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Abstract

The recently proposed compositional classification scheme for meteoritic chondrules divides the chondrules into
groups depending on the composition of their two major phases, olivine (or pyroxene) and the mesostasis, both of
which are genetically important. The scheme is here applied to discussions of three topics: the petrographic
classification of Roosevelt County 075 (the least-metamorphosed H chondrite known), brecciation (an extremely
important and ubiquitous process probably experienced by > 40% of all unequilibrated ordinary chondrites), and
the group A5 chondrules in the least metamorphosed ordinary chondrites which have many similarities to
chondrules in the highly metamorphosed 'equilibrated' chondrites. Since composition provides insights into both
primary formation properties of the chondrules and the effects of metamorphism on the entire assemblage it is
possible to determine the petrographic type of RC075 as 3.1 with unique certainty. Similarly, the new scheme can be
applied to individual chondrules without knowledge of the petrographic type of the host chondrite, which makes it
especially suitable for studying breccias. Finally, the new scheme has revealed the existence of chondrules not
identified by previous techniques and which appear to be extremely important. Like group AI and A2 chondrules
(but unlike group B1 chondrules) the primitive group A.5 chondrules did not supercool during formation, but unlike
group AI and A2 chondrules (and like group B1 chondrules) they did not suffer volatile loss and reduction during

formation. It is concluded that the compositional classification scheme provides important new insights into the
formation and history of chondrules and chondrites which would be overlooked by previous schemes.

1. Introduction

By virtue of their great age, solar composition,

unusual isotopic properties and relatively unal-

tered textures chondrites provide unique insights
into early solar system processes [1]. One of the

major components of chondrites are the chon-
drules [2], whose presence implies that pulse

heating was a common phenomenon in the early
solar system [1,3]. However, the origin of chon-

drules, and their possible relevance to the forma-

tion of the major chondrite classes, has proved

highly contentious [4,5]. Some of the controversy

is due to the great diversity and complexity of
chondrules. The classification of chondrules is

therefore an essential step in understanding this

complexity and the questions surrounding these

objects. As part of our efforts in this direction we

recently proposed a new classification scheme for

meteoritic chondrules [6,7].
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In a subject plagued with a great many classifi-
cation schemes it is essential to show restraint in

proposing yet another. We certainly endorse
Wood's comment that bad classification schemes

can obscure relationships and even cloud obser-

vations [8]. Our reasons for proposing a new

scheme were prompted by a very pragmatic issue:

In attempting to understand the thermolumines-

cence (TL) and cathodoluminescence (CL) prop-

erties of chondrules we needed a way of quickly

sorting them into meaningful groups, each with

reasonably uniform properties, independent of

the host meteorite. We found that with existing
schemes an uncomfortable fraction seemed to be

'anomalous'. Our new scheme for chondrule clas-

sification relies on the compositions of the two

major components, the olivine grains (or pyrox-

ene grains in the very few chondrules without

olivine) and the surrounding mesostasis. This en-
ables classification of > 95% of the chondrules in

a meteorite. However, having developed the new

scheme we quickly realized that there were sev-

eral significant advantages to the scheme which
are of a more fundamental kind. This is because

both the olivine (or pyroxene) and the mesostasis

of chondrules display major compositional trends

which reflect differences in original formation

processes and the subsequent overprint of meta-

morphism.
In a recent paper Scott et al. [9] pointed out

several ways in which our compositional classifi-

cation scheme could be improved, although they

favored the retention of their previous system.

They did not discuss the main strengths of the

new scheme which are that, unlike its predeces-

sors, it is simple, comprehensive and, most impor-

tantly, lacks assumptions about the original na-

ture of a given chondrule and its subsequent

alteration. In this paper we briefly summarize our
chondru[e classification scheme, including some

refinements added to incorporate the improve-

ments suggested by various researchers. We then

discuss three applications of the new scheme

which demonstrate its utility. Throughout this

paper we attempt to distinguish between (1) the
mechanical (but very important) procedure of

classifying chondrules based on their mineral

chemistry and (2) interpretations derived from

these data concerning the processes of metamor-

phism, brecciation and chondrule formation.

1.1. Summary. of the compositional classification of
chondrules and comparison with pret_ious schemes

We define eight chondrule classes in terms of

the compositional boundaries for the chondrule

olivines shown in Fig. 1 and the compositional

boundaries for the mesostasis shown in Fig. 2.
We do this because (1) these are normally the

two major components of the chondrules and (2)
it has been shown that the chemistry of both are
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Fig. l. Fields used to define compositional classes for chon-

drules using the CaO-FeO plot. The fields proposed by Sears

et al. and DeHart et al. [6,7] are shown (a) together with (b)

slightly simplified, and perhaps more realistic, versions. Also

shown are the fields for equilibrated H, L and LL chondrites.

Because chondrules display such large compositional ranges it

would be meaningless to define separate fields for chondrules

from unequilibrated H, L and LL chondrites, but minor

modification might be required in order to apply these fields

to enstatite and carbonaceous chondrites.
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of considerable importance in deciphering chon-
drule history. Rather than document the

painstaking and slow process by which chondrule

classification has evolved we have attempted to
explain how previous chondrule classification

schemes relate to the present proposals as foot-

notes to Table 1. The present scheme picks up on

all of the previously recognized groups, and adds

others, but does so in a simple way and in a way

that is not compromised by metamorphism and
brecciation.

The redox state of the environment and loss of

volatiles during chondrule formation have both

been discussed by many authors (e.g., [6,7,10-15]).

Laboratory heating experiments and thermody-
namic calculations show that considerable loss of

volatiles and reduction of FeO to Fe should occur

at or near the melting point if chondrules were

heated in a gas of even approximately cosmic

composition, and yet many chondrules show little

or no volatile loss or reduction (e.g., [12]). There

have been a great many ideas proposed whereby

chondrules could be heated to near the melting
point in order to obtain their observed textures

and yet not undergo compositional changes.

However, McSween [16] showed that a significant
number of chondrules in carbonaceous chon-

drites did appear to be both reduced and poor in

volatiles. These were termed 'type I', while the

term 'type II' was reserved for chondrules which

were not volatile-poor or reduced. Scott and Tay-

lor [17] showed that these two distinctions could

be recognized among the chondrules of ordinary

chondrites, and they further distinguished be-

tween 'type IA' and 'type IB' chondrules, the
latter meaning FeO-poor chondrules in which

olivine was poikilitically enclosed in pyroxene.

More recently, Jones [18,19] introduced 'type
lAB' for FeO-poor pyroxene-rich chondrules.

Subdivision of the type II chondrules along simi-

lar lines is a likely future development.

Chondrule mesostasis is important not only
because it is the major depository of the volatiles

but also because it provides unique insights into

the crystallization history of the chondrules [20-

23]. Some chondrules (which are termed groups

A1, A2 and A5 in the compositional classification

scheme) have mesostases which are feldspar nor-
mative with moderate to low amounts of norma-

tive quartz. Other chondrules (which are termed

group B1 chondrules) have appreciable quartz in

their mesostasis norms even though they contain

olivine, which is indicative of considerable super-
cooling.

As many authors have pointed out, both olivine

and mesostasis compositions show major changes

during metamorphism [6,7,24-26]. Understanding

the effects of metamorphism has proved impor-
tant in our efforts to understand both meteorite

formation and history on the parent body and

thus the compositional changes to the chondrules
accompanying metamorphism must also be in-

Table 1

An interpretation of the formation of the major chondrule groups in terms of the intensity of the heating event " and subsequent
crystallization

Chondrule group Intensity of heating event Cooling rate

AI _ High, reduction and loss of volatiles during crystallization Slow, phenocrysts and mesostasis at equilibrium

A2 w High, but slightly less reduction and volatile loss than A1 Same as A1

A5 o, Low, no reduction or mass loss Same as A1

BI + LOw, no reduction or mass loss Fast, considerable supercooling

• 'Intensity of heating event' refers to the chemical changes caused by the chondrule formation event. The major factor responsible

for these was almost certainly temperature, but time spent at the peak temperature during formation, cooling rate, and absence of

insulating materials (especially oxygen-rich dust) will also influence the effect of the heat pulse. _ Includes some of the droplet

chondrules of Kieffer [41], some of the non-porphyritic pyroxene chondrules of Gooding and Keil [42], the type I chondrules of

McSween [16], metal-rich microporhyritic chondrules of Dodd [43], and the type IA chondrules of Scott and Taylor [17]. # Includes

the poikilitic pyroxene and type IB chondrules of Scott and Taylor [17] and many of the type IAB chondrules of Jones {18,19].

o, There appear to be no previous observations of this chondrule group in unmetamorphosed meteorites. + Dodd's [44] 'lithic' or

'clastic' chondrules and Dodd's [43] metal-poor microporphyritic chondrules are included in this group, as are the type II

chondrules of McSween [161. Scott and Taylor [17} and Jones [30].
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cluded in the chondrule classification. Placing the

field boundaries so as to be of maximum value is

very difficult and will no doubt improve as work

progresses, especially as we extend it to enstatite
and carbonaceous chondrites.

1.2. Chondrule classification: Olivine composition

The primary compositional parameters for
chondrule olivine are the CaO and FeO contents

(Fig. 1). The compositional boundaries we used

for olivine in our earlier papers [6,7] (Fig. la)

were placed so as to enclose existing data for a

small group of meteorites, but an alternative and

possibly preferable approach is to draw straight
lines across the plot in the fashion shown in Fig.

lb. This results in a simpler scheme and fills the

available CaO-FeO space, especially the gap be-

tween groups A3 and A4, a region which, how-

ever, we note is poorly populated on the basis of

currently available databases. We emphasize that

the simplifications to our original graph do not

result in the wholesale changing of classifications

for previously classified chondrules; nor do they

change the luminescence distinctions we have

noted between the various chondrule groups.

We do not know the exact trajectory of the

olivine compositions across the diagram during

metamorphism, because compositional zoning as

well as chondrule size and grain-size effects result

in unique paths for each individual grain. The

curved arrows in Fig. lb describe some possibili-

ties. The major trajectories seem to be A1 _ A3

--*A4_A5, A2--*A5, A1--*A2--*A5 and B1
--* B2 --* B3 ---*A5, but even A1 _ A2 _ A3 ---*

A4--, A5 is possible, although the latter trajec-

tory is probably the least likely given the very

narrow range of overlap in calcium contents be-

tween these two chondrule groups.
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Fig. 2. Comparison of mesostasis compositions for Semarkona

chondrules determined by a variety of analysts using different

electron microprobes. J. DeHart with the Johnson Space

Center microprobe [6,25}, R. Hutchison and C. Alexander

with the British Museum and Open University microprobes

[28] and L. Jie with the American Museum of Natural History.

microprobe [12,26] produced very similar data, while the data

obtained by R. Jones and E. Scott with the University of New

Mexico microprobe are quite different, reflecting their use of

a broader analysis beam [22.28].

1.3. Chondrule classification: Mesostasis composi-
tion

Fig. 2 shows the available data for Semarkona

(type 3.0) chondrule mesostasis compositions. We

have now completed three major studies of chon-

drule compositions for type 3 ordinary chondrites

[26-28]. Each project was performed with differ-

ent collaborators, and thereby different analysts

and different electron microprobes, and each has

either been published [6,7], is in press [28], or is

about to be submitted [29]. The number of chon-

drules we have studied in detail is now nearly 200

and include_ a wide selection of those present in
our research samples, rather than a select subset
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picked on the basis of a variety of textural and

mineralogical criteria. All our studies show that

many chondrules in Semarkona (the group B1
chondrules) contain over (sometimes well over)

50 tool% normative quartz when the data are

projected onto the normative quartz-albite-

anorthite ternary diagram. The Scott et al. [9]

Semarkona data are also shown in Fig. 2 and

clearly differ from the data from the other labo-

ratories. The differences largely reflect differ-

ences in analytical technique, in turn reflecting
differences in intended application. The litera-

ture data shown by Scott et al. [9] for 29 chon-

drules were obtained in an attempt to determine

the composition of 'residual' melt and were thus

collected using relatively large beam diameters in

order to integrate glass and 'quench' crystals
[23,30]. In contrast, the other analysts use smaller

beam diameters confined to the glass (including

crystal microlites which are not apparent in opti-

cal microscopy). We note that, under the latter

application, the 'mesostasis' to be analyzed in-

evitably exhibits CL, which can be used to iden-

tify appropriate regions in the electron micro-

probe prior to analysis [6,7,26,27].

For the few instances of glassy or cryptocrys-

talline chondrules a meaningful classification can

usually be obtained by plotting a defocussed elec-

tron beam analysis of the entire chondrule, or an

average of several regions of the chondrule, on

the mesostasis plot. Such an application of the

scheme cannot distinquish between some groups

of chondrules, especially for the A1-A4 series

which differ in their definitions largely in the

mineral chemistry of olivine phenocrysts. Further
work is needed on these rare chondrules, but we

feel that it is appropriate to at least initially

group them with other chondrules with which

they at least share some chemical similarity.

1.4+ Facility of the compositional classification
scheme

It is worth detailing briefly the relative ease
with which the various chondrule classification

schemes can be applied. By applying the miner-
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Fig. 3. The distribution (relative abundance by number) of chondrules over the compositional classes for six type 3 ordinary

ordinary chondrites and Barwell (L5). The classifications were made from low-power photomicrographs of sections, using the CL to

determine the compositions of the major phases in the chondrules. It is possible to assign virtually all the chondrules in the sections

to compositional groups and, since composition and therefore the ¢hondrule group varies with metamorphism (as well as formation

conditions), it is possible to assign the especially significant Roosevelt County 075 to a petrographic type of 3.1.
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alogical-textural 'type' scheme to the chondrules

separated from their host meteorite during one of
our projects we were able to classify 5 out of 23

chondrules [12,31], and in the light of recent

changes introduced by Jones [18,19] could still

only classify a further 4 chondrules. The remain-

ing chondrules simply did not display the large

array of textural and mineralogical properties now

included in the definitions of types IA to IIAB,
whether the chondrules were examined by us or

by our collaborators. When the compositional

classification scheme is applied to chondrules in
thin section > 95% of the chondrules were suc-

cessfully classified in a number of different type 3

ordinary chondrites (Fig. 3).
Most of our studies have involved chondrules

which have been physically removed from the

meteorite and represent more challenging tests of
the schemes since these are intended to be ran-

dom samples of chondrules rather than subsets

homogeneous in one or more properties. We
have examined data for 107 chondrules from the

studies of DeHart [26] and Lu [27]. Only 17
chondrules were either devoid of olivine or the

olivine plotted outside the fields, while for only 8
chondrules were there no mesostasis data. It was

possible to classify 100 chondrules when both

parameters were used. In about two-thirds of the
cases mesostasis alone would have enabled classi-

fication, while in about one-third of the cases

olivine compositions are alone sufficient.

Perhaps the strongest difference between the

two classification schemes lies in their major em-

phasis. Our proposed scheme classifies chon-

drules on the basis of major element chemistry of

major chondrule phases (i.e., olivine and mesosta-

sis). As such, it can be applied with little or no

disagreement by anyone, including those with only

limited experience with chondrules or with expe-

rience of the more qualitative aspects of chon-

drule petrographic description. The previous clas-

sification scheme was originally based largely on

petrographic textures and was thus subjective and

required a fair degree of previous knowledge of

relative textures before it could be successfully

applied. Later work added mineral chemistry to

this scheme, but only as an adjunct to texture and

only in an individual meteorite (i.e., Semarkona).

A key assumption in this scheme is that texture,

to which petrographers were necessarily biased in
the days before the wide availability of electron

microprobes, must reveal more about the history

and origin of chondrules than their major ele-

ment chemistry. We argue that the availability of

electron microprobes and the progressively in-

creasing ease of their use, as well as increasing
uncertainty in the basis of laboratory studies of

the significance of chondrule texture, are good

reasons to move to a more quantitative classifica-
tion scheme.

1.5. Pyroxene composition

Although Huang et al. [29] were able to use
olivine for the classification of 90 of their 107

chondrules, a few chondrules contain only olivine

which is too fine grained to analyze or contain

only pyroxene. Obviously one cannot simply plot

pyroxene data on the olivine mineral chemistry

graph (Fig. la) although, in analogy to glassy

chondrules discussed above, the mesostasis com-

positions of these chondrules can be used to

obtain an approximate classification in most cases.

We anticipate that a pyroxene analog to Fig. 1

will eventually be added to the classification

scheme, although the literature data on which to

produce such a plot are at present scarce. Our

present applications, however, are examinations
of chondrule populations in the broadest sense,

and for such general applications the scheme in

its present form is sufficient.

2. The petrographic classification of Roosevelt
County 075

While LL chondrites of petrologic type < 3.4

are relatively common it has been only recently

that a few H chondrites of type < 3.4 have been

reported. One of them is the heavily weathered

Roosevelt County 075 [32]. Weathering and the

lack of equilibration make classification uncer-

tain, but it is probably an H chondrite. Weather-

ing also makes it very difficult to assign a petro-

logic type. For example, removal of the weather-
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ing products by acid-washing increased the ther-

moluminescence sensitivity of RC075 by a factor

of ~ 7, equivalent to a change in petrologic type

estimate from 3.0 to 3.3--a major difference.

Since the compositional classification scheme re-

flects metamorphic effects as well as primary

chondrule differences and can be applied to vir-

tually all the chondrules present, it is well suited

to the assignment of a petrologic type to RC075

by comparison with the chondrule populations of

other meteorites of known petrologic type.

Cathodoluminescence properties of the phases

in chondrules are simply related to composition,

so that it is possible to assign all the chondrules

in our 7 X 5 mm section of RC075 to composi-

tional classes using their CL While not as fine-

tuned as the quantitative classification by mineral

chemistry, the use of luminescence permits rapid,

reproducible classification of virtually all chon-
drules in a given thin section, and thus permits

statistically significant sampling of chondrule

populations. The apparatus used in the present
application is a relatively simple commercially

available attachment (a nuclide iuminoscope) for

an optical microscope and our operating condi-
tions (e.g., for the electron beam) are typical for

routine petrographic applications. Contrary to an

apparently misunderstood personal communica-

tion cited by Scott et al. [9], we know of no case
where minerals luminesce blue in the lu-

minoscope CL apparatus and red in the electron

microprobe, and we know of no physical way to

achieve such a change in the CL activator. Steele
has performed a detailed series of studies on the

CL properties of meteoritic minerals using an
electron microprobe [33] and we know of in-

stances where his data differ from our own obser-

vations with a iuminoscope.

The results of applying our classification
scheme to the chondrules in RC075 are shown in

Fig. 3, along with similar data for seven other

ordinary chondrites [6,7]. The relative abundance

of group B chondrules in RC075 is less than in
the type 3.0 ordinary chondrite Semarkona, and

comparable with the higher types, while the
abundance of A5 chondrules is comparable to

that in the type 3.1 chondrite Krymka and inter-
mediate between that in Semarkona and Chain-

pur (type 3.4). Most significantly the fraction of

A1 chondrules is very large and comparablc
(within error) to that of Semarkona, whilc the

large number of group A3 chondrules is compa-

rable only to Krymka. Although RC075 is a heav-

ily weathered meteorite we do not believe that

weathering has affected our observations; our

previous observations on chondrules from other
meteorite finds indicate that thcir chondrules

have TL properties similar to those of unweath-

ered meteorites of similar petrologic type. On the

basis of these data RC075 would appear to be

intermediate to Semarkona and Chainpur and

comparable to Krymka in its petrologic type.
McCoy et al. [32] report means ranging from

0.07 to 7.2 mol% Fa and 0.11 to 0.36 wt% CaO

for olivine in six type IA chondrules and 12.3-20.2

mol% Fa for five type II chondrules in RC075.

Four of the type IA chondrules resembled those

of Semarkona in olivine composition (< 2 mol%

Fa). Unlike the compositional classification

scheme, which leads fairly simply to unambiguous

petrologic type assignment, it seems difficult to

assign RC075 to a petrologic type on the basis of

olivine compositions and texture alone. It is quite

difficult to learn anything from the relative abun-

dance of type I and type II chondrules using

purely textural definition of types in the fashion
of McCoy et al. [25]--even if these could be

determined for a significant proportion of the

chondrules present--since they are independent
of metamorphism. The compositional classifica-

tion scheme provides one of the best methods for

assigning the weathered and highly unequili-

brated RC075 meteorite to a specific petrologic
type, and suggests that it is type 3.1. Thermolumi-

nescence sensitivity, which is directly related to

CL intensity (blue wavelengths in particular), pro-

duces a similar result, but, as a bulk technique, is

more affected by weathering. In any case, it is

apparent that RC075 is the lowest petrologic type

H chondrite presently known.

Some points to stress in favor of adopting the

compositional classification scheme are that (1)

the technique is feasible because major changes

in the composition of chondrules occur with small

changes in metamorphism, and (2) being compre-

hensive it is possible to make meaningful state-
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ments about the proportion of various chondrule

groups.

3. Brecciation in type 3 ordinary chondrites

More than 40% of type 3 ordinary chondrites

are known or strongly suspected to be breccias
[34]. This figure is almost certainly an underesti-

mate because research samples and sections tend

to be very small, especially in comparison with

normal hand specimens. It is possible to use some

bulk properties, such as carbon content, olivine
heterogeneity and thermoluminescence sensitiv-

ity, to estimate the mean degree of metamor-

phism experienced by the meteorite or at least to

estimate the range of metamorphism exhibited by

subregions of the meteorite. To assume that an
individual chondrule in a breccia has been meta-

morphosed to exactly the same degree as the

'mean' meteorite is, however, a dangerous fallacy,
and to assume that all meteorites are not brec-

ciated until proven otherwise is a still greater

fallacy.

Ngawi is a spectacular example of a brecciated

chondrite with bulk properties (measured, for

example, by induced thermoluminescence, carbon

content and olivine heterogeneity) equivalent to

petrologic type ~ 3.7. It is apparent that this
meteorite is brecciated on the thin-section (< 1

cm) scale (Fig. 4). Scott et al. [35] published

olivine composition data for both the brecciated

ALHA 77278 and Ngawi and these data are su-

perimposed on the fields which are supposed to

correspond to the petrologic type of the host

chondrite [9] in Fig. 5. Clearly the data for both

meteorites spread across the entire diagram, indi-

cating that a knowledge of the average petro-

graphic type is a poor guide to expected chon-

drule composition in brecciated meteorites.
We obtained a CL mosaic of a thin section of

Ngawi and classified all the chondrules in the
section on the basis of their luminescence. A

sketch of this section is shown in Fig. 4. It is

apparent, as was also apparent in the chemical

data (Fig. 5), that there is a great diversity of

chondrules in this single section. The presence of

A4, A5 and B3 chondrules is expected consider-

Ngawi (petrologic type 3.7)
0.5 cm

+

0 o
0 o

Chondrules
A1 A2 A3 A4,5 B1,2 B3

Clast Host

Fig. 4. Sketch of the texture of Ngawi with the chondrules
assigned to compositional classes using their CL properties,
Ngawi is heavily brecciated, containing low petrographic type
clasts in a host matrix which is largely' of high petrographic
type but with chondrules of all compositional groups. Accord-
ing to most conventional criteria Ngawi is type 3.7.

ing the average high petrologic type of the host

meteorite, in analogy to the Dhajala meteorite

(Fig. 3). However, the other chondrule groups.

including group A1, A2 and B1.2 chondrules, are

also present in significant numbers. In this the

meteorite resembles the most 'unequilibrated'

chondrites, such as Krymka, Semarkona, and RC

075 which was discussed above (Fig. 3).

On the basis of these data we find that setting

apparent metamorphic boundaries for chondrules

(Fig. 5) vastly oversimplifies the complexity of

chondrules, especially in brecciated meteorites.

On the basis of Fig. 5 one might expect all or
most chondrules in a meteorite described as of

some average petrologic type to exhibit very re-

stricted chondrule compositions. In reality this is

not necessarily the case in many meteorites. We

prefer to describe chondrules only on the basis of
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Fig. 5. CaO-FeO for chondrule olivines in Ngawi and ALHA

77278 [33]. The fields are those proposed by Scott et al. [9],

the upper figure describing how the composition of type IA

chondrules varies with petrographic type; the lower diagram

refers to type II chondrules. Clearly, knowing the type (IA,

IB, lAB, 11) of a chondrule and the petrologic type of the host

meteorite does not describe the chondrule. At least 40%, and

probably most, of the type 3 chondrites are breccias and it is

essential to characterize chondrules in terms of direct obser-

vations of the present chondrules.

the chemical compositions (or, as in this case, on

the basis of the luminescence properties which

derive from the mineral chemistry). Such a sys-

tem makes no assumptions about the response of
individual chondrules to 'bulk' rock metamor-

phism.

4. The group A5 chondrules

The presence of group A5 chondrules in highly

unequilibrated meteorites such as Semarkona is

of great interest [36]. The group A5 chondrules

make up essentially 100% of the chondrules in

equilibrated ordinary chondrites (petrologic types
5 and 6) and their abundance increases as a

function of petrologic type within the unequili-

brated type 3 ordinary chondrites (Fig. 3) and on

this basis one might expect that they are a prod-

uct of the high-temperature metamorphism of

chondrules. Their presence in meteorites which

have experienced little or no metamorphism and

in significant numbers (about 15% of all chon-

drules in these meteorites) is thus an entirely new

and unexpected discovery.

The group A5 chondrules stand out rather

spectacularly in low-magnification CL images be-

cause of their bright blue mesostases and non-

luminescent mineral grains. (By contrast the other

common chondrules in the most unequilibrated

chondrites have quite different luminescence

properties, group A1,2 chondrules having bright

yellow CL and group B1 chondrules being non-
luminescent.) The CaO and FeO of the olivine in
the A5 chondrules of several LL chondrites cov-

ering a range of average petrologic types are

shown in Fig. 6. Like the other chondrule groups,

the olivines of group A5 chondrules appear to
decrease in CaO and increase in FeO with in-

creasing metamorphism, but much less than for

the other group A chondrules and somewhat

similar to the group B chondrules. The olivine
heterogeneity (expressed as the coefficient of

0.5

I ? SernarkOna (30)

All |_ / - *LHA ";'72,,(3')l

0 5 10 15 20 25 30 35

FeO (w't%)

Fig. 6. The C_.aO-FeO composition of olivine in the new group

A5 chondrules. With metamorphism. CaO decreases and FeO

increases. It would be a simple matter to subdivide the group

to distiquish metamorphically derived subgroups. However,

we refrain from doing so pending an examination of A5

chondrules in further chondrites. (Data are from [26,27,45,46].)



36 D. W.G. Sears et aL / Earth and Planetary Science Letters 131 _199.5) 27-39

°_A77214 3.4

Ab _'-" _" •" _ _ \An

Q

Type 4,5

Ab An

Fig. 7. Mcsostasis compositions for group A5 chondrules. The

data change little with petrographic type of the host mete-
orite. ALHA 77214 contains numerous chondrules which are

compositionally zoned, being B3 at the center and A5 on the

outside. Previous chondrule classification schemes would

overlook this important property of this type 3.4 chondrite.

variation) increases from 5-20% in types 3.0-3.1

to about 50% in type 3.5, and then decreases to

< 2% in types 4-6. Low-Ca pyroxenes increase in

CaO and FeO with metamorphic type in A5

chondrites. Mesostasis compositions (Fig. 7) are

very similar in all A5 chondrules, with few readily

delineated metamorphic trends. Our INAA data

for group A5 chondrules from unequilibrated
chondrites show them to have unfractionated bulk

compositions relative to homogenized CI chon-
drite.

The compositional classification scheme for

chondrules does not, at present, differentiate be-

tween metamorphosed and unmetamorphosed A5

chondrules. Small differences certainly exist.

Metamorphism causes homgenization and a small

increase in the FeO content of the olivines, for

instance. The olivines in group B1 and B3 chon-
drules show similar differences. However, these

are small compared to the very large changes in

mesostasis composition observed for group BI

chondrules but not observed for group A5 chon-

drules. Future work might make it possible to

subdivide the A5 group, but this should be done

with caution. It currently seems to us that the

similarities between the group A5 chondrules in

unequilibrated and equilibrated chondrites are

more important than their differences.

The changes in compositional heterogeneity

observed among the olivines and pyroxenes of

group A5 chondrules suggests that the group A5
chondrules in Semarkona were not metamor-

phosed prior to emplacement in the meteorite,

and the presence of A5 chondrules in Semarkona

is not due to brecciation. Rather, we interpret
this as meaning that the chondrule-forming pro-

cess was capable of producing chondrules with

mineral phase compositions resembling those of
chondrules in equilibrated chondrites. Based on

mineral chemistry we can make a number of

interpretations about the chondrule-forming pro-
cess. There are several lines of evidence (sum-

marized by [37] and [38]) which suggest that group

AI chondrules experienced higher temperatures

during formation than other chondrules. We have

previously argued that this also resulted in their

volatile-poor and highly reduced compositions
[12,29]. Conversely, the volatile-rich, oxidized

group B1 chondrules apparently experienced

lower peak temperatures during formation. The

composition of the mesostasis relative to the

olivine/pyroxene grains allows us to infer super-

cooling in the case of group B chondrules but not

in the case of group A chondrules, including A5
[20-23,29]. We suggest that the four chondrule

groups in Semarkona represent three very differ-

ent thermal histories. The group A1 and A2
chondrules appear to have formed at relatively

high temperatures and did not experience super-
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cooling during subsequent crystallization, while

the group BI chondrules formed at lower temper-

atures but with supercooling. The group A5 chon-

drules may have formed at low temperatures,

similar to group B1 chondrules, but did not expe-
rience supercooling (Table 1). We suggest that

the cooling history of chondrules must have been

independent of the intensity of the heating pulse

which formed them and probably depended on

local gas and dust density. Zoned mesostasis and

sulfide- and metal-rich rims around group A

chondrules might imply an environment suitable
for recondensation of volatiles for group A [39,40].

We note, however, that these are interpretations
and we do not suggest classifying chondrules ac-

cording to the presumed nature of their forma-

tion process or subsequent cooling history.

5. The classification of chondrules: Some con-

cluding remarks

Classifications should be based on objective

descriptions of the objects being classified, con-
centrating on the most fundamental properties of

the objects (i.e., those of greatest importance with

respect to origin and history). Most certainly they

should not be model-dependent or dependent on

assumptions about the original properties of the

objects or what has happened to them since their
formation, regardless of how sensible those as-

sumptions may seem at any given moment in

time. We suggest that the most fundamental way

of describing a chondrule is in terms of the com-

position of its two major components, both of

which reflect initial formation and metamorphism

and both of which have been shown by a great
many studies to provide important insights into

chondrule history. It seems to us that to define

groups of chondrules in terms of the composition

of one phase and texture and then to adjust the
compositional parameter depending on the petro-

graphic type of the host chondrite is to make
unreasonable generalizations about the original

nature of the chondrule and its response to meta-

morphism. It also seems a mistake to ignore

brecciation, the influence of which is probably

greatly underestimated. The response to meta-

morphism of a given chondrule is, of course, very

complicated and will depend on a great many

factors, such as chondrule texture, chondrule size,

the nature of adjacent phases, and the presence

of cracks through which diffusion or other modes

of transport could occur. Most serious of all,
brecciation will cause chondrules of very different

metamorphic histories to appear adjacent to each
other in the same meteorite, and we believe that

most, and probably all, type 3 ordinary chondrites
are breccias.

It is certainly true that the compositional clas-
sification scheme needs further work. It took 150

years to arrive at the present situation, with con-
siderable redundancy in each step and a great

many small steps. Some of the initial criticisms of

the compositional classification scheme are pro-

viding the first contribution to polishing the

scheme, and are reflected in adjustments to the

compositional boundaries shown in Fig. lb.

We end our paper by returning to the idea
that a bad classification scheme can hinder rather

than help our research efforts. McSween [16]

introduced 'type I' and 'type II' during his studies

of C2-3 chondrites, meaning essentially chon-

drules with FeO-rich and FeO-poor olivines. He

rightly recognized the importance of the redox
state of chondrules in our efforts to understand

chondrules and chondrites. However, in applying

the scheme to ordinary chondrites, olivine com-

position and texture have become confused, since

textures change little but compositions change
considerably during metamorphism. Thus we have

potentially confusing 'anomalies', such as type I

chondrules being originally defined, and now

widely known as, FeO-poor when in fact FeO-

poor type I chondrules are very rare and present

in only a handful of ordinary chondrites. Thus

when a serious study of metamorphism of ordi-

nary chondrite chondrules was undertaken by

McCoy et al. [25] they had to substitute the

well-known and commonly understood definition

of 'type I' with a purely textural definition. This
point alone underlines the need for a better

classification scheme. We argue instead that we
should anchor chondrule studies (and classifica-

tion) in the most fundamentally important and

most objectively determined properties of the
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chondrules, namely the chemical composition of

their major phases as determined by electron

microprobe or luminescence techniques.
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