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Survey of Chondrule Average Properties in H-, L-, and 
LL-Group Chondrites: Are Chondrules the Same in All 

Unequilibrated Ordinary Chondrites? 

James L. Gooding 
Planetary Materials Branch, NASA/Johnson Space Center, Houston, Texas 77058 

As a guide for future chondrule studies, especially statistical analyses of large data bases, petrogenetic 
properties of chondrules in different unequilibrated ordinary chondrites (UOC's) are compared and 
contrasted using chondrule-suite average values computed from analyses made on individual whole 
chondrules from Tieschitz (H3), Dhajala (H3,4), Weston (H3,4), Ochansk (H4), Hallingeberg (L3), Saratov 
(L4), Tennasilm (L4), Semarkona (LU), Chainpur (LL3), Hamlet (LL3,4), and Soko-Banja (LL4). Mean 
( and standard deviation of the mean) end-member compositions of olivine ( mol. % Fa) and pyroxene ( mol. % 
Fs) are used as indicators of the relative degree of "equilibration" of each chondrule suite. To a first 
approximation, respective bulk chondrule geometric-mean abundances of Na, Mg, Al, Ca, Sc, V, Cr, Mn, Fe, 
Co, Ni, Zn, La, Sm, Eu, Yb, Lu, Ir, and Au are the same from one UOC to another and show no major 
systematic trends related to the H-, L-, or LL-group parentage of the host chondrites. However, subtle but 
systematic interchondrite variations may occur and, in fact, may be exemplified by covariation of chondrule-
average bulk Zn abundance with chondrule-average Fa content of olivine. That trend cannot be excluded as 
a possible chondrule primary formational feature but may be at least partly a "metamorphic" effect. 
Rare-earth element abundance patterns of some chondrules also may have been changed by "metamor-
phism." Despite the near constancy of chondrule-average bulk Co abundance among U OC's, Co enrichment 
in Ni-Fe metal may constitute a primary, systematic variation that distinguishes chondrules in LL-group 
UOC's from those in H- and L-group UOC's. Furthermore, chondrule-average sphericity and density seem 
to be lower whereas size is greater in LL-group UOC's, relative to H- and L-group UOC's, although the 
density/size inverse covariation may be, at least in part, a "metamorphic" effect. Although chondrule-
average oxygen isotopic compositions may not vary systematically among UOC's, absence of essential data 
currently prevents a similar conclusion from being made for the isotopic composition of any other chemical 
element in chondrules. None of these findings conflict with previous conclusions that UOC chondrules 
formed by melting of pre-existing, heterogeneous solids. Instead, they require that future studies of UOC 
chondrules sample as many different UOC's as possible so that interchondrite systematic variations will be 
recognued and accommodated in interpretive models. Multivariate statistical analyses of "pooled" UOC 
chondrule data appear justified for chondrule bulk compositions, providing that resultant statistical factors 
based on elements sensitive to "metamorphic" redistnbution are not misinterpreted as primary petrogenetic 
features of chondrules. Unfortunately, similar statistical analyses that attempt to simultaneously pool bulk 
compositions with phase compositions or physical properties of chondrules (the latter two of which may vary 
systematically among UOC's) may be less justifiable and more susceptible to error. 

INTRODUCTION 

61 

Can any given ordinary chondrite be as useful as any other ordinary chondrite in studies on 
the origins of chondrules? Based on current wisdom, meteorite petrologists would undoubtedly 
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62 Chondrules and their Origins 

agree that the answer is emphatically "no." Chondrules in equilibrated ordinary chondrites 
[EOC's; members of the H4-6, L4-6, and LL4-6 groups in the classification scheme of Van Schmus 
and Wood (1967)] apparently experienced significant post-formational changes that have 
obscured their primary, formational properties. Consequently, investigations of the origins of 
chondrules have been restricted largely to chondrules in unequilibrated ordinary chondrites 
[UOC's; members of the H3, L3, and LL3 groups of Van Schmus and Wood ( 1967)], although the 
question of possible sytematic differences among respective chondrule populations in various 
UOC's has seldom been raised and never thoroughly investigated. 

The chronic absence of a thorough, comparative study of chondrules in various U OC's can be 
blamed on the lack of adequate samples. Although many studies based on thin sections have 
described the properties of chondrules in UOC's such as Bremerv5rde, Sharps, Tieschitz, Bishun-
pur, Hallingeberg, Krymka, Manych, Chainpur, and Semarkona, few UOC's have been suffi-
ciently available as whole-rock specimens to support the studies of physical properties, trace 
element compositions, and isotopic compositions of whole chondrules that are needed to complete 
the desired data base. Consequently, it has not been demonstrated that chondrules in any given 
UOC can or should be considered equivalent to those in any other UOC for the purposes of 
deciphering chondrule origins. Ideally, if one or a few of the more readily available UOC's could be 
certified as representative samples of the total UOC chondrule population, future studies could 
comfortably concentrate on those samples and progress toward solution of the chondrule problem 
would be enhanced. However, it is more realistic to expect that no "ideal" samples will emerge so 
that analysis of chondrules from a variety of UOC's will continue as a necessary pursuit. In any 
event, it is important to thoroughly understand how chondrule properties vary from one UOC to 
another in order to protect interpretations from being led astray by inadequate sampling. 

This paper attempts to outline some similarities and differences among chondrule populations 
in various UOC's in an attempt to address the question posed in the title. Only a survey-level 
treatment is presented, and emphasis is placed on identifying features that deserve further study. 
However, a few speculations about chondrule petrogenesis are also offered. 

Previously unpublished bulk compositional data for chondrules from seven mildly to moder-
ately unequilibrated chondrites (petrologic types 4 and transitional 3/4) are summarized and 
compared with those for the four highly unequilibrated ( type 3) chondrites reported by Gooding et 
al ( 1980a ). As a supplement to the report by Gooding and Keil (1981 ), all eleven sample suites are 
also intercompared in terms of their average physical and major mineralogical properties. It is 
found that, when allowances are made for compositional differences among chondrule textural 
subgroups and differential sensitivities of various elements to "metamorphic" redistribution, 
average bulk elemental compositions of chondrules are remarkably constant from one UOC to 
another. However, average kamacite and taenite compositions and average whole-chondrule size, 
shape, and density may be examples of properties that significantly and systematically vary from 
one UOC to another. Consequently, future studies seeking the origins of chondrules must carefully 
guard against overinterpretation of results for chondrules from any single UOC. 
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J. L. Gooding: Chondrule average properties 63 

DAT A AND METHODS 

Gaps in literature data 

Meteorite literature is replete with chemical compositional data for UOC and EOC chon-
drules, although they are not always supported by other types of data. Whole chondrules have 
been fused into glasses with subsequent compositional determination by electron microprobe 
analysis (EMP A )(Walter, 1969; Walter and Dodd, 1972; deGasparis et al, 1975; Fre~on et 
al., 1978; Evensen et al, 1979) and also analyzed intact by non-destructive instrumental neutron 
activation analysis (INAA) (Schmitt et al, 1965, 1967; Osborn et al, 1973; Grossman et al, 
1979; Grossman and Wasson, 1982). Compositions of chondrules in whole-chondrite polished 
sections have been determined by broad-beam ("defocused-beam") EMPA (McSween, 1977; Lux 
et al, 1980, 1981; Dodd, 1978b; Ikeda and Takeda, 1979; Kimura and Yagi, 1980; Fujimaki et 
al., 1981; Nagahara, 1981) and by combined point-beam ("focused-beam")EMPA and modal 
phase analyses (Dodd, 1978a; Kimura et al, 1979; Kimura and Yagi, 1980). Published analyses 
of chondrule minerals ( and mesostasis fractions) are included in several of the papers cited above 
and also in other papers too numerous to review here. 

Physical properties (size, shape, mass, density) of chondrules have been less often and less 
comprehensively reported in meteorite literature than have chemical-petrological properties. 
Apparent sizes of chondrules in thin sections have been reported as companion data in several of 
the studies cited above (e.g., Lux et al, 1981; Ikeda and Takeda, 1979; Nagahara, 1981), 
although studies directed specifically toward size measurements of chondrules in UOC thin 
sections have been rare (Hughes, 1978b; King and King, 1979). Published size measurements of 
whole chondrules are likewise not very abundant (Lang et al, 1975; Martin and Mills, 1976, 
1978; Hughes, 1978b). 

Quantitative data on chondrule shapes are even less abundant than data on sizes. Although 
chondrule apparent sizes measured in thin section must be interpreted cautiously, chondrule 
shapes are even more difficult to correctly deduce from the random slices made available for 
individual chondrules in whole-chondrite thin sections. However, whole-chondrule measure-
ments reported by Martin and Mills (1976) did include numerical representations of chondrule 
three-dimensional shapes. 

Measurements of chondrules masses can only be made using whole chondrules. Although 
Hughes (1977, 1978a, b) derived approximate chondrule mass-distribution curves by applying an 
assumed average density to measured size-distribution curves, the only measured mass-
distribution results seem to be those of Lang et al ( 197 5) and Das Gupta et al ( 1978). A related 
property, the chondrule density distribution, has remained largely unstudied, judging from 
paucity of published measurements. However, by placing the entire suite in a single pycnometer 
bottle, Hughes (1978b) was able to determine an average bulk density for 955 Bjurbole (IA) 
chondrules. Later, Hughes (1980) combined size and mass measurements of individual Bjurbole 
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64 Chondrules and their Origins 

chondrules to find their densities. Unfortunately, he did not publish the actual mass distribution, 
which was an incidental product of that study. 

Measurements of stable and radiogenic isotopes in chondrules have not kept pace with other 
types of measurements. However, limited data can be found in the literature regarding isotopic 
compositions of noble gases (Alexander and Manuel, 1969; Gopalan et al, 1977; Caffee et al, 
1982), oxygen (Onuma et al, 1972; Robert et al, 1979), lithium (Dews, 1966), and cadmium 
(Rosman and De Laeter, 1978) in chondrules. In addition, Rb-Sr ages have been reported for 
individual chondrules (Evensen et al, 1979; Hamilton et al., 1979; Minster and Allegre, 1981). 

Despite the wide variety of measurements that have been reported for chondrules, the 
accumulated data base remains inadequate in the search for possible systematic trends among 
chondrules from one UOC to another. The large number of published analyses has been 
performed on an almost equally large number of different samples. Few attempts have been made 
to comprehensively study a single suite of UOC chondrules by a variety of techniques. Work by 
Evensen et al (1979) was a step in the right direction but, unfortunately, was restricted to 
chondrules from Richardton (HS), an EOC. Perhaps because of its friability and relative availabil-
ity in whole-rock form, another relatively equilibrated chondrite, Bjurbole (L4), has been a 
favorite candidate in other chemical, petrological, and isotopic studies of whole chondrules. 
Likewise, we find our cumulative knowledge of chondrule physical properties hinged principally 
on results for one H5 chondrite (Allegan) and one L4 chondrite (Bjurbole). Chainpur (LL3) is the 
only genuine UOC for which both chondrule physical properties and integrated chemical-
petrological properties have been reported. Consequently, the comprehensive data base for UOC 
chondrules required to address the question posed in this paper does not yet exist in the literature. 
However, the new data described below should contribute toward that end. 

New data 

During the time that much of the previously cited recent work was being performed or 
published (papers dated 1977 and later), additional data on the physical, chemical, and petrologi-
cal properties of UOC chondrules were being collected by the author. Suites of individual whole 
chondrules from the chondrites Tieschitz, Ochansk, Weston, Saratov, Tennasilm, Chainpur, and 
Soko-Banja were selected from among a larger set that had been collected and carefully preserved 
by Professor Roman A. Schmitt and non-destructively studied by INAA by T. W. Osborn 
(Osborn et al, 1973). In addition, the author mechanically separated fresh batches of whole 
chondrules from the chondrites Dhajala, Hallingeberg, Semarkona, and Hamlet. All eleven 
chondrites were observed falls. 

In surveying both "chondrule" inventories, separated objects, which appeared upon careful 
binocular stereomicroscopic examination to be irregular clasts or inclusions rather than self-
contained spheroids, were rejected from further study. Despite the lack of a consensus on the 
definition of "chondrule," the screening criteria that were applied reflect the author's belief that the 
term "chondrule" should be applied only to naturally occurring extraterrestrial objects that display 
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J. L. Gooding: Chondrule average properties 65 

evidence for prior existence as molten or partially molten, independent droplets of generally 
submillimeter to centimeter size. [Petrographic criteria for recognizing such objects were briefly 
reviewed by Gooding and Keil (1981).] The resultant 219 acceptable "chondrules" were studied 
for their physical properties and a subgroup of 141 was selected for detailed chemical-petrological 
study. 

Complete details of collection, certification, and preliminary interpretation of the data can be 
found in Gooding ( 1979) and, in summary forms, in Gooding et al ( 1980a) and Gooding and Keil 
( 1981 ). Briefly stated, each whole chondrule was analyzed physically ( surface characterization and 
three-dimensional sizing by optical stereomicroscopy; weighing), then subjected to non-destructive 
bulk elemental analysis by INAA. Selected chondrules were then studied by scanning electron 
microscopy and eventually all chondrules were individually sliced and prepared as polished. 
sections for petrographic study and phase analysis by EMP A. Scanning electron microscopy was 
also performed on some of the polished sections. Data from EMP A reported here were collected 
with a computer-automated ARL EMX-SM instrument operated at 15 kV. Mineral standards and 
Bence-Albee corrections were used for olivine and pyroxene analyses, whereas pure metal 
standards and Z-A-F corrections were used for Ni-Fe metal analyses. The procedure used to 
analyze metal was not significantly affected by overlap of Fe and Co X-ray peaks. Replicate 
analyses made periodically on pure Fe metal and Ni-Fe metal alloys showed, first, that "apparent 
Co" was always effectively at detection limit (determined to be 0.10% Co) and, second, that 
"apparent Co" did not vary systematically with Fe concentration. Accepted analyses of even the 
most Co-poor chondrule metal typically gave Co concentrations at least three times the detection 
limit. Data from EMP A for other phases were also obtained but are more appropriate as parts of a 
separate report. 

Ten relatively large but petrologically representative chondrules were selected from the 
chemical-petrological subgroup and, after INAA, each was precisely split with half subjected to 
oxygen isotopic analyses by R. N. Clayton. Those informative results require separate discussion 
but are summarized here in a later section. 

The chondrule chemical-petrological study group is summarized in Table 1. The group totals 
138, rather than 141, because one chondrule from Tennasilm and two from Semarkona, which 
we.re composed dominantly of Ni-Fe metal, have been excluded. Metallic chondrules [M 
chondrules described by Gooding and Keil ( 1981 )] comprise< 1 % of all chondrules in U OC's, yet 
if included in the small numbers of chondrules considered here, they could drastically and 
erroneously perturb the "average" properties being sought. 

The classification assumed for each chondrite in Table 1 is that given by Van Schmus and 
Wood ( 1967), except for Dhajala, which appears to be transitional between H3 and H 4 (Bhandari 
et al, 1976; Noonan et al, 1976), and Weston, which appears to be a breccia composed of H3 
clasts in an H4 host rock (Noonan and Nelen, 1976). 

The author readily admits that the data base presented here contains imperfections common 
to most, if not all, previous studies of whole chondrules. Relative to several studies based on 
whole-chondrite thin sections, fewer chondrules were analyzed and, despite the best of intentions, 
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66 Chondrules and their Origins 

Table I. Textural characteristics of chondrules used in computation of "average" chondrule 
properties for various chondrites. 

Chondrule No. Chondrules Per Textural TyQe* 
POP PO pp BO RP GOP C Total 

Tieschitz (H3) 7 2 2 0 3 1 2 17 
Dhajala (H3,4) 7 2 0 3 I 15 
Weston (H3,4) 6 2 1 I 0 0 11 
Ochansk (H4) 2 0 0 2 2 I 8 
Hallingeberg (L3) 12 2 4 2 3 l 0 24 
Saratov (L4) 2 I l 1 7 1 0 13 
Tennasilm (L4) 4 0 0 0 2 0 0 6 
Semarkona (LL3) 4 0 2 3 3 3 0 15 
Chainpur (LL3) 6 I 0 0 6 I 0 14 
Hamlet (LL3,4) 4 I l I 0 0 8 
Soko-Banja {LL4) 5 0 l 0 0 0 7 

• POP= porphyritic olivine-pyroxene; PO = porphyritic olivine; PP = porphyritic pyroxene; 
BO = barred olivine; RP = radial pyroxene; GOP = granular olivine-pyroxene; C = crypto-
crystalline [see Gooding and Keil (1981) for descriptions of chondrule textural types]. 

sample selection was probably biased to some degree toward large (>1 mm) chondrules (an 
advantage in trace-element analysis) and also toward non-friable chondrules (an advantage in all 
analyses). Furthermore, as is common to IN AA-oriented studies, bulk concentrations of Si were 
not directly measured for the chondrules (although the available EMPA and petrographic data 
permit estimates of the bulk SiO2 content of each chondrule ). Still, the author is unaware of any 
other single data base that is currently more capable of supporting the investigation attempted 
here. 

"Average" results as petrogenetic guides 

Compositional heterogeneity among individual UOC chondrules is known to be large so that 
investigation of compositional trends among individual chondrules remains an important task. 
However, dispersion among measured values of chondrule parameters is often so great, especially 
when the number of samples is large, that the search for order among the chaos is sometimes 
discouraging. Progress may be achieved by reducing the number of variables through computation 
of summary parameters, which might more readily reveal trends among the data. Toward that 
end, multivariate analysis has been applied to various sets of chondrule bulk compositional data 
(Lux et al, 1980, 1981; Grossman and Wasson, 1982). However, such analyses are not attempted 
here and, in fact, should more logically be applied after completion of the present analysis. Major 
petrogenetic differences between chondrules from one chondrite to another ( e.g., similar in 
magnitude to differences observed between chondrite groups) should become visible upon 
comparison of best-estimate central tendencies of the parameters under study. Resolvable differ-
ences among "average" values would clearly imply that chondrules from different chondrites 
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could not be considered members of a single grand population. Multivariate analyses might then 
be constrained to treat chondrules from only one chondrite at a time in order to avoid confusing 
results. In contrast, absence of major sytematic differences among chondrule suite "average" 
properties would imply that consanguinity does exist among the overall UOC chondrule popula-
tion and that either intensive study of chondrules from a single well-chosen UOC, or "data 
pooling" for chondrules from different UOC's, are justifiable approaches to understanding the 
origins of chondrules. Briefly stated, this paper offers a direct intercomparison of chondrules from 
various UOC's as a necessary first step toward certifying and guiding the application of future, 
more elegant statistical analyses. Given that objective and the utility of "average" results as 
compact descriptors, an acceptable index of "average" behavior remains to be defined. 

The arithmetic mean is the parameter most widely used to represent "average" results. 
However, it accurately reflects the best estimate of the central tendency only for a normal 
distribution (Meyer, 1975), whereas elemental concentrations in rocks commonly exhibit highly 
skewed frequency distributions, which approach or match log-normal functions (Ahrens, 1965). 
Bulk concentrations of some elements in chondrules also appear to be nearly log-normal in their 
frequency distributions ( Osborn et al., 1973; Gooding, 1979). In addition, both the mass and size 
distributions of chondrules are approximately log-normal (Martin and Mills, 1976, 1978; Hughes, 
1977, 1978a; Gooding, 1979). For a log-normal frequency distribution, a good measure of central 
tendency is provided by the geometric mean (Meyer, 1975). Computationally, the geometric 
mean is less perturbed than is the arithmetic mean by extreme values in a data set containing wide 
dispersion. Furthermore, the standard deviation computed for a geometric-mean value consists of 
two unequal positive and negative elements (unlike the single value defined for the arithmetic 
mean) that, by their relative magnitudes, readily show the direction of skewness in the data set. 
However, it can be shown that as the frequency distribution of a data set approaches an unskewed 
normal condition, computed values of its arithmetic and geometric means (and their respective 
standard deviations) converge. 

In this paper, geometric-mean values are adopted as the best-estimate "average" values for 
chondrule variates that are known or suspected to be log-normally distributed ( e.g., bulk elemental 
concentrations, physical properties). For other normally distributed parameters (e.g., mineral 
compositions), arithmetic-mean values are used because they do not differ significantly from their 
geometric-mean counterparts and are more easily compared with existing data in the literature. 

COMPARISON AND CONTRAST 

Bulk elemental and isotopic compositions 

For reasons discussed above, the geometric mean of individual chondrule analyses is the 
parameter used to represent the "average" chondrule bulk composition compiled for each of the 
chondrites listed in Table 2. Each geometric-mean entry in Table 2 is accompanied by the value of 
the standard deviation of the geometric mean (SDGM) representing dispersion toward higher ( +) 

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

http://adsabs.harvard.edu/abs/1983chto.conf...61G


1
9
8
3
c
h
t
o
.
c
o
n
f
.
.
.
6
1
G
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Table 2. "Average" bulk elemental compositions of chondrule suites determined by INAA.* 
Chondrite: Dhajala {H314} Weston {H3 14} Ochansk {H4} 
No. Coondrulest (15) ( 11) (8) 

GM + /- SDGM GM + /- SDGM GM + /- SDGM 
% Al2O3 2.6 1.0/0.7 3.0 1.2/0.8 2.5 1.3/0.8 
% Cr2O3 0.59 0.21/0.16 0.57 0.22/0.16 0.38 0.15/0.ll 
% Fe (total) 12.5 4.9 I 3.5 9.88 2.53/2.0I 9.65 1.70/ 1.45 
%MnO 0.40 0.14/0.10 0.35 0.15/0.10 0.38 0.03/0.03 
% MgO 27.4 3.2/2.9 28.9 2.6/2.4 27.3 4.2/ 3.6 
% CaO 1.8 0.6/0.4 2.7 2.1/ 1.2 2.7 2.6/ l.3 
% Na2O 1.09 0.87 /0.48 1.25 0.60/0.40 1.12 0.61/0.39 

ppm Sc 8.51 3.48/2.47 14.5 7.0/4.7 14.8 7.6/5.0 
ppm V 86 27/20 98 34/26 82 17/14 
ppm Zn 40 19/13 47 31/19 24 22/11 

ppm La 0.39 0.11/0.08 0.29 0.35/0.16 0.16 0.17/0.08 
ppm Sm 0.26 o.o9 I 0.01 0.23 0.17 /0.10 0.14 0.1 I/0.06 
ppm Eu 0.076 0.040/0.026 0.078 0.040/0.027 0.064 0.064/0.032 
ppm Yb 0.27 0.09/0.07 0.28 0.18/0.11 0.22 0.18/0.10 
ppm Lu 0.042 0.014/0.01 I 0.045 0.017 /0.012 0.028 0.024/0.013 

ppm Hf 0.15 (IO) 0.20/0.09 0.18 (9) 0.16/0.09 0.21 0.18/0.10 
ppm Ta 0.096 (3) 0.063/ 0.038 

ppm Co 101 169/63 41 88/28 18 34/12 
ppm Ni 2030 5400/1480 1040 2090/697 964 (7) 1940 / 643 
ppb Ir 96 188/63 58 96/36 45 36/20 
ppb Au 28 62/19 17 (10) 26/10 13 (7) 30/9 

• Geometric mean (GM) ± one standard deviation of the geometric mean ( + /- SDGM). 
t For elements where fewer chondrules were successfully analyzed, no. chondrules given in parentheses. 

and lower (-)values.The general relationship between the geometric-mean entries in Table 2 and 
their arithmetic-mean counterparts is the same as displayed previously in Table 1 of Gooding et al 
(1980a) for chondrules from four other UOC's. Namely, for cases where +SDGW-SDGM >1, 
the geometric mean is systematically lower than the arithmetic mean. [Note: an apparent 
exception to this rule erroneous! y occurs for Co in Tieschitz chondrules, for which the mean value 
of 136 ppm was misprinted as "36 ppm" in Table 1 of Gooding et al (1980a)]. That generality 
applies to all elements analyzed, but is especially evident in results for siderophile elements (Co, Ni, 
Ir, Au and, to a lesser extent, Fe), which by virtue of their tendency toward values of +SDGW 
-SDGM > > 1 appear to be clearly skewed toward log-normal frequency distributions. As a further 
demonstration of the relationship between geometric-mean and arithmetic-mean values, reference 
can be made to Table 2 of Gooding eta/. (1980a), which shows that, for replicate analyses of the 
Orgueil (Cl) carbonaceous chondrite, +SDGM/-SDGM = 1 and the geometric and arithmetic 
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Table 2. continued 
Saratov {L4} Tennasilm {L4} Hamlet {LL3,4} Soko-Banja {LL4} 

(13) (6) (8) (7) 
GM + L- SDGM GM +L-SDGM GM + L- SDGM GM + L- SDGM 
2.1 0.6/0.4 2.6 0.3/0.3 2.8 0.9/0.7 2.7 0.9/0.7 

0.59 0.12/0.10 0.66 0.08/0.07 0.56 0.13/0.11 0.63 0.22/0.16 
12.3 3.3/2.6 13.9 6.6/4.5 11.6 2.1 / 1.8 12.9 3.1/2.5 
0.42 0.06/0.05 0.39 0.09/0.07 0.32 0.09/0.07 0.36 0.08/0.06 
26.4 3.2/ 2.8 25.5 3.1 / 2.8 27.3 5.3/4.4 26.8 1.4/ 1.3 

1.8 0.6/0.5 1.7 0.9/0.6 2.6 1.2/ 0.8 2.3 1.7 / 1.0 
1.04 0.27/0.22 1.24 0.20/0.18 1.03 0.44/0.31 1.04 0.26/0.21 

9.62 2.20/ 1.79 10.5 1.8/ 1.6 10.4 3.1/2.4 10.3 4.0/2.9 
78 11/9 86 10/9 92 15/ 13 84 13 / 11 
49 18/13 50 42/23 38 7/6 41 16/11 

0.30 0.12/0.09 0.32 0.10/0.08 0.38 0.23/0.14 0.30 0.15/0.10 
0.19 0.03/0.03 0.17 0.07 /0.05 0.29 0.11/0.08 0.22 0.07 /0.05 

0.055(12) 0.034/0.021 0.084 0.093/0.044 0.12 0.07 /0.04 0.056 (6) 0.061/0.029 
0.26 0.08/0.06 0.22 (5) 0.05/0.04 0.34 0.16/0.11 0.23 0.09/0.06 

0.042 0.017 /0.012 0.034 0.015/0.010 0.045 0.013/0.010 0.029 0.014/0.010 

0.10 (5) 0.06/0.04 0.12 (2) 0.01/0.01 0.23 (6) 0.08/0.06 0.11 (2) 0.03/0.02 
0.07 (2) 0.10/0.04 

40 105/ 29 79 324/63 93 136/55 58 82/34 
2300 5080/1580 1770 5740/ 1350 1860 5060/ 1360 1420 2440/898 

76 105/ 44 64 191 / 48 109 219/73 54 156/40 
29 67/20 40 96/28 30 53/19 21 42/14 

means are virtually identical for each element because the dispersion is attributable to normally 
distributed random analytical errors. 

Bulk compositions of the various chondrule suites are conveniently compared using elemen-
tal abundance diagrams as shown in Figs. 1-3. Each diagram was compiled for each chondrule 
suite by computing an abundance of A= (~)GMc·(Fe)GMcl(~)GMo' (Fe)GMO where (~)GMC is 
the geometric-mean concentration of element i in the chondrules, (~)GMO is the geometric-mean 
concentration of i in the Orgueil ( C 1) carbonaceous chondrite, and (Fe )GMC and (Fe )GMO are the 
geometric-mean concentrations of total iron in chondrules and Orgueil, respectively. Figures 1-3 
are improved versions of Fig. 1 in Gooding et al. ( 1980a ), which was constructed by computing A 
= (~)GMcl (~)GMO· The original diagram was constructed to summarize the relative abundances 
of all analyzed elements, whereas the diagrams presented here as Figs. 1-3 sacrifice the abundance 
data points for one element, Fe, in order to normalize the others to a common basis that is 
independent of concentration effects related to the high ( and variable) hydration state of Orgueil. 

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

http://adsabs.harvard.edu/abs/1983chto.conf...61G


1
9
8
3
c
h
t
o
.
c
o
n
f
.
.
.
6
1
G

70 

(.) 5 

....I 
w 
::> 
C, 
a: 
0 
:.:: 
....I 
::::) 
lD -(/') 
w 
....I 
::> a: 
Cl z 
0 
J: 0.5 
(.) 

z 
<C 
w 
::E 

a: 
1-
w 
::E 
0 
w 
c, 0.1 

Fe-NORMALIZED BULK ELEMENTAL ABUNDANCES 

.17 TIESCHITZ (H3) 

Q15 DHAJALA (H3,4) 

WESTON (H3.4) 

0 8 OCHANSK (H4) 

Fe 
+ 

Co N, Zn 

• eo 
D 

• 
D 

D 

Ir 

Q Au ee 
D 

0.05"-------------------------' 

10------------------------, 

....I 
w 
::> 
C, 
a: 
0 
:.:: 
....I 
::> 
lD -(/') 
w 
....I 
::::) 
a: 
Cl z 

0.5 
(.) 

z 
<C 
w 
::E 

a: 
1-
w 
::E 
0 

0.1-

Fe-NORMALIZED BULK ELEMENTAL ABUNDANCES 

Ca • Na 
• Mg Al Sc V 8 •• Cr Mn 

• 24 HALLINGEBERG 
(L3) 

SARATOV (L4) 

0 6 TENNASILM (L4) 

Fe 
+ 

Au 
Ir~ to 
D 

• 
o.os------------------------' 

Chondrules and their Origins 

Fig. 1 "Average" elemental 
abundances in whole chon-
drules separated from mildly 
to highly unequilibrated H-
group chondrites. This plot 
was constructed by normaliz-
ing geometric-mean data sets 
in Table 2 (and Table 1 of 
Gooding et al., 1980a) to total 
Fe concentration and then, 
for each element, dividing the 
result by the Fe-normalized 
abundance in the bulk Orgueil 
(Cl) chondrite as derived 
from the geometric-mean 
data reported for Orgueil in 
Table 2 of Gooding et al. 
(1980a). Elements are listed, 
from left to right, in order of 
increasing atomic number. 

Fig. 2 "Average" elemental 
abundances in whole chon-
drules separated from mildly 
to highly unequilibrated L-
group chondrites. Details are 
the same as given for Fig. 1. 
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Fig. 3 "Average" elemental abun-
dances in whole chondrules sepa-
rated from mildly to highly 
unequilibrated LL-group chon-
drites. Details are the same as 
given for Fig. 1. 

In both the original diagram and Figs. 1-3, the Orgueil data were taken from Table 2 of Gooding 
et aL ( 1980a) and represent analyses made in parallel with those of chondrules, which constitute 
the sample suites discussed here as well as in the earlier paper. 

The choice of Fe (vs. Si, Mg, etc.) as the normalizing element is mostly arbitrary but does 
offer two advantages. First, Fe is one of the most precisely and accurately determined major 
elements in both the chondrule and Orgueil analyses such that its use as the normalization divisor 
should introduce only minimal errors. Second, Fe is the only major element in bulk chondrules 
and chondrites that is diversely distributed as a major element among silicates, oxides, sulfides, and 
Ni.:Fe metal. Because the silicate/metal abundance ratio varies widely among chondrules, 
normalization of bulk elemental abundances to total Fe concentration helps facilitate intercompar-
ison of metal-poor and metal-rich chondrules. Final normalization to the bulk Orgueil composi-
tion yields elemental abundances relative to those estimated for the condensible bulk solar system. 

The principal reason one might expect differences among chondrule-suite average composi-
tions is that significant differences among chondrite whole-rock bulk compositions are known to 
exist. Among both UOC's and EOC's, total Fe, Ni-Fe metal abundance, and Fe/Ni ratio in metal 
all systematically decrease from H- to L- to LL-chondrites (e.g., Gomes and Keil, 1980, p. 31). In 
fact, bulk compositional parameters can be used to separate the whole-rock chondrites involved in 
the present report into H-, L-, and LL-groups (e.g., Fig. 3 of Gooding et aL, 1980b), yielding 
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individual iron-group assignments that agree with those given in Table 1. Only Tieschitz is 
unusual in that its bulk composition (Dodd et al, 1967) reflects the total Fe concentration of 
H-chondrites but the Ni-Fe metal abundance and Fe/Ni ratio expected for L-chondrites. Nonethe-
less, there is no reason to expect a priori that chondrule compositions should be the same in H-, L-, 
and LL-chondrites. Thus, it is somewhat surprising that the chondrule data in Table 2 and Figs. 
1-3 show no major systematic trends related to iron groups of the whole-rock chondrite parents. 
In fact, chondrule compositional dispersions within any single iron group appear as great as 
dispersions between different iron groups and can be easily attributed to non-uniform representa-
tion of different chondrule types in the various chondrule analytical suites. Although the relative 
abundances of chondrule textural types are approximately the same in various UOC's (Gooding 
and Keil, 1981 ), bulk compositions of different chondrule textural types may vary significantly 
(Gooding et al, 1980a; Lux et al., 1981) so that differences should be expected among average 
compositions computed for suites involving small numbers of randomly selected chondrules. 
Therefore, although some systematic differences based on chondrule type or degree of"equilibra-
tion" (see following sections) may exist, the data do not indicate major systematic differences 
among chondrule-suite bulk compositions that are correlatable with the iron groups of the host 
chondrites. 

The foregoing conclusion was reached by Gooding et al (1980a) for four UOC's (Tieschitz, 
Hallingeberg, Semarkona, and Chainpur ), but was criticized by Wlotzka ( 1981 ). Wlotzka did not 
actually dispute the apparent mutual indistinguishability of the four chondrule-suite compositions, 
but argued against assignment of the UOC hosts to the H-, L-, and LL-groups. However, 
Wlotzka's arguments relied heavily on the characteristics of Tieschitz ( an atypical case) and on the 
use of total Fe concentration as a classification criterion ( only one of several important taxonomic 
parameters). In that regard, it is significant that the average bulk composition of Dhajala 
chondrules appears to be virtually the same as the average bulk composition of Tieschitz 
chondrules (Fig. 1 ). The Dhajala and Tieschitz analyzed chondrule suites contain nearly identical 
proportions of the various chondrule textural types (Table 1) but with significantly different 
degrees of"equihbration" (see following sections). However, by several different criteria (includ-
ing, but not limited to, total Fe content), Dhajala is clearly an H-chondrite (Noonan et al, 1976). 
A similar inference can be made for the LL-chondrites based on intercomparison ·of the Semar-
kona and Hamlet analyzed chondrule suites. Therefore, the absence of major differences in 
average chondrule bulk compositions among H-, L-, and LL-chondrites is not simply an artifact or 
defect of chondrite classification. Many UOC's display whole-rock attnbutes consistent with H-, 
L-, or LL-group identities, yet their respective chondrule populations remain relatively constant in 
average bulk elemental composition. 

Although few data are currently available, oxygen isotopic compositions of chondrules also 
seem unrelated to the iron groups of whole-rock chondrites. Oxygen isotopic compositions of ten 
U OC chondrules ( two Dhajala, four Hallingeberg, four Semarkona) from the set described in this 
paper show no systematic relationships to those of their host chondrites or to those of previously 
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determined EOC groups ( Gooding et al, 1982). Oxygen isotopic analyses of additional U OC and 
EOC chondrules {Clayton et al., 1982) support that conclusion. 

Data for isotopic compositions of elements other than oxygen are rather meager for 
chondrules and, unfortunately, are more abundant for EOC chondrules than for UOC chondrules. 
For Xe isotopes, Alexander and Manuel (1969) found that radiogenic Xe-129 is enriched in 
chondrules relative to matrix for both the Bruderheim (L6) and Bjurbole (IA) chondrites. Detailed 
analyses of individual Bjurbole chondrules by Caffee et al. (1982) showed that a variety ofl-Xe 
apparent ages could be derived. The data of Gopalan et al. (1977) for Dhajala appear to be the 
only noble-gas data available for UOC chondrules. 

Dews ( 1966) found no difference in the isotopic compositions of Li in Bruderheim chon-
drules relative to Bjurbole chondrules. Once again, though, both host rocks were L-group EOC's 
and no data for UOC's are available for comparison. 

In their survey of Cd isotopic compositions of meteorites, Rosman and De Laeter (1978) 
found that two H3 chondrites, Brownfield and Tieschitz, presented the only anomalous results 
among the samples studied. At least for Tieschitz, it was determined that the isotopically 
anomalous Cd was located mostly in chondrules. However, no such anomaly was found for the 
UOC Chainpur (LL3) nor for chondrules from the EOC Richardton (HS). 

Hamilton et al. (1979) obtained a Rb-Sr model age of 4.S3 Gy for Parnallee (LL3) 
chondrules. Minster and Allegre (1981) were unable to obtain a Rb-Sr isochron for Chainpur 
(LL3) chondrules because of scatter in the data, but found a model age of 4.4S Gy for Soko-Banja 
(LIA) chondrules. Unfortunately, no chondrule Rb-Sr data are available for UOC's of iron groups 
other than LL, although chondrules from the EOC Richardton (HS) gave a Rb-Sr age of 4.39 Gy 
(Evensen et al., 1979). 

Even though more analyses are needed, oxygen is the only element for which sufficient data 
currently exist to support at least a provisional conclusion that chondrule isotopic parameters 
show no systematic change from one UOC to another. The case for a common oxygen reservoir 
among all UOC chondrules is at least sufficiently clear to be further tested. For isotopes of other 
elements, though, the ground is much less firm and it would be wrong to conclude at this time that, 
in general, chondrules from one UOC are isotopically equivalent to chondrules from any other 
UOC. Without question, many more isotopic analyses of key cosmochemical elements in 
chondrules (e.g., 0, Mg, and Si) are needed. 

Phase compositions and "metamorphic" effects 

Thanks to the pioneering work of Keil and Fredriksson ( 1964 ), it is well known that the 
compositions of olivine and pyroxene in EOC's define coherent groups that are diagnostic for 
the H-, L-, and LL-groups. However, olivine and pyroxene compositions scatter widely both 
within and between individual UOC's and, therefore, are oflittle use in classification systems for 
their host chondrites. Among the chondrule suites described here, all appear to be unequilibrated 
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Table 3. Average olivine and pyroxene compositions in chondrules.* 

Olivine Pyroxene 

Chondrite No. Chondrules Mal.% No. Chondrules Mal.%± l SDM 
(No. Analyses) Fa± l SDM (No. Analyses) Fs Wo 

Tieschitz (H3) 11 9.8 14 12.8 2.0 
(96) ±5.4 (97) ± 11.2 ± 1.6 

Dhajala (H3,4) 10 19.9 13 15.6 3.0 
(48) ± 2.6 (69) ± 8.2 ± 3.4 

Weston (H3,4) 10 15.0 9 13.4 3.2 
(52) ± 4.8 (44) ± 3.6 ± 4.0 

Ochansk (H4) 4 18.7 8 16.3 2.0 
(18) ± 0.4 (43) ± 0.7 ± 2.0 

Hallingeberg (L3) 21t 15.8 21 11.6 3.0 
(129) ± 9.7 (124) ± 7.8 ± 8.3 

Saratov (L4) 4 23.0 11 18.7 1.4 
(30) ± 0.3 (83) ± 2.3 ± 0.9 

Tennasilm (L4) 5 22.2 7 19.3 1.3 
(27) ± 0.3 (41) ± 1.0 ± 1.0 

Semarkona (LL3) 8 10.7 13 16.1 1.9 
(39) ± 7.7 (73) ± 12.2 ± 1.6 

Chainpur (LL3) 7 12.2 13 13.5 1.7 
(43) ± 6.5 (105) ± 9.4 ±1.4 

Hamlet (LL3,4) 6 20.0 6 18. l 1.6 
(34) ± 8.2 (35) ± 7.8 ± 1.3 

Soko-Banja (LL4) 7 27.0 7 22.0 2.0 
(34) ±1.4 (36) ± 3.6 ± 0.8 

•Mean ± one standard deviation of the mean (SDM), as determined by electron microprobe analyses. 
t Includes two different compositional types of olivine in chondrule HG-7. 

to various degrees, based on their olivine and pyroxene average compositions (Table 3, Fig. 4). 
However, four (Ochansk, Saratov, Tennasilm, Soko-Banja) are noticeably less unequilibrated 
than the others and possess chondrule average olivine and pyroxene compositions that are 
comparable to those expected for the iron groups of their respective BOC hosts (Fig. 4). 
Consequently, it is possible to make a first-order assessment of the importance of "equilibration" in 
controlling observable chemical-petrological properties of chondrules. 

Referring again to Figs. 1-3, it is apparent that the most highly "fractionated" (i.e., non-flat) 
trace-element patterns displayed by the various chondrule suites belong to those suites that are 
composed of nearly "equilibrated" chondrules (i.e., chondrules with nearly constant mol.% Fa in 
olivine and mol.% Fs in pyroxene). Rare-earth elements (REE) serve as a useful case in point. 
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Fig. 4 Average end-member compositions of olivine and pyroxene in whole chondrules separ-
ated from mildly to highly unequilibrated H-, L-, and LL-group chondrites. Chondrules depicted 
here are the same as those in Figs. 1-3. Data are from Table 3. Tie lines join olivine and pyroxene 
compositions for individual chondrule suites. Average mol.% Fa/Fs values expected in olivine/ 
pyroxene of "equilibrated" chondrules are 18.8/17 .2 (H), 24.6/21.3 (L), and 28.5/24.1 (LL) ( Gomes 
and Keil, 1980, p. 31). It is apparent that only the respective chondrule suites of OC, SA, TE, and 
SB approach "equilibrated" states. Abbreviations: CH = Chainpur; DH = Dhajala; HA = 
Hamlet; HG = Hallingeberg; OC = Ochansk; SA = Saratov; SB= Soko-Banja; SE= Semarko-
na; TE= Tennasilm; TI= Tieschitz; WE= Weston. 

Be.cause the Hallingeberg (L3) chondrule analytical suite is composed of highly unequilibratecl 
chondrules that, in proportions of the various chondrule primary textural types (Table 1 ), 
approximate the chondrule population observable in most individual UOC's (Gooding and Keil, 
1981); the Hallingeberg data (Fig. 2) can be taken as an average "unequilibratecl" chondrule 
reference pattern. Figures 1-3 show that most of the other choodrule suites give REE patterns 
that closely resemble that of the Hallingeberg suite. However, the Ochansk and Tennasilm 
chondrule suites ( each composed of approximately "equilibrated" chondrules) give REE patterns 
that noticeably deviate from the Hallingeberg-type pattern. Two other examples of nearly 
"equilibrated" chondrule suites, Saratov and Soko-Baaja, display REE patterns approximating 
that of Hallingeberg, whereas a significantly more unequilibrated chondrule suite from Hamlet 
displays a REE pattern distinctively unlike that of Hallingeberg. Unequal sampling of various 
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chondrule textural types is not an adequate explanation of REE pattern diversity. Although the 
average Eu/Sm ratio is greater for porphyritic than for non-porphyritic chondrules, no major 
heavy/light REE fractionation between the two groups is apparent (Gooding et al, 1980a). The 
basis of the possible correlation between REE pattern and degree of chondrule equilibration 
remains unclear, but the data in Figs. 1-3 suggest that heavy/light REE fractionation may be 
associated with "metamorphic" equilibration and that the normalized Yb/La ratio, for example, 
may be a useful index of post-formational trace-element changes in chondrules. 

Despite the ostensible constancy of siderophile element relative abundances, which seems to 
apply to chondrule-suite "average" compositions, there is reason to suspect that "average" 
chondrule Ni-Fe phase compositions are not constant from one UOC to the next. The clearest 
systematic trend seems to be the Co enrichment in taenite that distinguishes chondrules in 
LL-chondrites from those in H- and L-chondrites (Table 4, Fig. 5). As shown in Fig. 5, three of the 

Table 4. Average Ni-Fe metal compositions (wt.%) in chondrules.* 
Kamacite Taenite 

Chondrite No. Chondrules No. Chondrules 
(No. Analyses) %Ni %Co (No. Analyses) %Ni %Co 

Tieschitz (H3) 12 5.6 0.90 12 44.4 0.29 
(49) ± 1.5 ± 0.18 (45) ± 3.3 ± 0.04 

Dhajala (H3,4) 14 5.1 0.67 5 36.5 0.38 
(60) ± 1.8 ± 0.13 (16) ± 1.2 ± 0.12 

Weston (H3,4) 8 6.6 0.72 3 42.2 0.25 
(36) ± 1.5 ± 0.19 (9) ± 2.1 ± 0.02 

Ochansk (H4) 6 5.7 0.69 3 34.7 0.33 
(19) ± 1.5 ± 0.15 (12) ± 5.1 ± 0.06 

Hallingeberg (L3) (!:) 4.3 0.96 7 42.5 0.28 
±0.5 ± 0.18 (24) ± 3.5 ± 0.04 

Saratov (L4) 4 5.5 0.84 10 41.2 0.33 
(16) ± 0.5 ± 0.07 (50) ± 3.1 ± 0.08 

Tennasilm (L4) 6 6.0 0.90 2 38.2 0.28 
(21) ±0.6 ± 0.03 (4) ± 5.1 ± 0.04 

8 6.5 0.68 7 47.4 2.0 Semarkona (LL3) (30) ± 1.1 ± 0.18 (26) ± 9.8 ± 0.8 

Chainpur (LL3) 13 4.6 1.2 12 47.5 0.42 
(56) ± 0.5 ± 0.2 (41) ± 3.4 ± 0.36 

Hamlet (LL3,4) 4 5.4 1.4 5 30.5 0.75 
(10) ± 1.0 ± 0.3 (21) ± 2.3 ± 0.11 

Soko-Banja (LL4) 05
5) 4.3 1.6 6 34.1 1.0 

± 0.2 ± 0.4 (31) ± 4.7 ± 0.2 
*Mean ± one standard deviation of the mean (SDM), as determined by electron microprobe analyses. 
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Fig. 4 Average end-member compositions of olivine and pyroxene in whole chondrules separ-
ated from mildly to highly unequilibrated H-, L-, and LL-group chondrites. Chondrules depicted 
here are the same as those in Figs. 1-3. Data are from Table 3. Tie lines join olivine and pyroxene 
compositions for individual chondrule suites. Average mol.% Fa/Fs values expected in olivine/ 
pyroxene of "equilibrated" chondrules are 18.8/17 .2 (H), 24.6/21.3 (L), and 28.5/24.1 (LL) ( Gomes 
and Keil, 1980, p. 31). It is apparent that only the respective chondrule suites of OC, SA, TE, and 
SB approach "equilibrated" states. Abbreviations: CH = Chainpur; DH = Dhajala; HA = 
Hamlet; HG = Hallingeberg; OC = Ochansk; SA= Saratov; SB= Soko-Banja; SE= Semarko-
na; TE= Tennasilm; TI= Tieschitz; WE= Weston. 

Because the Hallingeberg (L3) chondrule analytical suite is composed of highly unequilibrated 
chondrules that, in proportions of the various chondrule primary textural types (Table 1 ), 
approximate the chondrule population observable in most individual UOC's (Gooding and Keil, 
1981), the Hallingeberg data (Fig. 2) can be taken as an average "unequilibrated" chondrule 
reference pattern. Figures 1-3 show that most of the other chondrule suites give REE patterns 
that closely resemble that of the Hallingeberg suite. However, the Ochansk and Tennasilm 
chondrule suites ( each composed of approximately "equilibrated" chondru.les) give REE patterns 
that noticeably deviate from the Hallingeberg-type pattern. Two other examples of nearly 
"equilibrated" chondrule suites, Saratov and Soko-Banja, display REE patterns approximating 
that of Hallingeberg, whereas a significantly more unequilibrated chondrule suite from Hamlet 
displays a REE pattern distinctively unlike that of Hallingeberg. Unequal sampling of various 

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

http://adsabs.harvard.edu/abs/1983chto.conf...61G


1
9
8
3
c
h
t
o
.
c
o
n
f
.
.
.
6
1
G

78 

Fig. 6 Covariation between aver-
age bulk Zn abundance (Fe- and 
Orgueil-normalized, as described · 
in text) and average olivine com-
position in whole chondrules sepa-
rated from mildly to highly 
unequilibrated H-, L-, and LL-
group chondrites. Chondrules 
depicted here are the same as in 
Figs. 1- 5. Data are from Tables 2 
and 3 and abbreviations are the 
same as given for Fig. 4. Note that 
for all chondrules, bulk Zn abun-
dance tends to increase with FeO 
content of olivine. In addition, Zn 
abundance tends to increase as 
degree of "equilibration" increases 
among chondrules of the individ-
ual H-, L-, and LL-chondrite 
groups. "Equilibration" is indi-
cated by small standard deviations 
for olivine compositions that, for 
OC, TE, and SA chondrules, lie 
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for reference. 

mol.% Fa in chondrule olivine. The observed FeO/Zn trend seems to encompass all the chondrule 
suites (with the possible exception of Weston), regardless of their respective degrees of equilibra-
tion. However, it further seems that the most highly unequilibrated chondrules seem to be 
systematically lower both in bulk Zn abundance and in olivine Fa content relative to unequili-
brated chondrules. Thus, the FeO/Zn trend may be partly a primary chondrule formational 
feature and partly a "metamorphic" feature. Evidence that the trend has a significant "metamor-
phic" component follows from the fact that it becomes much weaker when mol.% Fs in pyroxene 
is used as the chondrule FeO index ( correlation coefficient, r = +0.28). It is well known (and can 
be seen in Table 3) that, for a given transitional UOC/EOC, olivine homogeneity is more 
complete than pyroxene homogeneity. Consequently, relative degrees of equilibration may be less 
obvious when pyroxene compositions, instead of olivine compositions, are used as the "equilibra-
tion" index. 

Although the data in Fig. 6 do not suggest that the FeO/Zn trend partitions chondrules 
according to the iron groups of their host chondrites, it is clear that systematic variations between 
chondrule bulk and phase compositional parameters may exist and that such coupled variations 
may complicate the use of chon(Jrules from any single UOC as the basis for models intended to 
represent chondrules in all UOC'~. 
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Physical properties 

In most of the current literature on chondrule physical properties, the assumption seems to 
have been implicitly made that a single set of distribution curves can be found to describe, 
respectively, the sizes nd masses of chondrules in all UOC's. However, review of both the data 
from existing literature and new data presented here suggest that interchondrite systematic trends 
may actually exist for sizes and related properties of chondrules. Specifically, there is reason to 
suspect that in LL-chondrites, relative to H- and L-chondrites, average chondrule size is greater, 
whereas average chondrule sphericity and density are both smaller. The evidence of this is 
summarized in Table 5 and in Figs. 7 and 8. 

Figure 7 shows that degree of chondrule sphericity may vary antisympathetically with 
chondrule size. As discussed in a preceding section, chondrule selection in the new data presented 
here was probably biased slightly toward large chondrules. However, there is no reason to believe 
that the bias was greater for LL-chondrites than for H- and L-chondrites or that non-spherical 
chondrules were preferentially extracted from LL-chondrites. Consequently, the apparent trend in 
Fig. 7 must be considered as possibly being a real phenomenon. As summarized by Gooding and 
Keil (1981, p. 34), the limited data available in the literature are also consistent with that 
interpretation. Accordingly, "data pooling" of chondrule size and shape measurements should 
beware of mixing data for LL-chondrites with data for H- or L-chondrites. Possibly, statistical 
analyses of chondrule physical properties may need to treat each UOC iron group separately. 

Figure 8 supports the proposition by Hughes ( 1980) that chondrule density varies antisympa-
thetically with chondrule size. However, Hughes' data were limited to Bjurbole (L4) chondrules, 
whereas the data in Fig. 8 suggest that chondrules from H-, L-, and LL-chondrites may comprise a 
similar grand trend. Obviously, if it is real, that trend must reflect a size-dependent compositional 
variation among chondrules, although neither Hughes ( 1980) nor the present paper attempts to 
explain the phenomenon. However, the effect might be more strongly developed among «equili-
brated" chondrules than among highly unequilibrated chondrules, as suggested by the fact that the 
value of the correlation coefficient for the presumed linear trend is much greater for a selected 
subgroup of four "equilibrated" chondrule suites than for the entire group of eleven chondrule 
suites. Specifically, the best-fit line through the Group 2 data points ( defined in Table 5 and Fig. 7) 
for Ochansk, Saratov, Tennasilm, and Soko-Banja gives r = -0.97, whereas a value of only r = 
-0.66 applies to a similar regression line computed for GrouJ) _2 data points of all analyzed 
chondrule suites. Consequently, Hughes' (1980) discovery of the inverse density/size trend may 
have been facilitated by his use of "equilibrated" chondrules from Bjurbe,le (L4). It might then be 
argued that the physical basis of the density/size trend, though as yet unidentified, is somehow 
related to "metamorphic" equilibration. In any case, multivariate analyses of chondrule properties 
may need to include chondrule size as a variable. However, because chondrule density also 
appears to vary systematically, the use of chondrule mass as an input parameter may not yield the 
same results as would the use of actual chondrule size. Clearly, our current understanding of 
possible relationships between physical and other properties of chondrules is not adequate. 
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Table 5. "Average" values of chondrule ehysical properties.* 00 
0 

@ Maximum Minimum/ Maximum Mass (mg) Density (g/ cm3) 

t"' Dimension (mm) Dimension ratio = = Chondrite No. GM +/-SDGM No. GM +/-SDGM No. GM +/-SDGM No. GM +/-SDGM ::,; ., 
::,; 17 1.09 0.34/0.26 14 0.84 0.06/0.06 17 1.60 1.73/0.83 17 3.00 0.42/0.37 
= Tieschitz (H3) Q. 26 1.04 0.41/0.30 20 0.85 0.10/0.09 26 1.40 1.79/0.78 26 3.10 0.54/0.46 

13 1.00 0.38/0.28 IO 0.87 0.09/0.08 15 1.23 1.86/0.74 13 3.10 0.37 /0.33 = Dhajala (H3,4) 14 1.00 0.36/0.27 11 0.86 0.09/0.08 27 0.62 1.45/0.44 14 3.13 0.37 /0.33 .... ::,; ., 
'-< 11 0.92 0.34/0.25 11 0.90 0.05/0.05 11 1.14 1.40/0.63 11 3.28 0.31/0.28 
""' Weston (H3,4) = 16 0.86 0.35/0.25 16 0.89 0.08/0.08 16 0.93 1.34/0.55 16 3.33 0.36/0.32 Cl> 
:t. = 8 0.95 0.54/0.34 8 0.90 0.05/0.05 8 1.24 3.35/0.91 8 3.28 0.34/0.31 .... Ochansk (H4) 
• 9 0.93 0.49/0.32 9 0.89 0.06/0.05 9 1.15 2.84/0.82 9 3.34 0.36/0.33 
"ti 22 0.89 0.31/0.23 16 0.86 0.11/0.10 24 0.98 1.41/0.58 22 3.12 0.47 /0.41 ., 

Hallingeberg (L3) 0 < 32 0.85 1.17 /0.49 s.: -

Q. 13 l.16 0.51/0.36 12 0.87 0.11/0.10 13 2.07 4.22/ 1.39 13 3.24 0.44/0.39 
O" Saratov (L4) 

'-< 20 1.08 0.53/0.36 16 0.88 0.10/0.09 20 1.70 3.61/ l.16 20 3.21 0.43/0.38 .... =- 6 0.90 0.40/0.27 4 0.83 0.09/0.08 6 0.98 1.74/0.62 6 3.36 0.24/0.22 
z Tennasilm (L4) 
> 12 0.92 0.47/0.31 6 0.83 0.09/0.08 12 1.03 2.07 /0.69 12 3.38 0.25/0.23 
rJ). 

> 15 1.39 0.89/0.54 3 0.81 0.07 /0.06 15 2.27 6.91/ 1.71 15 2.96 0.52/0.44 
> Semarkona (LL3) 17 1.28 0.89/0.53 5 0.77 0.11/0.09 20 1.42 5.20/ 1.12 18 2.96 0.51/0.43 Cl> () 
0 14 1.59 0.24/0.21 IO 0.79 0.12/0.10 14 4.65 3.18/1.89 14 3.11 0.67 /0.55 ::,-

"0 Chainpur (LL3) 
0 

=- 20 1.39 0.38/0.30 13 0.78 0.11/0.09 20 2.78 4.27 / l .68 20 3.08 0.58/0.48 ::, 
'-< 0.. 
"' ;:;· "1 

C: 

"' 8 0.94 0.29/0.22 5 0.81 0.07 /0.06 8 0.90 0.60/0.36 8 3.03 0.30/0.28 16""' 
0 Hamlet (LL3,4) (J) 

::,; IO 0.94 0.26/0.20 6 0.80 0.06/0.06 10 0.93 0.54/0.34 IO 3.05 0.32/0.29 .... Pl 
::,; ::, 

rJ). 7 1.53 0.25/0.21 4 0.82 0.15/0.13 7 4.08 2.74/ 1.64 7 2.99 0.34/0.30 0.. 

'-< Soko-Banja (LL4) 
.... 

Cl> 15 1.32 0.46/0.34 8 0.83 0.11/0.10 15 2.54 3.19/ 1.42 15 3.11 0.38/0.34 
::,-.... ro ::.· s * Geometric mean (GM)± one standard deviation of the geometric mean (SDGM); for each chondrite, the first line represents results for a 0 
"1 

petrologically characterized group of chondrules (Group I), whereas the second line comprises results (Group 2) obtained by combining data for cs: 
Group l with data for chondrules that were not petrologically characterized. ::, 

(J) 
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Fig. 7 Inverse covariation between "average" shapes and sizes of whole chondrules separated 
from mildly to highly unequilibrated H-, L-, and LL-chondrites. Data are from Table 5 and 
abbreviations are the same as given for Fig. 4. For each chondrite, except HG, two points are 
shown. Group 1 points (points at tails of arrows) represent groups of chondrules characterized 
chemically and petrologically (the same chondrules depicted in Figs. 1-6), whereas the Group 2 
points (points at heads of arrow,s) represent movement of Group 1 points upon addition of other 
chondrules for which no chemical-petrological data are available. The linear least-squares best-fit 
line and correlation coefficient (r) for Group 1 points are shown for reference. 

IMPLICATIONS FOR CHONDRULE ORIGINS AND EVOLUTION 

The preceding sections have concentrated on outlining the similarities and differences that 
may exist among different suites of chondrules. The message resulting from that descriptive 
treatment should now be clear: Some petrogenetic properties of chondrules may vary systemati-
cally from one UOC to another so that chondrule formational models based on observational 
results for chondrules from single UOC's should not be considered complete. Given that message 
as the principal intention of this paper, it seems worthwhile to temporarily set aside the descriptive 
approach and to briefly point out some of the petrogenetic implications that might follow if the 
data trends discussed above are assumed to be real. 
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Fig. 8 Inverse covariation between "average" densities and sizes of whole chondrules separated 
from mildly to highly unequilibrated H-, L-, and LL-chondrites. Data are from Table 5 and details 
are the same as given for Fig. 7. 

Despite minor or subtle systematic trends that may await discovery, the approximate 
constancy of chondrule bulk elemental compositions from one UOC to another is both striking 
and significant. Clearly, that virtual constancy implies that chondrules in all UOC's must have 
been derived from a common material reservoir. The reservoir must have been significantly 
heterogeneous at the scale of chondrule sizes (millimeter range) but effectively "homogeneous" 
with respect to the chondrule inventories, which it supplied to the parent bodies of the H-, L-, and 
LL-chondrites. As discussed by Gooding et al (1980a), the elemental abundance patterns of 
chondrules are not consistent with fractional nebular condensation as the dominant chondrule-
forming process but can be understood as the result of melting of pre-existing materials that had 
already experienced some degree of geochemical fractionation (i.e., separation of siderophiles 
from lithophiles ). Oxygen isotopic compositions of chondrules also conflict with condensation 
models but can be explained by melting models (Gooding et al, 1982). 
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Fig. 7 Inverse covariation between "average" shapes and sizes of whole chondrules separated 
from mildly to highly unequilibrated H-, L-, and LL-chondrites. Data are from Table 5 and 
abbreviations are the same as given for Fig. 4. For each chondrite, except HG, two points are 
shown. Group 1 points (points at tails of arrows) represent groups of chondrules characterized 
chemically and petrologically (the same chondrules depicted in Figs. 1-6), whereas the Group 2 
points (points at heads of arrow~) represent movement of Group 1 points upon addition of other 
chondrules for which no chemical-petrological data are available. The linear least-squares best-fit 
line and correlation coefficient (r) for Group 1 points are shown for reference. 

IMPLICATIONS FOR CHONDRULE ORIGINS AND EVOLUTION 

The preceding sections have concentrated on outlining the similarities and differences that 
may exist among different suites of chondrules. The message resulting from that descriptive 
treatment should now be clear: Some petrogenetic properties of chondrules may vary systemati-
cally from one UOC to another so that chondrule formational models based on observational 
results for chondrules from single UOC's should not be considered complete. Given that message 
as the principal intention of this paper, it seems worthwhile to temporarily set aside the descriptive 
approach and to briefly point out some of the petrogenetic implications that might follow if the 
data trends discussed above are assumed to be real. 
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chondrules in H- and L-chondrites, relative to LL-chondrites, might be interpreted as evidence that 
H- and L-chondrite parent bodies sampled chondrules that were more fully molten (or possibly 
more vigorously dispersed from a larger body of melt) than their counterparts in LL-group UOC's, 
or that the large chondrules of LL-chondrites are less perfectly spherical because they were molten 
( or partially molten) for longer time intervals so that they were more susceptible to dynamic 
distortions. However, the author is not aware of any evidence that supports either of these highly 
speculative notions. They are mentioned only to illustrate the fact that useful information remains 
to be gleaned from the physical properties of chondrules. 

The foregoing speculations are presented as stimuli for further research. Those speculations 
are not suggested as necessarily the only or best explanations of the trends in question but point out 
the need for additional, detailed work in order to resolve key difficulties. Briefly stated, despite 
recent progress in understanding chondrules, the complexity of the chondrule problem should not 
be underestimated. Efforts to create "pooled" data bases for analysis by powerful statistical 
methods must recognize that it may be counterproductive to pool all types of chondrule 
measurements without first screening the data for interchondrite variations that might introduce 
unnecessary confusion. 

CONCLUSIONS 

(1) To a first approximation, the average bulk elemental compositions of chondrules are 
constant from one UOC to another for many major, minor, and trace elements. Subtle, systematic 
trends related to either primary (formational) or secondary ("metamorphic" equilibration) pro-
cesses may exist although no major, systematic bulk compositional trends related to iron-group 
(H, L, or LL) parentage of the chondrule host rocks are obvious. Therefore, "pooling" bulk 
compositional analyses for chondrules from different UOC's to support multivariate statistical 
analyses seems justifiable, within limits. However, derivative statistical factors based on elements 
sensitive to "metamorphic" redistribution (including but not limited to Fe, Zn, and rare-earths) 
must be cautiously interpreted with respect to their bearing on chondrule primary properties. 

(2) Average concentrations of Co in Ni-Fe metal phases may be systematically greater in 
chondrules from LL-chondrites than in chondrules from H- or L-chondrites. However, it is 
doubtful that "metamorphism" can adequately explain the effect so that the trend should be 
further explored as a feature possibly established during chondrule formation. Multivariate 
statistical analyses of "pooled" chondrule data might be perturbed by uninformed use of metal 
compositions as input variables. 

(3) Average sizes of chondrules are apparently greater in LL-chondrites, whereas average 
sphericities and densities of chondrules may be lower, relative to H- and L-chondrites. Data for all 
three chondrite groups suggest a systematic decrease in both chondrule average sphericity and 
density with increasing chondrule average size. The inverse density/size trend may be partly a 
consequence of "metamorphism" although the inverse shape/size trend is probably a chondrule 
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formational feature. Use of chondrule physical properties data as input variables may complicate 
the multivariate statistical analyses of "pooled" chondrule data bases. 
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