Scanning Microscopy

Volume 3 | Number 1 Article 10

3-2-1989

Scanning Electron Microscopy of Chondritic Meteorites: Evidence
for Condensation and Aggregation Processes During the Birth of
the Solar System

Glenn J. MacPherson
Smithsonian Institution

Jeffrey N. Grossman
U.S. Geological Survey

Follow this and additional works at: https://digitalcommons.usu.edu/microscopy

6‘ Part of the Biology Commons

Recommended Citation

MacPherson, Glenn J. and Grossman, Jeffrey N. (1989) "Scanning Electron Microscopy of Chondritic
Meteorites: Evidence for Condensation and Aggregation Processes During the Birth of the Solar System,”"
Scanning Microscopy. Vol. 3 : No. 1, Article 10.

Available at: https://digitalcommons.usu.edu/microscopy/vol3/iss1/10

This Article is brought to you for free and open access by
the Western Dairy Center at DigitalCommons@USU. It

has been accepted for inclusion in Scanning Microscopy /[x\

by an authorized administrator of DigitalCommons@USU. /\

For more information, please contact fl ,()A]_ UtahStateUniversity
digitalcommons@usu.edu. ‘@~ MERRILL-CAZIER LIBRARY


https://digitalcommons.usu.edu/microscopy
https://digitalcommons.usu.edu/microscopy/vol3
https://digitalcommons.usu.edu/microscopy/vol3/iss1
https://digitalcommons.usu.edu/microscopy/vol3/iss1/10
https://digitalcommons.usu.edu/microscopy?utm_source=digitalcommons.usu.edu%2Fmicroscopy%2Fvol3%2Fiss1%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/41?utm_source=digitalcommons.usu.edu%2Fmicroscopy%2Fvol3%2Fiss1%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/microscopy/vol3/iss1/10?utm_source=digitalcommons.usu.edu%2Fmicroscopy%2Fvol3%2Fiss1%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/

Scanning Microscopy, Vol. 3, No. 1, 1989 (Pages 83-87)
Scanning Microscopy International, Chicago (AMF O'Hare), IL 60666 USA

SCANNING ELECTRON MICROSCOPY OF CHONDRITIC METEORITES:
EVIDENCE FOR CONDENSATION AND AGGREGATION PROCESSES DURING THE
BIRTH OF THE SOLAR SYSTEM

*Glenn J. MacPherson® and Jeffrey N. Grossman

2

1Department of Mineral Sciences, U.S. National Museum of Natural History,

Smithsonian Institution, Washington, D.C. 20560
27.S. Geological Survey, Mail Stop 990, Reston, VA. 22092

(202) 357-2260
(703) 648-6184

(Received for publication September 16, 1988, and in revised form March 2, 1989)

Abstract

Carbonaceous chondrite meteorites preserve evidence
of how the solar system formed and evolved through its
earliest stages. Extracting these clues from small and
very fine grained (a few tens of um and smaller in many
cases) meteorite components has required extensive use
of microbeam techniques—scanning electron microscopy
(SEM), electron and ion microprobe. Correlated stud-
ies have allowed textural, major and trace element and
isotopic data to be gathered on the same precious mi-
crosamples. The best method for examining textures
in these meteorites is scanning electron microscopy of
flat polished sections using compositional back-scattered
electron imaging.
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Introduction

The solar system formed 4.55 billion years ago from
a collapsing cloud of interstellar gas and dust. Our
present understanding of this ancient event derives from
a variety of sources, including direct observations and
sampling of other solar system bodies (e.g., the Moon),
dynamical properties of the solar system as a whole and
astronomical observations of young stars now forming.
Much information has been gained through the study
of meteorites because they are samples of primitive so-
lar system matter. Some, like iron meteorites and many
“achondrites”, are thought to be pieces of former small
moons or asteroids that were destroyed by collisions
with other bodies. Other meteorites, called chondrites
(so named for their most distinctive constituents, chon-
drules: spheroidal millimeter-sized bodies that formed
by solidification of molten silicate droplets), are aggre-
gates of primitive material that is probably preplane-
tary and represents the stuff from which planets first
accreted. Their formation ages (determined radiometri-
cally) cluster tightly around 4.5 billion years. They are
preserved because they were never buried deep within
moon- and planet-sized bodies where melting and meta-
morphism would have destroyed the original properties
of the primordial matter.

The most primitive samples of all include a subset
of chondrites known as carbonaceous chondrites (named
because they are carbon-rich, ~0.5-5.0 weight % car-
bon, relative to most other chondrites). Their bulk
compositions (elemental abundances relative to silicon)
approach the average composition of the sun exclusive
of the gaseous elements, and they contain isotopic and
chemical evidence not only for early solar system pro-
cesses but also for events predating the solar system.

Studies of carbonaceous chondrites and their con-
stituent inclusions over the past 15 years have provided
important constraints on theories of solar system forma-
tion. Much of this work would have been impossible 30
years ago because the necessary technology was not avail-
able. This review will highlight some of the results that
have been obtained through the use of scanning electron
microscopy to study the very fine grained components of
these meteorites.




Carbonaceous Chondrites: Clues to Ancient Processes

The Search for Nebular Condensates:
Refractory Components

Many researchers believe that one operative process
in the heterogeneous primitive solar nebula was conden-
sation of solid grains out of locally hot gas. Later accre-
tion of those grains led to the formation of larger bodies.
Theoretical models of condensation indicate that the first

solids to condense, at high temperatures, are refractory
(having very high volatilization temperatures) oxides and
silicates of Ca, Al, Ti and some trace elements such as the
rare earths, Zr, and Sc. At lower temperatures, Mg-rich
silicates, metallic iron-nickel alloy, sulfides and volatile-
rich compounds can condense (Lord, 1965; L. Grossman,
1972; Wood, 1988). Because of low total gas pressures in
the nebula (estimated to be <10~2 atm), condensation
probably proceeded directly from a vapor phase to crys-
talline solids without formation of an intermediate liquid
(Grossman and Clark, 1973).

Although many of the minerals found in chondrites
are indeed those predicted by the thermodynamic mod-
els, the texturally inferred relative sequence of mineral
formation and the compositions of some minerals (espe-
cially, the oxidized iron contents) are commonly at vari-
ance with predictions (e.g., Kornacki and Wood, 1984).
This observation, plus isotopic data (e.g., Clayton et al.,
1985), are evidence that most original condensate mate-
rial has been extensively melted, distilled and otherwise
altered since its formation. The examples described be-
low are some of the very few examples of grains in chon-
drites that are widely accepted as bona fide preserved
solar nebula condensates. Most of the other cases that
have been proposed are controversial.

L. Grossman et al. (1975) documented the first clear
evidence of condensation, in an inclusion from the Al-
lende carbonaceous chondrite. They examined broken
pieces of the very fine-grained inclusion (most crystals in
it are <20 pum in maximum dimension) with a scanning
electron microscope and found cavities lined with elon-
gate needles of nepheline (NaAlSiO4) and equant crystals
of grossular garnet (CazAl;SizO12). Allen et al. (1978)
found extraordinary needles of wollastonite (CaSiOg3) in
another Allende inclusion; similar needles are illustrated
here in Fig. 1. Many of these 1-2 um-thick wollastonite
needles have aspect ratios (L/W) of 50 or more. In each
of the above cases, the facts that the crystals have fully
developed shapes (unimpeded by neighboring crystals)
and project into cavities suggest that they formed by
crystallization from a fluid phase. Particularly in the case
of the wollastonite needles, however, the crystals have the
further attributes of “whiskers”—vapor-condensed crys-
tals produced in the laboratory, known for strength and
flexibility. Grossman et al. (1975) and Allen et al. (1978)
concluded that the nepheline, grossular and wollastonite
crystals condensed from a high temperature gas in the
solar nebula.

Armstrong et al. (1982) and MacPherson et al.
(1984) described inclusions with cores consisting entirely
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Figure 1. Secondary electron image of wollastonite
(Woll) needles lining a cavity in an inclusion from the
Allende carbonaceous chondrite (Smithsonian Specimen
No. USNM 3658).

of <10 pm-sized hibonite (CaAl;20;9) crystals having
well developed crystalline forms. Condensation calcu-
lations predict that hibonite is one of the first major-
element-bearing phases to solidify during the cooling of
a hot gas of solar composition, forming when the higher
temperature phase corundum (Al;03) becomes unstable
and reacts with the nebular gas. Corundum is very rare
in meteorites, but the compositionally similar mineral
hibonite is common. MacPherson et al. (1984) showed
SEM photomicrographs of an inclusion from the Murchi-
son carbonaceous chondrite in which tiny perfectly shap-
ed hibonite crystals sit loosely next to one another, with
no mutual intergrowths that would suggest in situ growth
together with their neighbors in a crowded environment;
the spaces between these crystals are entirely void. Thus,
although they are not whiskers, these tiny and well-
formed hibonites probably formed by condensation of
individual crystals from a vapor, and the inclusions con-
taining them formed by later aggregation of those grains.
Ion microprobe analyses of the trace element contents of
similar crystals (e.g., Hashimoto et al., 1986; Hinton et
al., 1988) reveal rare earth element abundance patterns
in which the two most volatile rare earths—europium
and ytterbium—are highly depleted relative to the other
rare earths; such a pattern is consistent with (but not
restricted to) formation by condensation. Fahey et al.
(1987) also used an ion microprobe to analyze a group
of hibonite crystals from Murchison whose textural set-
ting is unknown (they were separated from the meteorite
by mechanical disaggregation in the laboratory); some of
them have fractionated abundances of the rare earth el-
ements that can be explained easily only if the crystals
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are condensates (Boynton, 1975). Therefore, the mor-
phology and chemistry of some of these hibonite crys-
tals makes them strong candidates for preserved vapor-
condensate crystals from the early solar nebula.

Two comments on experimental techniques are note-
worthy. First, because of the necessity of analyzing the
chemical and isotopic compositions of individual small
crystals, correlated microbeam techniques are now rou-
tinely being applied to the same samples. This allows the
extraction of a maximum amount of information from
fine grained and precious material, and better constrains
possible origins of these very complex samples. Sample
examination and textural documentation (by SEM) is
followed either by energy dispersive or (where grain size
permits) wavelength dispersive quantitative analysis of
major elements in the constituent phases; finally, trace
elements and isotopes are measured using an ion micro-
probe. Examples of such correlated studies are those by
Clayton et al. (1984) and Hinton et al. (1988). The sec-
ond comment concerns the tremendous impact that com-
positional (as opposed to topographical) back-scattered
electron (b.s.e.) imaging has had on meteorite studies,
greater in fact than secondary electron imaging (s.e.i.).
Indeed, many SEM studies now use b.s.e. imaging almost
to the exclusion of s.e.i. In unravelling the complex chem-
ical and physical histories of meteorites and their compo-
nents, it is necessary to clearly understand the physical
and chemical relationships between the phases. For this
reason, most work is done on flat polished thin sections
rather than on rough broken surfaces; these sections pro-
vide (a) representative cross sections of the rocks and
(b) suitable and well documented samples for quantita-
tive analysis by ion or electron microbeam techniques.
Modern b.s.e. detectors can easily discern small differ-
ences (< 1) in mean atomic number and yet retain excel-
lent spatial resolution, allowing for different phases in a
given sample to be clearly distinguished and their interre-
lationships observed. Moreover, the usual s.e.i. problem
of charging along cracks is eliminated. It is fair to say
that b.s.e. examination of meteorite thin sections is no
longer considered a luxury; it is now a necessary method
of documentation which, considering the fine grain size
of many meteorite samples, has become more important
than light optical microscopy.

Accretion in the Nebula: Matrix and Dark Rims in
CV3 Chondrites, and the Unique Meteorite ALH85085

The matrices of certain types of carbonaceous chon-
drites, including Allende, consist mostly of elongate oli-
vine ([Fe,Mg|,Si04) grains less than 10 pm in maximum
size. Green et al. (1971) used high resolution TEM ob-
servations to show that the grains are well formed single
crystals. MacPherson et al. (1985) used SEM observa-
tions and electron microprobe analytical data to argue
that these matrix grains (and similar ones in rim struc-
tures surrounding inclusions in the same meteorite; see
below) originated as nebular condensate grains that later
aggregated together. Evidence for such an interpretation
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includes the tiny crystal sizes, crystal perfection, and
the absence of intergrowths between neighboring crystals
(thus demonstrating the independent formation of each
separate grain followed by later aggregation). However,
the case for these crystals being condensates is somewhat
controversial because their high oxidized iron contents
are difficult to explain by condensation theory; the crys-
tals may have experienced chemical alteration after their
formation.

Early descriptions of the Allende chondrite (e.g.,
Fruland et al., 1978; Grossman, 1975; King and King,
1981) noted that various kinds of clasts and inclusions
within it have dark mantles surrounding them. MacPher-
son et al. (1985) examined such dark mantles around re-
fractory inclusions in Allende and found that: (a) the
mantles are layered; (b) the minerals within each layer
are commonly not in chemical equilibrium with one an-
other; (c) the constituent grains are well formed sin-
gle crystals showing no intergrowths with neighboring
grains; (d) overall mantle thickness and individual layer
thicknesses are extremely variable and controlled by the
topography of the underlying inclusion surfaces. In par-
ticular, thicknesses are greatest in depressions and pock-
ets on the inclusion surfaces; (e) individual layers differ
in bulk composition and grain size; (f) the meteorite ma-
trix is similar in texture and mineralogy to the rim layers
but somewhat different in bulk composition, being more
iron rich.

The porous textures, well developed crystal shapes,
lack of crystal intergrowths, disequilibrium mineral as-
semblages, and topography dependent thicknesses cumu-
latively suggest that the mantles are nebular accretionary
structures, formed by the sticking together of condensate
grains in the solar nebula. The lack of internal equilib-
rium implies accretion at sufficiently low temperatures
to suppress diffusional exchange or chemical reactions.
MacPherson et al. (1985) proposed that these rim struc-
tures represent some of the very earliest manifestations
of accretion in the solar nebula, formed by very gentle
collisions between dust grains and inclusions. The man-
tles preferentially accumulated in the surface depressions
of the inclusions because, in such places, the grains were
protected from being dislodged by subsequent collisions.
The platy and needle-like shapes of the crystals tended to
produce an interlocking meshwork of crystals, something
like a lint ball. The meteorite matrix, with its similar
textures, may represent in effect a “super-rim”; if so, the
entire meteorite is a primary accretionary structure. Be-
cause the transition from micrometer-sized dust particles
suspended in the solar nebula to accretion of planets is a
poorly understood process, accretionary rims represent
small but important clues to how planetary formation
began.

J.N. Grossman et al. (1988), Scott (1988) and Weis-
berg et al. (1988) described a newly discovered meteor-
ite—found in the Allan Hills region of Antarctica and
dubbed ALHB85085 (see Fig. 2)—whose properties are
unlike those of any previously known chondrite. Col-
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Figure 2. Back-scattered electron image of a pol-
ished thin section of the meteorite ALH85085. Most of
the dark grey fragments are olivine ([Mg,Fe|2Si04) and
pyroxene ([Mg,Fe|SiO3) grains. The bright grains are
Fe-Ni metal (M), which in many places mold around the
silicate grains. Also shown are a clast (Cl) of another
meteorite (a carbonaceous chondrite), a spherical “chon-
drule” (Chon), and a fragment of a refractory inclusion
(Incl) that consists mostly of oxides and silicates of Ca
and Al. Refractory particles such as the one shown may
represent the first solid particles to have formed in our
solar system (see text).

lectively, the detailed electron microprobe/electron mi-
croscope studies of this unique object show that: (1) it
is much finer grained than all chondrule-bearing chon-
drites; (2) it is exceptionally rich in Fe-Ni metal rela-
tive to all known chondrites; (3) it is depleted in many
“volatile” elements (such as Na and S) relative to other
chondrites; (4) it contains large numbers of small (most
are smaller than 100 pm) refractory inclusions (Fig. 2)
that approximate the mineralogy and composition of the
theoretical high temperature solar nebula condensates
discussed earlier; and, (5) unlike the case in other chon-
drites, the metal grains mold around many of the silicate
constituents in the meteorite (Fig. 2), suggesting plastic
deformation. J.N. Grossman et al. (1988) proposed that
ALHB85085 accreted under unusually high temperature
conditions, such that the volatile elements had not fully
condensed and the metal was sufficiently soft to deform
around the silicate grains during accretion. The proper-
ties of this rare meteorite may thus extend greatly our
knowledge of the accretionary processes in the early solar
system that led to the formation of the planets.

Conclusions

Components within primitive chondritic meteorites

G.J. MacPherson and J.N. Grossman

contain important clues to events that occurred during
the earliest history of our solar system, including conden-
sation of solid matter from the primordial nebula and ag-
gregation of that matter into progressively larger bodies.
Many of these meteorite components are too fine grained
(less than 10-20 pum) to effectively study by light mi-
croscopy and conventional chemical methods; their study
has required the extensive use of microbeam techniques.
Scanning electron microscopy has proven an ideal tool
for studying these objects by virtue of combining mod-
erately high resolution, X-ray microanalysis capabilities,
and the ability (unlike transmission electron microscopy)
to examine relatively large samples in the context of or-
dinary petrographic thin sections. Compositional back-
scattered electron imaging is the technique of choice for
most textural studies. Recent consortium studies make
use of correlated SEM, electron microprobe and ion mi-
croprobe techniques to achieve a level of detailed textu-
ral, chemical and isotopic analysis never before possible.

Acknowledgements This work was supported in part by
NASA grant NAG 9-230 (GIM). Reviews by Drs. J.-P.
Loreau, C. Palmer, G. Redmond, G. Wandless, E. Zinner
and, especially, A.M. Davis contributed to improving the
paper and are greatly appreciated.

References

Allen J M, Grossman L, Davis A M, Hutcheon I D.
(1978) Mineralogy, textures, and mode of formation of a
hibonite-bearing Allende inclusion. Proc. Lunar Planet.
Sci. Conf. 9th, 1209-1233.

Armstrong J T, Meeker G P, Huneke J C, Wasser-
burg G J. (1982) The Blue Angel: 1. The mineralogy and
petrogenesis of a hibonite inclusion from the Murchison
meteorite. Geochim. Cosmochim. Acta, 46, 575-595.

Boynton W V. (1975) Fractionation in the solar neb-
ula: Condensation of yttrium and the rare earth ele-
ments. Geochim. Cosmochim. Acta, 39, 569-584.

Clayton R N, MacPherson G J, Hutcheon I D, Davis
A M, Grossman L, Mayeda T K, Molini-Velsko C A,
Allen J M. (1984) Two forsterite-bearing FUN inclusions
in the Allende meteorite. Geochim. Cosmochim. Acta,
48, 535-548.

Clayton R N, Mayeda T K, Molini-Velsko C A.
(1985) Isotopic variations in solar system material: Evap-
oration and condensation of silicates. In Protostars &
Planets II. (eds. D C Black, M Shapley Matthews). Tuc-
son: University of Arizona Press. pp.755-771.

Fahey A, Goswami J N, McKeegan K D, Zinner E.
(1987) 26Al, 244Py, °°Ti, REE, and trace element abun-
dances in hibonite grains from CM and CV meteorites.
Geochim. Cosmochim. Acta, 51, 329-350.

Fruland R M, King E A, McKay D S. (1978) Allende
dark inclusions. Proc. Lunar Planet. Sci. Conf. 9th,

1305-1329.

Green H W II, Radcliffe S V, Heuer A H. (1971)
Allende meteorite: A high-voltage electron petrographic
study. Science, 172, 936-939.

Grossman J N, Rubin A E, MacPherson G J. (1988)

|
|
I




Scanning Microscopy of Meteorites

Allan Hills 85085: An out-of-the-ordinary, enstatite-rich
carbonaceous chondrite (Abstract). Lunar Planet. Sci.
XIX, 433-434.

Grossman L. (1972) Condensation in the primitive
solar nebula. Geochim. Cosmochim. Acta, 36, 597-619.

Grossman L. (1975) Petrography and mineral chem-
istry of Ca-rich inclusions in the Allende meteorite. Geo-
chim. Cosmochim. Acta, 39, 433-454.

Grossman L, Clark S P Jr. (1973) High-temperature
condensates in chondrites and the environment in which
they formed. Geochim. Cosmochim. Acta, 37, 635-649.

Grossman L, Fruland R M, McKay D S. (1975) Scan-
ning electron microscopy of a pink inclusion from the
Allende meteorite. Geophys. Res. Lett., 2, 37-40.

Hashimoto A, Hinton R W, Davis A M, Grossman
L, Mayeda T K, Clayton R N. (1986) A hibonite-rich
inclusion with anomalous oxygen isotopic composition.
Lunar Planet. Sci. XVII, 317-318.

Hinton R W, Davis A M, Scatena-Wachel D E,
Grossman L, Draus R J. (1988) A chemical and isotopic
study of hibonite-rich refractory inclusions in primitive
meteorites. Geochim. Cosmochim. Acta, 52, 2573-2598.

King T V V, King E A. (1981) Accretionary dark
rims in unequilibrated chondrites. Icarus, 48, 460-472.

Kornacki A S, Wood J A. (1984) The mineral chem-
istry and origin of inclusion matrix and meteorite matrix
in the Allende CV3 chondrite. Geochim. Cosmochim.
Acta, 48, 1663-1676.

Lord H C III. (1965) Molecular equilibria and con-
densation in a solar nebula and cool stellar atmospheres.
Icarus, 4, 279-288.

MacPherson G J, Grossman L, Hashimoto A, Bar-
Matthews M, Tanaka T. (1984) Petrographic studies
of refractory inclusions from the Murchison meteorite.
Proc. Lunar Planet. Sci. Conf. 15th, Part 1; J. Geophys.
Res. 89, Supplement, C299-C312.

MacPherson G J, Hashimoto A, Grossman L. (1985)
Accretionary rims on inclusions in the Allende meteorite.
Geochim. Cosmochim. Acta, 49, 2267-2279.

Scott E R D. (1988) A new kind of primitive chon-
drite: Allan Hills 85085 (Abstract). Lunar Planet. Sci.
XIX, 1049-1050.

Weisberg M K, Prinz M, Nehru C E. (1988) ALH-
85085: A unique unequilibrated chondrite (Abstract).
Lunar Planet. Sci. XIX, 1257-1258.

Wood J A. (1988) The condensation sequence un-
der non-classical conditions (P<10~2 atm, non-cosmic
compositions) (Abstract). Lunar Planet. Sci. XIX, 1292-
1293.

Editor's Note: All of the reviewer's concerns were
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is no Discussion with Reviewers.
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