good solvent for itself. However, conjugat-
ed polymer films are typically prepared by
spin coating, which may kinetically trap
nonequilibrium ordered collapsed confor-
mations. The presence of such structure
could account for the experimentally ob-
served local chain-chain order and anisot-
ropy of such films (36, 37). However, such
order could also be produced by parallel
packing of chains from different polymer
molecules (5). Indeed, both types of chain-
chain packing may compete in the highly
heterogeneous and variable morphologies
of conjugated polymer thin films.
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Calcium-Aluminum-Rich
Inclusions from Enstatite
Chondrites: Indigenous
or Foreign?

Yunbin Guan,’ Gary R. Huss,?? Glenn J. MacPherson,’
ry
Gerald ). Wasserburg?

The primary mineral assemblages and initial 2°Al/27Al ratios of rare calcium-
aluminum~rich inclusions (CAls) from enstatite (E) chondrites are similar to
those of CAls from other chondrite classes. CAls from all chondrite classes
formed under oxidizing conditions that are much different from the reducing
conditions under which the E chondrites formed. Either CAls formed at an
earlier, more oxidizing epoch in the region where E chondrites ultimately
formed, or they formed at a different place in the solar nebula and were
transported into the E chondrite formation region.

CAls are refractory objects that make up <5
volume percent of primitive chondritic meteor-
ites [e.g., (/)]. They were among the first ob-
jects formed in the solar nebula ~4.56 billion
years ago and therefore bear important physical
and chemical information about the earliest
stages of solar system evolution. Previous stud-
ies demonstrated that CAls carry excesses of
26Mg compared with the average solar system
Mg (2, 3). These 2®Mg excesses correlate with
the Al/Mg ratios of the host minerals within
individual CAls and therefore are due to in situ
decay of the short-lived radionuclide 2°Al [half-
life (¢,,,) ~730,000 years] that was present in
the inclusions when they formed. Voluminous
data for CAls in carbonaceous (C) chondrites
(4) establish a canonical initial abundance ratio,
(?°Al”7Al),, for the early solar system of ~5 X
1075, CAls in ordinary (O) chondrites share
this same initial ratio (5). However, some rare
CAlIs from C and O chondrites formed with
little or no 2®All. Either those inclusions formed
several million years after most CAls (i.e., after
26Al had largely decayed), or 2°Al was hetero-
geneously distributed in the early solar system.

CAls from C and O chondrites share sim-
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ilar mineral assemblages and distinctive ox-
ygen isotopic features, raising the possibility
that CAls might have formed in a single
restricted region of the solar nebula (6). A
way to test this interesting possibility is to
study CAls from E chondrites. E chondrites
have distinctive mineral assemblages that
could only have formed under reducing con-
ditions (7), and they may have formed in a
different region of the solar nebula than C
and O chondrites. If CAls in E chondrites
share this distinctive reduced mineral assem-
blage and yet share the isotopic characteris-
tics of CAls in C and O chondrites, this
would indicate that refractory objects formed
in many different nebular locales from broad-
ly similar isotopic reservoirs. Such a result
would support the idea that 2°Al was widely
distributed in the early solar nebula. Alterna-
tively, if CAls in E chondrites are mineral-
ogically similar to CAls in C and O chon-
drites and lack the extremely reduced phases
of the host E chondrites, this would imply
that all CAls formed under similar condi-
tions, perhaps in a single region from which
they were broadly distributed.

Here, we report the results of a systematic
search for and Mg-isotopic analysis of CAls
in 26 polished thin sections of 14 unequili-
brated E chondrites. Seventy-two CAls >10
wm across and eight isolated hibonite and
spinel mineral fragments were identified by
x-ray area mapping of the thin sections ( Ta-
ble 1). These inclusions were studied by scan-
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ning electron microscopy (SEM); mineral
compositions were determined by electron
microprobe and SEM (8). CAls containing
mineral phases with high Al/Mg ratios were
chosen for Mg- and Ti-isotopic studies. Iso-
topic measurements were made with PAN-
URGE, a modified CAMECA ims-3f ion mi-
croprobe at Caltech, with standard techniques
©, 10).

The abundance of CAls varies greatly from
meteorite to meteorite. More than half of the E
chondrites we searched are virtually devoid of
CAls, whereas EET87746 and Sahara 97072
contain numerous inclusions (Table 1). All
CAls and Al-rich mineral fragments found in
this study are <120 pm in diameter, and the
majority are <50 um, consistent with previous
observations (/7). CAls in E chondrites are thus
smaller than their counterparts in C and O
chondrites, but their primary mineral assem-
blages are similar (/, 12). Most inclusions con-
sist of spinel and hibonite or spinel, pyroxene,
and plagioclase, with perovskite and Fe-Ni met-
al as common accessories (/3). One melilite-
bearing inclusion was found, and several inclu-
sions exhibit Wark-Lovering rims (/4). All in-
clusions show significant secondary processing.
The population of E chondrite CAIs thus differs
from those in other chondrite classes mainly in
terms of relative abundances of different CAI
types and the sizes of the inclusions (Z, 15).

The back-scattered electron photomicro-
graphs (Fig. 1) illustrate the diversity of CAls
in E chondrites. Inclusion E4631-1 (/6) from
EET87746 is a melilite-bearing CAI (Fig.
1A). It consists of densely intergrown spinel
and melilite with small (<5 pm), enclosed
grains of perovskite (CaTiO;) and the rare
mineral geikielite (MgTiO,). The melilite is
Al-rich (Ak,_,), with Na,0 and FeO <0.5
weight % (wt%) and TiO, <0.2 wt%. The
edges of melilite and spinel grains in E4631-1
are corroded in appearance and surrounded
by a fine-grained mixture of Na-rich second-
ary phases. Hibonite-bearing CAls are rela-
tively common among CAls from E chon-
drites. Inclusion E4640-1 from EET87746
(Fig. 1B) is an oblong CAI consisting of
intergrown euhedral hibonite blades (<5 X
10 wm), spinel, and abundant interstitial troi-
lite (~0.9 wt% Cr, ~1.8 wt% Ti, and <0.1
wt% Mn). A ~2- to 4-pm-thick Wark-Lov-
ering rim of aluminous diopside (1.5 to 6.5
wt% AlLO;, 2 to 4.2 wt% FeO) surrounds
most of the CAI Separating the rim from the
spinel-hibonite interior is a <5-wm-thick po-
rous zone consisting of fine-grained anhy-
drous Mg-Al silicate and sodalite. The most
common type of CAI in E chondrites (51 of
72 in this study) consists mainly of spinel
(e.g., S721-12; Fig. 1C). Pyroxene is a com-
mon additional phase, along with perov-
skite, troilite, and geikielite. These inclusions
are diverse in their size, morphology, texture,
secondary alteration, and mineral compo-
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nents. Some have well-defined Wark-Lover-
ing rims and others do not. Finally, inclusion
E4631-3 from EET87746 is a ~40-pm-diam-
eter microspherule consisting of two euhedral
hibonite grains enclosed in pyroxene, with
tiny crystals of perovskite enclosed in the
hibonite (Fig. 1D). Similar hibonite-bearing
microspherules have been found in C chon-
drites (15, 17, 18).

Before the current study, no evidence of
live 26Al had been detected in CAls from E
chondrites, and Ti (and Ca) isotopes had been
measured in only one hibonite-bearing inclu-
sion from Qingzhen (/9). In this study, we
measured Mg-isotopic compositions in 11 hi-
bonite-bearing inclusions or fragments from

ALHA77295, EET87746, and Sahara 97072.
Seven contain resolved excesses of radiogen-
ic 26Mg (=2*Mg*), and four others do not
(Table 2). The relatively large inclusion
E4640-1 has resolved 2Mg* excesses that
correlate with Al/Mg ratios and give an in-
ferred (**Al/27Al), of (3.3 *1.1) X 1073
(Fig. 2A). Because many of the CAls are
<50 wm across and their mineral phases are
<15 pm across, only one or two spots could
be measured on each CAI Nonetheless, two-
point (e.g., Fig. 2B) and model isochrons
(which assume normal 26Mg/?*Mg for the
low-Al phase) yield (*Al/?7Al), ratios ~5 X
10~5, the canonical value obtained from
many CAls in C and O chondrites (2—4).

Fig. 1. Back-scattered electron images of CAls in E chondrites. (A) A melilite-bearing CAl in which
melilite (Mel) and spinel (Sp) are altered to fine-grained Al-Mg silicate and sodalite. Gkl, geikielite;
Pv, perovskite; Cal, calcite. (B) A hibonite (Hib)-spinel inclusion with an incomplete Wark-Lovering
rim. Tr, troilite. (C) A spinel-pyroxene (Px) CAl containing Fe-Ni metal and a titanium sulfide ( TiS,).
(D) A hibonite-pyroxene (Px) microspherule.

Table 1. CAls and hibonite or spinel fragments in E chondrites. Mel, melilite; Hib, hibonite; Sp, spinel; Px,
pyroxene; Pl, plagioclase; Frag, Sp or Hib fragments.

No. of
Sample thin Mel-Sp Hib-Px Hib-Sp Sp-Px-Pl Frag Sum
sections
ALHAT77295 (EH3) 3 0 0 3 10 2 15
EET87746 (EH3) 3 1 1 10 14 1 27
MAC88136 (EL3) 2 0 0 0 1 1 2
PCA91020 (EL3) 2 0 0 0 4 0 4
Qingzhen (EH3) 6 0 0 2 6 1 9
Sahara 97072 (EH3) 2 0 0 4 16 3 23
Total 26%* 1 1 19 51 8 80

*One thin section from each of the following samples was searched, but no CAl was found: Abee (EH4), Adhi Krot (EH4),
GROY5517 (EH3), Indarch (EH4), Kota Kota (EH3), Parsa (EH3), PCA91085 (EH3), and PCA91238 (EH3).
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Fig. 2. Mg-Al isotopic systematics for three
CAls from E chondrites. (A) and (B) are hibon-
ite-spinel inclusions. (C) is the hibonite-pyrox-
ene microspherule that shows no resolvable
26Mg* excess. The (2°Al/,,Al), ratios are listed
on the plot for each inclusion.

Hibonite shows little or no sign of mass
fractionation of Mg isotopes, but spinel in
some cases is slightly enriched in heavy Mg
isotopes [Fy,, ~ 5.0 per mil (%o)]. The hibo-
nite-bearing microspherule, E4631-3, shows
no resolvable 26Mg* [(*°Al27Al), = 0.7 X
107°] (Fig. 2C) and no nonlinear isotopic
effects in Ti (errors = 4%o). Neither element
is mass fractionated. Ti-isotopic composi-
tions were measured in two additional inclu-
sions, E4640-1 and A9528-2, and no nonlin-
ear anomalies or mass fractionation effects
were observed.

The characteristic minerals of E chon-
drites constitute an unusual assemblage of
reduced silicates, sulfides, carbides, and ni-
trides that represents conditions so reducing
that normally lithophile elements such as Ca,
Cr, Ti, and Mn occur in sulfides (7, 20). Also,
substantial metallic Si is dissolved in the
Fe-Ni metal. Interpreted in terms of equilib-
rium condensation, the E chondrite mineral-
ogy implies a nebular C/O ratio >1 (20),
whereas the assemblages from C and O chon-
drites indicate a C/O ratio <1.

In contrast, the original mineral assem-
blages of CAls in E chondrites are not con-
sistent with such highly reducing conditions.
The minerals that crystallized when the inclu-
sions first formed include hibonite, melilite,
spinel, perovskite, pyroxene, and Fe-Ni met-
al. Mineral compositions are similar to those
in CAls from C and O chondrites (/3). The
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Table 2. Al-Mg isotopic data for CAls from E chondrites. Mg isotopes are typically reported as A values,

the deviation in %o relative to a standard composition: A™Mg = [("Mg/**Mg),, .. /("M&/**Mg).. ara
- 1] X 1000, where m = 25, 26.
Mineral F(Mg)t d%6Mg* 27Al/24Mg
E4640-1 (6Al/Z7Al), = (3.3 + 1.1) X 105
Hibonite —46 * 44 228 *+98 109 = 11
Hibonite —04=*33 1.7x72 212 =21
Hibonite 1.0£25 11.0 £ 56 517 £52
Spinel 70x25 —-08=*53 24 £0.2
Spinel 38*19 —25*42 25 +03
Spinel 50=*13 —-15*26 2.7 =03
E4631-3 (26Al/Z7Al), < 0.7 X 1075
Hibonite -09=*19 48 = 4.1 939 *94
Hibonite 04=*16 —-05=*35 839 +84
Pyroxene 02*12 05*19 28 0.3
Pyroxene —-53*x17 1.7x32 13.7 =14
E4642-2 (25Al/77Al), = (5.0 * 0.8) X 1075
Hibonite —39*25 30.1£56 89.9 *37
Spinel 38+1.0 —03=*20 45 +03
E4642-4 (26Al/Z7Al), < 1.0 X 1075
Hibonite —38=*22 —0.2* 49 76.1 =29
Spinel 56=* 15 —14=*32 4.7 *03
E4642-8 (5Al/Z7Al), = (5.4 + 1.7) X 1075
Hibonite 1417 10.1 =38 313 = 1.1
Spinel 32*14 —0.7*26 32 £03
E4642-12 (26Al/27Al), = (3.8 + 0.9) X 1075
Hibonite 0.6+ 117 15.7 £ 24.7 114+ 12
Hibonite —36*23 250+ 5.2 812 £26
E4642-15 (26Al/Z7Al), = (4.0 + 1.1) X 1075
Hibonite —3.7*40 19.4 £ 89 656 *39
Hibonite —42*28 209*63 750 = 3.1
§721-5 (2Al/77Al),, = (4.4 + 1.0) X 10~5
Hibonite —32*25 247+ 54 786 * 2.4
§722-9 (26Al/77Al), = (3.9 * 1.5) X 1075
Hibonite -0.7*x14 79* 3.0 282 =14
§722-13 (%Al/?7Al), = 1.5 X 107°
Hibonite -13*27 —05*6.2 518 +37
A9528-2 (2°Al/?7Al), = 2.5 X 107¢
Hibonite 06 * 46 —13.0 = 10.1 135+ 14
Spinel 05*+18 1.0*+37 2.7 £0.3

+The sample mass fractionation: F(Mg) = (A%2°Mg)
A?°Mg - 2 X A?>Mg. All errors are 2.

sample

Fe-Ni metal in S721-2 (Fig. 1C) contains
<0.2 wt % Si, whereas metal in the host
meteorite contains ~2.5 wt % Si. None of the
CAIs contain the reduced phases, oldhamite
(CaS) or osbornite ( TiN). Many CAls from E
chondrites experienced a secondary event
that deposited rims of aluminous diopside,
fine-grained aluminosilicates, and sodalite
(e.g., E4640-1) and sometimes resulted in
partial replacement of primary minerals such
as melilite by fine-grained, Na-rich alumino-
silicates (e.g., E4631-1). This second event
also occurred under relatively oxidizing con-
ditions, as shown by the high FeO content of
rim pyroxenes, and is also recorded in CAls
from C and O chondrites. We conclude that
the CAls in E chondrites formed under con-
ditions more oxidizing than those of the host
chondrites and similar to those of CAls in C
and O chondrites.

Al-Mg isotopic systematics of E chondrite
CAls are also similar to those of C and O
chondrites. The majority of CAls reported

- (A%*Mg)

in 26 i 6 _
standard *Excesses in 2°Mg are given by 52Mg

here formed with (*°Al27Al), ~ 4 to 5 X
1073 (Table 2), like CAls from C and O
chondrites (4). But, just as in C and O chon-
drites, some CAls lack 2*Mg*.

Although similar in primary minerals and
Al-Mg systematics to CAls from C and O
chondrites, CAls from E chondrites also car-
ry a very late-stage (post-rimming) overprint
of highly reduced minerals not seen in CAls
from other types of chondrites. Troilite con-
taining 2 to 7 wt% Ti occurs interstitially,
along cracks, and within voids in several
inclusions (e.g., E4640-1). In contrast, the
troilite in CAls from C and O chondrites is
typically Ti-poor [Ti << 0.1 wt% (/2)]. We
also observed a Ti sulfide in two CAls, al-
though the crystals are too small to determine
the stoichiometry. The Mg-Ti oxide, geik-
ielite, is an accessory phase in several of the
E chondrite CAls. In some cases, geikielite
rims and appears to be replacing perovskite
(Fig. 3A). The geikielite in turn is commonly
rimmed by Ti-rich troilite (Fig. 3B), suggest-
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Fig. 3. Back-scattered electron images showing the relations between perovskite (Pv), geikielite
(GKU), and Ti-rich troilite ( Tr). (A) Geikielite rims, and appears to replace, perovskite in E4631-1. (B)
Geikielite is rimmed by Ti-enriched troilite along the cracks in E4631-10, whereas a perovskite grain
is enclosed inside spinel (Sp).

ing that the order of formation was perov-
skite, then geikielite, and then troilite. Al-
though geikielite has been observed in a CAI
from the C chondrite Ninggiang (21), it is
typically not found in CAls outside of E
chondrites. We cannot determine unambigu-
ously whether the geikielite formed under
oxidizing or reducing conditions, but the rel-
atively common occurrence in E chondrites
implies that geikielite formation is favored by
reducing conditions. The replacement of gei-
kielite by Ti-rich troilite requires reducing
conditions. Therefore, we infer that the late-
stage conditions under which the sulfides in
these CAls formed were distinctly more re-
ducing than those under which the inclusions
originally formed.

Chondrites are aggregates of diverse mate-
rials, some of which (e.g., presolar grains)
clearly formed outside of the regions where the
chondrites accumulated. The question of inter-
est here is, are the CAls likewise “foreign” or
did they form by some special process in the
same general region where the chondrites ac-
creted? The special properties of E chondrites
provide clues to the answer. Their highly re-
duced mineral assemblage requires that E chon-
drites formed under conditions far more reduc-
ing than those experienced by other chondrites.
Yet, the primary minerals and mineral chemis-
try of E chondrite CAls suggest formation un-
der relatively more oxidizing conditions than
their host meteorites.

Two models might explain these seem-
ingly contradictory observations. The first
possibility is that all CAls formed by a
special process that occurred in many re-
gions of the solar nebula, including those
where the diverse chondrite types ultimate-
ly accreted. In this model, the (**Al/27Al),
ratios of ~5 X 107° observed in the E
chondrite CAIs reflect the local isotopic
composition of material in the E chondrite
formation region. This model requires that
the E chondrite accretion region was rela-
tively oxidizing at the time of CAI forma-
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tion and then evolved through time to a
much more reduced state. Circumstantial
support for such a model comes from the
presence in some unequilibrated E chon-
drites of chondrules that contain FeO-bear-
ing silicates in their cores but reduced phas-
es in their rims (22, 23). However, miner-
alogic properties and Al-Mg systematics
suggest that CAls from C, O, and E chon-
drites all formed under similar conditions
from material with similar isotopic charac-
teristics. It is this observation that leads to an
intriguing second model: All CAls formed
by a process that was unique to a single and
restricted region of the nebula, after which
the CAls were dispersed widely and un-
evenly (including sorting by size and type)
throughout the various chondrite accretion
regions. In this model, the CAls (and the
FeO-bearing chondrules?) are foreign to the
formation region of the E chondrites. For
example, Shu et al. (24) suggested that
CAls formed near the sun and bipolar out-
flow then carried them out into the wider
nebula. An important implication of this
type of model is that the inferred (*AIZ7Al),
ratios of CAls from C, O, and E chondrites may
not reflect the ratios where the chondrites ac-
creted. In both models, the characteristic re-
duced E chondrite minerals were superimposed
on earlier more oxidized assemblages by some
late-stage process.
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