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Major advances in research on extraterrestrial materials (meteorites, micrometeorites, interplanetary dust particles, and presolar grains) since the first edition of Meteorites and the Early
Solar System are highlighted. Topics include the importance of newly recognized meteorite
groups; new discoveries about the presolar and nebular components of chondrites and interplanetary dust particles; improvements in early solar system chronology using short-lived radionuclides; new insights into cosmochemical abundances, fractionations, and nebular reservoirs;
and advances in reading nebular and prenebular records through a haze of secondary parent body
processes. Some significant new insights based on these data are that the early solar system
experienced a bewildering variety of nucleosynthetic inputs, the nebula was a dynamic entity
with transient heating events, and the system of planetesimals and planets evolved more rapidly
than previously appreciated.

1.

INTRODUCTION

omit martian and lunar meteorites from consideration, except where they bear on the timing of planet accretion and
early differentiation.

The goal of the first edition of Meteorites and the Early
Solar System (Kerridge and Matthews, 1988) was to interpret the meteoritic record in terms of constraints on theories of the origin and early evolution of the solar system.
That is also the intent of this volume. Here we briefly highlight significant new discoveries in meteoritics and cosmochemistry since the publication of the first edition. The
following chapters will explain in more detail how these
breakthroughs have constrained our understanding of processes and events prior to and within the early solar system. The breakthroughs introduced here are assigned to epochs, following the general organization of the book.
We acknowledge that our choices of critical advances in
meteoritics and cosmochemistry are subjective but, we believe, defensible. In citing literature, we have focused on
original discovery papers or, in some cases, comprehensive
reviews. To make this task tractable, we consider research
on meteoritic samples per se and do not review the considerable progress made in providing geologic context through
the identification and study of their asteroid or cometary
parent bodies. A comprehensive treatment of advances in
asteroid spectroscopy, spacecraft encounters with asteroids,
and mechanisms for the delivery of meteorites from asteroids to Earth can be found in a recently published companion volume, Asteroids III (Bottke et al., 2002). Likewise, the
context and insights provided by new astrophysical theory
and astronomical observations are not catalogued here, but
will be considered in other chapters. Given that the present
volume is not concerned with later planetary evolution, we

2.

2.1.

EXTRATERRESTRIAL MATERIALS
AVAILABLE FOR STUDY

Newly Recognized Chondrite Groups

Meteorite classification attempts to document differences
and linkages among meteorites — a critical first step because variations and trends among members of a group can
reveal the processes that produced them. In the first edition,
9 groups of chondrites, 4 groups of achondrites, 2 stonyiron groups, and 13 iron meteorite groups were recognized.
Other anomalous meteorites (distinct individual specimens
or groups having less than five members) were also known.
Since that time, new meteorites found in Antarctica and hot
deserts have considerably expanded our collections, and a
recent compilation of meteorites (including ungrouped samples, clasts in breccias, and micrometeorites) suggested that
perhaps ~135 asteroidal parent bodies may be represented
(Meibom and Clark, 1999).
Several new classes of chondrites — one distinct chondrite group (the Rumuruti or R group) and four carbonaceous chondrite groups (CR, CH, CB, CK) — have been
defined. The R chondrites (Bischoff et al., 1993; Rubin
and Kallemeyn, 1994; Schulze et al., 1994; Kallemeyn et
al., 1996) are the most highly oxidized anhydrous chondrite group, containing no metal and high olivine fayalite
contents, with fewer chondrules than ordinary chondrites
53
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Fig. 1. Photomicrograph of the Dar al Gani 013 Rumaruti chondrite (width of section = 36 mm), showing the brecciated texture
that is common in these meteorites. Large clasts at the upper center and right are impact melts, whereas other clasts are unmelted
but show different degrees of thermal metamorphism. Courtesy
of A. Bischoff, University of Münster.

(Fig. 1). The CR (Weisberg et al., 1993), CH (Grossman
et al., 1988; Scott, 1988), and CB (Weisberg et al., 2001)
groups are among the most primitive types of chondrites
(Krot et al., 2002a). These chondrites have large amounts
of metal, but are classified as carbonaceous based on chemistry and O isotopes. The CK group (Kallemeyn et al., 1991)
contains the most highly metamorphosed carbonaceous
chondrites. However, Greenwood et al. (2003) have questioned whether CK and equilibrated CV chondrites are really distinct groups, and Rubin et al. (2003) suggested that
the CB chondrite designation may be misleading because
that group may have formed by nonnebular processes.
Several remarkable chondrites that have proved difficult
to classify have been described as well. The newly recovered Tagish Lake meteorite (Brown et al., 2000), a carbonaceous chondrite of uncertain affinity, contains volatile-element abundances straddling those of CI and CM chondrites
(Mittlefehldt, 2002), along with chondrules and inclusions
similar to those in CM chondrites (Simon and Grossman,
2003). However, Tagish Lake experienced a more pervasive alteration history than CMs. Anomalous ordinary chondrites of very low metamorphic grade and containing large
quantities of refractory inclusions have also been described
(Kimura et al., 2002).
2.2.

experienced such low degrees of melting that they retain
relict chondritic textures. However, we favor applying the
classification to all residues from partial melting, regardless of the degree of melting. Iron/magnesium/manganese
systematics provide an effective means of distinguishing
primitive achondrites and (igneous) achondrites (Goodrich
and Delaney, 2000). Newly classified groups of primitive
achondrites include the acapulcoites-lodranites (Fig. 2) (McCoy et al., 1996, 1997), brachinites (Nehru et al., 1992), and
winonaites (Benedix et al., 1998). Ureilites, although not a
newly defined group, are now also recognized as primitive
achondrites, and the complementary basaltic component for
these residues occurs as plagioclase-bearing clasts (Kita et
al., 2004).
Among the achondrites, angrites (Mittlefehldt and Lindstrom, 1990) constitute a newly defined group due to the
addition of new meteorites. These basaltic meteorites are
dominated by high abundances of refractory elements and
low oxidation state. A few lunar and martian meteorites (all
achondrites) were recognized prior to publication of the first
edition, but not discussed in that volume; the numbers of
these meteorites have markedly increased. The discovery that
the NWA 011 basaltic achondrite (Fig. 3) has distinct Fe/Mn
and O isotopes from otherwise similar eucrites (Yamaguchi
et al., 2002) demonstrates that multiple differentiated asteroids yielded basaltic meteorites.
3.
3.1.

THE PRESOLAR EPOCH

Presolar Grains

The study of minute stardust grains found in the finegrained (matrix) portions of chondrites has burgeoned since
the first edition, owing to the isolation of these grains in
the laboratory and their analysis using the ion microprobe.
The phases most intensely studied are diamond, silicon
carbide, graphite, corundum, spinel, silicon nitride, and
hibonite (Anders and Zinner, 1993; Ott, 1993; Bernatowicz

Newly Recognized Achondrite Groups

Primitive achondrites, which were not distinguished from
achondrites (crystallized melts) in the first edition, are now
generally recognized to be residues from partial melting
(Goodrich and Delaney, 2000). The major-element compositions of most primitive achondrites are approximately
chondritic, but elements residing in minerals with low melting points and incompatible trace elements that are concentrated in partial melts have been depleted in them. Some
primitive achondrites have experienced higher degrees of
melting, so that they no longer retain chondritic major-element compositions, and other primitive achondrites have

Fig. 2. Photomicrograph of Acapulco, a primitive achondrite
(acapulcoite) (width of section = 4.7 mm), showing its thoroughly
recrystallized texture. Courtesy of T. McCoy, Smithsonian Institution.
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Fig. 3. Photomicrograph of Northwest Africa 011, a unique basaltic achondrite consisting mostly of large pigeonite grains in a
groundmass of pigeonite and plagioclase (plain polarized light,
width of field = 5.2 mm). Courtesy of A. Yamaguchi, National
Institute of Polar Research.

and Zinner, 1997; Zinner, 1998; Hoppe and Zinner, 2000;
Nittler, 2003). Titanium carbide and FeNi metal occur as
minute inclusions within presolar graphite grains (Fig. 4).
All these phases are refractory, and the carbon-bearing
phases formed under reducing conditions. Presolar silicates
have also now been recognized in both interplanetary dust
particles (Messenger et al., 2003) and chondrites (Nguyen
and Zinner, 2004).

The exotic nature of presolar grains is demonstrated by
their isotopic compositions, the diversity of which points
toward formation in multiple stellar environments. For example, the carriers of the 22Ne-rich components Ne-E(L)
and Ne-E(H) (released at low and high temperatures respectively), which provided the first hint that chondrites contained interstellar materials, have now been identified as
graphite (Amari et al., 1990) and SiC (Lewis et al., 1990),
respectively. The morphologies and microstructures of presolar grains also reveal information on the conditions of dust
formation in stellar regions (Bernatowicz et al., 1996, 2003).
Lack of sputtering effects and the possibility of organic
surface coatings suggest mantles of ice may have protected
SiC grains in the interstellar medium (Bernatowicz et al.,
2003). Presolar grains occur in the matrices of all chondrite
groups in varying proportions (Huss and Lewis, 1995).
Isotopic analyses of interstellar grains have provided
rigorous tests of models for nucleosynthesis and evolution
in red giants, asymptotic giant branch (AGB) stars, supernovae, and novae (Bernatowicz and Zinner, 1997; Zinner,
1998; Nittler, 2003). These data provide stunning confirmations of predictions of the products of s-process nucleosynthesis, although no pure r-process pattern has yet been
found in presolar grains. These grains also provide information on galactic chemical evolution. For example, isotopes
of Si and Ti in silicon carbide do not conform to predictions
for stellar nucleosynthesis and are thought to reflect ranges
of initial composition of parent stars (Alexander and Nittler,
1999).
3.2.

Fig. 4. Ultrathin section of presolar graphite, containing a 70nm-long crystal of TiC that served as a nucleation center for condensation of graphite in the outflowing gas around an AGB star.
The graphite structure is concentric layers, and the radial spokes
are an electron diffraction effect. Courtesy of T. J. Bernatowicz,
Washington University.
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Interplanetary Dust Particles

Tiny interplanetary dust particles (IDPs), collected in the
stratosphere by aircraft, were described in the first edition.
Advances in microanalytical technology have allowed improved characterization of these very small meteoritic materials (Rietmeijer, 1998). Interplanetary dust particles sample, at least in part, parent bodies distinct from those of
macrometeorites.
The first edition focused on the mineralogies, textures,
and optical properties (from transmission spectra) of IDPs.
More recent research indicates that most IDPs are more
primitive than CI chondrites. Bradley et al. (1996) obtained
the first reflectance spectra of anhydrous IDPs, for which
there are no meteorite counterparts. They suggested that
these IDPs are samples of primitive P or D asteroids in the
outer main belt. Some anhydrous IDPs are probably from
comets (Brownlee et al., 1995).
Detailed studies reveal that anhydrous IDPs contain
abundant (organic) molecular cloud material and silicate
stardust (Messenger, 2000; Messenger et al., 2003). Glass
with embedded metal and sulfide (GEMS) (Fig. 5) are another interesting component of IDPs (Bradley, 1994). These
grains have appreciable radiation histories, as expected if
they once resided in the interstellar medium, so they may
be the irradiated remnants of cosmically abundant presolar
silicate grains. However, very few GEMS have anomalous
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A significant discovery concerning organic compounds
is the determination that nonbiogenic amino acids are present as nonracemic mixtures in carbonaceous chondrites.
Small but measurable excesses of the L-enantiomers of
amino acids have been demonstrated to have a nonbiologic
(Cronin and Pizzarello, 1997) and nonterrestrial (Engel and
Macko, 1997) origin. How slightly optically active organic
compounds would be produced in the interstellar medium
is not understood, but selective destruction of one enantiomer by UV circularly polarized light from neutron stars
in a presolar cloud has been invoked. Hydrocarbons with
large H- and N-isotopic anomalies in anhydrous IDPs likely
formed in molecular clouds (Keller et al., 2004), although
organic matter occurs in comparable abundance in hydrated
IDPs (Flynn et al., 2003).
Fig. 5. Brightfield transmission electron micrograph of glass
with embedded metal and sulfides (GEMS) within a thin section of
an interplanetary dust particle. GEMS are composed of rounded,
nanometer-sized kamacite and pyrrhotite crystals in Mg-rich silicate glass. The properties of GEMS appear to have been shaped by
chronic exposure to ionizing radiation, and they resemble amorphous silicates in the interstellar medium. Courtesy of J. Bradley,
Lawrence Livermore National Laboratory.

O isotopic compositions (Messenger et al., 2003) of the
magnitude of other presolar oxides (Nittler et al., 1997).
3.3.

4.
4.1.

THE DISK FORMATION EPOCH

Presolar Grain Survival and Chronology

Because of destructive oxidation reactions, the lifetimes
of presolar SiC grains exposed to a hot nebula are short
compared to nebula cooling timescales (Mendybaev et al.,
2002). Attempts to date presolar silicon carbide grains based
on the production of spallogenic 21Ne give surprisingly low
ages of ~10–130 Ma (Tang and Anders, 1988). However,
recoil experiments suggest that micrometer-sized SiC grains
will have lost virtually all Ne produced in the interstellar
medium (Ott and Begemann, 2000), casting doubt on these
ages.

Organic Compounds
4.2.

The structure and stable isotopic composition of organic
compounds in chondrites reflect complex interstellar, nebular, and planetary processes whose resolution may be confounded by terrestrial contamination (Gilmour, 2003). The
first edition focused on abiotic synthesis mechanisms inferred for the most extensively studied organic compounds
in CM carbonaceous chondrites.
Compound-specific stable-isotope measurement on meteoritic organic matter is a significant new development. The
D/H enrichment of bulk organic matter, described in the first
edition, has now been measured in amino and sulfonic acids
(Cooper et al., 1997) and suggests synthesis by ion-molecule reactions in the interstellar medium. Enrichment of 33S
in sulfonic acid is attributed to UV irradiation in an interstellar environment (Cooper et al., 1997). Values of δ13C
in low-molecular-weight compounds become more positive
as the amount of C in the molecule increases, whereas the
opposite trend is observed in high-molecular-weight compounds (Sephton et al., 1999, 2000). These are kinetic signatures of both bond formation (synthesis from simpler
compounds) and bond destruction (cracking of higher homologs to form lower ones). Such trends may suggest that
the carbon skeletons formed within icy mantles on interstellar grains, where radiation-induced reactions create and
destroy organic matter.

Nebular Elemental and Isotopic Abundances

Anders and Grevesse (1989), Lodders (2003), and Palme
and Jones (2003) compiled new average solar system elemental and isotopic abundances for CI chondrites. These
were compared with solar photosphere compositions, which
have also been updated (Palme and Jones, 2003, and references therein). The solar O abundance has been revised downward by 50% and the C abundance by a smaller amount
(Allende Prieto et al., 2001), leading to a higher C/O ratio
and thus somewhat more reducing nebular gas than envisioned in the first edition (Allende Prieto et al., 2002). There
have also been significant downward revisions in S, Se, and
P, and new solar abundances of light elements support the
previous conclusion that Li is depleted in the Sun.
The smoothness of heavy-element abundance patterns
was formerly used to support the choice of CI chondrites
in determining solar system abundances; however, some
measured discontinuities are real (Burnett et al., 1989) so
this reasoning is flawed. The recognition that sulfate veins
in Orgueil probably formed during the meteorite’s residence
on Earth (Gounelle and Zolensky, 2001) suggests open-system modification of soluble components like S. The Tagish
Lake meteorite has been suggested to be a better proxy for
solar system abundances than CI chondrites (Brown et al.,
2000; Zolensky et al., 2002).
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4.3.

Isotopic Reservoirs

The slope of the O-isotope mixing line for bulk refractory
inclusions (calcium-aluminum-rich inclusions, or CAIs) is
~0.95, but new microanalyses of inclusions suggest a slope
of 1.00 (Young and Russell, 1998). The distinction is important for distinguishing between competing mechanisms for
production of a 16O-rich reservoir. One interpretation is that
this reservoir represents a nucleosynthetic enrichment in the
nebula, possibly inherited from a nearby supernova. An alternative hypothesis is mass-independent fractionation of
16O (Thiemens, 1996), perhaps through self-shielding of CO
in the nebula (Clayton, 2002). A 0.95 slope would rule out
the possibility of mass-independent chemical fractionation of
O isotopes in the nebula, but either mechanism is permitted
by a 1.00 slope (Ireland and Fegley, 2000). Analyses of O
isotopes in condensate olivines in amoeboid olivine aggregates (AOAs) suggest a 16O-rich nebular gas (Krot et al.,
2002b), whereas chondrules generally formed in equilibrium
with a more 16O-poor gas. The 16O-rich gas may have resulted from mass-independent fractionation or evaporation
of dust-enhanced regions.
5.

THE FIRST NEBULAR EPOCH

5.1. Nebular Chronology and Origin of
Short-lived Radioisotopes
The first edition included seven chapters on chronology,
reflecting the importance of understanding the temporal
sequence and duration of early solar system events and
processes. The most significant new advance in meteorite
geochronology is the development of new high-resolution
chronometers based on short-lived radionuclides. The six
extinct radionuclides discussed in the first edition have now
been augmented by meteorite dating techniques based on
10Be- 10B, 41Ca- 41K, 60Fe- 60Ni, 146Sm- 142Nd, 182Hf- 182W,
92 Nb-92Zr, 187Re-187 Os, and 107 Pd-107 Ag (McKeegan and
Davis, 2004). A major challenge in using these isotopic systems is in understanding how they were produced, which
bears on what events are actually dated.
Significant advances have been made in the 53Mn-53Cr
(Lugmair and Shukolyukov, 2001) system, which appears to
be a useful chronometer despite evidence that 53Mn was not
distributed homogeneously in the nebula. This chronometer
dates fractionation of Mn from Cr, due primarily to Mn volatility (Palme, 2001). However, 53Mn data have found a
variety of applications, such as constraining the timing of
aqueous alteration to form carbonates in carbonaceous chondrites to <20 m.y. after accretion (Endress et al., 1996).
Considerable attention has also been focused on 26Al26Mg. The idea that 26 Al was homogenously distributed in
the neb-ula (MacPherson et al., 1995) has been challenged
by argu-ments that it was produced by local irradiation in
an X-wind region of the early Sun (Gounelle et al., 2001).
If refractory condensates incorporated this nuclide and were
then dispersed, the canonical 26Al/27Al ratio would not ap-
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ply to other nebular materials, perhaps explaining an apparent age difference of several million years (based on 26Al)
between CAIs and chondrules. However, this age difference
is supported by 53Mn and 129I data (Swindle et al., 1996)
and very precise Pb-Pb ages (Amelin et al., 2002) for CAIs
and chondrules.
As noted in the first edition, short-lived radionuclide
chronometers commonly show inconsistent timescales, a
problem that has not yet been fully resolved. However, 129I129 Xe dates for unshocked meteorites can now be reconciled
with 26Al and 53Mn chronologies (Gilmour et al., 2000).
The age of the solar system is now based on a combination of long- and short-lived chronometers applied to refractory inclusions in chondrites. 235U/238U-207Pb/206Pb ages of
4566 Ma for Allende CAIs (Allègre et al., 1995) and 4567 Ma
for Efremovka CAIs (Amelin et al., 2002) may be a lower
age limit if the inclusions were altered. This age is slightly
older than the 4559-Ma estimate in the first edition. Lugmair and Shukolyukov (2001) defined lower (4568 Ma) and
upper (4571 Ma) age limits, based on constraints from
53 Mn-53Cr, in agreement with the upper limit for the CAI
207Pb-206Pb age and with 26Al and 129I data for the ordinary
chondrite Ste. Marguerite.
Unambiguous evidence of three especially important
extinct radionuclides has been discovered since the first
edition. Two of these bear directly on the question of the
sources of short-lived nuclides, with apparently contradictory implications. The finding of live 10Be in CAIs (McKeegan et al., 2000) is important because this nuclide is not
produced via nucleosythesis in stars and thus is generally
interpreted to be evidence for local production of at least
some short-lived isotopes by spallation reactions in the nebula. However, 10Be and 26Al are decoupled in many CAIs
(Marhas et al., 2002), suggesting that 26Al was not a product of spallation. Evidence in meteorites for live 60Fe (Shukolyukov and Lugmair, 1993; Tachibana and Huss, 2003),
which is only formed through stellar nucleosynthesis, also
contradicts the idea that all short-lived radioactivities were
locally produced. These nuclides were probably produced
in stars and imported within presolar grains (MacPherson
et al., 2003). Finally, with a half-life of 103 Ka, 41Ca is the
shortest-lived isotope yet confirmed to be present in chondrites (Srinivasan et al., 1994). This age constrains the timescale from synthesis to injection of short-lived isotopes to
be very short.
5.2.

Nebular Condensates and Residues

The requirement for a hot nebula to allow vaporization
and condensation, a popular idea in the first edition, has now
been circumvented by models in which heating of the disk
occurs close to the protosun and the materials are redistributed outward (the X-wind model). Shu et al. (1996) described a scenario in which various chondrite components
might have been formed far from the positions of their accretion into chondrites. The existence of 10Be in CAIs (McKeegan et al., 2000), not formed during stellar nucleosyn-
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5.3.

Fig. 6. Backscattered electron image of a CAI in the Adelaide
carbonaceous chondrite. Corundum (cor) is replaced by hibonite
(hib), which is in turn corroded by grossite (grs). The inferred
crystallization sequence is consistent with the equilibrium condensation at a total pressure ≤10 –5 bar and ~1000 CI dust/gas enrichment relative to solar composition. Courtesy of A. Krot, University
of Hawai‘i.

Nebular Chemical Fractionations

Cosmochemical behavior is dominated by element volatility, presumably reflecting either incomplete condensation
or evaporation. The refractory elements are always assumed
to be present in chondritic (CI) relative proportions; however, two cases have now been shown to violate this assumption. Refractory Re/Os ratios in carbonaceous chondrites are systematically lower than those in ordinary and
enstatite chondrites (Walker et al., 2002), and Nb/Ta ratios
in chondrites are variable (Weyer et al., 2003).
Moderately volatile elements are depleted in achondrite
parent bodies and in planets, relative to chondrites. However, measured 41K/39K ratios among the terrestrial planets,
the Moon, achondrites, and chondrites are uniform to within
~2‰ (Humayun and Clayton, 1995). This lack of K-isotope fractionation has been argued to preclude evaporation
as an explanation for the observed volatile depletions. However, evaporation of nebular crystalline dust prior to its accretion into planetesimals is possible (Young, 2000).
6.

THE SECOND NEBULAR EPOCH

6.1. Chondrules
thesis, has been taken as support for the X-wind model.
However, there are still many proponents of the hot nebula
hypothesis, which is consistent with models and observations of the earliest era of disk formation when mass accretion rates were high (e.g., Bell et al., 2000). Regardless of
which model is advocated, it is clear that we envision a
more dynamic nebula with transient heating events.
Refractory inclusions (CAIs) were described in the first
edition as nebular condensates, commonly modified by
melting, recrystallization, and alteration (Fig. 6). These ancient objects are now generally understood to be mixtures of
condensate materials and refractory residues from evaporation (Ireland and Fegley, 2000). High-temperature condensation is required to produce the observed fractionations in
refractory trace elements, whereas the widespread persistence of mass-dependent isotopic fractionation in refractory
elements such as Mg and Si indicates evaporation (Grossman et al., 2002). It is now recognized that the large CAIs
in Allende have been extensively processed after accretion
and are not representative of CAIs in other meteorite classes.
Calcium-aluminum-rich inclusions in other chondrite groups
have now been characterized (MacPherson, 2003).
Amoeboid olivine aggregates (AOAs) are the most common type of refractory inclusions in many types of carbonaceous chondrites. Detailed studies of AOAs, which provide
a compositional link between CAIs and chondrules, indicate
they are clumps of lower-temperature nebula condensates
that originated in a 16O-rich gaseous reservoir (Krot et al.,
2002b). Smooth, concentric zoning of some FeNi metal
grains in primitive CH chondrites suggests their formation
by gas-solid condensation (Meibom et al., 1999). These
grains (Fig. 7) may be the first documented metal condensates.

Four chapters in the first edition were devoted to chondrules. New observational, experimental, and theoretical
studies of chondrules have resulted in some changes, many
of which were detailed in Chondrules and the Protoplanetary Disk (Hewins et al., 1996). The presence of C as a reducing agent in chondrule precursors produces characteristic mineralogical features of chondrules (Connolly et al.,
1994). Melting intervals for chondrules, previously thought

Fig. 7. X-ray elemental map in Ni Kα of a zoned FeNi metal
grain from the Hammadah al Hamra 237 carbonaceous chondrite.
This metal grain is inferred to be a nebular condensate. Courtesy
of A. Krot, University of Hawai‘i.
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to have lasted for hours, are now restricted to a few minutes, to allow retention of moderately volatile elements
(Hewins, 1997). Moreover, volatile retention apparently
requires that chondrules could not have formed in the canonical nebula, but must have formed by flash heating at
higher pressures (Yu and Hewins, 1998). Many chondrules
appear to have experienced multiple heating events (Rubin
and Krot, 1996), and most were not completely melted.
Correlations between the relative ages, based on 26Al, and
bulk compositions of chondrules (Mostefaoui et al., 2002)
suggest that Si and volatile elements evaporated from chondrule melts and then recondensed as precursors for the next
generation of chondrules. Experiments constrain peak temperatures to 1770–2120 K, and chondrule cooling rates were
decidedly nonlinear, very fast and then slow, consistent with
shock melting (Desch and Connolly, 2002). The origin of
chondrules remains enigmatic, but thermal processing of
particles in nebular shock waves appears to meet most constraints imposed by chondrule properties (Ciesla and Hood,
2002; Desch and Connolly, 2002).

are dominated by soluble carboxyl and dicarboxyl compounds but few amino compounds. Its abundant aromatic
compounds have a more restricted distribution than those
in other carbonaceous chondrites (Pizzarello et al., 2001),
possibly reflecting catalytic processes that tend to be more
selective than other synthetic pathways. Tiny, hollow organic globules (Fig. 8) in Tagish Lake (Nakamura et al.,
2002) are similar to material produced by laboratory simulation of UV photolysis of interstellar ice analogs.
Calculations support the idea that the soluble fraction of
the organic compounds in chondrites formed during aqueous alteration of parent bodies (Schulte and Shock, 2004).
Some progress has been made in characterizing the insoluble macromolecular organic matter in carbonaceous chondrites, cited as a daunting task in the first edition. Similarities
among macromolecules in CI and CM chondrites suggest
that essentially the same aromatic structural units were common to all (Sephton et al., 1998, 2000). Cody et al. (2002)
determined that this material in Murchison was 61–66%
aromatic and that its aliphatic chains are highly branched.

6.2.

6.5.

Metal and Sulfide

Metal grains in ordinary chondrites, suggested to be
condensates in the first edition, have apparently been modified after accretion (Zanda et al., 1994). Sulfides in chondrites are now understood to have formed by reaction of
metal with the gaseous nebula. Lauretta et al. (1997) determined that corrosion of FeNi metal by H2S produces Febearing sulfides rapidly enough to occur within the lifetime
of the nebula, and showed that sulfides produced in this way
are morphologically similar to those in chondrite matrix.
6.3.

Matrix

The mineralogy of chondrite matrices has become increasingly well characterized by application of transmission
electron microscopy. Matrix is most easily studied in carbonaceous chondrites (Buseck and Hua, 1993), where it is most
abundant. New descriptions of matrix in the most primitive
carbonaceous chondrites reveal amorphous silicate material,
forsterite, and enstatite, with minor carbonaceous, refractory, and presolar materials — apparently mixtures of nebular materials and interstellar grains. Hydrothermal alteration
of such matrix has produced the matrices of most carbonaceous chondrites. The mineralogy of interstitial matrix and
rims on chondrules in unequilibrated ordinary chondrites
(Brearley, 1996) is more complex, consisting mostly of olivine, sometimes with amorphous silicate material, and pyroxenes, feldspars, metal, a variety of spinels and sulfides,
whitlockite, and various alteration phases.
6.4.

Cosmogenic Nuclides

There is continuing disagreement over whether or not
meteorites show noble gas isotopic evidence of irradiation
by an energetic early Sun (Woolum and Hohenberg, 1993;
Wieler et al., 2000). As noted earlier, however, the discovery of the former presence of 10Be in refractory inclusions
(McKeegan et al., 2000) attests to intense irradiation in the
early solar system. The production by spallation of other
short-lived radionuclides found in chondrites has also been
suggested (Gounelle et al., 2001); however, 10Be and 26Al
are decoupled in many CAIs (Marhas et al., 2002). Some
short-lived nuclides appear to have been produced by spallation in the nebular, some by nucleosynthesis in other stars,
and some possibly (but not necessarily) by both processes.

Organic Compounds

The Tagish Lake meteorite’s fall and clean collection
under subfreezing conditions make it a relatively uncontaminated sample. The organic components of Tagish Lake

Fig. 8. TEM image of a hollow globule of organic matter (scale
bar = 200 nm) in the Tagish Lake carbonaceous chondrite. Courtesy of K. Nakamura, Kobe University.
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7.
7.1.

THE ACCRETION EPOCH

Mixing and Sorting of Nebular Components

Presolar grains constrain mixing between reservoirs in
the nebula. The average isotopic compositions of carbon and
silicon in SiC grains are the same among different meteorite groups, as would be expected if the nebula sampled a
well-mixed reservoir of debris from various stars (Huss and
Lewis, 1995; Russell et al., 1997). The limited size distributions of chondrules are now explained as the result of
aerodynamic sorting in turbulent nebula eddies (Cuzzi et al.,
1996; Kuebler et al., 1999).
7.2.

Sampling Other Accreted Materials

Calculations of IDP orbital evolution show that the atmospheric entry velocity of comet-derived dust is generally higher than that of asteroid-derived particles. Entry
velocity controls the degree of atmospheric heating, which,
in turn, affects the abundances of 4He (Nier and Schlutter,
1993) and other volatile elements (especially zinc) (Kehm
et al., 2002), as well as mineralogy (Greshake et al., 1998).
These changes can potentially be used to identify IDPs of
cometary origin.
Micrometeorites are larger than IDPs and are commonly
melted partly or completely during atmospheric passage.
The resulting cosmic spherules represent the peak in mass
distribution of meteoritic materials accreted to Earth, so a
comprehensive chemical study of them may provide a lessbiased sampling of asteroid compositions than do meteorites. Most cosmic spherules have CM-chondrite-like compositions (Brownlee et al., 1997).
8.

measuring the times of cooling for ordinary chondrites
metamorphosed at various peak temperatures (Göpel et al.,
1994; Trieloff et al., 2003). Differences in 182Hf-182W and
235U/238U-207Pb/206Pb ages (equal to 2–12 Ma for H chondrites) have been used to estimate the interval of ordinary
chondrite metamorphism (Humayun and Campbell, 2002).
The chondrite classification system based partly on thermal metamorphic grade was in wide use prior to the first
edition but the action of fluids, indicated by changes in oxidation state during ordinary chondrite metamorphism (McSween and Labotka, 1993), had not been recognized. Scales
quantifying the intensity of aqueous alteration (Browning
et al., 1996) and shock metamorphism (Stöffler et al., 1991;
Scott et al., 1992; Rubin et al., 1997) now allow effects
accompanying these processes to be discerned. Noteworthy
examples are destruction of presolar grains (Huss, 1990),
the redistribution of minor elements in chondritic metal during metamorphism (Zanda et al., 1994), and the synthesis
of new organic compounds during aqueous alteration and
heating (Sephton et al., 2003; Pearson et al., 2002). In the
first edition, aqueous alteration was described only as a parent-body process, still a prominent view (Krot et al., 1995).
However, other observations suggest some carbonaceous
chondrite components may have been altered before accretion, either in the nebula or within small, precursor planetesimals (Metzler et al., 1992).
Halite-bearing clasts (Fig. 9) have been discovered in
several recently fallen ordinary chondrite regolith breccias
(Zolensky et al., 1999). Irradiation effects show that these
salts are preterrestrial, and fluid inclusions demonstrate that
they formed by precipitation from aqueous liquids at low
temperatures in asteroid regoliths (Whitby et al., 2000).

THE PARENT BODY EPOCH

The nebular record in meteorites is commonly obscured,
at least in part, by parent-body processes — thermal metamorphism, aqueous alteration, melting, impact brecciation,
and shock metamorphism. The first edition devoted six chapters to these topics, but ambiguities remained. Significant
advances in unraveling these geologic overprints in meteorites now enable a better understanding of which materials and properties are of nebular origin and which are not.
8.1.

Chondritic Parent Bodies

All asteroids have been heated to some degree, probably
by radioactive decay of short-lived nuclides such as 26Al
(MacPherson et al., 1995; Russell et al., 1996; Srinivasan
et al., 1999; Kita et al., 2000). Thermal evolution models
based on 26Al heating provide a context for interpreting
measureable properties in chondrites — equilibration temperatures, cooling rates, and radiometric ages (McSween et
al., 2002). These models are appropriate for bodies that
develop concentric metamorphic zones, and the existence
of such “onion-shell” asteroids has been demonstrated by

Fig. 9. Halite crystals (3–4 nm) in the Zag ordinary chondrite
demonstrate the former presence of evaporating fluids in asteroids.
Courtesy of M. Zolensky, NASA Johnson Space Center.
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8.2.

Differentiated Parent Bodies

A new development in understanding achondrite magmatism is evidence supporting that eucrites and related diogenites may have formed in a magma body of asteroidal
scale (Righter and Drake, 1997; Ruzicka et al., 1997).
However, despite extensive petrographic and geochemical
studies, there is still little consensus on major questions of
eucrite petrogenesis (Mittlefehldt et al., 1998). Angrites
provide an interesting comparison with eucrites, mimicking the dichotomy of alkaline and tholeiitic basalts on Earth
(Mittlefehldt and Lindstrom, 1990). Angrites and eucrites
have similar O-isotopic compositions (Clayton and Mayeda,
1996) and experiments suggest they could have been produced by melting similar chondritic protoliths under different redox conditions. The paucity of meteoritic basalt
groups relative to other differentiated meteorites might be
explained by explosive volcanism (Wilson and Keil, 1991).
Ureilites, the most perplexing primitive achondrites, were
formerly argued to be cumulates but are now generally
viewed as smelting residues (Goodrich, 1992; Walker and
Grove, 1993; Singletary and Grove, 2003). Supporting the
interpretation that the ureilite parent body did not undergo
extensive melting is the surprising finding that ureilites have
primitive O-isotopic compositions that correlate with the Fe
contents of olivine and pyroxene (Clayton and Mayeda,
1988).
New information on Fe-Ni phase equilibria, such as a
revised Fe-Ni phase diagram (Yang et al., 1996), has provided an improved understanding of the cooling histories
of asteroid cores. An investigation of Ni-rich areas of widmanstätten patterns in iron meteorites (Yang et al., 1997)
indicated these are not taenite, as previously thought, but
intergrowths of tetrataenite, martensite, and awaruite. This
revelation constitutes a drastic revision of iron meteorite
mineralogy, and its implications for Fe-Ni phase relations
are not yet clear. Hopfe and Goldstein (2001) have significantly revised the metallographic cooling rate method.
The difficulties in segregating metallic liquids from host
silicates have been clarified (Taylor, 1992). Numerical models of fractional crystallization in irons have become more
sophisticated, and now explore the effects of imperfect mixing, liquid immiscibility, and trapping of S-rich liquid (Haack
and McCoy, 2003, and references therein). Application of
Re-Os dating has demonstrated that the cores representing all the various iron meteorite groups crystallized within
100 m.y. of each other (Smoliar et al., 1996; Shen et al.,
1996).
9. THE PLANETARY EPOCH
9.1.

Formation Chronology

The application of 182Hf-182W to iron meteorites and
chondrites has constrained the early times of core formation in asteroids (Lee and Halliday, 1997). A revision in the
W-isotopic composition for chondrites (Kleine et al., 2002;
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Schoenberg et al., 2002; Yin et al., 2002) significantly lowered the formation ages of Earth (11–30 Ma) and Mars
(<15 Ma) relative to the formation time of CAIs, suggesting
rapid accretion and differentiation of the terrestrial planets.
9.2.

Organic and Putative Biogenic Substances

Chyba and Sagan (1992) concluded that the dominant
source of organic material to the early Earth was IDPs,
which are ~10% organics by mass, because their gentle
atmospheric deceleration could deliver organic compounds
intact.
No review of advances in meteoritics or biogenic molecules would be complete without mentioning ALH 84001,
originally misclassified as a diogenite but recognized as
a unique martian meteorite by Mittlefehldt (1994). If for
no other reason, ALH 84001 is important as the oldest
(~4.5 Ga) planetary sample (Nyquist et al., 2001). The proposal that this meteorite contains evidence of extraterrestrial
life (McKay et al., 1996) generated a firestorm of controversy that placed meteoritics on the front pages of newspapers. The meteoritics community responded with an outpouring of research on carbonates, nanophase magnetites,
putative microfossils, and organic compounds. Although
few planetary scientists have accepted the proffered evidence for this hypothesis, its lingering effects are a revitalized Mars exploration program focused on the search for
life, as well as a significant increase in the price of meteorites. Scientific consequences include research on the formation and stability of polycyclic aromatic hydrocarbons,
recognition of the difficulties in identifying potential mineralogic or isotopic biomarkers and fossils, discovery of
novel mechanisms for carbonate formation, and acknowledgment that terrestrial micro-organisms eventually contaminate all meteorites (Steele et al., 2000).
9.3. Implications of Cosmic-Ray
Exposure Ages
The large number of exposure ages for different meteorite groups now available (Wieler and Graf, 2001; Herzog,
2003) permits new insights into the orbital mechanics of
meteoroids. The pronounced age clumps for various groups
suggest that a small number of collisions produced a large
fraction of known meteorites. In the first edition, the reigning view was that Earth capture depended on impact injection of meteoroids into chaotic resonances. However, the
calculations of Gladman et al. (1997) showed that transport through resonances took much less time than clocked
by cosmic-ray exposure ages. The order-of-magnitude discrepancies have now been resolved by considering the role
of the Yarkovsky effect (small accelerations produced by
asymmetric solar heating) in slowly moving meteoroids into
resonances (Farinella et al., 1998).
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