown in Fig. 13. Together with the pres- 
ence of feldspathoids as alteration products in these 
inclusions and the observation that spine1 in the man- 
tles is richer in Fe0 than that in the cores, this suggests 
that Na20 and Fe0 were introduced into melilite dur- 
ing alteration. No systematic differences in MgO and 
Ti02 contents were seen from center to edge. 

Clinupyroxene. Fassaite occurs in the interiors of 
lightly altered and moderately altered inclusions, and 
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NszO 

Ml30 

A’203 

SiO2 

K20 

CXO 

SC203 

TiO2 

“203 

cr203 

MnO 

Fe0 

Total: 

Nfl 

% 

Al 
Si 

K 

Ca 

SC 

Ti 

V 

0 

Mn 

Fe 

Totah 

0.08 0.04 0.17 0.01. <O.Ol 0.01 0.02 <O.Ol 

0.82 0.64 1.21 0.85 27.80 22.86 26.56 0.06 

34.98 35.73 33.83 34.17 70.92 68.40 70.03 0.25 

23.21 22.98 24.10 22.38 0.04 0.05 0.07 0.03 

0.02 0.01 (0.01 0.02 0.02 0.03 0.02 0.02 

40.06 41.t5 40.52 39.94 0.07 0.13 0.12 40.04 

co.03 <0.63 co.03 <0.03 <0.03 <0.03 (0.03 0.03 

0.41 0.18 co.04 0.12 0.26 0.33 0.06 56.78 

0.02 0.03 <0.02 <0.02 0.11 0.14 0.13 0.05 

co.03 (0.03 <0.03 * <0.03 0.11 0.23 0.20 co.03 

(0.02 0.04 co.02 0.02 <0.02 0.04 0.05 0.02 

0.13 0.10 0.16 0.00 0.63 7.91 2.75 0.09 

99.73 100.93 99.99 98.19 99.96 100.13 too.01 97.37 

catiompk?rl4orygmlols 

0.014 0.007 0.030 --- 

0.111 0.086 0.164 0.118 

3.766 3.612 3.634 3.809 

2.120 2.080 2.197 2.080 

0.002 0.001 --- 0.002 

3.921 3.993 3.957 3.978 

___ __- ___ ___ 

0.028 0.013 --- 0.00a 

0.002 0.002 --- --- 

___ ___ ___ _“_ 

___ 0.003 --- 0.002 

0.010 0.008 0.012 0.006 

9.974 10.005 9.994 to.003 

=znLI= li=I==I=-_===l=====iisllf===_============= 

Mel = melilite 
sp = spine1 
Pv = perowkite 

also constitutes the inner layer of the c~nop~oxene 
rim of these inclusions. Aluminous diopside constitutes 
the outer rim layer in most Al-rich inclusions. 

Representative analyses are shown in Table 2. The 
pyroxene composition range is larger than that sported 
by GROSSMAN (1975) for pyroxene from Allende 
coarse-grained inclusions. As in the latter inclusions, 
cation sums for pyroxene in this study arc systemati- 
cally below 16 on the basis of 24 oxygen atoms when 
all Ti is calculated as Ti02, and become progressively 
smaller with increasing Ti content. These data suggest 
that 40-7096 of the total Ti in the pyroxene of amoe- 
boid olivine aggregates is trivalent, as in the case of 
coatse-graned incIusions. 

Clinopyroxene also contains, in w-t%, <.O l-.07 (.02 
on average) NazO, <.Ol-.05 (.02) I&O, <.03-&I (.06) 
Sc~03, <.02-.44 (.21) V,O,, <.03-.I 1 (&I) Cr203, 
<.02-.08 (.03) MnO and <.02-.74 (.27) FeO. V con- 
centrations correlate positively with those of Al 
and Ti. 

The clinopyroxene grains with the lowest Fe0 con- 
centrations, <.02-.lO wt%, are those in the cores of 
lightly altered inclusions. In these inclusions, clino- 
pyroxene in the mantles and rims contains more Fe0 
than that in the cores. No systematic difference in Fe0 

catit#ne?t4oxygutIolg 

--_ 
5.913 

11.926 

0.006 

0.003 

0.010 

-__ 

0.028 

0.013 

0.012 

-_- 

0.015 

17.986 

0.003 0.005 

5.022 5.706 

11.881 11.896 

0.007 0.010 

0.005 0.003 

0.020 0.018 

___ _-_ 

0.036 0.007 

0.017 0.015 

0.027 0.023 

0.005 0.006 

0.975 0.332 

17.998 18.021 

___ 
0.017 

0.055 

0.006 

0.004 

7.976 

0.006 

7.936 

0.008 

__- 

0.003 

0.015 

16.028 

content of clinopyroxene was seen between the cores 
and rims of moderately altered inclusions. 

Spine/. Spine1 occurs as a major phase in lightly, 
moderately and heavily altered Al-rich inclusions but 
as a minor, relict phase in very heavily altered ones. 
Representative analyses are given in Table 1. It is usu- 
ally close to pure MgAlzO,. The Fe0 content ranges 
from .07 to 12.10 wt9& the average of 63 analyses being 
3.96 wt%. As shown in Fii. 14, the Fe0 contents of 
spine1 grains increase substantially from the interiors 
to the exteriors of lightly and moderately altered in- 
clusions and the average Fe0 content of spine1 increases 
generally from lightly to heavily and very heavily al- 
tered types. 

The spine1 in lightly, moderately and heavily altered 
inclusions also contains, in wt9b, <.Ol-.03 (.Ol on av- 
erage)NazO,<.O1-.87(.15)SiQ,<.Ol-.03(.02)K20, 
.02-.57 (.15) CaO, <.03-&S 1.03) SczOs, <.04-.79 (.29) 
TQ, <.02-.75 (.23) V,O,, <.03-.93 (.21) Cr203 and 
<.02-.09 (.03) MnO. Although the Fe0 content does 
not correlate with the content of Si02, CaO, TiOz or 
VP,, there is a positive, but poor, correlation between 
Fe0 and Cr20a as observed by KORNACKI and WOOD 
(1985) in their Type 1B inclusions. Spine1 in very 
heavily altered inclusions is richer in CrzC&, ~0.9 wt%, 
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FIG. 13. (a) Na20 and (b) Fe0 contents of melilite in the 
centers, edges and regions intermediate between these locations 
in the cores of 55101 and 55102. 

than, poorer in CaO, co.2 w-t%, than and similar in 
TiOz to that in less altered inclusions. Some spine1 
analyses in the former inclusions are high in SiOz, > 1 .O 
wt%, but this may be due to contamination by sur- 
rounding olivine. 

Perovskite. Because of its scarcity and small grain 
size, only three analyses of perovskite were obtained, 
one of which is given in Table 1. Perovskite in the 
central cores of 5 5 10 1 and 55 102 is nearly pure CJaTiOJ 
with ~0.1 w-t% of every other oxide except A1203. One 
of these grains near the mantle of 55 102 shows extreme 
iron enrichment in its rim. 

Secondary minerals 

Grossular and anorthite. These phases coexist in 
lightly and moderately altered inclusions. Two analyses 
of each are shown in Table 3. 

Nine analyses ofgrossular showed, in wt%, .88-3.63 
(2.22 on average) Fe, .67-1.82 (1.24) MgO and .lO- 
.53 (.23) MnO. Although the analyses in Table 3 as- 
sume that Fe is divalent, the stoichiometry of calculated 
chemical formulae is improved if Fe is assumed to be 
trivalent. The grossular also contains <.Ol-. 17 (.06) 
NazO, <.Ol-.03 (c.01) KzO, <.03-.07 (c.03) SczO,, 

<.04-.28 (. 11) TiOz, <.02-.05 (c.02) V203 and <.03- 
.07 (.03) Cr20J. 

Ten analyses ofanorthite showed, in wt%, <.Ol-.59 
(.20 on average) Na20 and .I 1- 1.16 (.50) MgO. There 
is so little Na that it cannot be determined whether it 
exists as albite molecule or whether it is due to slight 
contamination by adjacent nepheline. The MgO con- 
tents reported here are very high for anorthite, even 
compared to the unusually high values, .005-. 13 wt%, 
obtained from high precision analyses of anorthite in 
AIlende Type B inclusions by HUTCHEON et al. ( 1978). 
For this reason, contamination of the present analyses 
by spine1 and/or clinopyroxene is suspected, although 
agreement with anorthite stoichiometry is no poorer 
for analyses with high MgO than for those with low 
MgO. The anorthite also contains <.O l-.04 (.02) K20, 
<.03-.04 (c.03) Sc203, <.04-.06 (c.04) TiOz, c.02 
V203, c.03 CrzO,, <.02-.05 (.02) MnO and .03-.28 
(. 16) FeO. There appear to be crude, positive corre- 
lations between Na, Mg and Fe concentrations. 

Nepheline. As discussed above, nepheline in lightly, 
moderately and heavily altered inclusions is an alter- 
ation product of anorthite which, in turn, was derived 
from melilite. In very heavily altered inclusions, 
nepheline is also an alteration product of spine1 and 
clinopyroxene. Matrix nepheline appears to be closely 
related to that in very heavily altered inclusions, as 
both frequently contain elongated olivine crystals. 

Representative analyses are shown in Table 3. 
Thirty-six electron probe analyses of nepheline from 
all of the above occurrences show, in wt%, 1.46-2.19 
( 1.80 on average) KzO and 1.23-2.27 (1.72) CaO, sim- 
ilar to values previously reported for nepheline in 
amoeboid olivine aggregates (GROSSMAN and STEELE, 
1976). Nepheline also contains x.01-.47 (.06) MgO, 
<.03-.06 (c.03) Sc20J, <.04-.08 (c.04) Ti02, c.02 
VzO,, <.03-.08 (.05)Crz0,, <.02-.45 (.03) MnO and 
<.02-.95 (.27) FeO. K/Na and Ca/Na ratios vary from 
grain to grain. The atomic Ca/Na ratios decrease from 
-.70 for grains in lightly altered inclusions to -.50 
for those in very heavily altered inclusions and in the 
matrix. 

The ragged material. This material occurs in all al- 
teration types of Al-rich inclusions and in the matrix 
of amoeboid olivine aggregates. X-ray diffraction pat- 
terns were made of samples excavated from those re- 
gions of amoeboid olivine aggregates TS55FI and 
TS43Fl known to contain Al-rich inclusions that con- 
tain relatively large amounts of ragged material. Aside 
from diffraction lines from olivine, diopside, nepheline, 
sodalite and spinel, several weak lines of at least one 
additional phase are present: 10.1, 7.3, 5.4,4.75,4.51, 
3.99, 2.93 and 2.67 A for the former and 10.2, 8.6, 
7.8,4.59 and 2.68 A for the latter. The - 10 A spacing 
is characteristic of mica and the - 7 A spacing is char- 
acteristic of a serpentine or clay mineral. The X-ray 
data thus suggest the presence of two phyllosilicates in 
the ragged material. As a further test for the presence 
of phyllosilicates, an AEI IM20 ion microprobe with 
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kit lnt Int Rim Rim Di Di 

Na20 (0.01 (0.01 0.03 (0.01 0.03 0.04 0.06 

wo 3.25 1.26 9.19 8.78 9.61 16.26 15.98 

A’203 27108 23.08 19.69 19.26 19.98 7.43 6.89 

SiO2 21.92 32.67 31.38 36.12 37.02 50.06 49.07 

KzO 0.03 (0.01 0.01 0.03 0.01 0.02 0.04 

cso 23.68 24.62 24.94 24.94 24.46 25.27 25.08 

sc2o3 0.60 0.03 0.05 0.07 0.06 (0.03 (0.03 

TiO2 22.22 11.60 7.90 9.88 7.80 0.13 0.95 

"2% 0.30 0.44 0.38 0.19 0.20 0.07 0.03 

Cr203 (0.03 0.08 0.03 0.06 0.03 0.04 0.05 

MnO (0.02 0.02 <0.02 (0.02 0.02 (0.02 (0.02 

Fe0 0.10 0.23 0.34 0.13 0.18 0.51 0.39 

TOUI: 99.18 100.05 99.94 99.46 99.40 99.83 98.54 

NEC 

Mg 
Al 
Si 

K 

Ca 

SC 

Ti 

V 

Cr 

Mn 

Fe 

Total: 

_-- 
0.742 

4.692 

3.359 

0.005 

3.869 

0.080 

2.561 

0.037 

___ 

_-_ 

0.013 

15.578 

catronsper24Orysen1lJm 

-__ 0.009 --- 0.009 

1.612 2.020 1.945 2.120 

4.040 3.422 3.374 3.485 

4.852 5.512 5.368 5.478 

___ 0.002 0.005 0.002 

3.917 3.940 3.971 3.878 

0.004 0.006 0.009 0.008 

1.296 0.876 1.105 0.868 

0.053 0.045 0.022 0.024 

0.010 0.004 0.007 0.004 

0.003 --- --- 0.003 

0.029 0.042 0.016 0.022 

15.816 15.878 15.822 15.901 

h-d = interior hssaite 
Rim = rim lass&c 
Di = aluminous diopside 

2 Lightly Altered Inclusions 
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FIG. 14. Fe0 contents of spine1 in various locations inside 
Al-rich inclusions. 

0.011 
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1.271 

7.265 

0.003 
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0.014 

0.008 

0.004 

--_ 

0.062 

16.086 

0.017 

3.510 

1.197 

7.230 

0.007 

3.959 

___ 

0.105 

0.004 

0.006 

___ 
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an -5 PA primary beam of 160- ions was used to 
determine directly the abundance of Hz0 in patches 
of the ragged material in very heavily altered inclusions. 
The instrument was operated at 20 keV and M/AM 
- 300. One per cent Hz0 was found. This is more 
than ten times the signal obtained from fine-gained, 
olivine-rich areas in Allende thin sections. The amount 
of Hz0 found is a very approximate value for two ma- 
sons. Because the -10 grn beam diameter is larger 
than the patches of ragged material, the analytical vol- 
umes contain some of the surrounding clinopyroxene, 
making the Hz0 determination only a lower limit to 
the Hz0 content of the ragged material. Also, ion yields 
may be significantly different in the phases in the ragged 
material from those in the amphibole used as a water 
standard. Nevertheless, water is definitely present, 
supporting the identification of the phases in the ragged 
material as phyllosilicates. 

Twenty-three spot analyses of the ragged material 
were obtained with the SEM and twenty-four by eleo 
tron microprobe. Examples of the latter are given in 
Table 4. The ragged material is rich .in MgO, A1203 
and SiOr , always contains r 1 wt% of each of Na20 
and KrO and has highly variable Fe0 and TiOl con- 
tents. The latter feature is probably due to variable 
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Table 3. Electron micrqxobe analyses of secondary phases 
in Al-rich inclusions in am&mid olivine aggregates 

An An Gr Gr Nt? Ne 01 01 Hd Hd 

Na20 0.05 0.24 to.01 0.07 17.70 17.70 0.02 0.05 0.02 <O.Ol 

MN 0.36 0.69 0.67 1.74 0.01 0.01 50.11 49.87 0.13 1.11 

A’z% 36.63 35.97 20.88 22.49 35.46 35.83 1.71 0.99 0.07 0.09 

SiO2 41.79 40.54 39.07 38.10 43.72 43.16 39.97 40.65 47.66 48.35 

K20 (0.01 0.04 <O.Ol 0.01 1.85 1.61 0.02 0.03 0.02 0.02 

ceo 19.64 18.36 34.97 33.79 1.56 1.73 0.22 0.16 23.22 23.04 

SC203 “.lL 0.04 “.a. “.B. (0.03 <0.03 (0.03 (0.03 (0.03 <0.03 

TiO2 (0.04 <0.04 0.05 0.14 (0.04 <0.04 (0.04 0.05 <0.04 <0.04 

v203 “.a. (0.02 Il.*. “.& Il.& “.B. (0.02 0.02 <0.02 <0.02 

Cr203 (0.03 0.03 <0.03 0.06 to:03 <0.03 0.03 (0.03 <0.03 <0.03 

MnO 0.05 <0.02 0.11 0.11 <0.02 0.06 0.10 0.06 0.15 0.14 

Fe0 0.03 0.18 2.63 1.13 0.34 0.19 8.33 8.15 27.25 26.63 

Total: 96.55 96.09 98.38 97.64 100.66 100.49 100.51 100.03 98.52 99.38 

Cations per 24 Oxygen km 

Na 

Mg 

Al 

Si 
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Ca 

SC 

Ti 

v 

Cr 

Mll 

Fe 

Total: 

0.012 0.067 

0.076 0.149 

6.092 6.134 

5.898 5.866 

___ 0.007 

2.969 2.846 

___ 0.005 

___ 0.020 4.632 4.842 

0.154 0.399 0.002 0.002 

3.788 4.074 5.887 5.956 

6.015 5.855 6.155 6.089 

-- 0.003 0.332 0.326 

5.768 5.564 0.235 0.261 

___ ___ --- --- 

0.006 0.016 --- --- 

___ ___ ___ ___ 

0.005 

10.860 

0.293 

5.811 

0.003 

0.034 

_-_ 

0.014 

10.840 

0.170 

5.927 

0.005 

0.025 

0.005 

0.003 

___ 

0.007 

0.994 

17.990 

0.006 --- 

0.032 0.272 

0.014 0.018 

7.971 7.967 

0.004 0.004 

4.162 4.068 

___ --- 

___ 
0.006 

0.004 

15.057 

0.003 
___ 

0.022 

15.099 

___ 0.006 --- --- 

0.014 0.014 --- 0.007 

0.339 0.145 0.040 0.022 

16.084 16.098 17.483 17.507 

0.003 

0.012 

1.013 

18.034 

___ -__ 
0.020 0.018 

3.812 3.670 

16.021 16.017 

LB. - not analyzed Ne - nepheline 
An - anorthite 01 - olivine 
Gr - grossular Hd - hedenbergite 

amounts of finely disseminated ilmenite in the ragged 
material. Before deriving chemical formulae for the 
ragged material, the maximum possible contribution 
of ilmenite to the Fe0 and TiOr contents was sub- 
tracted from each analysis. As a result of this process. 
which led to the subtraction of 0.25-4.5% ilmenite in 
most cases, most of the formulae contain no Ti. Prior 
to subtraction of ilmenite, analytical sums ranged from 
74 to 97% and averaged 88%. The low totals are partly 
due to the presence of Hz0 and partly to the high po- 
rosity of the analysed patches of ragged material. 

In the absence of accurate water determinations, 
chemical formulae were calculated from the anhydrous 
parts of the analyses of the ragged material on the basis 
of 22 oxygen atoms in order to see if analyses of this 
material correspond to those of a mica. Figure I5 is a 
plot of the number of Al cations vs. the number of Si 
cations calculated in this way. Also shown is a reference 
line connecting the compositions of the ideal mica end- 
members, phlogopite, KrMg&A12020(OH)4, and 
eastonite, K2Mg,A1SiSA130ro(OH)4. Most data points 
from this study lie close to this line, in a cluster 

stretched out along its length. This indicates that the 
ragged material may be composed largely of a mica in 
this solid solution series, although other phyllosilicates 
also exhibit this behavior. A sufficient number of Al 
cations was added to the number of Si cations to yield 
a total of 8 tetrahedral cations and the remaining Al 
was assigned to octahedral sites. All K, Na and Ca 
cations were assigned to the interlayer sites and the 
sum of the interlayer cations was plotted against the 
sum of the octahedral cations in Fig. 16. The com- 
position field of micas is also shown, extending from 
theoretical upper limits of 2.0 interlayer and 6.0 oc- 
tahedral cations to lower limits observed in metamor- 
phic rocks (GUIDOTTI, 1984) of 1.65 interlayer and 5.6 
octahedral cations. It is Seen that, by these criteria, 
only 20 of the 47 data points have chemical formulae 
within error of those for micas. With a mean atomic 
Fe/Mg ratio of 0.035, the phase represented by these 
analyses would be termed a phlogopite except for the 
very high atomic Na/K ratios, ranging from 0.93 to 
6.34 and averaging 2.9 ? 1.6. Although CARMAN 
( 1974) synthesized a pure sodium phlogopite at high 
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-4. Blcctranmirropobc~dUlemmedp)lylldliate 
in Al-rich indl&m in a-d divine -tea 

SAMPLE 37 45 46 so 30 54 

Na20 3.46 3.70 3.91 3.17 3.31 3.16 

W’J 20.53 20.31 23.10 28.36 23.17 21.24 

Al203 19.86 20.17 18.33 13.82 21.56 25.81 

SiO2 34.31 32.79 36.15 39.57 32.93 32.23 

Kz” 2.34 1.32 2.74 3.29 2.16 1.64 

cao 2.53 2.39 1.69 1.26 0.61 0.66 

SC203 0.12 (0.03 SO.03 0.07 <0.03 (0.03 

Tio2 =o.oo =o.oo =o.oo =o.oo <0.04 =o.oo 

VZ”3 <0.02 <0.02 <0.02 (0.02 <0.02 (0.02 

CrZ03 (0.03 0.47 <0.03 <0.03 (0.03 0.71 

MIIO <0.02 <o-o2 (0.02 (0.02 <0.02 0.07 

Fe0 0.16 0.96 0.85 1.99 2.16 2.79 

Subtotal 83.97 82.11 86.77 91.53 65.90 88.33 

flmenite 6.34 4.06 3.29 3.63 0.00 1.67 

TOW 90.31 86.17 90.06 95.16 85.90 90.00 

Mica: 100% 100% 100% 76.2% 64.7% 55.1% 

Si 5.29 5.16 5.40 5.65 4.98 4.13 

Al 2.11 2.04 2.60 2.35 3.02 3.27 

Total Tet 8.00 8.00 8.00 8.00 8.00 8.00 

Al 0.90 0.90 0.63 0.11 0.89 1.03 

Mg 4.12 4.76 5.15 5.66 4.66 4.55 

SC 0.02 0.00 0.00 0.01 0.00 0.00 

Ti 0.00 0.00 0.00 0.00 0.00 0.00 

V 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.06 0.00 0.00 0.00 0.08 

Mll 0.00 0.00 0.00 0.00 0.00 0.01 

Fe 0.10 0.13 0.11 0.22 0.25 0.33 

Total Ott 5.74 5.85 5.89 6.00 6.00 6.00 

Na 1.03 1.13 1.13 1.05 1.31 1.36 

K 0.46 0.26 0.52 0.12 0.56 0.47 

Ca 0.42 0.40 0.27 0.23 0.13 0.16 

Total lnt 1.91 1.79 1.92 2.00 2.00 2.01 

Chlorite: =096 10% =o% 23.8% 35.3% 

Si 1.80 1.58 

Al 0.20 0.42 

Total Tet 2.00 2.00 

Al 0.31 0.74 

w 2.53 2.00 

SC 0.00 0.00 

Ti 0.00 0.00 

V 0.00 0.00 

Cr 0.00 0.00 

Mi-l 0.00 0.00 

Fe 0.10 0.10 

Total Ott 2.94 2.84 

44.9% 

1.51 

0.49 

2.00 

1.03 

1.54 

0.00 

0.00 

0.00 

0.03 

0.00 

0.11 

2.11 

temperatures, this phase hydrates at room temperature, The remaining 27 data points on Pii 16 lie outside 
losing its 10 A d-spacing. !kHREYER et al. (1980) re- of the mica field. Of these, the 8 anaiysee whose Na 
ported terrestrial sodium phlogopite with Na/K ratios + K + Ca > 2.1 may be affected by contamination 
from 7 to 30. Those workers reported no X-ray data with intergrown clinopyroxene, as their CaO contents, 
but their analytical totals am consistent with one of 0.91-3.69% (average 1.89 it 0.85%) tend to be higher 
CARMAN’S ( 1974) low-temperature hydration products than those of the other analyses, 0.20-2.848 (average 
Perhaps the phase reported here is a Na-rich phlogopite I. 11 + 0.65%). Eighteen of the data points on Pii 16 
which, unlike either CARMAN’s (1974) phase or the have calculated sums of octahedral cations between 
precursor to SCHREYER m al.3 (1980) phase, is stable 6. I and 6.46 and total Na + K + Ca between 1 .OS and 
at room temperature because of its greater KrO con- 1.72. These cannot represent mica analyses, but the 
tent. way in which these and the mica points form a nearly 
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2.5- 

2*o- 6.0 
Cottons Si per 22 Oxygen Ions 

FIG. 15. The number of cations of Al vs. the number of 
cations of Si per 22 oxygen ions in the ragged phyllosilicate. 
The line connects the ideal compositions of the mica end- 
members, eastonite (E) and phlogopite (P). 

continuous, linear band on this figure suggests that the 
former points may represent mixtures of mica and a 
second phase. The second phase may be the additional 
phyllosilicate indicated by X-ray diffraction. The fact 
that the material whose analyses yield the latter points 
is texturally indistinguishable from that yielding the 
former ones could be explained if the second phyllo- 
silicate were interlayered with the mica. Evidence for 
such a mixture of phyllosilicates in Allende is the mixed 
layer mica and montmorillonite-like material reported 
by TOMEOKA and BUSECK (1982) in fine-grained in- 
clusions. 

Assuming that the 18 non-mica data points represent 
analyses of a mixture of sodium phlogopite and another 
phyllosilicate, the composition and amount of the latter 
were calculated in the following way. For each point, 
a trial chemical formula was calculated for the bulk 
analysis on the basis of 11 oxygen atoms, as in a mica. 
The cations were then segregated from one another 
into two separate phases, each with a formula based 
on 11 oxygen atoms. In both phases, sufficient Al cat- 
ions were added to the Si cations to fill four tetrahedral 
sites and the remaining Al was added to all other tri- 
valent and divalent cations except Ca and assigned to 
octahedral sites. All K, Na and Ca were assigned to 
the interlayer sites of the mica which was assumed to 
have exactly one interlayer cation. All divalent cations 
in excess of the number required to fill 3 octahedral 

sites were assigned to the unknown phase. Any sepa- 
ration of charge so produced was balanced by ex- 
changing small amounts of Al from one phase with 
divalent octahedral cations from the other. The formula 
of the unknown phase was then recalculated on a 7 
oxygen basis, as would be done for an analysis of chlo- 
rite, (Mg, Fe, Al)& A1h05(OH).+, when the water 
content is unknown. The relative molecular propor- 
tions of these two phases are then calculated from the 
original bulk analysis corresponding to each of the 18 
data points. 

These calculations suggest that from 20 to 59% of a 
second phyllosihcate is present in the microprobe spots 
from which these 18 analyses came, the average being 
35 + 11%. The stoichiometry of this phase matches 
that of no known clay mineral but, when all Al in 
excess of that necessary to fill two tetrahedral sites is 
assigned to octahedral sites, the stoichiometric simi- 
larity of this phase to chlorite and aluminous lizardite 
(WICKS and PLANT, 1979) is clear: for the 18 analyses 
treated in this way, the sum of the octahedral cations 
ranges from 2.56 to 3.11, the average being 2.84 + 0.14. 
Some specific examples of the results of these mixing 
calculations are shown in Table 4. The first three col- 
umns show analyses typical of those which fall in the 
mica field of Fig. 16. The amounts of Ti02 and Fe0 
listed are those remaining after subtraction of the 
maximum ilmenite contribution which is also listed. 
The correspondence of the formulae calculated on the 
basis of 22 oxygen atoms to sodium phlogopite is clear. 
Although small amounts of the second phase could be 
present in these microprobe spots, the amounts were 
assumed to be zero since the analyses fall in the mica 
field. The last three columns of Table 4 show analyses 
that fall outside the mica field. The formulae for the 
mica and second phyllosilicate into which these anal- 
yses can be broken down are also shown, as well as the 
molecular proportions of these two phases required for 
mass balance when the end-members are expressed as 
one formula unit. Although the second phase is labeled 

5.0 5.5 6.0 6.5 
Totol Octohedrol Cof~ons per 22 Oxygen Ions 

FIG. 16. Total Na + K + Ca cations vs. total octahedral 
cations per 22 oxygen ions in the ragged phyllosilicate. The 
field of mica is outlined. 
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chlorite on the table, the observed 7 A d-spacing can 
be accounted for by either chlorite or aluminous seb 
pentine. Determining which of these phases is actually 
present would require detailed X-ray study of material 
relatively Free of non-phyllosilicates. 

It should be pointed out that decomposition of any 
one of these bulk analyses does not yield unique com- 
positions for the two components A mica could have 
been selected, for example, with specific proportions 
of cations in the tetrahedral or octahedral site or with 
total interlayer or octahedral cation sums less than the 
ideal values. In such cases, the relative amount and 
composition of the coexisting phase would be d&rent 
from that calculated above but the stoichiometry of 
this phase would, in most cases, still be that of a chlorite. 

The ragged material is chemically similar to but 
much lower in AlsO3 than the acicular phase observed 
in the anorthite-, feldspathoid-rich rims on Type A, 
coarse-grained, Allende inclusions (WARK and Lov- 
ERING, 1977) and may be related to the K@-rich, layer- 
structure mineral inferred by DOMINIK et al. (1978) to 
have replaced fassaite in an olivine-rich Allende inclu- 
sion. On the basis of HRTEM data showing variable 
basal fringe spacings between 10 and 15 A, TOMEOKA 
and BUSECK ( 1982) identified phyllosilicate surround- 
ing spine1 in an AIlende inclusion as a complex mixture 
of mica and montmorillonite, although no chemical 
analyses were presented. This could be the ragged ma- 
terial studied here, as the 15 A line could also be due 
to chlorite (but not Al-serpentine). COHEN et al. ( 1983) 
found a high-aluminum phyllosilicate, HAP, in inclu- 
sions in the C3 Mokoia. There, it forms the innermost 
rim layer around spinel, interior to a diopside layer. 
The similarity in its mode of occurrence to that of the 
ragged material studied here is parallelled by the sim- 
ilarity in composition between the two phases. The 
four analyses in that paper were recalculated on a 22 
oxygen basis and plotted on Figs. 15 and 16. One data 
point falls in the mica field, one plots with the two- 
phase data points of this study and two fall between 
the two regions. HAP, like the ragged material, may 
be a mixture of sodium phlogopite and a chlorite or 
aluminous serpentine in various proportions. Treated 
in an identical fashion to our analyses, COHEN ez al.3 
(1983) analysis which lies closest to our two-phase 
mixtures yields 46% chlorite with an octahedral cation 
sum of 2.55, which is just below the lowest value ob 
tamed in this study. Although COHEN et al. (1983) 
claimed that their X-ray diffraction data strongly sug- 
gest that HAP is predominantly phyllosilicates, none 
of the lines at d > 5 A so characteristic of these phases 
were found by them. They concluded that HAP may 
be a fine-grained mixture of phases, one of which may 
be Al-serpentine. FEGLEY and POST (1985) reported a 
phase with a formula similar to that inferred for HAP 
near the inner edges of Wark-Lovering rim sequences 
around spine1 in an inclusion in the C3 Kaba. Although 
no chemical analysis was given, TOMEOKA and BUSECK 
(1986) reported an approximate chemical formula for 
Mokoia HAP which is close to those of the two-phase 
mixtures of this study. They suggested that HAP may 

be a high-Al saponite and, beoause of the high alkali 
content, that the latter is intergrown with mica. Our 
analyses suggest that, if mica is present, the remaining 
material consistently has much higher ratios of non- 
tetrahedral to tetrahedral cations than saponite or any 
other smectite. 

The ragged material contains, in wt%, <.03-&i (.03 
on average) SczO3, <.02-.42 (.2l)V,O3, <.03-.71 (.26) 
Crz03 and <.02-.07 (02) MnO. 

Olivine. Olivine occurs in the cores of heavily and 
very heavily altered inclusions and is enclosed by feld- 
spathoids in the latter. It contains substantial iron (Fo 
80-92) and is unzoned. Seven electron probe analyses 
from very heavily altered inclusions show high (0.3- 
6.0%) A1203 which cannot be due to nepheline con- 
tamination because they also show low Na20 (~0.4%) 
and K20 (~0.1%). Cation sums are close to the ideal 
value for both olivine and spinel. This, together with 
the observation of occasional spine1 specks within as- 
sociated feldspathoids, suggests that the high A&O3 may 
be due to small spine1 grains enclosed by or attached 
to olivine. The olivine also contains, in wt%, .05-.50 
(.19 on average) CaO, <.04-.36 (.09) Ti02, <.02-.20 
(.08) MnO, <.03-.05 (c.03) 8~03, <.02-.03 (<.02) 
V203 and <.03-. 14 (.05) Cr203. 

Minerals in the hedenbergite-rich assemblage 

The results of energydisper&ve analysis of the phases 
in hedenbetgite-rich assemblages in olivine clumps and 
matrices of amoeboid olivine aggregates and in Wark- 
Lovering rims and accretionary rims (MACPHERSON 
et al., 1985) around coarse-grained inclusions are 
summarized in Table 5. Chemical characteristics com- 
mon to the phases of this assemblage in all of the ahove 
petrographic settings are that hedenbergite and an- 
dradite are nearly pure end-members, that wollastonite 
contains significant Fe0 but only traces of MgO and 
that Al203 contents of hedenbergite and wollastonite 
are much smaller (-0.5%) than those of diopside and 
salite (-2%). 

Ten electron probe analyses were obtained for hed- 
enbergite. They yield compositions in the range Hd 
99-93 Di l-7. Hedenbergite contains, in wt%, .l l- 
1.1 I f.57 on average) MgO, .04-.20 (09) AlrO3, .06- 
.I7 (.13) MnO, c.Ol-.05 (02) NasO, <.Ol-.04 (.02) 
K20, <.03-.04 (c.O3)!S~03, c.04 Ti4, <.02-.07 
(c.02) V@J and <.03-.05 (c.03) Cr203. 

DI!SCUsSION 

Alteration sequence 

Table 6 summarizes the mineralogical definitions of 
the different types of Al-rich inclusions in amoeboid 
olivine aggregates. Evidence that these inclusions are 
members of an alteration sequence is not limited to 
the correlation between the successive disappearance 
of those phases labeled primary with the successive 
appearance of those labeled secondary, but also in- 
cludes the textural intermlationships between primary 
and secondary phases documented above. Melilite, 
fassaite, spine1 and perovskite are the primary phases 



Sample TS55Fl 

Location A0a 

Diopside and Snlite 
E” 43.1 
Fs 6.1 
WO 50.2 

AL203 (wt %) 1.7 
50. of analyses 6 
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Table 5. Chemical compositions of minerals in hedenbergite-rich 
assemblies in variorrs Detrwmnhic setthus bv energy- 
diqa-&SEM endysi~ - - 

- 

Hedenbeqite 
E” 1.6 
FS 47.2 
WO 51.2 

Al203 (wt S) (0.1 
No. of analyses 12’ 

E” 0.4 
FS 2.5 
WO 97.1 

Al203 (wt %) 0.5 
NO. of analyses 3 

Andradite 
And 
Gr 

MgO (wt 96) 
Al203 (wt %) 
No. of analyses 

TSSlFI TS43Fl ‘TS59F1 TS24Fl TS34Fl TSlOFl TSlOFl 

A0.S A0* AOl3 W-L W-L AC R AC R 

43.5 44.6 46.1 29. 9 33.6 30.1 
4.3 6.4 2.8 17.5 13.8 16.0 

52.2 49.1 52.1 52.6 52.6 53.3 
2.2 1.8 3.6 1.8 CO.1 3.2 

2 2 2 2 3 5 

0 
48.1 
51.9 

0.2 

1.5 0 0 3.0 
45.0 50.0 49.2 45.0 
53.5 50.0 50.8 52.0 

0.2 (0.1 0.1 0.1 
1 2 1 8 

99.4 99.1 
0.6 0.9 

(0.1 (0.1 
0.1 0.2 

1 2 

0.3 
8.5 

91.2 
(0.1 

2 

99.6 
0.4 

(0.1 
<O.l 

2 

’ Includes 10 wavelength-dispersive, electron probe analyses 
Aoa - inside amoeboid olivine aggregate 
W-L - inside Wark-Lovering rim on coarse-grained inclusion 
Ac R - inside accretionary rim around coarse-grained inclusion 
En - enstatite 
Fs - ferrosilite 
\Yo - wollastonite 
And - endradite 
Gr - growl&r 

found in the cores of lightly altered inclusions which absent and spine1 has been replaced by either ragged 
contain no secondary phases. In the cores of moderately phyllosilicates or olivine and feldspathoids. In the rims 
altered inclusions, melilite is completely altered to of lightly, moderately and heavily altered inclusions, 
grossular and anorthite, and the anorthite, in turn, is the inner rim layer (fassaite) is partially or completely 
partially replaced by feldspathoids. Perovskite is also replaced by ragged phyllosilicates and ilmenite while 
partially replaced by ilmenite. In heavily altered inclu- the outer rim layer (aluminous diopside) is unaltered. 
sions, both melilite and fassaite are missing and ragged This suggests that Al-, Ti-rich clinopyroxene was more 
phyllosilicates and ilmenite have replaced fassaite. In susceptible to reaction than Al-, Ti-poor clinopyroxene 
very heavily altered inclusions, all primary phases are under the conditions of alteration of Al-rich inclusions. 

Table 6. Distribution of miner& in aluminum-rich 
inclmisions in amoeboid olivine aggregates 

Lightly Altered Moderately Altered Heavily Altered Very Heavily Altered 
Inclusions Inclusions ** inclusions Inclusions 

Melilite 
Primary Phases Fassaite 
in Core Spine1 

Peravskite 

-_- 
___ 

Secondary Phases --- 
in Core -__ 

___ 
___ 

___ 

Fwsaite 
Spine1 
Perovskite 

Anorthite 
Gr”ssuler 
Feldspethoids 
___ 

llmenite 

___ 
___ ___ 

Spine1 ___ 

Perovskite t --- 

-__ ___ 
___ ___ 

Feldspathoids Feldspethoids 
Ragged Phase Ragged Phase 
Olivine + Olivine 
llmenite llmenite 

Phases in Fsssaite + Ragged Fassaite + Ragged Ragged Phase + 
Inner Rim Phase + llmenite Phase + llmenite llmenite 

Phases in Diopside Diopside Diopside 
Diopside t. l 

) Absent in some cases 
l Only one layer is recognized as rim. 

l * Same phases in cores of moderately altered inclusions and mantles of lightly altered ones. 
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Furthermore, many very heavily altered inclusions re- 
tain an aluminous diopside rim, while spine1 in their 
cores is nearly completely altered either to ragged 
phyllosilicates or olivine + feldspathods. This indicates 
that spine1 was also more susceptible to reaction than 
aluminous diopside under these conditions. Even @.I- 
minous diopside is replaced by olivine and feldspa- 
thoids in very heavily altered inclusions which are rel- 
atively small. On this basis, the resistance of primary 
phases in Al-rich inclusions in amoeboid olivine ag- 
gregates to the secondary alteration process which has 
affected these objects increases in the order melilite, 
perovskite, fassaite, spinel, aluminous diopside. 

MACF’HERSON ef al. ( 198 1) gave strong evidence that 
clinopyroxene rims on coarse-grained inclusions re- 
sulted from alteration of melilite in the interiors of 
those inclusions. Although clinopyroxene rims on Al- 
rich inclusions in amoeboid olivine aggregates are very 
similar to those on c oamegmined inclusions, there is 
no evidence that the former are alteration products of 
melilite. Among moderately altered Al-rich inclusions, 
anorthite, grossular and feldspathoids (the secondary 
phases derived from melilite) are very minor constit- 
uents in the cores of the spinel-rich variety and are 
much more abundant in the cores of the spinel-poor 
variety. There is, however, no difference in the thick- 
ness of clinopyroxene rims between these two varieties, 
despite the inferred difference in the amounts of mel- 
ilite altered in the two varieties. 

Chemical fractionations accompanying alteration 

In this section, we discuss which elements were 
gained and lost during each alteration reaction docu- 
mented above. Aluminum is chosen for normalization 
as it is a major element in many of the phases involved 
and because it is very immobile in terrestrial metaso- 
matic processes. 

In the alteration of gehlenitic melilite to anorthite 
and grossular and subsequent alteration of anorthite 
to nepheline and soda&, all of the alteration products 
have higher Si/Al ratios than the starting material, in- 
dicating addition of Si during alteration. Relative to 
melilite, the Ca/Al ratio is lower in anorthite and feld- 
spathoids and higher in grossular. Combined with the 
observation that the total amount of anorthite and 
feldspathoids always exceeds that of grossular, this im- 
plies that Ca was lost. Examination of Tables 1 and 3 
shows that the Ti/Al ratios of anorthite, grossular and 
nepheline are lower than those of melilite. The Mg/Al 
ratios of anorthite and nepheline are lower than those 
of melilite, while those of grossular are slightly higher. 
Taken together, these data imply that Mg and Ti may 
have been lost during alteration of melilite. This is not 
certain, however, as it is not known whether extremely 
fine-grained, Mg-rich clinopyroxene is present such as 
that observed by TEM inside anorthite in areas of al- 
tered melilite in coarse-grained Allen& inclusions 
(BARBER et al., 1984). Because the melilite in the Al- 
rich inclusions studied here is so low in MgO and TiO, , 
only a small amount of such undetected pyroxene 

could accommodate the total amounts of these ele- 
ments that were released during melilite alteration. On 
average, Na/Al, K/Al and Fe/Al ratios are higher in 
anorthite and grossular than in melilite, implying in- 
troduction of Na20, &O and Fe0 during alteration 
of the latter. This is also indicated by enrichments of 
Na10 and Fe0 in melilite in the outer cores compared 
to that in the inner cores of lightly altered inclusions 
(Fig. 13). Addition of SiO, , NazO and Fe0 also caused 
alteration of melilite in Allende coarse-granted inclu- 
sions(MAck~~etal., 1981; WARK, 198l).During 
alteration of anotthite to feldspathoids in Al-rich in- 
clusions in the present study, it is clear that Na20, K20 
and Cl were added and CaO was lost, while the Si/Al 
ratio remained constant. Nepheline, the predominant 
feldspathoid, has a much lower Mg/Al ratio than an- 
orthite, suggesting removal of MgO during conversion 
of anorthite to feldspathoiids, again assuming that there 
are no tiny, undetected pyroxene grains present. During 
alteration of perovskite to ilmenite, CaO was removed 
completely and Fe0 was introduced. 

In Fig. 17, chemical compositions of fassaite and 
the ragged material (after correction for ilmenite) are 
plotted on the triangular diagram Ca + Mg + Fe-Al- 
Si. All data points for the ragged material fall in the 
same region of the diagram as those for fassaite from 
Al-rich inclusions, providing additional evidence that 
the ragged material is an alteration product of fassaite. 
In this diagram, the only difference in composition 
between the two materials is that the pyroxene points 
extend to higher and lower Al contents than those for 
the ragged phyllosilicates. The absence of ragged ma- 
terial with low Al203 contents is due to the fact that 
Al-poor clinopyroxene remains unaltered, according 
to textural evidence mentioned above. The absence of 
ragged material with Al contents greater than 35 mole% 
(of the total of the elements plotted in fig. 17) is prob- 
ably due to the scarcity of clinopyroxene with such 
high Al, the only such pyroxene compositions found 
in this work coming from only two Al-rich inclusions. 
Despite the fact that the ragged material has very low 
CaO/MgO ratios compared to fassaite, both materials 
have a similar range of (Ca + Mg + Fe)/(AI + Si) 
ratios. This implies that MgO and Fe0 substitute for 
CaO during transformation of fassaite to the ragged 
material. Evidence that Fe0 was introduced during 
this process is the much higher Fe/Al ratio of the ragged 
material (even after subtraction of ilmenite, Table 4) 
than the starting fassaite (Table 2). Several data points 
for the ragged material plot outside the pyroxene field 
in Fig. 17, possibly because of a small amount of 
nepheline contamination or because of removal of 
slightly more CaO than the amount of MgO + Fe0 
added during alteration. Na20, KzO and Hz0 are also 
introduced during alteration of fassaite to the ragged 
material. 

Based on the fact that Fe0 and CrzOs ‘contents of 
spine1 generally increase with increasing alteration in- 
tensity of Al-rich inclusions and with increasing dis- 
tance from the centers of individual inclusions, these 
oxides must have been introduced into spine1 during 
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Ca+Mg+Fe 

The Ragged Moteriol 

Al Si 

Co+Ma*Fe 

Cltnopyroxene 

Al Si 

FIG. 17. Comparison of the atomic compositions of primary clinopyroxene and ragged phyllosilicates 
(after correction for ilmenite) in Al-rich inclusions in amoeboid olivine aggregates. ~P--CaTii206; CaTs- 
&A12Si06 ; T3P-CaTiA1Si66 ; Di-CaMgSi206. 

alteration. If A&O3 was immobile during alteration, 
MgO must have been removed because the MgO/AlrOr 
ratio of spine1 decreases as Fe0 increases. If spine1 alone 
were altered to the ragged phyllosilicates, addition of 
Si02, MgO, H20, alkalis and a small amount of CaO 
is required to account for the bulk composition of the 
ragged material. Because CaO was removed in the other 
alteration reactions, it seems more likely that CaO was 
provided by clinopyroxene which participated in the 
spine1 alteration reaction than that CaO was introduced 
from the outside. The relative absence of Al-poor rag- 
ged material mentioned above may also be explainable 
by simultaneous alteration of some Al-poor clinopy- 
roxene and spinel. 

It is clear that NarO, KrO and Cl were introduced 
during alteration of spine1 and aluminous diopside to 
form the olivine and feldspathoids assemblage seen in 
very heavily altered inclusions. In moderately altered 
inclusions inside the same olivine lumps as very heavily 
altered inclusions, aluminous diopside is more abun- 
dant than spinel. The spine1 and aluminous diopside 
assemblage thus has a Ca/Al atomic ratio > 0.3 (Tables 
1, 2), while that of the feldspathoids which replace it 
is ~0. I, implying loss of CaO in this process. 

Conditions of alteration 

The anorthite + grossular + feldspathoids that re- 
placed melilite in mantles of lightly altered inclusions 
and cores of all others in amoeboid olivine aggregates 
is reminiscent of the secondary alteration product as- 
semblage that formed from melilite in Allende coarse- 
grained inclusions. Both assemblages may have formed 
in the same process under similar physico-chemical 
conditions. GROSSMAN and STEELE (1976) suggested 
that alteration products in amoeboid olivine aggregates 
formed by reaction between refractory Ca-, Al-rich 
minerals and the cooling solar nebular gas and, because 
feldspathoids occur in the alteration products, proposed 
that the reactions took place below 900 K. ALLEN et 

al. (1978) argued that alteration of coarse-grained in- 
clusions also resulted from reaction with the solar neb- 
ular gas. HUTCHEON and NEWTON (1981) applied 
thermodynamic calculations to coexisting phases in 
an Allende Type B inclusion and concluded that al- 
teration of melilite + anorthite to form secondary 
grossular + monticellite began at 958 K. 

Olivine immediately surrounding Al-rich inclusions 
is usually not in the form of loose aggregates of crystals 
but rather is massive, suggesting that it nucleated on 
Al-rich inclusions during condensation instead of ac- 
creting around them after condensing elsewhere. Be- 
cause olivine condenses at a much higher temperature 
than the formation temperatures of grossular and feld- 
spathoids, the model of GROSSMAN and STEELE ( 1976) 
would require alteration of Al-rich inclusions to have 
occurred after olivine encased the latter, probably by 
penetration of the altering fluid along cracks and grain 
boundaries in the olivine mantle. Despite the intense 
alteration that resulted in formation of phyllosilicates 
inside Al-rich inclusions, however, olivine surrounding 
the inclusions has escaped serpentinization completely. 
The question arises as to how this is possible because 
the alternative, that olivine condensed around Al-rich 
inclusions after they were altered, would require very 
contrived circumstances. 

In order to address this question, thermodynamic 
calculations were performed on the dehydration re- 
actions of serpentine, chlorite and Na-phlogopite to 
see at what temperature each of these phases would 
become stable at a solar nebular water fugacity of 1 Om6. 
Dehydration reactions resulting in the most stable 
breakdown products are 

M&aSiwOss(OH)6z + 2oph%&)~)2 + 
antigorite 

34 MgrSi04 + 5 1 HrOt,, (A) 
forsterite 

for serpentine, 
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(Mg~A~OJShA&K&o@~h -*r M&Si,Oq 
orthoenstattte 

f MgA1201+ M&SiO, + 4 HzOtV) 
spine1 forsterite 

(B) 

for chlorite, and 

4 NaMg+lSijOldOH)2 -, 6 Mg2Si04 
Na-phlogopite forsterite 

+ 3 NaAlSiO, f NaAlSi5Oa f 4 H20rvt 
nepheline albite 

(C) 

for Na-phlogopite. 
For reactions (A) and (B), for which the standard 

entropy, AS:, and free energy, AGF, of reaction can 
be caiculated readily at 298 K and 1 bar pressure, the 
~uilib~um temperature, T, at any other water firgac- 
ity, .&HP, can be calculated from the relation 

AGF-(T-298)A.!$+rrRTln fnfl=O WV 

where n is the number of moles of Hz0 in the balanced 
chemical reaction and R is the gas constant, if the vol- 
ume change of the solid phases in the reaction is ignored 
and if T is within a few hundred I( of 298 K. The 
assumed fHp comes from results of solar nebular con- 
densation calculations at temperatures below those 
where the sharp increase in PH&PH2 occurs (GROSS- 
MAN, 1972). Using thermodynamic data for antigorite 
Tom HELGESON et d (1978) and for all other phases 
from ROWE ef al. (1978), the ~~~b~urn temperature 
for amigorite is 274 K. Using data from JENKINS and 
CHERNOSKY (1986), the temperature for clinochlore 
is 328 K. The maximum possible error for the cli- 
nochlore temperature was calculated to be +26’, a 
value assumed to be representative of the error on the 
~~~b~urn tem~mtu~ for all three reactions. 

For reaction (C), neither the free energy nor the en- 
tropy of Na-phlogopite are known at 298 K and 1 bar, 
so a different approach was used. The equilibrium 
curve for reaction (C) passes through T = I 113 K and 
P = 400 bars. The standard free energy of reaction was 
calculated at this temperature from 

AG: = -A@P-4RTln fHp. (El 
Using the molar volume for Na-phlogopite from CAR- 
MAN ( 1974) and for all other phases from ROBE et al. 
(1978), AGF = -2173455. From this, the free energy 
of reaction, AG,, at fHp = 10” and any tem~mtu~ 
can be calculated from 

s 

r 
AG,=AG;(1113)- AS’*“‘dT 

1113 r 

+4fG~“-G~~~)+4RZ’ln 10V6 (F) 

where A$“’ is the standard entropy change of the 
solids in the reaction and Gr,$ is the free energy of 
formation of water vapor at 1113 K if the volume 
change of the solid phases in the reaction is ignored. 
The entropy of formation of Na-phlogopite was esti- 
mated at several temperatures in the range 400- 1 OC@ 
K in order to calculate A$‘*. This was done by as- 
suming that its entropy was the same as that of fluor- 

phlogopite, plus the difference in entropy between 
Mg(OHh and MgFz, plus the difference in entropy 
between NaOH and KOH, using data fkom ROBIE et 
af. (1978). Entropies of formation of all other solid 
phases and the free energy of water vapor were taken 
fmm ROBIE et al. ( 1978) and the free energy of reaction 
(C) was calculated from (F) over the temperature range 
400-800 K. The temperature at which the calculated 
free energy of reaetion at fHfl = IO+ becomes zero, 
i.e., the ~uilib~um temperature, is 470 K. 

These calculations suggest that, in the solar nebula, 
Na-phlogopite would have formed from its most stable 
dehydration products if the temperature were below 
470 K. In Al-rich inclusions in amoeboid olivine ag- 
gmgates, however, Na-phlogopite formed from fassaite 
and spinel, an assemblage less stable than forsterite 
+ nepheline + albite + water. This means that the Na- 
phlogopite reaction could have occurred at T r 470 
K, assuming that the phase relations are unaffected by 
the K20 contents of the actual mica observed. 

Retrograde alteration of mica to chlorite is a com- 
mon feature of terrestrial rne~rno~i~ rocks. VEBLEN 
and FERRY ( 1983) illustrated the results of this process 
in which layers of biotite unit cells are intergrown with 
layers of chlorite unit cells in a direction parallel to 
then c axes. VEBLEN ( 1983) also showed similar inter- 
growths of Al-rich chlorite with the Na-mica wonesite, 
N(Na.BK.15) (M~.3~e.?8Ti.o7~.6~) (~,.5~.,7~~OH, 
F), . It is possible that the ragged material studied here 
is similarly intergrown Na-phlogopite and Al-rich 
chlorite and that the chlorite formed from the Na- 
phlogopite in a similar secondary alteration process, 
The above calculations show that clinochlore reacts to 
form its most stable dehydration products at 328 K in 
a solar gas. Because Na-p~~opite is less stable than 
the assemblage orthoenstatite + spinet + forsterite 
+ H20, however, clinochlore might be expected to 
form from Na-phlogopite at a slightly higher temper- 
ature than this. Assuming that the composition differ- 
ence between clinoehlore and the actual chtorite ob- 
served has little e&et on the phase relations, secondary 
alteration of Na-phlogopite to chlorite probably oc- 
curred at a temperature 2328 K, less than the for- 
mation temperature of the Na-phlogopite. 

Finally, alteration of forsterite in amoeboid olivine 
aggregates to antigorite + brucite would not have oc- 
curred until the temperature of the solar nebular gas 
felt to 274 K, below the formation temperatures of 
both Na-phlogopite and chlorite. Thus, it is possible 
that fassaite and spine1 in Al-rich inclusions underwent 
hydration reactions with the solar nebular gas to form 
Na-phlogopite and that the latter continued to react 
to form chlorite without attendant ~~tini~~on of 
olivine if solids remained in equilibrium with the gas 
in the temperature range 328-470 K but stopped 
equilibrating with it before the temperature fell to 274 
K. Note that during aqueous alteration in a parent 
body, a process often invoked to account for phyllo- 
silicates in carbonaceous chondrites (MCSWEEN, 197% 
the activity of HrO woutd have been hi enough to 
convert both fassaite and forsterite to phyilosiiicates, 
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Clearly, aqueous alteration was not the process whereby 
fassaite of Al-rich inclusions was hydrated. 

Another question is why the atomic Na/K ratio of 
the meteoritic mica, 0.93-6.34, is so much higher than 
that of phlogopite-biotite solid solutions found com- 
monly in metamorphosed pelitic rocks on the earth, 
50.06 (GUID~ITI, 1984). The answer is probably re- 
lated to the different bulk compositions of the systems 
in which these phases originated. Pelitic rocks have the 
compositions of shales, the average atomic Na/K ratio 
of which is -0.6 (TUREIUAN, 1972). If, as is assumed 
above, the meteoritic phlogopite formed by reaction 
of Al-rich phases with the solar nebular gas, the alkalis 
would have been derived from a system of solar com- 
position, in which the atomic Na/K ratio is - 15.1 
(ANDERS and EBIHARA, 1982). Thus, the meteoritic 
mica may have a higher Na/K ratio than its terrestrial 
counterpart becausethe system from which the former 
crystallized had a higher Na/K ratio. 

Although melilite was replaced by anorthite + gros- 
sular + feldspathoids in mantles of lightly altered in- 
clusions and inner cores of moderately altered ones, 
fassaite was not replaced by phyllosilicates in these lo- 
cations. Alteration of fassaite occurred further from 
the centers of these inclusions, in the rims of lightly 
altered ones and outer cores of moderately altered ones. 
Both melilite and fassaite were altered in the cores of 
heavily and very heavily altered inclusions. This may 
be related to the greatly different sizes of these objects. 
Rates of diffusion and gas-solid alteration reactions are 
much lower at phyllosilicate formation temperatures 
than at the higher temperatures of grossular formation. 
This may have resulted in grossular formation at rel- 
atively large distances from the gas-solid interfaces of 
these objects, while phyllosilicate formation may have 
been restricted to a much narrower zone immediately 
beneath inclusion surfaces. Because of the relatively 
small sizes of heavily and very heavily altered inclu- 
sions, most fassaite in the latter lies within -50 pm 
of their surfaces. Because. lightly and moderately altered 
inclusions tend to be much larger, however, the only 
fassaite within 50 pm of the surfaces of these inclusions 
is that in their rims and outer mantles. Spine1 may 
have reacted to form phyllosilicates at an even lower 
temperature than fassaite, possibly accounting for the 
persistence of spine1 in cores of heavily altered inclu- 
sions, despite disappearance of fassaite. Very heavily 
altered inclusions are so small that both fassaite and 
spine1 are missing from their cores. 

KORNACKI and WOOD (1985) suggested that Al-rich 
inclusions formed by partial distillation of interstellar 
dust at high temperatures (> 1500 K). Because of the 
significant Fe0 content of spine1 in these inclusions, 
they argued for distillation in a much more oxidizing 
gas than one of solar composition, presumably to pre- 
vent reduction of Fe0 in the original interstellar dust. 
The data presented in this paper show, however, that 
the Fe0 content of spine1 increases with the degree of 
low-temperature alteration of its associated phases, 
both within individual inclusions and from one inclu- 
sion to another. This suggests that the Fe0 content of 

spine1 in these inclusions may have been vanishingly 
small originally and only increased in a later stage of 
low-temperature alteration, a situation which does not 
require a non-solar gas. 

CONCLUSION 

The primary phases of Al-rich inclusions in amoe- 
boid olivine aggregates underwent alteration reactions 
with the solar nebular gas. The simplest interpretation 
of our observations is that, as the temperature fell, 
melilite was the first primary phase to disappear, being 
replaced by grossular + anorthite + feldspathoids. 
Fassaite was the next primary phase to disappear, being 
replaced by a fine-grained mixture of ilmenite, Na-rich 
phlogopite and either chlorite or Al-rich serpentine. 
Spine1 was the last phase to be altered, forming either 
phyllosilicates or a mixture of olivine + feldspathoids. 
During alteration, SiOz, Na20, KrO, FeO, Cr203, HZ0 
and Cl were introduced from the nebular gas and CaO 
was lost. MgO may have been lost during the melilite 
reaction and added during formation of phyllosilicates. 
Thermodynamic calculations suggest that Na-rich 
phlogopite could have formed at -470 K and chlorite 
at -328 K at a water fugacity of 10m6, that of a gas of 
solar composition in this temperature range. The fact 
that ohvine surrounding Al-rich inclusions is not ser- 
pentinized indicates cessation of gas-solid equilibrium 
above 274 K. 
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