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The Compositions of Chondrules in Unequilibrated Chondrites: 
An Evaluation of Models for the Formation of 

Chondrules and their Precursor Materials 

Jeffrey N. Grossman* and John T. Wasson*t 
Institute of Geophysics and Planetary Physics, University of California, Los Angeles, California 90024 

The compositions of chondrules from unequilibrated ordinary and carbonaceous chondrites can be used to 
constrain the nature of chondrule melting, the materials from which chondrules formed, and the relationship 
between chondrules and other chondritic components. Published chemical/ petrographic studies of individ-
ual chondrules form a large data base of several hundred arutlyses, and are sufficient for evaluating many 
problems concerning chondrule origin. Chondrules are objects that show evidence both for melting and for 
incorporation oflow-temperature materials. Many once-molten but refractory-rich objects in carbonaceous 
chondrites are probably not chondrules; few such objects exist in ordinary chondrites. Chondrules with 
outlying compositions cannot be used as constraints on models for chondrule formation since they may have 
formed under unusual conditions or from unusual precursors. There are differences between the composi-
tions of different chondrule textural types in ordinary chondrites, in agreement with previous work; such 
differences also exist in carbonaceous chondrite chondrules, but they show a pattern distinct from that in 
ordinary chondrites. These variations demonstrate the necessity for producing both chemical and petrogra-
phic data while studying chondrules. The grand mean compositions of ordinary and carbonaceous chondrite 
chondrules reflect the compositions of the host chondrites for lithophile elements; siderophiles are uniformly 
depleted, Fe is intermediate. Opaque matrices show different compositions. Chondrules must have formed 
from the same components that were involved in the chemical fractionations seen between chondrite groups. 
That mean chondrules are not significantly depleted in volatiles compared to whole rocks precludes a 
condensation origin for chondrule melts. Chondrule compositions show wide variations in all elements. This 
heterogeneity is inconsistent with direct condensation models. Chondrules formed by the melting of 
pre-existing solids. Volatile elements are mainly in chondrule interiors rather than on surfaces. Their patterns 
of variation demonstrate that chondrule melts generally behaved as closed systems. Fractional vaporization 
was not an important mechanism for creating chondrule diversity. The melting and subsequent cooling of 
chondrules must have been brief. As a result, chondrules preserve chemical variations that existed among 
their precursors. Published models involve different sets of precursor solids. The covariations among the 
non-volatile lithophile elements in chondrules are much more consistent with models involving heteroge-
neous nebular precursors than with processed (igneous or metamorphic) or homogeneous solid precursors. 

INTRODUCTION 

The "solar" compositions and unequilibrated mineral assemblages of many chondrites 
indicate formation in the solar nebula with at most minor alteration by planetary igneous or 
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metamorphic processes. Chondrites are generally divided into coarse-grained "chondrules," fine-
grained "matrix," and minor amounts of other petrographic assemblages. The chondrules are an 
extremely diverse array of objects accounting for an estimated 80% of the volume of some ordinary 
chondrites (Dodd, 1981 ), 30-50% of the CV and CO group carbonaceous chondrites (McSween, 
1977a), and about 5% of the CM chondrites. No chondrules are found in CI chondrites. 

The bulk of the mass of the chondrules resides in objects in the millimeter-size range. We 
define "matrix" to include the fine-grained, opaque materials described by Huss et al (1981), 
which sometimes appears to be recrystallized, isolated metal and silicate grains, and the fine-
grained "rims" around chondrules (Allen et al, 1979, 1980). Other components found in some 
chondrite classes include aggregates and various types of refractory inclusions. The latter objects 
are much more abundant in carbonaceous chondrites than in other groups, occupying as much as 
10-20% of the volume in some CO and CV chondrites (McSween, 1977b,c). Refractory chon-
drules and inclusions have also been reported in ordinary chondrites (Noonan, 1975; Nagahara 
and Kushiro, 1982; Bischoff and Keil, 1983 ). These tend to be small, and probably occupy far less 
than 1 % of the total volume. 

Although there is no consensus among researchers as to which objects should be classified as 
true chondrules, most would agree that chondrules were once molten or partially molten, and that 
they existed at least briefly as independent entities. We discuss the detailed definition of chondrules 
in a later section. 

Major questions regarding chondrules are: ( 1) What was the mechanism responsible for the 
production of chondrule melts? (2) What was the nature of the chondrule precursor material? (3) 
What is the relationship between chondrules and the other chondritic components? (4) To what 
degree and how were the chondrules and the other chondritic components fractionated from each 
other during chondrite agglomeration? 

The high abundance of chondrules in ordinary chondrites suggests that either the chondrule-
melting mechanism was very efficient, converting most of the material in the ordinary chondrite 
formation location into chondrules, or that chondrite components have been mechanically 
separated, and are not representative of the total solid material in the nebula at that formation 
location. The scarcity of chondrule-poor chondrites implies that the formation mechanism was 
efficient. However, there is also evidence that chondrules have been size-sorted (Dodd, 1976; King 
and King, 1978), as well as evidence that chondrite elemental fractionations are due to the 
differential agglomeration of coarse and fine components ( Grossman and Wasson, 1983 ). It seems 
probable that chondrites preserve a record of all types of material present in the solar system at the 
time of chondrule formation, despite the fact that agglomeration efficiency may have been different 
for the various components. 

If it can be shown that chondrules behaved as closed systems since the time that they became 
molten, then their compositions can be used directly to deduce the compositions of the chondrule 
precursor materials. If chondrules were open systems, experiencing mass transport across their 
surfaces either when they were liquid or after solidification, then the estimation of precursor 
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90 Chondrules and their Origins 

compositions is more difficult. Determination of the compositions of chondrule precursors would 
provide important constraints on the mechanism(s) responsible for chondrule melting, and 
information on physical conditions and processes early in the history of the solar system. A 
first-order question is whether the precursor was a gas or a solid. If it was solid, were the precursors 
nebular condensates, rocks on asteroidal surfaces, interstellar grains, etc.? In this case, the melting 
mechanism(s) must be able to operate under the conditions in which the precursors are expected to 
exist. 

In this paper we review the progress toward answering some of these questions made through 
the study of chondrule compositions. Special emphasis is placed on studies in which both chemical 
and textural information was gathered on the same chondrule set. In light of the historical 
controversy over which objects are true chondrules, the value of a data set is greatly increased when 
petrographic descriptions accompany the analyses. Because of the compositional differences 
between textural types of chondrules (Gooding et al., 1980), it is necessary to have petrographic 
data in order to correct for sampling biases. 

It is also essential that the chondrule data be obtained from unequilibrated chondrites (in 
general, type 3 chondrites). Systematic changes in chondrule composition with petrologic type 
have been noted by Schmitt eta/. (1968), Osborn (1972), Gooding(1979), and Lux et al (1981). 
The unequilibrated-chondrite chondrules best preserve the record of processes affecting the 
precursors. 

DEFINITION OF CHONDRULE 

Every researcher has his own working definition or set of criteria designating which objects to 
call chondrules. The common element in almost all definitions is the requirement that the objects 
have been molten to an extensive degree. Other criteria have commonly included chondrule 
outline, size, mineralogy, and texture. Each researcher tends to select a different subset of the 
population of chondritic objects for analysis. The result of these differences is that meaningful 
comparisons of data from different studies can only be done when petrographic data are also 
present. 

It is probable that there is more than one genetic class of chondrule-like objects. In 
carbonaceous chondrites, many refractory inclusions show clear evidence of melting, but are likely 
to be unrelated to chondrules. These objects are quite different from the ferromagnesian silicate-. 
rich chondrules in composition and in size frequency distribution. The volatile elements in 
refractory inclusions are commonly contained in materials associated with late-stage (secondary) 
alteration (Grossman, 1980). By comparison, the interiors of silicate-rich chondrules almost 
always contain volatile elements such as Na, K, and S; apparently, these elements were primary 
features of the melts, and not associated with post-melting alteration. Many coarse-grained 
inclusions are quite large, reaching centimeter-size in CV chondrites. Silicate-rich chondrules, 
which are more abundant, only rarely reach this size. 
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Many refractory inclusions must have ceased equilibrating with nebular gas at very high 
temperature; it seems probable that many are distillation residues, indicating orders-of-magnitude 
more massive starting materials (Kurat, 1970; Chou et al, 1976; Hashimoto et al, 1979; Kor-
nacki, 1981 ). In contrast, the presence of primary volatiles in silicate-rich chondrules indicates 
some equilibration of the precursor material with nebular gases at much lower temperatures. If 
distillation processes were responsible for the differences between refractory inclusions and 
silicate-rich chondrules, then, paradoxically, the latter objects seem to have experienced less 
volatile loss despite their smaller sizes. Thus, there is evidence in the carbonaceous chondrites for at 
least two populations of igneous objects differing in origin. In light of these differences, it is unwise 
to combine the data on these two types of materials. It is conceivable that they share some aspects 
of their formation histories ( such as the melting mechanism), but it seems equally likely that they do 
not. To avoid unnecessary constraints on our attempts to formulate models for chondrule 
formation, it is preferable to treat them as separate populations. We recommend that these 
refractory objects continue to be designated "inclusions" rather than "chondrules." 

In ordinary chondrites, there are also refractory-rich objects that were once molten. These 
commonly contain volatiles such as Na and Kand tend to be quite small, <300 µm (Bischoff and 
Keil, 1983). Presently available evidence does not indicate that these objects form a distinct 
population; it seems reasonable to classify them as chondrules. They are rare enough that their 
inclusion will probably not perturb a mass-weighted mean. If it later appears that some properties 
of these refractory-rich objects are inconsistent with the formational processes required for the 
mafic chondrules, it may be desirable to reassign them to a separate population, as we recommend 
for the refractory inclusions in carbonaceous chondrites. 

Several "metallic" chondrules appeared in studies of ordinary chondrites by Osborn (1972) 
and Gooding and Keil ( 1981 ). Our own observations show that these commonly contain mafic 
minerals, and sho'Y textural evidence for the melting of low-temperature solids ( occurrence of FeS 
and, in Semarkona, magnetite). These objects also seem best classified as chondrules; they only 
differ from the rest of the population in their content of minor components. In this sense they are 
similar to refractory-rich chondrules. 

We suggest the following criteria: ( 1) Chondrules must show evidence for melting. Evidence 
for melting has been summarized by King and King (1978) and Gooding and Keil (1981), and 
includes the presence of igneous glass, quench texture, or circular to partially circular outline along 
the original droplet surface. (2) Based on the preceding discussion, chondrules must show evidence 
of the incorporation of materials formed at low nebular temperatures ( <700 K). The best evidence 
is the presence of sulfides and oxidized Fe in the chondrule interior in non-negligible amounts [S/Si 
and FeO/(FeO + MgO) atom ratios >0.01]. Chondrules with extreme compositions, such as 
refractory-rich and metal-rich ones, should not be used to constrain models for chondrule 
formation because they may record information about different or uncommon nebular processes 
and materials. While this information is important, it should be evaluated separately from 
information derived from a study of the common, mafic-rich chondrules. In most ~inary 
chondrites, the large majority of the objects having sizes >0.3 mm seem to be chondrules. 
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92 Chondrules and their Origins 

STUDIES OF CHONDRULE COMPOSITIONS 

Neutron activation analysis (NAA) 

Before the development of neutron activation techniques around 1960 there were very few 
attempts to measure the compositions of chondrules. Nearly all of the research was directed toward 
the petrographic study of chondrules in meteorite thin sections. Schmitt et al. (1965) were able to 
determine Na, Sc, Cr, Mn, Fe, Co, and Cu by instrumental neutron activation analysis (INAA) in 
several hundred chondrules separated from ordinary and carbonaceous chondrites. This data set 
was later extended to include Si (Schmitt et aL, 1967) and, by radiochemical neutron activation 
analysis (RNAA), the rare earth elements (REE)(Schmitteta/., 1968). OsbornetaL (1973, 1974) 
used improved INAA techniques to obtain more precise data on Fe, Al, Na, Mn, Cr, Sc, Co, Si, Ni, 
Ca, and V in similar chondrule suites. The complete data from the Schmitt and Osborn work are 
listed in Osborn (1972), where the compositions of over 600 chondrules are tabulated. 

The shortcomings of the early INAA studies of chondrules were the lack of petrographic data 
accompanying the chemical results and the fact that most of the chondrules were from equilibrated 
chondrites. Many coarse-grained objects that can be separated from chondrites, and especially 
carbonaceous chondrites, fall into categories that may not share a common origin with chondrules 
as defined above. As we have stated, the working definition of "chondrule" should always be 
defined and must include textural/mineralogical parameters as well as physical ones in order to 
prevent ambiguity during the interpretation of the data. Because INAA is a non-destructive 
technique, recent researchers were able to prepare polished thin sections of chondrules for which 
chemical data were obtained. For this reason, and due to vast improvements since the mid-1970's 
in gamma-ray detector technology, recent NAA studies are providing more useful data. 

Gooding et aL (1980) and Gooding and Keil ( 1981) report analyses of-140 chondrules from 
a suite of ordinary chondrites. More than half of the chondrules were from type 3 chondrites. They 
obtained extensive petrological data as well as nearly complete NAA bulk chemical data for Al, V, 
Cr, Fe, Mn, Mg, Ca, Na, Sc, Zn, La, Sm, Eu, Yb, Lu, Hf, Co, Ni, Ir, and Au. These data are 
tabulated in Gooding (1979). Grossman has similarly obtained data for 11 Bjurbole (L4) 
chondrules, 36 Chainpur (LL3.4) chondrules, and 34 Semarkona (LL3.0) chondrules (Grossman 
etaL, 1978, 1979; Grossman, 1982b; Grossman and Wasson, 1982, 1983). These data include the 
same element set as Gooding's work, as well as K, Ga, Ge, As, Se, Cd, Ce, Nd, Tb, Ho, Ru, and Os. 
Combined textural and NAA data have also been obtained for 10 Chainpur chondrules by Kuratet 
aL (1982). 

Electron probe microanalysis (EPMA) 

The electron probe is another tool that has been widely used to determine chondrule bulk 
compositions. It differs from NAA in that no trace elements are determined; the elements Mg, Al, 
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Si, Ca, and Fe are determined with high precision, and Na, K, Ti, Cr, Mn, P, S, and Ni with 
somewhat lower precision. Several variations of this method may be found in the literature. 

Walter (1969) separated 82 chondrules from Bjurbole on the basis of shape and surface 
texture, fused them to produce a uniform glass, and analyzed them with a focused electron beam. 
This work was extended to include 61 Chainpur chondrules and 49 Allende (CV3) chondrules 
(Dodd and Walter, 1972; Walter and Dodd, 1972). DeGasparis et al. (1975) and Fredriksson 
( 1982) separated~ 340 ordinary chondrite ( QC) chondrules, crushed them, and pressed them into 
pellets before analysis with a defocused beam. As in the early NAA studies, there were no 
petrographic controls in these studies; however, they have an advantage over many other EPMA 
studies in that sample heterogeneity is not a major problem. 

Evensen et al. (1979) and Hamilton et al (1979) were able to characterize their samples 
petrographically by crushing only a part of each chondrule prior to analysis and reserving the 
remaining piece for the preparation of a thin section. They measured both chemical and isotopic 
parameters on the powdered material using EPMA and isotope-dilution techniques. Bulk chemical 
data for major elements, Rb, Sr, and REE were thus obtained for 12 Richardton (HS) and 4 
Parnallee (H3.6) chondrules. 

EPMA of chondrules in chondrite thin sections using a defocused beam also has been 
reported. In this technique, several analyses covering the surface of a chondrule are averaged to 
give the bulk composition. This has been done by McSween ( 1977 a; unpublished report, 1977) for 
~ 120 carbonaceous chondrite (CC) chondrules and ~60 chondrules from Bishunpur (L3.1 ), 
Tieschitz (H3.6), and Chainpur; Snellenburg (1978) for ~50 Krymka (L3.0) and Semarkona 
chondrules; Lux et al ( 1980, 1981) for~ 370 chondrules from H-chondrites (including 120 from 
type 3 H-chondrites); Fujimaki etal. (1981) for~60 and Nagahara (1981) for~ 100 Allan Hills 
A77015 (L3.5) chondrules. 

Several researchers have used the above method only for fine-grained samples; for coarse 
samples they have determined modal mineral abundances and reconstructed the bulk composition 
using these and focused beam analyses of the individual minerals [Dodd (1978a,b) for 27 
chondrules from Manych(L'.t4); Kimura and Yagi(l980)for~20 Yamato 74191 (L3) chondru-
les; Simon and Haggerty (1980) for~ 30 Allende chondrules]. This method tends to be less precise 
for elements such as P, S, Cr, and Ni, which are mainly sited in minor and trace phases. 

· The disadvantage of studies of chondrules in thin sections is the possibility of non-
representative sectioning of inhomogeneous chondrules. Major sampling problems are poSSible if 
the dimensions of the major phases are comparable to those of the host chondrule, as commonly 
occurs in porphyritic chondrules. As a result, bulk data may be less precise than those from wh~le 
or fused chondrule studies. While chondrule mean compositions will tend to be similar between 
the two types of studies, chemical trends can be different. This will be evident later in the discussion. 

Table 1 summarizes the work that has been done on the chemical/ petrographical characteri-
zation of chondrules. The carbonaceous chondrites have only been subjected to EPMA studies, 
mainly by McSween; therefore, almost nothing is known about the trace elements in their 
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Table 1. Chemical/ petrographic studies of chondrules. 
Sample Type No. Ref. Method* Sample Type No. Ref. Method* 

Carbonaceous Chondrites: 
Allende CV3 15 k EPMA Kainsaz CO3 48 k EPMA 

-30 m EPMA Kakangari anom 19 k EPMA 
Arch CV3 8 k EPMA Karoonda anom 10 k EPMA 
Bali CV3 17 k EPMA Lance CO3 43 k EPMA 
Coolidge CV3 21 k EPMA Leoville CV3 13 k EPMA 
Efremovka CV3 17 k EPMA Mokoia CV3 9 k EPMA 
Felix CO3 32 k EPMA Ornans CO3 30 k EPMA 
Grosnaja CV3 16 k EPMA Renazzo anom 11 k EPMA 
Isna CO3 26 k EPMA Vigarano CV3 15 k EPMA 
Kaba CV3 15 k EPMA Warrenton CO3 39 k EPMA 

CM chondrites: none 

Unequilibrated Ordinary Chondrites: 
A77015 L3.5 -100 EPMA Manych L3.4 32 a EPMA 
Bishunpur L3.l 19 k EPMA Parnallee H3.6 4 f EPMA,ID 
Bremervorde H3.9 30 EPMA Semarkona LL3.0 18 C NAA 
Chainpur LL3.4 14 C NAA 33 e NAA 

36 e NAA 39 n EPMA 
10 h NAA Sharps H3.4 30 EPMA 
17 k EPMA Tieschitz H3.6 17 C NAA 

Dhajala H3.8 15 C NAA 30 EPMA 
30 EPMA 26 k EPMA 

Hallingeberg L3 24 C NAA Y74191 L3 -20 g EPMA 
Krymka L3.0 8 n EPMA 

Equilibrated Ordinary Chondrites: 
Bjurbole LL4 11 d NAA Saratov L4 13 C NAA 
Hamlet LL4 8 C NAA Soko-Banja LL4 7 C NAA 
H-group H4-6 -250 J EPMA Tennasilm L4 7 C NAA 
Ochansk H4 8 C NAA Weston H4 11 C NAA 
Richardton H5 10 b EPMA,ID 

Enstatite Chondrites: none 
* Analytical methods are EPMA: electron probe microanalysis, NAA: neutron activation analysis, ID: 

isotope dilution. 
References: 

a) Dodd (1978a,b) h) Kurat et al. (1982) 
b) Evensen et al. (1979) i) Lux et al. ( 1980) 
c) Gooding et al. (1980) j) Lux et al. (1981) 
d) Grossman et al. (1978) k) Mcsween (1977a) 
e) Grossman and Wasson (1982, 1983) I) Nagahara (1981) 
f) Hamilton et al. ( 1979) m) Simon and Haggerty (1980) 
g) Kimura and Yagi (1980) n) Snellenburg ( 1978) 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1983chto.conf...88G


1
9
8
3
c
h
t
o
.
c
o
n
f
.
.
.
8
8
G

J. N. Grossman and J. T. Wasson: Compositions of chondrules 95 

chondrule populations ( Osborn, 1972, had no petrographic controls). There are no published 
chemical/petrographical studies of CM or EH (enstatite) chondrites, although the latter group is 
currently being studied by Smith et al (1983). In effect, the bulk of our knowledge of chondrules 
comes from studies of unequilibrated ordinary chondrites, especially Chainpur, Semarkona, and 
Tieschitz. 

THE BULK COMPOSITION OF CHONDRULES 

Ordinary chondrite chondrules 

In order to produce the best estimate of the mean composition of all chondrules, we have 
combined all of the chemical/ petrographic data sets in the literature having more than 10 analyzed 
samples. For unequilibrated ordinary chondrite chondrules, data from eight sources (Mcsween, 
1977a; Dodd, 1978a,b; Snellenburg, 1978; Gooding, 1979; Kimura and Yagi, 1980; Lux et al, 
1981; Nagahara, 1981; Grossman and Wasson, 1982, 1983) were utilized. 

Gooding and Keil (1981) divided silicate-rich chondrules by texture and mineralogy into 
several categories, including porphyritic olivine (PO), porphyritic pyroxene (PP), porphyritic 
olivine-pyroxene (POP), radial pyroxene (RP), cryptocrystalline (C), granular (G), and barred 
olivine (BO). Petrographic descriptions found in the eight data sets allow the chondrules to be 
assigned into three general textural types. We have combined data for those chondrules with (1) 
porphyritic texture (PO + PP + POP); (2) non-porphyritic or "droplet" texture (RP + C + 
G); and (3) barred olivine texture (BO). First, an average composition was calculated for each 
category. Then the three compositions were averaged together, using the modal data for ordinary 
chondrites from Gooding and Keil (1981) for weighting, to produce a grand mean composition. 
The three groups (H, L, LL) were combined since no large differences in chondrule modes or 
chondrule mean compositions are found ( Gooding et al., 1980). The compositions of each textural 
group and the grand mean chondrule, as well as the modal abundance data, are listed in Table 2. 

Clear differences are seen between the mean compositions of the different chondrule textural 
categories, in agreement with previous observations by Gooding et al (1980), Lux et al ( 1981 ), 
Nagahara (1981), and Grossman and Wasson (1982). These are shown in Fig. 1, in which the 
mean compositions of the two less abundant types ( non-porphyritic and BO) are normalized to that 
of the porphyritic type. The data are arranged in approximate order of decreasing condensation 
temperature and grouped by geochemical affinity. As expected, Mg/Si ratios reflect the mineral-
ogy: they are the lowest in the pyroxene-dominated non-porphyritic chondrules, highest in the 
olivine-dominated BO chondrules, and intermediate in the porphyritic chondrules. Refractory 
element/Si ratios are correlated with Mg/Si, being high in BO and low in non-porphyritic 
chondrules. Porphyritic chondrules are also rich in siderophile elements compared to non-
porphyritic chondrules (Gooding et al., 1980); the statistics are poor for BO chondrule sidero-
philes, but they seem to be depleted in metal. Our interpretation of the origin of these differences 
will be discussed later. The existence of compositional differences between textural types, and 
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Table 2. The mean concentrations of elements in ordinary chondrites and their components.• 
LithoQhile Elements 

Sample Vol. Al Ca Ti Sc La Sm V Mg Si Cr Mn Na K 
2f2 mgLg mgLg mgfg ggfg ng/2,_ ngfg ggfg mg{g mg{g mg{g mgfg mg{g mg{g 

Porph.a 65 15.7 15.2 0.91 10.6 400 275 98 192 218 3.9 2.9 
Non-porph. 12 13.3 14.1 0.72 7.7 320 233 78 162 247 4.3 3.8 
Barred 01. 3 23.8 17.5 1.32 12.6 570 380 97 205 199 3.5 2.2 
Mean cdl. 80 15.7 15.1 0.90 10.3 400 273 95 189 222 3.9 3.0 
H, L, LLb 12.0 12.4 0.71 7.8 315 196 77 147 183 3.6 2.4 
Opaq. Mx.c 12 13.7 7.5 0.48 121 170 3.0 3.1 
CI 8.6 9.3 0.49 5.9 240 150 56 96 105 2.6 1.9 
a Chondrule compositions compiled from sources a, c, e, g, i, k, m, and n from Table I. 
bchondrite bulk analyses are from Mason (1971) and from unpublished analyses done at UCLA. 

8.5 1.01 
8.1 1.48 
9.7 1.01 
8.5 1.08 
6.3 0.84 

11. 7 2.23 
5.0 0.55 

c Matrix data compiled from unequilibrated ordinary chondrite analyses by Huss et al. ( 1980) and by Fujimaki et 
al. (1980). 

• Also shown are data for CI chondrites used for normalization. 

non-trivial differences in the distribution of textural types in literature data sets, point out the 
advantages gained in chemical/petrographic studies. They are also the reason why the largest set of 
compositional data (Osborn, 1972) cannot be used here. 

Carbonaceous chondrite chondrules 

Only two significant chemical/ petrographic data sets for carbonaceous chondrite chondrules 
exist Mcsween (1977a) and Simon and Haggerty (1980). Each calculated both modes and 

Fig. I Variations in composition Al CaSct.aSmTI V MgSI CrMnNoK lrCa NI FeAuP AaGaGeSeZnS 
between different textural types of 
chondrules in unequilibrated ordi- 2 
nary chondrites. The data are nonnal-
ized to the composition of the 
most abundant type of chondrule 
(porphyritic) and to Si. The non-
porphyritic category comprises chon-
drules described as having RP, C, 0.5 
and G textures (Gooding and Keil, 
1981); the barred olivine category 
comprises only BO chondrules; 
the porphyritic chondrules used 0 -2 

for normalization comprise the PO, 
POP, and PP textures. The barred 
chondrules have high and the non-

• • • • • • . . - • 0 
0 • 

- -
0 0 • 0 

0 O O O O 
0 
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0 NONPORPHYRITIC/PORPHYRITIC 
'Jf BARRED OLIVINE / PORPHYRITIC 

Si- NORMALIZED 

• 
,. 
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• 
0 

• Ii re 0 
0 • 0 

• 
0 

• 
porphyritic chondrules have low refractory lithophile/Si ratios compared to porphyritics. Both 
groups are comparatively low in siderophiles. The data were compiled from sources a, c, e, g, i, k, I, 
and n from Table 1. 
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Table 2. continued 
Siderophile and Other Elements 

Ir Co Ni Fe Au As Se Zn p s 
ng/g µg/g mg/g mg/g ng/g µg/g µg/g µg/g mg/g mg/g 
290 238 5.4 130 69 1.00 7.9 26 0.34 4.2 

85 141 3.1 135 43 0.95 8.0 17 0.35 2.3 
134 108 2.4 120 20 3.3 18 0.70 0.5 
251 218 5.2 131 63 0.98 7.7 24 0.35 3.7 
510 600 13.3 231 177 1.67 9.1 56 0.97 22.1 

6.1 246 1.90 3.3 
450 505 10.6 182 142 1.70 20.0 330 0.84 59.1 

mean compositions for his own petrographic classification scheme. These were combined to 
produce the CC chondrule grand means. The differences between textural types in the McSween 
set alone are shown in Fig. 2. The sample data basically are grouped in the same way as in Fig. 
1; however, in McSween's classification system the BO chondrule data were combined with some 
petrographically related porphyritic chondrules (his type II). A different trend is observed here 
than was seen in OC chondrules. While Mg/Si ratios still reflect the chondrule mineralogy, the 
non-porphyritic (RP) chondrules have high refractory element/Si ratios and the type II chondrules 
have low ones. Data from the same analyst (Mcsween, 1977a) on OC chondrules are quite 
consistent with the rest of the data in Fig. 1, showing that this effect is probably not due to analytical 
error. This is the first indication of a fundamental compositional difference between CC and OC 
chondrules. 

Fig. 2 Variations in composition 
between different textural types of 
chondrules in CO and CV chon-
drites from McSween (1977a,b). 
Plotted are type II and type III 2 

categories normalized to type I in 
each chondrite group. Type III are 
mainly RP chondrules; type II con-
tains both BO and some related 
porphyritics. Type I comprises the o.5 

abundantporphyriticcategory.Type 
III chondrules are absent from CV. 
In contrast with OC chondrules, 0.2 
non-porphyritic chondrules in CO 
chondrites have high refractory 
lithophile/Si ratios. Type II chon-
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drules in both CO and CV groups have comparable refractory contents to type I; this cannot be 
directly compared to the OC barred chondrule data, since type II contains some porphyritic 
chondrules. 
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Fig. 3 The grand mean com-
position of ordinary chondrite 
chondrules is plotted together 
with the compositions of fine-
grained matrix (Huss et a/., 1981; 
Fujimaki et al., 1981) and the 
three groups H, L, and LL The 
data are normalized to CI chon-
drite composition (Table 2) and 
to Si. Chondrule and whole rock 
abundance ratios for the litho-
phile elements are nearly iden-
tical. Opaque matrix shows a 
different pattern. Chondrules are 
depleted in all siderophile ele-
ments. 
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In all, 375 analyses of QC chondrules, 135 of which included trace elements by NAA, and 
390 analyses of CC chondrules, none of which included trace elements, were used in the 
calculations. 

Comparison of the compositions of chondrules, chondrites, and matrices 

The grand mean QC chondrule composition is presented graphically in Fig. 3, normalized to 
CI chondrites and to Si. Refractory element abundances are barely resolved from those in the host 
chondrites, but may be a few percent higher. Although the concentrations of these elements tend to 
be higher in the chondrules than in the chondrites (Gooding et al, 1980; Table 2), there appear to 
be only small net differences in Si-normalized abundances. The mean Mg/Si ratios in the 
chondrules also are close to those in the bulk chondrites, but perhaps 4-6% higher in chondrules 
than in chondrites. 

That QC chondrules do not appear to differ greatly in refractory elements relative to whole 
rock is hardly surprising because the rocks may be 80% chondrules. Mass balance shows that ratios 
in the matrix 2x lower would only manifest themselves as 10% enrichments in the chondrules. The 
averaged data on QC matrices by Huss et al. (198l)and FujimakietaL (1981) (also shown in Fig. 
3 and Table 2) show depletions in Ca, Ti, and Mg, and a modest enrichment in Al. Thus, opaque 
matrix is complementary to the chondrules for Ca, Ti, and Mg if the small enrichments of those 
elements in chondrule/whole rock ratios are real. The case with Al is not so simple. As discussed in 
some detail by Grossman and Wasson (1983 ), the Al/ Ca ratio in the opaque matrix from the three 
most unequilibrated ordinary chondrites is about 2x higher than the CI ratio; in contrast, the bulk 
Al/ Ca ratio in chondrules and chondrites is the same as the CI ratio. Grossman and Wasson ( 1983) 
discussed various possible cosmic explanations for this, and found none that seemed plausible. 
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Fig. 4 The grand mean com-
positions of CO chondrules and 
CV chondrules (McSween, 1977a,b; 
Simon and Haggerty, 1980) are 
plotted together with the com-
positions of coexisting fine-
grained matrix (McSween and 
Richardson, 1977) and whole-
rock CO and CV chondrites. 
The data are normalized to CI 
chondrites and to Si. Chondrule 
lithophile/Si ratios are similar to 
those in whole rock except for 
Mg/Si, which is higher, and Cr/Si · 
and Mn/Si, which are lower than 
in whole rock. Matrices show 
variations similar to those in 
ordinary chondrites. 
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They suggested that the analyred matrices may not have been representative of the bulk non-
chondrule matter in these meteorites. 

The CO and CV chondrites contain a far smaller fraction of chondrules than ordinary 
chondrites, and therefore might be more likely to show differences in refractory abundances 
between chondrules and whole rock. The abundance of chondrules in CO chondrites may not be 
well-defined because of petrographic difficulties in distinguishing between chondrules (and their 
fragments) and non-chondrule material; we use the observations of Mcsween ( 1977 a,b ), which 
show a chondrule fraction in these meteorites of about half that in ordinary chondrites. In addition, 
meteorites in these groups contain refractory inclusions in amounts of 1-9%. Therefore it is 
somewhat surprising that CQ and CV chondrules also have refractory abundances that are nearly 
the same as the bulk meteorites (Fig. 4, Table 3). The mean Mg/Si abundance ratios in these 
chondrules are considerably higher than those in the bulk meteorites ( Ahrens et al, 1973 ), and are 
also higher than the Ca/Si and Ti/Si abundance ratios; it is possible that this may reflect high 
sampling uncertainties because there are too few components with low Mg/Si ratios to provide a 
mass-balance. Data from Mcsween and Richardson (1977) generally yield low CC matrix to 
chondrule ratios for Ca, Ti, and Mg, but not for Al, similar to the patterns found in ordinary 
chondrites. 

The OC chondrule/bulk ratios are near one for Na, K, Cr, and Mn (Fig. 3); matrix/bulk 
ratios are higher for all but Cr. CC chondrules show quite a different pattern (Fig. 4); chondrule/ 
bulk ratios are less than one for Cr and Mn, but close to one for Na and K. Matrix/bulk ratios for 
these elements in CO and CV chondrites are unity to within the precision of the data. 

All measured siderophile and chalcophile elements, including Fe, are significantly depleted in 
OC and CC chondrules. This has been shown previously by Gooding et al ( 1980) and Grossman 
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100 Chondrules and their Origins 

Table 3. The mean concentrations of elements in carbonaceous chondrites and their com_eonents. 
Vol. Al Ca Ti Mg Si Cr Mn Na K Ni Fe s Sample 

CO Porph.a 34 21.4 21.9 1.00 214 209 3.12 1.92 5.9 0.51 4.1 70 6.7 
CO N on-porph. 2 41.0 52.0 1.55 128 238 3.35 2.39 14.2 0.50 1.47 49 1.87 
CO Barred 01. 1 18.5 14.1 0.80 162 177 2.74 1.89 10.4 0.56 1.32 184 2.13 
Mean CO cdl. 37 21.6 22.1 1.00 210 208 3.11 1.93 6.3 0.51 3.9 75 6.4 
CO groupb 14.3 15.9 0.75 145 160 3.56 1.65 4.1 0.33 14.0 246 21.2 
CO Opaq. Mx. c 39 17.3 8.7 0.74 113 125 2.76 1.54 2.6 0.40 5.8 225 2.21 
CV Porph. 43 22.3 18.6 1.12 243 202 2.52 0.94 3.0 0.44 2.77 55 3.5 
CV Non-porph. 
CV Barred 01. <1 20.1 11.1 1.09 199 160 2.58 0.89 10.6 0.82 1.50 57 2.20 
Mean CV cdl. 43 22.2 18.5 1.12 242 201 2.52 0.94 3.2 0.45 2.74 55 3.48 
CV bulk 17.5 18.6 1.05 145 156 3.61 1.46 3.3 0.32 13.6 237 22.9 
CV Opaq. Mx. 39 11.9 12.2 0.50 112 125 2.74 1.30 2.5 0.32 11.1 233 6.2 

a All chondrule analyses are by Mc Sween ( 1977b ). The three types of chondrules are actually McSween's Type I 
(porphyritic), Type III (radial pyroxene), and Type II (barred plus some porphyritic). 

b CO and CV analyses are from Kallemeyn and Wasson (1981, 1983). 
c Matrix analyses are from Mc Sween and Richardson ( 1977). 

and Wasson ( 1982). For the most part, the depletions relative to whole rock seem to be unrelated 
to volatility, although Semarkona chondrules have consistently low Ge/Ni ratios relative to whole 
rock. The S values on each plot are surprisingly low (in chondrules and in matrix). Only EPMA 
data are available for S, and we suspect that large sulfide grains may have been avoided. Iron is less 
depleted than the other elements in the mean composition and in many individual chondrules, 
reflecting the fact that it may have been partially oxidized at the time when some or most 
chondrules formed. We see no evidence for other elements being in both metal and silicate phases 
in OC chondrules at the time of chondrule metal-silicate fractionation. However, the depletion of 
Cr and Mn in CC chondrules is a possible indication that those elements were partially reduced in 
CO and CV. The OC matrix measurements show low Ni and S abundances; we attribute this to 
the exclusion of coarse metal and sulfide particles in those microprobe measurements. Iron 
abundances in the matrix are high. 

The fact that chondrules have nearly the same abundances of non-volatile lithophiles as the 
host chondrite has significance in terms of the formation of the chondrites. From the fact that 
chondrules and bulk ordinary chondrites show similar fractionation effects ( with respect to CI 
chondrites ), Grossman and Wasson ( 1983) concluded that OC chondrules formed from the same 
chondritic components that were involved in the nebular fractionations seen between chondrite 
groups. Although similar analyses have never been done for CC chondrules, we assume that this is 
also true for them. The only known processes that can produce these fractionations involve 
separating nebular solids from each other and from gas (Suess, 1965; Larimer and Anders, 
1970; Baedecker .and Wasson, 1975; Larimer, 1979; Kerridge, 1979). Therefore, it follows that 
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chondrules had to form after the condensation of solids, and so cannot have formed by the 
condensation of stable or metastable liquids directly from the gas. 

The lack of severe volatile depletions also is evidence that chondrules formed from previously 
condensed solids. Equilibrium condensation calculations indicate that the alkalis condense below 
1000 K under equihbrium conditions (see summary in Wasson, 1983). This is below the 
temperatures at which silicate liquids can exist even with 100-200 degrees of undercooling. 
Equilibrium condensation (Wood, 1962; Suess, 1963; Podolak and Cameron, 1974; Wood and 
McSween, 1976; Herndon and Suess, 1977) and constrained equilibrium condensation of chon-
drule droplets (Blander and Katz, 1967; Blander and Abdel-Ga wad, 1969) all require the entry of 
alkalis and other volatiles into previously solidified chondrules. Such theories thus predict a 
dramatic enrichment of moderately volatile lithophiles in fine-grained material, such as matrix. 
However, by mass balance we find that most of the alkalis in unequilibrated chondrites are inside 
chondrules. The presence of primary chondrule sulfides offers a similar argument against conden-
sation of chondrules (Larimer and Anders, 1970; Dodd, 1978b; Grossman et al, 1979), although 
it is conceivable that FeS could condense at relatively high temperatures if Fe-Ni metal could not 
condense from the gas (Blander, 1971). 

DIVERSITY OF CHONDRULE COMPOSITIONS 

It has long been recognized that chondrules represent a wide variety of textures and 
mineralogies (Tschermak, 1883). They also show an equally wide diversity of chemical composi-
tions. In studies involving a large suite of elements (Gooding et al., 1980; Grossman and Wasson, 
1982) chondrules are seen to show a minimum of a factor of two range in the concentration of 
every element; siderophiles and chalcophiles show enormous variation (less than three orders of 
magnitude), refractory and volatile lithophiles show less variation ( about one order of magnitude), 
and the "common" lithophile elements (Mg and Si) show the least ( about a factor of two). These 
variations add constraints to the chondrule formation process and provide direct information about 
the compositions of chondrule precursor materials. 

These authors have interpreted the siderophile data to indicate either non-representative 
sampling of pre-existing solids in which metal/ silicate ratios were variable or the loss of metal/ sul-
fide assemblages as immiscible liquids during melting. Evidence that the latter process did occur in 
some chondrules was presented by Grossman ( 1982a ). The relative importance of the processes is 
not known. These processes left some chondrules nearly free of metal and some with chondritic 
proportions of metal; the typical chondrule generally is depleted in siderophiles by a factor of four 
relative to Si. A very few chondrules managed to sample material with siderophile element/Si and 
siderophile element/Fe ratios greater than the same ratios in chondrites. In order to resolve true 
variations among chondrule lithophile elements a correction must be made for the variable dilution 
effect of metal and sulfide components. This may be accomplished by normalizing the lithophile 
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Fig. 5 Histograms of ordinary 
chondrite chondrule compositions. 
These data are normalized to mean 
ordinary chondrite values: Al/Si 
= 0.081, Mg/Si = 0.88, Cr/Si = 
0.12, and Na/Si = 0.043 g/g. Four 
hundred individual chondrule ana-
lyses were used, 100 of which had 
no Cr determination. The widest 
ranges occur for Al and Na, with 
volatility far from that of Si, the 
normalizing element; the smallest 
ranges are seen in Cr and Mg, 
which are similar in volatility to Si. 
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data to a reference element such as Si, or by making dilution corrections similar to those in 
Grossman and Wasson (1983). 

Data for several elements in OC chondrules normalized to Si and to bulk ordinary chondrites 
are plotted as histograms in Fig. 5. Even after normalization, refractory Al, non-volatile Mg and Cr, 
and moderately volatile Na all show wide ranges, reflecting real differences in silicate compositions 
among the chondrules. The widest ranges are obtained for elements that have large differences in 
volatility compared to the normalizing element. Thus, in Fig. 5, Al and Na show much wider 
ranges than Mg and Cr. Were the normalizing element chosen to be a refractory element such as 
Ca, then Al would show a small range, and the others large ranges. 

Large ranges of compositions are inconsistent with the formation of chondrules directly from 
a gas. In equilibrium condensation processes, one would expect that all liquid droplets that formed 
at one nebular location would acquire similar bulk compositions because the mole fraction of each 
constituent in the melt is set by equilibrium with the same vapor phase. Variations in refractories 
may be possible if chondrule droplets nucleated over the range of temperatures during which 
refractories and common lithophiles were condensing. However, it is doubtful that this could 
happen in a nebula containing abundant unevaporated (refractory) dust grains available to serve as 
condensation nuclei. In addition, if there were a large range of nucleation temperatures, then one 
should find many droplets that formed after the condensation of most of the refractory elements 
(such a temperature range would be needed to produce a wide range of Mg/Si ratios). Chondrules 
having very low refractory lithophile/Si ratios are only rarely reported (Brigham et al., 1982). 

Blander and Katz (1967; Blander and Abdel-Gawad, 1969) imposed kinetic constraints on 
the condensation of Fe-Ni to explain the presence of FeO in chondrules, since equilibrium 
condensation (e.g., Grossman, 1972) only yields FeO/(FeO + MgO) ratios >0.1 at temperatures 
<700 K. Because all metastable liquid droplets should crystallize in the same temperature range, 
they should all have similar FeO/(FeO + MgO) ratios. By this model, the metal that is found inside 
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chondrules that bear FeO would either have formed during later reduction or have been 
introduced after solidification. The metal found in OC chondrules shows textural evidence against 
subsolidus introduction; droplets of metal are common, as are crystals enclosing metal. The metal 
also commonly bears moderately volatile to volatile siderophiles such as Au, As, Ga, and Ge 
( Grossman et al, 1979; Grossman and Wasson, 1982). The general lack of fractionations between 
siderophile elements in chondrules and the presence of siderophile element abundance patterns 
that are a smooth function of volatility show that the metal almost certainly formed by nebular 
condensation rather than by later reduction of mafic silicates. 

Together with the previous arguments concerning volatiles, the wide range of chondrule 
compositions indicates that chondrules could not have formed by condensation of liquids directly 
from the gas phase. The simplest and seemingly best explanation for producing these properties is 
that chondrules formed through the melting of pre-existing solids. If some of these solids formed at 
low nebular ( or interstellar) temperatures, then the precursor would contain volatile elements and 
FeO. Diversity of chondrule compositions could then be produced either by melting heteroge-
neous precursors, by fractionating homogeneous precursors during open-system melting and 
volatilization, or both. 

VOLATILE ELEMENTS 

Volatile elements can provide constraints on the nature of chondrule precursor materials and 
on the nature of the chondrule melting event. In this section, we shall review the evidence for the 
presence of volatiles inside chondrules, and evaluate to what extent elements of different volatility 
may have been lost from cbondrules during melting. The abundances of volatiles give an indication 
of the nebular temperatures when chondrule melting occurred. The degree of volatile loss probably 
is related to the intensity and duration of cbondrule heating and to the physical properties of the 
precursor solids. 

The siting of volatile elements 

Several studies have proven that the largest fractions of the volatile elements are located in 
chondrule interiors, and are not merely present in surficial coatings. Petrographic work bas shown 
that sulfide particles were primary constituents of chondrule melts. Rambaldi and Wasson ( 1981) 
reported Ca- and Cr-bearing FeS inside QC chondrules; Grossman and Wasson (1982) observed 
FeS interstitial to radiating pyroxene crystals in droplet chondrules, and FeS-bearing spherules 
intergrown with olivine crystals in porphyritic chondrules. Na- and K-rich mesostases have long 
been reported in cbondrules. These characteristics are not likely to be the result of secondary or 
subsolidus effects on the chondrules from highly unequilibrated cbondrites. 

Grossman et al. (1979) and Grossman and Wasson (1982) chemically etched Cbainpur 
chondrules to remove the surfaces. They found enhancements of sideropbile and chalcophile 
elements in the etch solutions, consistent with petrographic observations of metal and sulfide-rich 
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rims (e.g., Allen et al., 1980). The moderately volatile lithophile, Na, was also somewhat enriched 
(relative to non-volatile Cr); however, because the rim mass is but a tiny fraction of the chondrule 
mass, most Na was in the chondrule interior. There remained the possibility that the chemical 
etches were mineralogically selective, and thus not representative of the rim material. Boynton et 
al (1982) performed similar experiments on Chainpur chondrules by abrasively removing 
chondrule surfaces prior to analysis. Their results were consistent with the earlier studies, confirm-
ing that most chondrule volatiles are in the interiors. The enrichments of siderophile and 
chalcophile elements on chondrule surfaces handicap these studies; because of the high activities 
produced by these elements, the N AA technique used by both research groups cannot easily detect 
any lithophile elements more volatile than (moderately volatile) K. Thus, there is no information 
on the siting of highly volatile lithophile elements, such as Cs and Rb. It is possible to determine 
several highly volatile non-lithophiles (Zn, Ge, Ga, Cd, Se, Br); their abundances tend to be 
proportional to those of siderophiles such as Ni. 

The presence of volatile elements and FeO in chondrule interiors indicates that some 
chondrule precursor components equilibrated with the nebula at temperatures at or below 600 K. 
At such low temperatures, very little matter less volatile than H2 0 remains in the nebular gas. 

Evidence for fractionation as a result of vaporization 

Compositional studies can help to answer the question of whether variations in volatile 
lithophiles arose from loss of vapor during chondrule melting or from precursor heterogeneity. The 
100 kPa ( 1 atm) melting temperature of chondritic silicates is~ 1500 K. This is nearly 200 K above 
the condensation temperatures of the common elements Si, Mg, and Fe in a nebula having an H2 

pressure of 1-10 Pa. Thus, during the moment of melting, and even through 100 K of supercooling 
prior to crystallization, all common and volatile elements were evaporating from the chondrule 
surface. If material is transported from the interior to the surface by convection, then each species 
will evaporate in proportion to its vapor pressure (fractional vaporization). If transport is limited 
(as in the case of diffusion), the surface will gradually evaporate; however, little compositional 
change will occur in the interior (residual) materials. 

Individual OC chondrules that have properties consistent with severe heating and fractional 
evaporation (low Si, alkalis, reduced Fe) have been identified (Dodd and Walter, 1972; Dodd, 
197 4 ). If severe volatile loss occurred frequently, then it seems probable that small chondrules, due 
to their high surface/volume ratios, would be more likely to be lower in volatiles than large ones. If 
volatilization occurred to the extent that major elements such as Si were lost, then refractory 
elements might anticorrelate with volatiles. 

Walter (1969) and Walter and Dodd ( 1972) found no relationship between Si or Al content 
with the apparent chondrule diameter in thin section. However, the apparent diameter is not 
necessarily a true measurement of chondrule size. Separated chondrules studies avoid the problem 
of off-center sectioning, and provide direct information on chondrule masses. The combined OC 
data of Osborn (1972), Gooding (1979), and Grossman and Wasson (1982, 1983) were used in 
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Fig. 6 Sodium concentration is 
plotted against chondrule mass 
for chondrules separated from 
unequilibrated ordinary chondrites 
by Osborn (1972), Gooding (1979), 
and Grossman and Wasson ( 1982, 
1983). The loss of volatiles upon 
extended heating should be most 
complete in the smaller chon-
drules. However, no systematic 
depletion of sodium with decreas-
ing mass is observed. 
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Fig. 6, a plot of Na concentration vs. chondrule mass, and Fig. 7, Na/ Al vs. mass. Dilution effects 
of metal/ sulfide were neglected. As in the work on thin sections, the predicted correlations are not 
observed. 

It has been proposed that many porphyritic chondrules are fragments of pre-existing rock 
(Dodd, 1978a) and were never present as individual molten droplets. If this is true, then these 
would not be expected to show volatile-mass relationships. In Fig. 8, only non-porphyritic and 
barred olivine chondrules from the latter two data sets are plotted. These chondrules, which almost 
certainly were once discrete molten droplets, show no evidence for ubiquitous evaporative loss of 
Na. 

The "microchondrules" recently recognized by Rubin et al (1982) were not included in 
these NAA studies. These tiny spherules occupy a miniscule fraction of the total chondrule mass. 

10 

Fig. 7 Sodium/ Al ratios are plot- 5 * ted against chondrule mass for 
the same samples as Fig. 6. Had 0 

0 
* •* * major elements such as Si been C . ,,i;\'t:~ i)j ,I> 

C * * .. * partially lost during chondrule E * \ * * \* * * 
heating, then the ratio of a vola- 2 I ,-_ * * * * * ** '1* * * * tile element such as Na to a ., ***- •*** > ... * * refractory element such as Al * * 
would become very low. Low .. * ... * 
Na/ Al ratios should be seen most * I * 
frequently in small chondrules if oc CHON DRU LES 

this process occurred. As in Fig. * * 
6, no correlation is observed. 
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20 

* * ** 10 
* \* * * • \ u,\. . Fig.8 Sodium concentration vs . * * * * * ** * * : chondrule mass for only those chon-

* * 
C, • * drules that clearly were fully molten ' 5 * 
C, * • * droplets. The non-porphyritic chon-E * 
0 * drules from Gooding (1979) and 
z from Grossman and Wasson (1982, * * * 1983) are shown. Even for this NONPORPHYRITIC AND 

2 BARRED OLIVINE * , subset, no correlation of volatile 
OC CHONDRULES content with mass is observed. 

GOODING, GROSSMAN 

'o., 0.2 0.5 2 5 20 50 
Chondrule mass (mg) 

Their relationship to the main population of chondrules has not been adequately investigated, and 
little is known about their compositions, including whether they show vaporization effects. 

Thus, fractional evaporation was either independent of chondrule size or it was not an 
important process for producing chondrule variability. Relationships among the volatile elements 
can be used to discriminate between these possibilities. Fractional vaporization should affect both 
the lithophile and siderophile elements in chondrule melts. In Fig. 9, volatile/refractory element 
ratios for lithophiles and siderophiles are compared by plotting Na/ Al vs. Au/Ir for unequilibrated 
OC chondrules from Gooding (1979) and Grossman and Wasson (1982, 1983). A weak trend in 
the direction predicted by fractionational vaporization (a positive correlation) is evident among the 
highly scattered data. No correlation at all is seen when the volatiles are normalized to common 
non-volatile elements in a similar plot of Na/Mg vs. Au/Ni, implying that the weak positive trend 
in Fig. 9 is due to correlations among refractory Ir and Al, and not to the common evaporative loss 
of volatile Au and Na. 

Grossman ( 1982b) showed that in Semarkona chondrules, there was a trend toward increas-
ing Na/K ratio with increasing Na content (Fig. 10). This was interpreted to result during 
vaporization, in which the volatile-poor chondrules had lost K more efficiently than Na (in 
accordance with the higher vapor pressure of K). Some volatile-rich chondrules seemed to have 
scavenged alkalis from a K-enriched vapor, but these were few in number. Because this trend was 
not correlated with mass or any petrographic characteristics, it was assumed that the fractionation 
occurred during the sudden melting of the chondrule precursor solids. Because less volatile 
elements such as Si, Cr, and Mn were not correlated with the alkalis, it was concluded that the 
duration of the heating event was brief: only those elements in the most labile sites were lost. An 
equally plausible hypothesis is that the Na-K fractionation is not due to evaporation, but occurred 
during the condensation of alkalis. Sodium/K ratios may indicate that vaporization fractionated 
the alkalis in some chondrules. In light of alternate hypotheses for producing the Na-K trend and 
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Fig. 9 Au/Ir is plotted against 
Na/ Al for separated OC chondrules. 
If fractional evaporation processes 
affected chondrule com{X)sitions inde-
pendent of chondrule mass, then 
both metal and silicates should show 
evidence for it. The volatile content 
of the metal is weakly related to that 
of the silicates. However, this effect 
may be due to primary differences 
in precursor compositions. 

Cl 

' Cl 

... ...... 
' :::, 
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<[ I 

OC CHONDRULES 
GOODING 
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0.5 
Na/Al (g/g) 
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1.0 

other evidence against this mechanism, we conclude that vaporiz.ation was not an important 
pathway toward producing chondrule diversity. 

Interestingly, K showed much more scatter in chondrules from Chainpur (Grossman and 
Wasson, 1982) such that no trend similar to that in Fig. 10 could be resolved. This suggests that 
even the mild differences in metamorphism between Semarkona and Chainpur (Sears et al, 1980) 
might be sufficient to obscure what may be subtle nebular effects, but existing data are inadequate 
to test this idea. 

To summarize, several important conclusions can be reached from the study of the more 
volatile elements in chondrules: (1) The presence of a major fraction of the volatile elements in 
chondrule interiors is indicative oflow nebular temperatures at the time of chondrule formation. 

Fig. 10 Potassium vs. Na for 
Semarkona chondrules. The data 
have been corrected for the diluting 
effects of metal and sulfide compo-
nents (see Grossman and Wasson, 
1983). These elements correlate 
strongly with a trend toward increas-
ing K/Na ratio with increasing alkali 
content. This may result either from 
the fractional evaporation of the 
most volatile elements in some chon-
drules or from constraints on the 
condensation of Na and K. 

SEMARKONA CHONDRULES 
meta I corrected 

* 

0""'---_.__ __ ...__ _ __._ __ ...__ _ _,_ _ ___. __ __._ _ ___, 
4 8 

Na (mg/g) 
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108 Chondrules and their Origins 

(2) Chondrules do not show the trends expected from partial evaporation of the major elements. 
Most compositional trends were not the result of vaporiz.ation, and the duration of chondrule 
heating must have been brief. (3) In a few chondrules, appreciable fractions of the more volatile 
elements may have been vaporized, but this may be more related to the properties of the precursor 
material than to those of the chondrule melt. Data are lacking for highly volatile elements but the 
very low abundances of these elements disallows the possibility that their evaporation could be 
responsible for variations seen among major and minor elements. 

THE NATURE OF CHONDRULE PRECURSOR COMPONENTS 

Possible precursor materials 

We have deduced in previous sections that chondrules formed by melting pre-existing solids 
after nebular temperatures were ::;600 K. Further, vaporiz.ation did not play a dominant role, 
suggesting that information concerning the compositions of the precursor solids can still be 
obtained from chondrule compositions. For most lithophile elements, the chondrules did behave as 
closed systems during the melting event. We shall examine the chemistry of chondrules in light of 
several models for the origin of the precursors. It is important to note here that these models are not 
necessarily consistent both with current ideas about astrophysical processes and with the large 
body of meteoritic data. We chiefly attempt to assess the relative merits of each model in light of 
what is known about chondrule chemistry. 

Possible chondrule precursors can be placed into three categories: homogeneous nebular ( or 
pre-solar), heterogeneous nebular (or pre-solar), and heterogeneous igneous or metamorphic. 
Melting of the first type of material would produce uniform chondrules, unless melting occurred in 
an open system. Melting of the latter two types of material produces chondrules of variable 
composition; the expected patterns of variation among chondrules should be different for these 
two precursors, especially if the material contained some grains having dimensions comparable to 
those of the resulting chondrules. 

Examples of homogeneous precursor models are those proposed by Whipple (1966), 
Cameron ( 1966), and Larimer and Anders (1967, 1970). In these, chondrules are presumed to be 
produced by the melting of fine-grained condensates. The authors offer no discussion of a 
mechanism for introducing chemical variations ( the models pre-date most of the compositional 
work on chondrules ). One candidate for such a mechanism would be fractionation via evaporative 
loss, which, as we have shown, was probably unimportant. Other mechanisms such as crystal/ 
liquid differentiation and subsolidus alteration seem equally unlikely. Dodd ( l 978a,b) showed that 
chondrule variation could not have resulted from the differentiation of olivine (the most common 
primary liquidus phase for chondrule compositions). It seems very doubtful that the chondrule 
precursor material was homogeneous. 

Chondrule formation models involving heterogeneous, igneous precursors generally call for 
the impact melting of rocks on the surfaces of asteroids; the models of Fredriksson (1963) and 
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Dodd ( 1971) involve chondritic surface compositions, but probably highly recrystallized as a result 
of impact heating. Dodd ( 1978a,b) has suggested that the precursors were igneous rocks of 
chondritic composition less metal and sulfide. He suggested that most porphyritic chondrules 
represent fragments of the original rock, while non-porphyritic chondrules are remelted equival-
ents. In this case, the chemical trends among the chondrules reflect non-representative sampling of 
different mineral phases in the precursor rocks. The main prediction of this model is that variations 
among chondrules can be related directly to the equilibrium partitioning of elements among the 
minerals of the target rock. 

Several models calling for heterogeneous, nebular chondrule precursors have been recently 
proposed. One involving the melting of coexisting coarse refractory and fine low-temperature 
nebular condensates was first stated by Wasson (1972) and later developed by Grossman and 
Wasson (1982, 1983). Such a model requires either incomplete attainment of equihbrium during 
condensation processes or heterogeneity produced by mixing solids formed at widely different 
nebular locations. The important prediction of this model is that elements in chondrules should 
vary in a fashion consistent with that expected from their cosmochemical partitioning in a cooling 
nebula. 

A second example of a model involving heterogeneous, nebular material is that of Scott et al. 
(1982), who suggested that chondrite matrix material was the chondrule precursor. They cite 
evidence for unmelted lumps of (precursor) matrix enclosed within chondrules. For this model to 
work, it is necessary that similar heterogeneity and covariation of elements exist among chondrite 
matrices as is found in the chondrules themselves. Furthermore, because all matrix materials seem 
to contain large amounts of oxidized iron, it is necessary to have reduction and metal loss operating 
on a wide scale in order to form the (relatively) FeO-poor chondrules. This model does not so 
much make predictions about the composition of chondrules as it does about that of matrix. As we 
showed earlier, published data show resolvable differences between mean chondrule and matrix 
compositions, inconsistent with matrix being the immediate chondrule precursor. H new data on 
matrices should confirm in detail its similarity to chondrules, then the problem of chondrule 
precursors may be solved, but an entirely new problem arises: What is the origin of heterogeneous 
fine-grained matrix? 

We also anticipate problems with the matrix-precursor model in its application to carbo-
naceous chondrite chondrules. In those groups, the scenario is complicated by the need to reoxidize 
metal lost from chondrules. Ordinary chondrites contain abundant extra-chondrule metal, some of 
which may have originated inside chondrule melts. Despite the relatively low FeO contents of CC 
chondrules (McSween et al, 1983 ), carbonaceous chondrites do not contain much free metal. Any 
metal produced by chondrule formation has either been lost from the chondrites or reoxidized. 
Bulk carbonaceous chondrites do not show evidence for a net loss of siderophiles; they show little 
fractionation of Fe, Ni, and Co from Si relative to CI (Kallemeyn and Wasson, 1981, 1983), 
implying that little metal has been lost from the system. Thus the matrix-melting model requires 
reduction and metal loss from chondrules, and finally, reoxidation in carbonaceous chondrites. 
This seems less likely than simply including metal grains among chondrule precursors. 
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The direct melting of interstellar grains has also been proposed for the formation of 
chondrules (Clayton, 1980; Rambaldi and Wasson, 1981 ); interstellar grains were also proposed 
as a possible source for Scott et al (1982) matrix. It is difficult to make compositional predictions 
from these models because so little is known about the nature of interstellar grains. Proponents of 
such models favor them because current star-formation calculations indicate that the nebula was 
never very hot. We note that the commonly accepted picture of interstellar grains is that they are 
tiny ( <1 µm diameter) and highly oxidized. ff this is correct, then one would expect the chondrules 
produced by melting these grains to have uniform compositions. Because so little concrete 
knowledge about interstellar grains exists, it is possible to account for chondrule heterogeneity by 
proposing that coarser grains also were present; however, such a proposal would be ad hoc. 

Tests of the models for chondrule precursors 

The interstellar precursor model offers few testable predictions. The matrix-precursor model 
predicts similarities between chondrule and matrix compositions, the latter of which are poorly 
constrained at the present time. Therefore, we will focus our attention on examining whether 
chondrule compositions are better explained by mineralogical or cosmochemical processes. 

One approach to this question, done by Grossman and Wasson (1982) for Chainpur 
chondrules, is to use the multivariate technique of factor analysis. This tool allows the grouping of 
co varying elements into a small number of "factors." These elemental groupings can be used to 
deduce precursor components and assess the validity of precursor models. The Chainpur study 
revealed several independent groups of intercorrelated elements. The groups were: ( 1) sidero-
philes and lchalcophiles (Ir, Ni, Co, Au, As, Se); (2) refractory lithophiles (Ca, Al, Sc, REE's, some 
V and Mg); (3) common lithophiles (some Mg, Cr and Mn, and, by assumption, Si); and (4) 
moderately volatile lithophiles (Na, K, some Ga and Mn). These were interpreted to represent 
chondrule precursor components, namely: (1) metal/ sulfide; (2) reduced silicates formed at high 
temperature; (3) silicates that formed when the "common" lithophiles were condensing; and (4) 
either low-temperature silicate condensates or material lost by partial evaporation. The metal-rich 
component was further divided into a refractory-rich (Ir-bearing) component and a "common" 
metal component (with composition similar to ordinary chondrite metal). 

Figure 11 shows the most important factor loading plot from a factor analysis of our 
Semarkona chondrule data. This is very similar to the analogous loading plot for Chainpur 
chondrules in Grossman and Wasson (1982). The siderophile elements and Se are strongly 
controlled by one factor (factor 2), and are intercorrelated. Strong positive correlations are seen 
among Mg and the refractory lithophile elements; anticorrelations exist between those elements 
and FeO. Together with modal olivine abundance, which also correlates with refractory litho-
philes, these elements load on factor 1 in Fig. 11. Using these same data, Grossman and Wasson 
(1983) further characterized chondrule components 2 and 3 in Semarkona as olivine-rich, 
refractory-bearing, low-FeO silicates that essentially ceased equilibrating with nebular gas follow-
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Fig. 11 A factor loading diagram from 
a factor analysis of Semarkona chon-
drules. Plotted are the two most impor-
tant factors extracted, accounting for 
39% of the total variance in Fl and 19% 
in F2. Evidence for several important 
chondrule precursor components can 
be seen. Fl is dominated by refractory 
lithophile elements and Mg (loading 
positively) and iron (loading negatively). 
Thus, the refractory lithophiles inter-
correlate, and they anticorrelate with 
both total and oxidized Fe. The positive 
loading of modal olivine on Fl shows 
the tendency of olivine-rich chondrules 
to be refractory-rich. Si loads negatively 
on Fl. Two chondrule precursor com-
ponents are probably represented by 

111 

V Lu Yb 

the elements loading positively and negatively on Fl. F2 is dominated by siderophile and chalco-
phile elements (loading positively). These elements are intercorrelated, and are independent from 
the elements loading strongly on Fl. Metal and sulfide comprised yet another chondrule precursor 
component. 

ing the condensation of forsterite, and Si- and FeO-rich silicates formed at lower nebular 
temperatures. 

These results are more consistent with the melting of nebular condensates than with the 
melting of igneous, pre-existing rock. The groupings of elements that were found are not consistent 
with equilibrium partitioning of elements between phases in coarse-grained rocks. In the context of 
the latter model, Ca and Al should be largely contained in feldspathic material. The maximum 
Ca/ Al ratio possible would be0.7 g/ginanorthite. As shown in Fig.12d,a plot of Ca vs. Al for OC 
chondrules measured by .INAA, the chondrules cluster tightly around the solar Ca/ Al ratio of 1.1 
g/g. As pointed out by Mcsween (1977a), this requires the existence of two Ca-bearing compo-
nents in chondrules, always melted in nearly the same proportions (the second, high Ca/ Al phase 
would probably be a clinopyroxene ). The covariation of refractories with Mg is also not predicted 
in a model where Mg would be largely in olivine and/ or pyroxene and Ca, Al, Sc, etc. would be in 
other phases. REE would probably be concentrated in minor phases, especially phosphates, in 
chondrule precursors, and should not necessarily correlate with other refractories as well as they 
do. 

EPMA analyses of chondrules by Lux, McSween, Nagahara, Dodd, Kimura, and Snellen-
burg all confirm the strong covariation of Ca and Al in chondrules (Fig. 12c) and show that Ti, 
another refractory lithophile, belongs to this group (Fig. 12a,b ). Titanium also is present in nearly 
solar proportions to other refractory lithophiles. It is very difficult to reconcile constant Ti/ Al or 
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Chondrules and their Origins 

Fig. 12 Interelement plots between re-
fractory lithophiles in ordinary chondrite 
chondrules: (a) Al-Ti, (b) Ca-Ti, (c) Ca-
Al, and (d) Ca-Al from INAA studies 
alone. Calcium and aluminum correlate 
strongly in INAA studies (d), and sam-

(b) pies cluster near the CI-ratio (solid line) . 
....._.'---'-_.._....L-~5~....L-~~10 0.__.____...,__.._....L-~5-----.....L-~~10 When EPMA studies are included (c), Ca 

· and Al show more scatter, but follow the 
same trend. Titanium can only be deter-
mined well in EPMA studies. When plot-
ted against Al and Ca (a, b), Ti shows 

0 

Ca v1. Al 
Relative lo Cl 

(c) 

10 0 10 

good correlations that also cluster around 
the CI ratio. Chondrules probably acquired 
most refractories by sampling refractory-
rich nebular grains, and not by sampling 
mineral grains from pre-existing rocks. 

Ti/ Ca ratios with the melting of pre-existing rocks, because Ti presumably would be concentrated 
in different phases ( chromite and proxene) than the other elements. 

It is noteworthy that EPMA analyses do not show the strong relationship between Mg and 
refractories observed in the NAA data. The OC chondrule data of both Gooding (1979) and 
Grossman and Wasson ( 1982, 1983) show strong positive correlations between Mg and Al, but the 
EPMA data show vitually no correlation. We suggest that this results from sampling problems in 
thin sections through coarse-grained (porphyritic) chondrules. Calcium, Al, and Ti are all 
excluded from the coarsest common phenocryst phase, olivine. Non-representative sampling of 
olivine would either preserve or enhance correlations among Ca, Al, and Ti, but would obscure 
relationships between Mg and elements in the phases other than olivine by superimposing negative 
correlations on any trends. 

Grossman and Wasson (1982) pointed out that there was an anticorrelation between the 
Fe/ (Fe + Mg) rati0 in silicates and the content of refractory lithophiles in Chainpur chondrules. 
This effect is shown in Fig.13, in which the Sc/Cr ratio is plotted against mol.% fayalite in olivine 
for OC chondrules from Grossman and Wasson (1982, 1983) and Gooding (1979). This 
relationship has been interpreted in terms of chondrule precursors that derive from coarse, 
high-temperature and fine, low-temperature nebular condensates. It is not consistent with the 
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Fig. 13 Sc/Cr vs. mol.% Fe/(Fe 
+ Mg) in ferromagnesian silicates 
of OC chondrules from Gooding 
(1979) and Grossman and Wasson 

· (1982, 1983). The fayalite content 
of olivine was plotted if that min-
eral was present; otherwise, the 
ferrosilite content of low-Ca pyr-
oxene was used. The anticorrela-
tion between these parameters is 
probably caused by the mixing of 
olivine-rich, refractory-rich, FeO-
poor and olivine-poor, refractory-
poor, FeO-rich precursor compo-
nents. 

sampling of pre-existing coarse-grained rocks, because the Sc/Cr ratio should be independent of 
olivine composition. 

One important elemental ratio that has received much attention in the literature is Na/ Al. 
The relative proportions of Na and Al could be affected by the compositions of the precursors, as 
well as by evaporation and recondensation processes during chondrule melting. Figure 14 is a plot 
of Na vs. Al based on literature data for OC chondrules. EPMA data were included because both 
elements are excluded from olivine, and their ratio probably is not affected by sampling. The plot 
reveals: (1) there is not a good correlation between Na and Al; (2) there are data points both 
above and below the line of solar(= whole rock) ratio, with the greatest deviation occurring in 
Na-poor samples; and (3) there are few data points above the 1:1 molar ratio of Na/ Al (INAA 
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Fig. 14 Sodium vs. Al concen-
trations in unequilibrated OC chon-
drules. The solar ratio is shown as 
a solid line, and the 1: 1 mol. ratio is 
shown as a dotted line. The mean 
chondrule composition is near the 
solar ratio; relatively few chon-
drules have Na/ Al ratios above the 
1: 1 line, even at low Al contents. 
Recondensation of Na onto chon-
drule surfaces probably did not 
occur. The Na/ Al ratio is probably 
controlled by condensation pro-
cesses involving the precursor solids. 
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data alone show virtually none). In addition, there is no correlation between chondrule textural 
type and position on the Na-Al diagram. 

The first conclusion one may draw from this plot is that recondensation of alkalis from the 
vapor following chondrule formation was extremely limited. If late-stage Na (re)condensation 
were important, then high Na/ Al ratios should be found in some low-Al chondrules. We once 
again conclude that vaporization of Na during heating was minor. 

At first glance, the properties of Fig. 14 seem easily understood if feldspathic material was a 
chondrule precursor. The 1:1 molar upper limit is coincident with the maximum ratio allowed in 
plagioclase (albite ), while the low Na/ Al ratios could be explained by volatilization. However, we 
rejected volatilization on the basis of the evidence cited above. These data are also consistent with 
the melting of nebular condensates. If Na condensation occurred only on grains with Al available 
at the surface then coarser grains, with low surface/volume ratios, would acquire low Na/ Al 
ratios. Finer grains could acquire Na up to a 1:1 molar ratio of the elements. This type of 
condensation behavior presumably extends to K, and might help to explain the Na-K trend 
discussed above. 

The REE also can provide constraints on the nature of precursor materials. If these elements 
partitioned between different phases in the precursors under equilibrium conditions, and if these 
phases were not uniformly sampled during chondrule formation, then fractionated REE patterns 
or Eu anomalies could result. Pre-existing solids that have undergone melting before chondrule 
formation have the potential to produce these effects. Nebular condensates might either preserve a 
record of very high temperature epochs as in some refractory inclusions (Boynton, 1975) or else they 
would have unfractionated patterns. 

Gooding (1979) and Gooding and Fukuoka (1982) observed a tendency toward increasing 
degrees of REE fractionation and Eu-anomalies among chondrules with increasing chondrite 
metamorphism. They found that variability existed even in some unequilibrated ordinary chon-
drites among chondrule REE patterns, including Eu-anomalies and light-heavy fractionations. A 
careful reexamination of the data from Grossman and Wasson (1983) for highly unequilibrated 
Semarkona chondrules does not reveal any significant Eu-anomalies, and few significantly 
fractionated patterns among 33 chondrules. A slight (10%) enrichment in Yb and Lu over La and 
Sm was observed in the mean chondrule composition, in agreement with Gooding. Although we 
do not understand the differences between REE data from the various authors, the data are more 
consistent with unfractionated nebular precursors than with pre-existing igneous materials; further 
study is necessary to reach a firm conclusion. 

Finally, it appears that the heterogeneity of chondrules is not limited to chemical composition, 
but extends to isotopic composition. Preliminary data in Gooding et al. (1982) indicate that OC 
chondrules define a mixing line with a slope nearly equal to one on a three-oxygen isotope plot, and 
that the relative enrichments in 180 and 170 correlate with several compositional parameters. In 
particular, refractory lithophiles seem to correlate and total Fe anticorrelates with the heavy 
oxygen isotopes. This strongly suggests a relationship between the chondrule precursor compo-
nents suggested by Grossman and Wasson ( 1983) and the components responsible for the slope-I 
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oxygen isotope mixing line. It is difficult to conceive of a scenario involving "processed" chondrule 
precursors in which both the chemical and isotopic data could be reconciled. 

Thus, the elemental covariations seen among OC chondrules favor the melting of nebular 
condensates rather than pre-existing coarse-grained rocks. Although the data are inconsistent with 
the melting of fine interstellar dust, the actual size frequency distribution and chemical variability 
among interstellar particles is unknown. The model of Grossman and Wasson (1982, 1983) 
involves the fractionation of refractory-rich, reduced, coarse and refractory-poor; oxidized, fine 
materials formed in the nebula. It is difficult to prove that material coarse enough to form the 
reduced chondrule precursors could have condensed directly from a gas; it may be necessary to call 
on ad hoc mechanisms ( such as formation of some chondrules at very high temperatures, followed 
by fragmentation) to produce these coarse-grained particles. However, it is still more difficult to 
conceive of the alternative environment where fine-grained precursors such as matrix-like nebular 
or pre-solar particles could have preserved a wide range of refractory abundances and degrees of 
oxidation. 

The systematic variations in chondrule compositions with textural type that were discussed 
earlier are probably the result of differences in the chemical and physical properties of the 
precursors. Fine-grained FeO-rich, refractory-poor precursor material, as proposed by Grossman 
and Wasson (1982, 1983) for one major chondrule component, would be more easily wholly 
melted, and, therefore, more likely to undercool and form RP, C, or G textures. Conversely, 
coarse-grained FeO-poor, refractory-rich material would be more likely to retain unmelted relicts 
that could serve as nucleation centers, preventing undercooling, and resulting in porphyritic 
textures. While most chondrules were dominated by these abundant precursor materials, occa-
sionally a chondrule non-representatively sampled minor components. Metallic and refractory-
rich chondrules may have formed in this way. According to this interpretation there is no need to 
associate chemicaj. differences between the textural types with formation in different nebular 
locations, a model that requires mixing on a wide scale that is not achieved in simple fashion. 

CONCLUSIONS 

Chondrules from primitive chondritic meteorites seem to preserve a compositional record of 
the heterogeneous solid material that existed early in the history of the solar nebula. Recent 
advances in the techniques of electron probe microanalysis and neutron activation analysis have 
enabled researchers to compile a data base of several hundred compositions of texturally character-
ized chondrules. Using these data, it was possible to constrain the mechanism for generating 
chondrule melts and to characterize the material from which the melts formed. 

The Si-normalized abundances of both volatile and non-volatile lithophile elements are 
nearly the same in chondrules and their host chondrites, independent of the proportions of 
chondrule and non-chondrule components in the meteorite. The refractory-rich compositions of 
CO and CV chondrites are not solely due to the incorporation of refractory inclusions into an 
otherwise CI-like rock. Chondrules from both carbonaceous and ordinary chondrites have 
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sampled among their precursors the same solid components that must have been involved in the 
fractionation of refractory lithophile elements among the various chondrite groups. This is strong 
evidence that chondrules formed in a region where the right mixture of solids already existed, 
presumably the dusty midplane of the solar nebula (Rasmussen and Wasson, 1983). 

Chondrules are somewhat depleted in Fe and greatly depleted in siderophile elements. 
Whether metal was fractionated from silicate before or during chondrule melting is unknown. 
However, some of the Fe was in an oxidized form at the time of this fractionation, indicating a 
low-temperature origin for some chondrule precursors. Siderophile abundances are not strongly 
related to volatility. The composition of the metal phase is more consistent with a condensation 
origin than with an origin by the reduction of completely oxidized interstellar grains or matrix-like 
material. 

Chondrules show wide ranges of composition for all elements. Interelement lithophile ratios 
vary the least among elements of similar volatility. This diversity rules out the direct condensation 
of chondrule liquids from the nebula. It is more consistent with the melting of heterogeneous 
precursor solids than with homogeneous ones. 

Volatile elements such as alkalis and Sare in chondrule interiors as primary constituents; their 
siting is inconsistent with introduction through alteration or subsolidus diffusion processes. Again, 
this indicates that some chondrule precursor materials must have reacted with nebular gases at 
temperatures <600 K. 

There is no correlation between volatile content and chondrule mass. Because the volatile 
lithophile elements, Na and K, in chondrites are largely inside the chondrules, devolatilization of 
chondrules must have been limited. The degree of volatile loss may have been a function of the 
properties of the precursor solids; precursor materials rich in volatile minor phases such as H2 0 or 
hydrocarbons probably suffered the greatest volatile loss. In general, chondrules were nearly-
closed systems during melting. 

Sodium/ Al molar ratios are highly variable, but rarely are greater than one. Sodium probably 
condensed onto surfaces of precursor grains where Al was available. The lack of high Na/ Al ratios 
in Al-poor chondrules shows that the recondensation of evaporated volatiles onto chondrule 
surfaces did not usually occur. 

The interelement variations among lithophiles in OC chondrules were used to show that the 
chondrule precursor solids could not have been pre-existing igneous or "processed" rocks. The 
melting of nebular condensates that equilibrated at high and low temperatures is more consistent 
with the observed trends. All refractory lithophiles intercorrelate, and generally are present in solar 
interelement abundances. Magnesium and V also correlate with refractories. These elements must 
have been present in an olivine-rich, FeO-poor precursor component formed at high temperatures. 
This and a low-temperature component rich in Si and FeO constitute the bulk of the chondrule 
precursor material. 

Thus, we can understand chondrule precursor components in terms of models calling for 
condensation and reaction in the solar nebula. It seems unlikely that the same trends could be 
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produced by remelting pre-solar solids, but our lack of knowledge about possible size and 
compositional distributions prevents us from ruling out this possibility. 

Further work is necessary to better characterize the precursor components of chondrules at 
different nebular locations. The carbonaceous and enstatite chondrite data are too sparse to allow 
conclusions about their particular suites of precursor materials. Such information would prove to 
have great signficance in terms of understanding the origins of chondrite groups. Also, little is 
known about the relationship between oxygen isotopes and chemical compositions. Scanty data on 
OC chondrules by Gooding et al. (1982) suggest a correlation between refractory precursor 
components and deficiency in 160; heavy oxygen isotopes are enriched in refractory-rich chon-
drules. This type of data obviously has an important bearing on the possible origin of this 
component and the extent to which pre-solar grains may have been involved in chondrite 
formation. 
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