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Cosmic Setting for Chondrule Formation 

G. Jeffrey Taylor, Edward R. D. Scott, and Klaus Keil 
Institute of Meteoritics and Department of Geology, University of New Mexico, Albuquerque, New Mexico 87131 

Impact and igneous processes are sufficiently well-understood to allow us to rule out hypotheses of 
chondrule origin that involve processes operating on meteorite parent bodies or planetesimals. This leaves 
the solar nebula as the likely setting for chondrule formation. Properties of lunar, terrestrial, and meteoritic 
breccias and the lunar regolith are totally inconsistent with the notion that chondrules formed by impact on 
parent bodies. Impact models cannot explain the high chondrule abundances, the minuscule abundance of 
agglutinates in chondrites, the absence of hypervelocity impact pits on chondrules, the old ages of 
chondrules, the presence of chondrule rims, and the diversity of chondrule compositions. Impact during 
accretion, besides suffering from the same flaws as other impact models, cannot explain quantitatively how 
impact melts, which require projectile velocities of several km/sec, can be produced when velocities during 
accretion are less than twice the escape velocity, which is only 0.4 km/sec for a body 300 km in radius. 
Models depicting chondrules resulting from collisions between molten planetesimals are disproven by the 
oxygen isotopic heterogeneities of chondrules, the presence of chondrule rims, and the unfractionated 
bulk-silicate compositions and narrow size distnbution of chondrules. Similar arguments rule out volcanism 
as a means of forming chondrules. A nebula setting is more compatible with the following: ( 1) The textures 
of the materials that rim chondrules are not igneous; (2) oxygen isotopic compositions of chondrules can be 
explained by reaction of solids with nebular gases; and (3) matrix materials in type 3 chondrites vary as 
widely in composition as do chondrules, demonstrating that compositionally heterogeneous dust was 
available in the nebula for chondrule formation. 

INTRODUCTION 

Chondrules are igneous-textured, millimeter-sized, spherical to irregularly-shaped silicate 
objects that constitute the major component of most chondrites (Dodd, 1982). Researchers agree 
that chondrules were once molten, but there is no agreement as to how or where the melts formed. 
We divide models for chondrule origin into two categories, according to the cosmic setting in 
which chondrules are supposed to have formed. One is a "planetary" setting, which envisages 
chondrules forming on the surfaces of parent bodies. Melting mechanisms include impact and 
volcanism. We also include in this category models that imagine chondrules forming by impact 
during accretion of parent bodies or in collisions between molten or solid planetesimals larger than 
a few meters in diameter. The other cosmic setting is in the solar nebula, prior to planet 
formation; we dub this the "nebular" setting. Numerous mechanisms for chondrule melting in the 
nebula have been proposed, including impact between centimeter-sized objects, condensation as 
liquids from a vapor, and transient heating events that remelt pre-existing solid materials. 
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In this paper, we argue that the properties of chondrules and chondrites are drastically 
different from those of known impact and volcanic deposits on Earth, the moon, and in meteorites. 
Chondrules, therefore, did not form in a planetary setting, but must have formed in the solar 
nebula. We also argue that enough is known about differentiated meteorites and igneous processes 
to rule out the idea that chondrites formed by collisions between molten planetesimals. Some of 
the arguments have been made before (e.g., Wasson, 1972; Kerridge and Kieffer, 1977; Wood 
and Mcsween, 1977; Lux et aL, 1981 ), but the issues have not been discussed as comprehensively 
as we do here. We address the following specific mechanisms operating in planetary settings: 
impacts on parent bodies, impacts during accretion, collisions between molten planetesimals, and 
volcanism. Finally, we point out some virtues of a nebular setting for chondrule formation. 

The examples we quote are drawn largely from ordinary chondrites, but there is substantial 
evidence that chondrules in ordinary, carbonaceous, and enstatite chondrites share similar origins 
(Scott et al, 1982a; Scott and Taylor, 1983). Specifically, there are similarities in the chemical, 
mineralogical, and isotopic compositions of chondrules, matrices, and other components in these 
various chondrite groups. 

IMPACT ON PLANETARY SURFACES 

The notion that impact on a meteorite parent body could produce chondrules has achieved 
widespread popularity among meteorite researchers (Urey, 1952; Fredriksson, 1963; Ringwood, 
1966, Fredriksson et al, 1970, 1973; Wlotzka, 1969; King et al, 1972a,b; Kurat, 1982). How-
ever, the details of impact models tend to be ill-defined. Wlotzka ( 1969) and Kurat ( 1982) do not 
describe the physical setting at all. Urey (1952), Fredriksson (1963), Ringwood (1966) and 
Fredriksson et al (1973) suggest that chondrules formed when large planetesimals (bigger than 
asteroids, smaller than the moon) collided. They do not give details about the amount of melt 
produced, the size distribution of droplets and other blobs of melt, or the compositional diversity of 
the droplets. King et al ( 1972a,b) suggest that chondrule-like objects in Apollo 14 breccias formed 
during the event that produced the breccias, presumed to be the excavation of the gigantic 
Imbrium basin. By analogy, they suggest that chondrules formed during large impacts on 
meteorite parent bodies. 

All impact models share one common characteristic: chondrules are secondary objects 
formed by remelting of pre-existing rock. The energy for melting comes from the kinetic energy of 
impacting projectiles. Such models were given a boost when glass and quench-crystallized spheres 
of impact origin were discovered in lunar soils and regolith breccias. Impacts certainly cause 
melting of target materials. However, the detailed characteristics of impact deposits in the lunar 
highlands and those associated with terrestrial impact craters, the nature of the lunar regolith, and 
the properties of meteorite regolith breccias demonstrate that few chondrules could have formed 
by impact on the surfaces of chondrite parent bodies. The following discussion outlines why we 
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264 Chondrules_and their Origins 

believe that the overwhelming majority of chondrules did not form by impact on planetary 

surfaces. 

Chondrule abundances 

Glass spheres and other chondrule-like objects constitute merely a few percent of the lunar 

regolith (e.g., Heiken, 1975), which suggests that the impact process is not efficient at making 

droplets of melt. This low abundance applies both to loose regolith samples and to regolith 

breccias (Fig. 1), which are samples oflithified regolith. Achondritic regolith breccias have even 

lower abundances of chondrule-like objects (Brownlee and Rajan, 1973). Because achondrites 

formed on small bodies in the asteroid belt, we conclude that the abundance of quenched spheres 

in regoliths is not greatly dependent on surface gravity or location in the solar system. In contrast, 

type 3 chondrites consist of 30 to 50% chondrules (Fig. 1 ); the mechanism that made chondrules 

must have done so with impressive efficiency. The lack of compound and cratered chondrules on 

fig. 1. Comparison of textures 
of (a) type 3 chondrite (Semar-
kona) and (b) lunar regolith brec-
cia (14318); both to the same scale, 
15 mm across. Note the great 
abundance of chondrules in 
Semarkona and the low abundance 
in 14318, which consists mostly of 
broken rock, mineral, and glass 
fragments. 
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the moon implies that the number density was small where lunar spheres formed compared to 
conditions where chondrules formed ( Gooding and Keil, 1981 ). 

Agglutinates outnumber glass spheres on the moon 

Agglutinates are the single most abundant component in the lunar regolith (Heiken, 1975). 
These are aggregates of rock, mineral, and glass fragments bound by a brownish, swirly glass. As 
Kerridge and Kieffer (1977) point out, the abundance of agglutinates (about 50% in most lunar 
soils) far exceeds the abundance of glass spheres and other chondrule-like objects (a few percent). 
While discrete agglutinate particles are not generally recognizable in lunar regolith breccias, 
especially the most coherently lithified ones, the brownish glass characteristic of agglutinates 
always is (Drozd et al., 1976; Papike et al., 1981 ). If chondrules formed by impact into a regolith, 
chondrites ought to contain more agglutinates than chondrules, but in fact, chondrites contain 
almost no agglutinates. (We have observed one in the Fayetteville chondrite, a regolith breccia.) If 
chondrules formed in a regolith, chondrites should be chock-full of agglutinates. 

Impacts comminute 

Comrninution is the most efficient process operating in the lunar regolith and during large 
impacts into bedrock. Although agglutinates compose about 50% of a mature lunar soil (Heiken, 
1975), most of the volume of a typical agglutinate is made up of broken rock, mineral, and glass 
fragments. Studies of terrestrial impact craters (e.g., Pohl et al, 1977) and theoretical studies of 
cratering dynamics (e.g., O'Keefe and Ahrens, 1975) support these observations: impact melting 
on a planetary surface is an inefficient process. Impacts break a far greater volume (>97%) of rock 
than they melt ( <3% ). Consequently, if chondrules are the products of impact melting, chondrites 
ought to consist mostly of unmelted, elastic debris, not predominantly of chondrules, the supposed 
impact melts. Furthermore, chondrite regolith breccias (also called "gas-rich" breccias) attest to 
the dominance of breaking over melting during impacts: they contain substantial amounts of 
comminuted chondrules and rock fragments ( e.g., Mcsween and Lipschutz, 1980; Mcsween et al, 
1981; Rubin et al, 1983). Far fewer unbroken chondrules are present than in type 3 chondrites, 
yet if impact could produce chondrules, chondrite regolith breccias ought to have more unbroken 
chondrules than do type 3 chondrites, not fewer. Similarly, achondrite regolith breccias (e.g., the 
Kapoeta howardite; Fredriksson and Keil, 1963) consist mostly of fragmental material and 
contain little impact-melted rock. 

Hypervelocity impact pits 

Microcraters caused by hypervelocity impact of micrometeorites stud the surfaces of rocks, 
mineral fragments, and glass spheres and fragments in the lunar regolith ( e.g., Carter and 
MacGregor, 1970; McKay etal., 1970; Neukum etal, 1970). Microcraters have small glass-lined 
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266 Chondrules and their Origins 

pits surrounded by spall wnes (Fig. 2a) and range in size from less than a micron to more than a 

centimeter. It is not uncommon to find several microcraters on a single millimeter-sized soil 

particle. Microcraters have also been found on the rare chondrule-like objects in Kapoeta, an 

achondrite regolith breccia (Brownlee and Rajan, 1973). If chondrules formed in planetary 

regoliths like those on the moon or Kapoeta parent body, one would expect to find hypervelocity 

impact pits on chondrule surfaces: none have been discovered (Allen eta/., 1980; Gooding and 

Keil, 1981 ). 
Chondrules do have craters, but except for being circular depressions, their morphology is 

nothing like that of hypervelocity impact craters (Fig. 2b ). Instead, they appear to be simple dents 

caused by low velocity collisions. Das Gupta et al. ( 1978) studied the dents on chondrules from 

Chainpur and concluded that they formed by "high speed" collisions, citing as evidence the 

presence of glassy frills and apparent brecciated material within bowl-shaped craters and ejecta 

surrounding the craters. These features, however, could be formed by low-velocity collisions 

between partially molten chondrules (Gooding and Keil, 1981). Grossman (1982) suggests that 

some circular depressions may not be impact pits of any sort, but might instead be places where 

metallic Fe,Ni droplets were lost after solidification. 

Ages 

Except for those reheated by shock recently in solar system history (Taylor_ and Heymann, 

1969), chondrites are all 4.4 to 4.5 Gy old. Ages have been determined by Ar-Ar (e.g., Turner et 

Fig. 2 Comparison of (a) hypervelocity impact crater (5 µmin diameter) on a lunar soil particle 
(photo courtesy of F. H5rz) and (b) a crater (640 µmin diameter) on a chondrule from Ochansk 
(Gooding, 1979). The lunar microcrater has a glass-lined pit surrounded by a spall zone, whereas 
the chondrule crater appears to be a simple dent caused by a low-speed collision. 
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al., 1978), Rb-Sr (e.g., Minster and Allegre, 1979), and U-Pb (Unruh and Tatsumoto, 1980). 
Because chondrites are composed chiefly of chondrules, chondrules must have formed prior to 4.4 
Gy ago. The antiquity of chondrules is confirmed by the presence in individual chondrules of 129Xe 
derived from the decay of extinct 129I (Caffee et al, 1982a,b). If impact was an important 
chondrule-forming process, surely some chondrules would be younger than 4.4 Gy, as lunar 
highland bombardment continued until 3.9 Gy. 

Absence of pre-chondrule target rock 

The formation of chondrules by impact implies the existence of a precursor target rock. If this 
target was fine-grained nebular dust that had accreted into a parent body, we should have 
chondrites composed solely of such materials, but we do not. The closest analogous materials are 
the chondrule-free CI chondrites, but their oxygen isotopic composition is drastically different 
from those of chondrules (Clayton, 1981). As discussed below, Dodd (1971, 1978) suggests that 
large sheets of porphyritic rock formed during accretion by impact melting of fine-grained material 
and were then broken up by subsequent impacts to form porphyritic-olivine chondrules. If this 
were true, then there ought to be whole chondrites with the composition and texture of porphyritic 
chondrules, but there are none. 

Chondrule rims 

Many chondrules in type 3 chondrites are rimmed (Fig. 3) by fine-grained, FeO-rich silicate 
materials (Allen et al., 1980). These rims have similar compositions and textures as the opaque 
matrix of ordinary (Huss et al., 1981) and carbonaceous (Mcsween and Richardson, 1977) type 3 
chondrites. They are not compositionally or texturally like the mesostases of chondrules, despite 
claims to the contrary (Ashworth, 1981; Hutchison, 1982): the rims are much richer in FeO and 
poorer in feldspathic components than are chondrule mesostases. Any model for chondrule origin 
must account for the presence of chondrule rims, and the only possibility offered by impact models 
is rolling around in regolith dust. However, individual mineral grains, rock fragments, or glass 
spheres in the lunar regolith do not have rims around them. Moreover, the proportion of 
unequilibrated chondrules with rims in chondrite regolith breccias is smaller than in type 3 
chondrites, probably because their rims were abraded away as meteorite impacts reworked the 
surface of chondrite parent bodies. If chondrules acquired rims by rolling around in a dusty 
regolith, it is surprising that rim compositions vary drastically from chondrule to chondrule. We 
have found, for example, that the rims on adjacent chondrules vary by factors of two in their 
concentrations of FeO and MgO, and by greater amounts in Al20 3, Na20, K20, and CaO. 

Chondrule compositions 

Chondrules in a given meteorite display a broad range in composition (e.g., Gooding et al, 
1980; Lux et al, 1981), yet impact melts tend to be uniform in composition and represent total 
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Fig. 3 Chondrule (2 mm across) in Tieschitz surrounded by rim of opaque fine-grained, FeO-rich 
silicate material. Impact models for chondrule formation cannot account for the presence of such 
rims. 

melts of the target rocks ( e.g., Dence, 1971; Floran et al, 1978; Grieve, 197 5; Grieve and Floran, 
1978). For chondrules to be so variable in composition requires that the chondrite parent bodies 
were compositionally heterogeneous, so numerous impacts could melt a wide variety of targets. 
This seems unlikely for chondrite parent bodies. Dodd (1971, 1978, 1981) envisages that 
chondrule heterogeneity resulted from impact into a coarse-grained target rock. For reasons 
discussed below, this model no longer seems viable. 

Suevitic melts 

Terrestrial melt-bearing, fragmental breccias like suevite contain rare chondrule-like, round-
ish blobs of melt. However, most melt clasts are irregular in shape and appear to have been 
deformed when the fragmental material was deposited. 
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COLLISIONS DURING ACCRETION 

Dodd (1971, 1978, 1981) proposes an impact origin for chondrules, but unlike the models 
discussed above, his model depicts chondrule formation during accretion of chondrite parent 
bodies. Briefly, Dodd proposes that impacts melted dust on growing parent bodies to produce a 
microporphyritic rock. Later, fragmentation of such melt sheets produced microporphyritic 
chondrules, and additional impact melting yielded the variety of fluid-drop chondrules observed. 

While it seems likely that some chondrite breccias formed during accretion (Wasson and 
Wetherill, 1979; Scott and Taylor, 1982; Taylor, 1982), it is improbable that more than a tiny 
proportion of chondrules could have been produced at this time. Most of the arguments listed 
above also apply to impacts during accretion. Furthermore, it is probably not possible to retain a 
significant amount of the melt produced during a high-velocity impact (Wasson, 1972). For 
accretion to take place at all, impacts must be gentle enough to result in a net gain of material to the 
parent body. Experiments by Gault et al. (1963) indicate net mass loss if the impact velocity is 
more than a few times the escape velocity. 

Safronov (1972) and Goldreich and Ward (1973) show that a body accretes from objects 
whose velocities are not much greater than the escape velocity. The escape velocity of a body 10 
km in radius is~ 10 m/sec. Even during the terminal stages of accretion of a 300-km-radius body, 
which has an escape velocity of 0.4 km/sec, the velocities of the accreting projectiles would 
certainly be <1 km/sec. According to Fig. 2 of Horz and Schaal (1981), which relates impact 
velocity to peak shock pressure and the percentage of melt produced, no impact melting would 
take place at such a low velocity, even in porous, loosely consolidated material. 

In summary, the idea that chondrules formed by impact during the accretion of chondrite 
parent bodies can be ruled out. Velocities during accretion are too low to cause the substantial 
amounts of melting needed to form chondrules. If the velocities were high enough, accretion 
would not take place. Even if parent bodies could grow by high velocity collisions, the problems 
with impact models that we discussed above apply to impacts during accretion. 

COLLISIONS BETWEEN MOL TEN PLANETESIMALS 

Several authors have proposed that chondrules formed when molten or partially molten 
planetesimals collided, producing a hot cloud containing droplets of molten silicates (Zook, 1980, 
1981, 1982; Wanke et al 1981; Hutchison, 1982; Hutchison and Bevan, 1982; Leitch and 
Smith, 1981, 1982). The model certainly seems capable of producing vast amounts of molten 
material, but we believe it is not able to explain most properties of chondrules, as outlined below. 

Oxygen isotopic compositions of chondrules 

Chondrules in ordinary and carbonaceous chondrites have heterogeneous oxygen isotopic 
compositions (e.g., Clayton, 1981; Gooding et al, 1982). They tend to plot along a line with a 
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slope of one on the three-isotope plot, probably due to isotopic exchange between silicates and 
surrounding nebular gas, perhaps during chondrule formation (Clayton, 1981 ). It would seem that 
the hypothetical molten planetesimals would have homogeneous oxygen isotopic compositions, 
and collisions among them would result in a homogeneous distribution of oxygen isotopes in 
chondrules. Nevertheless, Hutchison and Bevan (1982) argue that the oxygen data can be 
explained by requiring one of the planetesimals to be richer in 160 than the other so that their 
collision would result in oxygen isotopic compositions intermediate between the two extremes. 
However, most chondrules produced in this manner would have oxygen isotopic compositions 
characteristic of the two molten planetesimals, rather than intermediate compositions. It is difficult 
to see how kilometer-sized objects could mix on a millimeter scale. Zook (1982) suggests that the 
mixing line might result from partial melting of the planetesimals, with the most 16O-rich 
components remaining in the refractory residue. This is not possible, however, as isotopic 
exchange would occur during melting, leading to compositions lying along a line with a slope of 
0.5. 

These models are not convincing, but are difficult to refute quantitatively. However, recent 
results on chondrules separated from the Allende chondrite (Clayton et al, 1983) rule them out. 
Chondrules from Allende form an array with a slope greater than that of the line defined by most 
Ca-Al-rich inclusions and matrix. Mixing between two planetesimals of different isotopic compo-
sitions cannot explain these trends. 

Chondrule rims and 
matrix lumps 

Most chondrules in type 3 chondrites have rims around them (Fig. 3). It is not possible for 
these rims to be acquired during the collision of two molten planetesimals, though it is possible for 
this to happen after the resulting cloud of droplets had dispersed. None of the models proposed to 
date confronts the issue of chondrule rims, though Hutchison and Bevan (1982) suggest that 
chondrule rims represent splashed liquids, a suggestion that ignores the dramatic differences in 
chemical composition between chondrule rims and chondrules or chondrule mesostases. 

An even more serious problem for the molten planetesimal model is the presence of lumps of 
dark, fine-grained, FeO-rich matrix material inside chondrules (Rubin et al, 1982a; G. Kurat, 
personal communication). These lumps of matrix material are clearly contained within some 
chondrules and are not simply protrusions of rims along cracks in the chondrules. Matrix material 
must have entered the chondrules before they had crystallized. Because chondrules were partly 
molten for no more than a few hours (Planner and Keil, 1982; Tsuchiyama and Nagahara, 
1981; Hewins et al, 1981), matrix lumps must have been near molten chondrules, probably 
within 104 km. This seems inconsistent with formation of chondrules when two molten bodies 
splashed into each other. 
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Chondrule sizes 

Chondrules come in a restricted range of sizes (Martin and Mills, 1978; Hughes, 1978; King 
and King, 1978). Most are 0.5 to 1.5 mm in diameter, though some are as small as one micron 
(Rubin et al., 1982a); few are larger than 5 mm. How could molten bodies nominally 10 km 
across collide and produce such a narrow size range of small objects? Presumably the droplets are 
sorted somehow before accretion, but what happened to the large blobs of melt? Some would 
probably be hundreds of meters across, and these large blobs would contain most of the mass of the 
original bodies. Meteorites corresponding to these molten masses should exist, but none have been 
identified. 

Fractionated liquids 

A body that heated up gradually would partially melt and produce a range of fractionated 
liquids. Even if the body ended up totally molten, it would probably be stratifed, with the more 
refractory components underlying less refractory ones (perhaps with an Fe-Ni-Score). But the 
silicate portions of chondrules are basically unfractionated in composition relative to CI chon-
drites ( with the obvious exception of Ca-Al-rich chondrules ). Their REE patterns are within errors 
of average chondritic (Gooding et al., 1980); partial melting would almost certainly produce 
fractionated REE patterns. Similarly, their bulk major element contents, while ranging widely, are 
on average the same as CI chondrites, minus Fe,Ni metal, trace siderophile elements, and volatiles 
like H20 and S (Scott et al., 1982a). 

Minor elements in chondrules in E chondrites 

Leitch and Smith ( 1981, 1982) propose that enstatite chondrites formed by the collision and 
mixing of two planetesimals: one with red-luminescing enstatite, the other with blue-luminescing 
enstatite. They base the model on the bimodal distribution of enstatite compositions, claiming that 
red enstatites are consistently higher in Mn, Ti, Cr, and Al than blue enstatites. However, random 
analyses of enstatite grains in several E chondrites show that compositions and color are not well 
correlated (McKinley et al., 1982, 1983). For the majority of cases, the composition of enstatite is 
consistent with crystallization from a liquid and subsequent metamorphism in parent bodies. 
There are some cases where mixing seems necessary, but these do not require the existence of 
molten planetesimals. 

We do not argue that collisions between partly molten planetesimals never occurred. Such 
collisions may have been involved in the formation of mesosiderites (Hewins, 1982) and pallasites. 
But we believe that differentiated ( achondrites, irons) and undifferentiated meteorites ( chondrites) 
can be distinguished by their different chemical and petrologic properties. These properties 
indicate that chondrules did not form from molten or partly molten pianetesimals. 
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VOLCANISM 

Volcanism as a mechanism of producing chondrules has been proposed by a number of 
authors (Tschermak, 1883; Ringwood, 1959; Fredriksson and Ringwood, 1963 ). A review of the 
literature reveals that current researchers are not enthusiastic about it being a viable mechanism for 
chondrule formation. In spite of its current unpopularity, we include a discussion of it here for the 
sake of completeness. The main problems with the idea are summarized below. 

Chondrule compositions 

As we noted above when criticizing the molten planetesimal model, bulk silicate composi-
tions of chondrules are, in general, unfractionated compared with solar abundances. Volcanism 
requires the production of melts. Unless the percentage of partial melting is extremely large 
(probably greater than 50% ), most of the melts would be distinctly non-chondritic in composition. 
For example, one would expect large variations in FeO/MgO, Al20 3, K20, Na20, and the REE. 

Chondrule abundances 

Volcanic eruptions on Earth and the moon do not concentrate droplets of melt to the extent 
that the chondrule forming process did. Although terrestrial volcanoes certainly produce droplets 
of melt, most of the volume of erupted material forms lava flows, not millimeter-sized spheres. On 
the moon, pyroclastic deposits like the orange soil at the Apollo 17 landing site (Heiken et aL, 
197 4) are indeed richer in droplets than even chondrites are; such deposits mantle the margins of 
many maria. Nevertheless, lunar pyroclastic deposits are rare on the moon and are dwarfed in 
abundance compared to mare basalt lava flows. 

No chondrule-composition achondrites 

If chondrules formed by volcanic eruptions, then surely lava must have flowed across the 
surfaces of the chondrite parent bodies, and intrusive rocks must have formed below their surfaces. 
These igneous rocks would have compositions corresponding to the compositions of chondrules. 
No such rocks exist among the thousands of meteorites in the world's collection. 

Oxygen isotopic compositions 

Every model designed to explain some facet of meteoritics has to explain the relevant oxygen 
isotopic compositions. Volcanism fails the test. Partial melting in a parent body would not yield 
chondrules that fall along a line with a slope of one on the three-isotope plot. Fractionation of the 
oxygen isotopes would be along a line with a slope of 0.5. Unless the parent body was 
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astonishingly heterogeneous in its oxygen isotopic composition, all melts produced in one body 
ought to lie along the same chemical-fractionation line. 

VIRTUES OF A NEBULAR SETTING 

There is a growing consensus that chondrules formed in the solar nebula by melting of 
pre-existing solids (Grossman et al, 1979; Gooding et al., 1980; Lux et al, 1981; Wood, 
1981; Grossman and Wasson, 1982), rather than by direct condensation from a vapor (Suess, 
1949; Wood, 1963; Blander and Katz, 1967; Blander and Abdel-Gawad, 1969; Mcsween, 
1977). The heat sources responsible for the remelting are still debated. Possibilities include: 
lightning (Whipple, 1966; Cameron, 1966; Rasmussen and Wasson, 1982); heating in shock 
fronts created during the collapse of the nebula; chemical energy (Clayton, 1980); transient 
heating events associated with the primitive sun (Wood, 1963; Wood and Mcsween, 1977); and 
impact between small (millimeters to centimeters) objects in space (Whipple, 1972; Wasson, 
1972; Cameron, 1973; Kieffer, 1975; Grossman et al, 1979). We will not review the pros and 
cons of these ideas here; adequate discussions appear in Wasson ( 1972), Dodd ( 1978), Wood and 
Mcsween ( 1977), and Lux et al ( 1981 ). Rather, we wish to point out some features of chondrules 
that are consistent with conditions thought to have prevailed in the solar nebula, or at least are more 
consistent with chondrules forming in space rather than on parent bodies. 

One argument that persuaded some authors (e.g., Dodd, 1981) that chondrules had formed 
during planetary processes was the diversity of chondrule compositions. These authors argued that 
nebular processes could not be responsible. However, recent work on matrix materials in type 3 
chondrites (Huss et al., 1981; Ikeda et al., 1981; Rubin et al, 1982b; Scott et al., 1982a,b) 
demonstrates that matrix materials, including chondrule rims, lumps within chondrules, and 
matrices of C3 chondrites, vary as widely in composition as do chondrules. Heterogeneous dust 
did exist in the nebula, so there is no need to invoke planetary processing to produce composition-
ally diverse chondrules. A vexing problem to solve is to elucidate the processes that led to large 
chemical fractionations of dust in the solar nebula. 

Oxygen isotopic variations are more easily understood in a nebular setting than in a planetary 
one. As Clayton (1981) and Wood (1981) note, the likely carriers of isotopic anomalies in the 
early solar system were solids, not gases. These solids could exchange oxygen with one or more 
gaseous reservoirs in the nebula, producing the range of oxygen isotopic compositions observed in 
chondrules. In contrast, planetary processes tend to homogenize isotopic compositions. 

CONCLUSIONS 

Properties of lunar, terrestrial, and meteoritic impact breccias and the lunar regolith are 
totally inconsistent with the notion that most chondrules formed by impact. This conclusion 
applies whether one considers impact on a parent body, during accretion, or between molten 
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planetesimals. An equally firm case can also be made against a volcanic origin for chondrules. 
Although there is considerable uncertainty about the kind of nebular processes that could have 
formed chondrules, there is now some confidence that planetary impact and melting processes are 
sufficiently understood to be discounted as the major producers of chondrules. Chondrules formed 
in the solar nebula and, therefore, they contain a wealth of information about conditions in the 
nebula before planets formed. 

Acknowledgments. This work was supported by NASA grant NGL 32-004-064. Comments by Jim 
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