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Abstract—Our petrologic studies of 75 type IA and type II porphyritic olivine chondrules in nine selected
LL group chondrites of type 3.3 to type 5 and comparisons with published studies of chondrules in
Semarkona (LL3.0) show that compositions of silicates and bulk chondrules, but not overall chondrule
textures, vary systematically with the petrologic type of the chondrite. These compositional trends are
due to diffusive exchange between chondrule silicates and other phases (e.g., matrix), such as those now
preserved in Semarkona, during which olivines in both chondrule types gained Fe?* and Mn** and lost
Mg?*, Cr**, and Ca®*. In a given LL4-5 chondrite, the olivines from the two chondrule types are identical
in composition. Enrichments of Fe** in olivine are particularly noticeable in type IA chondrules from
type 3.3-3.6 chondrites, especially near grain edges, chondrule rims, grain boundaries, and what appear
to be annealed cracks. Compositional changes in low-Ca pyroxene lag behind those in coexisting olivine,
consistent with its lower diffusion rates. With increasing petrologic type, low-Ca pyroxenes in type IA
chondrules become enriched in Fe?* and Mn®* and depleted in Mg?*, Cr**, and AI**. These compositional
changes are entirely consistent with mineral equilibration in chondritic material during metamorphism.
From these compositional data alone we cannot exclude the possibility that chondritic material was
metamorphosed to some degree in the nebula, but we see no evidence favoring nebula over asteroidal
metamorphism, nor evidence that the chondrule reacted with nebular gases after crystallization. Modelling
of the equilibration of chondrule olivines suggests that heterogeneous FeO concentrations in olivine could
be preserved after cooling from 600°C at rates of 1-10°C/Ma for at least tens to hundreds of millions of
years. This is consistent with published estimates for the maximum metamorphic temperatures in type
3 chondrites, thermal histories derived from metallographic and fission-track cooling rates, and 4.4 Ga
*Ar-*Ar ages for ordinary chondrites. Since the lifetime of the solar nebula was not more than 10° years
and there is abundant evidence that meteorite parent bodies were heated, some even above their melting
point, we confidently conclude that the formation of type 3.3-5 ordinary chondrites from type 3.0 material

by metamorphism occurred in parental asteroids, not the solar nebula.

INTRODUCTION

BECAUSE OF THE COMPLEXITY of chondrites and the lack of
progress in characterizing conditions during their formation
and evolution, there are considerable disagreements con-
cerning the thermal histories of chondrites in the solar nebula
and on parent bodies and the relative importance of various
heat sources that may have operated in these environments.
The conventional view, at least for ordinary chondrites, is
that chondrules formed as a result of melting of pre-existing
solids by unidentified heat sources in the solar nebula (TAY-
LOR et al., 1983; GROSSMAN, 1988) and that chondrites were
metamorphosed in planetesimals as a result of heating by
electrical induction or Al decay (MCSWEEN et al., 1988).
Most authors believe that the mineralogical and textural dif-
ferences between type 3-6 ordinary chondrites result largely
from asteroidal metamorphism of material that resembled
type 3 chondrites (VAN SCHMUS and Woo0D, 1967; DODD,
1969; Huss et al., 1981; LUX et al., 1980; SEARS and HASAN,
1987). In particular, these authors conclude that the com-
position of homogeneous silicates in chondrules of type 4-6
chondrites was established by equilibration of heterogeneous
silicates in chondrules and matrix of type 3 chondrites.
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Some authors disagree with the conventional view and ar-
gue that nebular processes were important in modifying the
properties of chondrules and other chondritic components
after they formed (see HEWINS, 1989). KURAT (1988) argues
that the composition of mineral grains in ordinary chondrites
results solely from exchange between grains and nebular gases
and not from any asteroidal processing. For CV3 carbona-
ceous chondrites, PECK and WooD (1987) and HuA et al.

. (1988) argue similarly that fayalite-rich rims on forsterite-

rich chondrules and FeO enrichments in chondrule interiors
are the result of nebular condensation and exchange.

An entirely different view is that of REID and FREDRIKSSON
(1967) and FREDRIKSSON (1983) who conclude that diverse
crystallization histories, not metamorphism, are responsible
for the homogeneity of chondrule silicates in types 4-6 and
their heterogeneity in type 3 chondrites. In support of their
views, these authors argue that grain growth occurs more
rapidly than silicate homogenization and that friable chon-
drites with homogeneous silicates such as Bjurbdle could not
have formed from a heterogeneous type 3 precursor by meta-
morphism. FREDRIKSSON (1983) argues further that silicates
with unequilibrated compositions are common in ordinary
type 4-6 chondrites and that these meteorites are not meta-
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morphic rocks. SCOTT et al. (1985) agree that these chondrites
are breccias, but they argue that the components experienced
diverse parent body metamorphic histories. Detailed petro-
logic studies of ordinary chondrites of type 3—6 are needed
to resolve these issues.

Although much information about the thermal history of
chondrites has been deduced from studies of compositional
zoning in grains of metallic Fe,Ni (WooD, 1967; WILLIS and
GOLDSTEIN, 1981a, 1983), less progress has been made from
analogous studies of silicate zoning in chondrules. This is
partly because diffusion rates in silicates at low temperatures
are known to lower accuracy than those for Fe-Ni diffusion
in metal. A more fundamental difference, however, is that
zoning in chondrule silicates probably results from both ig-
neous and metamorphic processes (DODD, 1969), whereas
zoning in metal grains, at least in unshocked chondrites, is
entirely metamorphic in origin. This is because any igneous
zoning in metal grains in unshocked chondrites was erased
during slow cooling; Ni heterogeneities in tacnite developed
during kamacite growth below 600°C (WILLIS and GOLD-
STEIN, 1981b). Characteristics of chondrule silicates that result
from igneous and metamorphic processing must be distin-
guished carefully before precise models can be developed to
explain silicate zoning.

Previous studies of the compositions of chondrule silicates
have mostly been comparative studies of the bulk properties
of chondrules in chondrites of diverse petrologic type (DODD
etal, 1967; LUX et al., 1980). Until recently, the only detailed
study of zoning in chondrules was by MIYAMOTO et al. (1986).
These authors analyzed chondrule silicates in two type 3.6—
3.7 ordinary chondrites and modelled their thermal histories
during chondrule solidification and subsequent metamor-
phism. However, these authors were not able to clearly dis-
tinguish the effects of solidification and metamorphism, and
the two chondrites that they studied, Allan Hills A77278 and
A77299, appear to be breccias containing materials that were
metamorphosed to diverse degrees (SCOTT, 1984; HEWINS,
1990).

We have studied type IA and type II porphyritic olivine
chondrules (MCSWEEN, 1977; SCOTT and TAYLOR, 1983) in
LL group chondrites of type 3.3-5 to distinguish igneous and
metamorphic features and to constrain their thermal histories.
We chose types IA and II chondrules because of their wide-
spread occurrence and our ability to identify them using tex-
tural, not compositional, criteria. Type IA chondrules are
characterized by round shapes and small, euhedral olivines.
Fe,Ni metal and troilite are present in variable amounts and
may cause an irregular chondrule shape when present in large
amounts (>10 vol%). Low-Ca pyroxene crystals commonly
rim the chondrule and may poikilitically enclose olivine; in
some chondrules, low-Ca pyroxenes have rims of Ca-rich
pyroxene. Type II chondrules have large (30-250 um), eu-
hedral olivines, lack pyroxene phenocrysts, and have large
(500-1000 um) apparent diameters and irregular shapes.

We have compared the compositions of olivines, pyrox-
enes, mesostases, and bulk chondrules in L.1.3.3-5 chondrites
with corresponding compositional data for types IA and II
chondrules in the Semarkona (LL3.0) chondrite (JONES and
ScotT, 1989; JONES, 1990). Silicate compositions in the Se-

markona chondrules are largely consistent with closed-system
fractional crystallization. Because H3.0 and L3.0 chondrites
are not known (SEARS and HASAN, 1987), we have only stud-
ied LL chondrites in this work. However, analogous studies
of types 1A and II chondrules in CO3 chondrites (SCOTT and
JONES, 1990) suggest that our conclusions may be applicable
to other chondrite groups. We conclude in this paper that
porphyritic olivine chondrules in LL3.3-5 chondrites were
derived from chondrules like those in Semarkona by meta-
morphic equilibration of chondritic material. The time scales
for metamorphism are too long for nebular processing, but
are consistent with heating in asteroidal bodies.

SAMPLES AND TECHNIQUES

Table | lists the section numbers and sources of the nine LL chon-
drnites we studied. Our data for chondrule silicates in two LL4 chon-
drites, Kelly and Soko-Banja, and two LL5 chondrites, Tuxtuac and
Krahenberg, are not presented here, as the compositions of their
chondrules are almost identical to those of Sevilla (LL4) and Olivenza
(LL5), except for very minor differences in FeO.

Parnallee (LL3.6) was selected because a preliminary survey iden-
tified it as one of relatively few type 3 ordinary chondrites in which
the chondrules appear to have had similar metamorphic histories
(SCOTT et al., 1983; ScoTT, 1984). In addition, chondrule silicates
in Parnallee are roughly midway in composition between those in
Semarkona (LL3.0) and the equilibrated LL chondrites. Lastly, Par-
nallee does not appear to have experienced sufficient shock reheating
to alter mineral compositions. Allan Hills A81251 (hereafter ALH
AR1251) was selected because its subtype of 3.3 is intermediate be-
tween those of Semarkona and Parnallee. A survey of five LL4 chon-
drites found only one, Bo Xian, with homogeneous olivines and het-
erogeneous pyroxenes. No LL6 chondrites were studied, because of
the difficulty in identifying types IA and II chondrules.

Scanning electron microscopy and wavelength dispersive analysis
of olivines, pyroxenes, and mesostases were performed on a JEOL
733 microprobe, operated at an accelerating potential of 15 kV, a
beam current of 20 nA, and counting times of up to 40 s. Typical
detection limits (wt%) for individual analyses of minor elements are:
TiO;, 0.02; Al,Os, 0.04; Cr,0;, 0.03; MnO, 0.04; Ca0, 0.04; P,Os,
0.05; and Na,0, 0.05. Differential matrix effects were corrected using
the method of BENCE and ALBEE (1968).

Both large and small grains of olivine and pyroxene were analyzed
in each chondrule. For chondrules with heterogeneous olivines, 5 to
37 point analyses were made at both grain edges and cores in both
interiors and edges of chondrules. For chondrules with homogeneous
olivines, 3 to 5 olivine analyses were made. In type IA chondrules,
5 to 15 analyses were also made on low-Ca pyroxene, measuring both
grain edges and cores. Zoning profiles were measured at intervals of
2-10 pm across 3 to 9 olivine and pyroxene grains of diverse sizes
in each of 12 chondrules in Parnallee. Errors of individual analyses
within the zoning profiles are approximately 1.0% of amount present
for concentrations greater than 1.0 wt% and approximately 10% on
concentrations less than 1.0 wt%.

Fe,Ni metal and bulk chondrule compositions were measured on
an ARL EMX-SM microprobe at an accelerating potential of 15 kV
and a beam current of about 20 nA. Counting times of 10 s were
used on standards and samples. Fe,Ni metal compositions were cor-
rected using standard ZAF procedures. For the determination of me-
tallographic cooling rates, taenite grains lightly etched with a dilute
solution of nitric acid in alcohol were measured. Only equant grains
with radially symmetric etching patterns were included. Taenite radii
were measured with a calibrated eyepiece to an accuracy of +1 um.

Bulk compositions of chondrules were measured using a broad
beam (40-100 pm) and corrected using the methods of LUX et al.
(1980), as modified by JONES and SCOTT (1989). Since our primary
interest was in the compositional changes in the silicate portions of
chondrules, we avoided Fe,Ni metal and troilite during probe analysis.
The abundances of these phases were determined by modal analysis
(e.g., KEIL, 1962).
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Table 1. Classification and sources of LL-group chondrites and number
of chondrules studied.
Pet. Section Chondrule No. of  No. of
Meteorite Type* Numbers Sourcet Prefixt Type TA Type II
ALH A81251 3.3 14 MWG None 5 4
Parnallee 3.6 1110-1 USNM None 6 6
Bo Xian 4 265 UCLA None 3 2
266 A 2 3
267 B 3 0
268 C 0 2
Sevilla 4 841 UNM None 3 3
846 A 3 1
Kelly 4 515 UNM None 1 2
Soko-Banja 4 3078-1 USNM None 1 3
3078-2 A 2 2
Olivenza 5 196 UNM None 3 2
797 A 2 2
Tuxtuac 5 627 UNM None 2 2
Krahenberg 5 394 UNM None 1 1
396 A 1 2

*  Classification from GRAHAM ef al. (1985) except for type 3 chondrites
from SEARS and HAsAN (1987) and Sevilla from CAsSANOVA et al. (1990).

t  Sources: MWG, Meteorite Working Group; UCLA, Univ, of California at Los
Angeles; UNM, Univ. of New Mexico; USNM, Smithsonian Institution, U.S.

National Museum of Natural History.

4+  Prefixes used in tables 4,5,7 and 8 to identify thin section,

We note that substitution of Fe for Mg in olivines and low-Ca
pyroxenes in the compositional range appropriate for chondrites can
cause changes of up to 15% relative in the concentrations of other
oxides. The compositional changes that we discuss are much larger
than this and are not caused by Fe-Mg substitution.

RESULTS
Type IA Chondrules

Type IA chondrules were selected following the procedure
of JONES and ScOTT (1989) using only petrographic, not
compositional, criteria, in an effort to match the subset of
type IA chondrules studied by them in Semarkona. Petro-
graphic properties of type IA chondrules in the nine type
3.0-5 LL chondrites are identical (Fig. 1) except for the degree
of devitrification or grain size of the mesostasis, which in-
creases with petrologic type.

Compositional differences between olivines in type IA
chondrules from type 3.0-5 chondrites are summarized in
Table 2, which shows the mean olivine compositions in each
of six LL chondrites. For each chondrite, the mean compo-
sition was derived by averaging the mean values for each of
5 to 15 chondrules; standard deviations of the means are also
given in Table 2. Mean compositions and standard deviations
for each of the 30 chondrules in LL3.3-5 chondrites are given
by McCoy (1990). Concentrations of FeO and MnO increase
through the type 3.0-5 sequence, whereas Ca0, Al,03, Cr,0s,
and TiO, decrease.

Mean fayalite and CaO concentrations in olivine grains in
the 45 type IA chondrules are shown in Fig. 2. Bars show
the standard deviations of the 5 to 37 analyses made on each
chondrule. Chondrules in Parnallee (LL3.6) typically have
the widest ranges of fayalite and CaO concentrations: e.g.,

Fa, 5-26 mol%; CaO, 0.02-0.2 wt%. Chondrules in the type
4-6 ordinary chondrites show the smallest ranges: e.g., Fa,
27.6-28.2; Ca0, <0.02-0.03 wt. Figure 2 shows that the
ranges of fayalite and CaO concentrations in individual
chondrules in the type 3.0-5 sequence are entirely consistent
with the conversion of type 3.0 olivine compositions into
type 4-5 compositions by the addition of Fe?* and loss of
Mg?* and Ca’*,

In Figs. 3 and 4 we compare zoning profiles from rim to
core across olivine grains in four type IA chondrules in Par-
nallee with analogous profiles for Semarkona chondrules from
JONES and ScoTT (1989). Figure 3 shows that olivines in
Parnallee chondrules have core-to-rim enrichments of FeO
and MnO and depletions of CaQ. These are consistent with
the addition of Fe?* and Mn** and loss of Mg** and Ca?*
that are necessary to convert type 3.0 to type 4 olivines.

Whereas the Parnallee profiles shown in Fig. 3a—c are typ-
ical, those for Cr,05; and Al,O3 in Fig. 4a and b are not. Most
olivine crystals do not show significant trends in Cr,O5 con-
centrations, but some crystals have enrichments at their rims
(Fig. 4a). Chromium concentrations in Parnallee olivines
should tend to decrease from core to rim if chromium diffuses
out of type 3.0 olivines during conversion to type 4 material,
as suggested by mean olivine compositions (Table 2). The
observed increase may be inherited, and not completely
erased from, the type 3.0 material, as some Semarkona chon-
drules show fourfold increases in their Cr,O; concentrations
near the olivine rim. Al,O; concentrations in olivines are
mostly below detection limit (0.04 wt%) but a few crystals
are enriched at their rims. The expected trend for ALQO; in
Parnallee olivines (a decrease from core to rim) may also be
masked by strong and heterogeneous enrichments of Al,O;
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FIG. 1. Back-scattered electron images of representative type IA chondrules in four LL chondrites: (a) Semarkona,
type 3.0; (b) Parnallee, type 3.6; (c) Bo Xian, type 4; and (d) Kelly, type 4. Despite their drastically different olivine
compositions, the chondrules are very similar in texture, indicating that their thermal histories during crystallization
were similar. The mean compositions of olivine and pyroxene grains and the standard deviation of the analyses are as
follows: (a) Fal.l = 0.2, Fs1.8 + 0.3; (b) Fa20 + 2, Fs3 + 2; (c) Fa29 + 0.2, Fs7 =+ 4; (d) Fa27 + (.3, Fs23 + 0.6. The
systematic increase in the FeQ concentrations of olivines and pyroxenes through the type 3-4 sequence results from
the exchange of Fe** and Mg** between type IA chondrule silicates and those in other chondrules and the matrix.
Olivines in (c) are whiter than those in (d) largely because of enhanced contrast. Large olivine outside chondrule in
(b) has zoning similar to some olivines inside the chondrule, indicating that chondrule mesostasis is not a significant

barrier to diffusion. Scale bars = 100 um.

near the rims of many olivines in several type IA chondrules
in Semarkona (Fig. 4b; JONES and ScoTT, 1989).

The Fe-Mg zoning of olivines in type IA chondrules in
Parnallee is clearly shown in back-scattered clectron images
(Figs. 1b and 5). FeO enrichments are visible in olivine grains
near chondrule rims and also in the rims of grains in the
central region of the chondrules. In addition, Fig. 5 shows
that FeO is enriched along grain boundaries between olivines
and along linear or curvilinear features within olivine crystals
that we interpret as pre-existing cracks. Some of the curvi-

linear FeQ enrichments contain phases relatively high in
Cr,0; and Al,O; but too small for quantitative microprobe
analysis. We interpret the grain boundaries and crack-like
features to be high-diffusivity paths during metamorphism.
For a given chondrule in type 3.3-4 chondrites, no compo-
sitional differences were detected between olivines enclosed
in pyroxene and those surrounded by mesostasis, at a similar
distance from the chondrule rim.

Analytical data for low-Ca pyroxenes in 31 type [A chon-
drules that contain appreciable modal pyroxene are given in
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Table 2. Mean compositions {(wt. %) of olivines in type IA chondrules in LL3.0-5 chondrites.
Meteorite Type SiOz TiOg AlyOs Cra03 FeO MnO MgO CaO Total Fa N*
Semarkona 3.0 42,1 0.04 0.14 0.37 1.0 0.09 55.7 0.31 99.75 1.0 15
0.3 0.0z 0.09 0.25 0.5 005 13 0.12 0.5
ALH A8125113.3 41.3 0.04 0.10 0.17 37 0.08 534 021 9900 38 5
0.6 0.02 0.06 0.08 1.6 0.07 1.4 0.13 1.6
Parnallee 3.6 39.1 0.02 0.04 0.04 15.7 0.23 447 0.16 99.99 165 6
0.7 0.01 0.01 001 3.8 0.09 2.8 0.07 4.3
Bo Xian 4 37.3 0.04 <0.04 0.02 254 0.43 372 <0.04 100.43 280 B8
0.7 0.03 0.01 1.7 0.03 1.3 2.0
Sevilla 4 319 0.03 <0.04 0.03 25.8 0.45 37.0 <0.04 101.24 280 6
0.2 0.01 0.02 0.2 0.0l 06 0.4
QOlivenza 5 37.8 0.02 <0.04 0.04 274 0.44 355 0.04 101.25 300 5
0.1 0.01 0.01 0.1 001 03 0.01 0.2

*  Number of chondrules analyzed.

Italicized figures are standard deviations of the mean compositions of individual chondrules.
Sources: Semarkona, JoNES and ScoTT (1989); higher petrologic types, this work.

Table 3 and plotted in Figs. 6-8 using procedures identical
to those chosen for olivine compositional data. Table 3 shows
that mean FeO and MnO concentrations in low-Ca pyroxene
increase from type 3.0 to type 5 and Cr,O; and Al,O; decrease,
as they do for olivine; TiO, and CaO show no trends. The
absence of a CaO trend appears inconsistent with the increase
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F1G. 2. Mean concentrations of fayalite and CaO in olivine grains
from 45 type IA chondrules in six LL3.0-5 chondrites. The bars
indicate one standard deviation of 5 to 37 analyses in each chondrule;
they are omitted for all but two of the chondrules in the type 4-5
chondrites, because they are comparable in size or smaller than the
plotted symbols, and for all but one of the Semarkona chondrules
because of their narrow compositional range. Although some overlap
exists between the fayalite concentration ranges of chondrules from
different chondrites, mean fayalite concentrations for individual
chondrules increase with little overlap through the petrologic se-
quence. CaO concentrations show more overlap, but the mean con-
centrations for chondrites decrease through this sequence. These
compositional trends and the decrease in olivine heterogeneity through
the sequence are consistent with the conversion of type 3.0 material
to type 3.3-5 by metamorphism. Changes in FeO probably reflect
equilibration between FeO-poor type 1A olivines and FeO-rich olivines
in the matrix and other chondrules, whereas CaO changes may reflect
exchange between olivine and pyroxene. The Semarkona data are
from JONES and ScoTT (1989) and the ranges in LL4-6 chondrites
are from GOMES and KEIL (1980) (Fa) and this work (CaQ).

in the CaO concentration of low-Ca pyroxene with increasing
petrologic type observed by HEYSE (1978) and SCOTT et al.
(1986) in LL chondrites. However, these authors analyzed
randomly selected points from all occurrences of low-Ca py-
roxene, In this study, we have concentrated on type IA chon-
drules, where low-Ca pyroxenes are often rimmed by high-
Ca pyroxene. Furthermore, the boundary between low-Ca
and high-Ca pyroxene is often gradational. This could result
in excessive analyses of Ca-enriched pyroxene in this study,
especially in Semarkona (JONES and ScoOTT, 1989).

Figure 6 shows the variation in the mean fayalite and fer-
rosilite concentrations in coexisting olivine and low-Ca py-
roxene in type IA chondrules through the LL3.0-5 sequence.
Mean compositions for type 3.3, type 3.6, and Bo Xian
chondrules define a curved path from the type 3.0 region
near the origin (Fa, 0.6-2.4; Fs, 1.0-3.5) to the L1L4-6 box
(Fa, 27-32; Fs, 23-26). For chondrules in the type 3.3 chon-
drite, fayalite concentrations are much more heterogeneous
than ferrosilite concentrations, whereas for Bo Xian we found
the opposite. The curved path of mean compositions in Fig.
6 and the change in the relative degree of heterogeneity in
olivine and low-Ca pyroxene are entirely consistent with the
conversion by metamorphism oftype 3.0 to type 4-5 material,
as Fe-Mg diffusion is much faster in olivine than in low-Ca
pyroxene (e.g., HUEBNER and NORD, 1981).

A plot of ferrosilite against Cr,O; concentrations in the
low-Ca pyroxene of type IA chondrules (Fig. 7) also shows a
trend from LL3.0 chondrites, which have high Cr,0; con-
centrations, to LL5-6 chondrites with low concentrations.
Zoning profiles for FeO across low-Ca pyroxene grains in
type IA chondrules from Parnallee (Fig. 8) are also compatible
with derivation of pyroxene compositions in chondrites of
petrologic type 5-6 from those in type 3.0. For example, low-
Ca pyroxenes in Semarkona (LL3.0) have low FeO and are
essentially unzoned; those of intermediate type (e.g., Par-
nallee, L.L.3.6) have slightly elevated FeO contents in their
cores and show drastic increases at their borders; and those
in higher petrologic grades (e.g., Sevilla, LL4) have high FeO
and are homogeneous (Fig. 8). In Bo Xian (LLL4), pronounced
Fe-Mg heterogeneities in low-Ca pyroxene (Fig. 9) and very
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FIG. 3. Comparison of typical zoning profiles from rim to core of
olivine grains in type IA chondrules in Parnallee (LL3.6), analogous
profiles from Semarkona (LL3.0) (JONES and SCOTT, 1989), and the
total range shown by olivines in type IA chondrules from Sevilla
(LLA4): (a) FeO, (b) MnO, and (c) Ca0. Although olivine compositions
in Parnallee chondrules partially overlap those in the type 3.0 and 4
chondrites, mean FeO and MnO concentrations increase from type
3.0 to 4, whereas CaO concentrations decrease. FeO and MnO con-
centrations in Parnallee decrease from rim to core of the olivine
crystals, whereas CaO concentrations increase. This is consistent with
the diffusion of Fe?* and Mn?* into the olivine from an external
source and diffusive loss of Ca** that would be necessary to convert
type 3.0 to type 4 material. The detection limits (D.L.) for individual
analyses of MnO and CaQ are marked.
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FIG. 4. Rim-to-core zoning profiles for olivine crystals in Semarkona
and Parnallee type IA chondrules and the total compositional range
observed in Sevilla (LL4): (a) Cr,0; and (b) Al,O,. The profiles for
Parnallee are atypical in that most olivines have Al,O5 concentrations
that are below the detection limits (D.L.) and relatively flat Cr,O,
profiles. The enrichments of Al,O; and Cr,O; at the rim of Parnallee
olivines appear to contradict the trend towards decreasing concen-
trations in type 4 chondrites and the hypothesis that type 4 chondrites
are derived from type 3.0 material. However, the enrichments may
be inherited from the precursor type 3.0 material as some Semarkona
chondrules also display similar, though more marked, features.

irregular zoning were observed. Similar heterogeneities were
first observed by TSUCHIYAMA et al. (1988) in type 3.7-3.9
chondrites. The Fe-rich and Fe-poor bands are parallel to
the optical twins.

Changes in the textures of mesostases in type IA chondrules
are consistent with increasing recrystallization through the
petrologic sequence. For example, in Semarkona (LLL3.0),
mesostases vary from 100% glass to partly microcrystalline
(JONES and SCOTT, 1989), whereas, in Parnallee (LL3.6), they
are largely microcrystalline with only small amounts of glass.
This glass is mostly found adjacent to pyroxenes, with me-
sostasis next to olivines being mostly microcrystalline. Me-
sostasis is almost entirely microcrystalline in chondrules of
petrologic type 4 and above. The only exception we observed
is a pink, clear, perfectly isotropic glass in a chondrule in
Krahenberg (LL5). Its unusual CaO-poor composition (0.14
wt% CaQ) may be responsible for its survival in a chondrite
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F1G. 5. Back-scattered electron image of a portion of a type 1A
chondrule in Parnallee, largely composed of olivine phenocrysts (0)
with small amounts of mesostasis (m) and low-Ca pyroxene (p). Ol-
ivines are mostly whiter at their rims because of FeO enrichments.
Some olivines show linear or curvilinear features with associated FeO
enrichments (up to Fays) and bright phases (high in Cr, Al) nucleated
within these features. These linear features are interpreted as pre-
existing cracks which served as high-diffusivity paths during meta-
morphism, indicating that FeO enrichment occurred after solidifi-
cation. Metal occurs to the left of (0) and Fe-enriched olivines to the
right of (m) and left of (p). These probably result from sectioning
through an Fe-rich rim. Scale bar = 50 pm.

of high petrologic grade. The similarity in olivine phenocryst
composition in this chondrule (Fa,;5) and other chondrules
with CaO-rich mesostases (Fasg s) argues against this chon-
drule being xenolithic. One chondrule with a glass mesostasis
of similar composition (0.89 wi% CaO) was also found
in Parnallee (LL3.6) (Table 4). Its mean olivine composi-
tion (Fa, ) is close to the mean of olivines in other chondrules
(Fayg.8+2.0)-

Table 3.

Mesostasis compositions in type IA chondrules are highly
variable even within a given chondrite (Table 4), but trends
through the petrologic sequence are observed for FeO, which
tends to increase, and TiO,, which tends to decrease, with
increasing petrologic type (Table 4). No systematic differences
were observed in bulk compositions of glassy (excluding low-
CaO glass) and microcrystalline mesostases in either Semar-
kona or Parnallee. Two chondrules in Sevilla have mesostases
with remarkably high Cr-O; contents of 1.8-2.5 wt% (Table
4). No spinel phases were observed optically in these chon-
drules, so the host phase for the Cr;O, remains unknown.

Bulk chondrule compositions are also highly variable
within a given chondrite (Table 5). Some compositional
trends observed for individual components are reflected in
the bulk compositional data. Thus, FeO and MnO increase
with increasing petrologic type (Table 5).

Type II Chondrules

Except for changes in the grain size of their mesostases,
textures of type Il chondrules are strikingly similar in LL3.0~
5 chondrites (Fig. 10), in spite of drastically different com-
positions of their olivines.

The mean fayalite concentration of type II chondrules in-
creases and CaO in olivine decreases through the type 3-5
sequence as the degree of heterogeneity within the chondrule
decreases (Fig. 11). In LL4-6 chondrites, the fayalite and
CaO concentration ranges in type II chondrules are identical
to those observed in type IA chondrules. Comparison of
chemical data for olivine in type IA (Table 2) and type II
chondrules (Table 6) shows that olivine compositions con-
verge to the same composition with increasing degrees of
metamorphism. The small differences in the mean Cr,O; and
TiO, concentrations given in Tables 2 and 6 are not significant
as they result from analysis of a small number of grains. In
both cases, FeO and MnO increase and CaO and Cr,0; de-
crease with increasing petrologic type. Al;O; and TiO, con-
centrations decrease in type IA olivines, but the concentra-
tions of these elements are too low in Semarkona type II
chondrule olivines to determine if analogous trends exist in
type II chondrules.

Mean compositions (wt. %) of low-Ca pyroxenes in type IA chondrules from LL3.0-5 chondrites.

Meteorite Type SiOz TiOz AlOs CraO3 FeO MnO MgO CaO NaxO Total Fs Wo N¥

Semarkona 3.0 579 020 1.1 086 12 0.20 36.8 094 <0.04 9924 1.7 1.8 10
1.1 012 0.5 0.64 0.5 0.14 1.2 0.79 0.8 1.5

ALH A81251 33 58.6 0.19 094 o062 1.2 0.12 373 0.46 <0.04 9945 1.7 08 4
0.5 008 047 008 03 004 04 0.12 0.4 0.2

Parnallee 36 58.1 0.13 086 043 4. 0.16 354 0.56 <0.04 99.78 6.0 1.0 5
1.2 008 056 005 25 0.13 2.2 0.36 3.9 0.7

Bo Xian 4 57.2 0.13 1.1 046 79 0.19 323 0.55 0.09 10052 11.6 1.3 5
1.3 003 04 012 18 0.04 1.4 0.37  0.06 28 0.6

Sevilla 4 35.6 020 020 0.14 156 045 27.6 0.68 <0.04 100.49 234 13 3
0.2 005 0.02 002 0.1 00! 03 0.10 0.2 0.2

Olivenza 3 55.1 023 020 0.17 163 044 272 0.78 <0.04 100.44 245 5 4
0.9 0.10 0.0 009 0. 00! 03 0.07 0.2 0.1

*  Number of chondrules analyzed.
Italicized figures are standard deviations of the mean compositions of individual chondrules.
Sources: Semarkona, JONES and ScoTT (1989); higher petrologic types, this work.
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FI1G. 6. Mean concentrations of fayalite in olivine and ferrosilite
in low-Ca pyroxene in 30 type IA chondrules from 6 LL chondrites;
bars show one standard deviation for the analyses in each chondrule.
The mean chondrule compositions define a curved path from type
3.0 to type 5-6. This path and the different relative homogeneities
of olivine and low-Ca pyroxene in ALH A81251 (type 3.3) and Bo
Xian (type 4) are both consistent with the conversion of Semarkona-
like chondrules to type 4-6 chondrules by equilibration with FeO-
enriched silicates in the matrix and other chondrules, as Fe-Mg dif-
fusion is faster in olivine than in pyroxene. The Semarkona data are
from JONES and ScOTT (1989), and the compositional ranges for
equilibrated LL4-6 chondrites are from GoMES and KEIL (1980).

Zoning profiles of CaO and FeO concentrations in olivine
from type II chondrules in Parnallee (L1.3.6) are intermediate
in nature between those in LL3.0 and LL4 chondrites (Fig.
12a,b). FeO and CaO concentrations are both enriched in
the rims of olivine crystals in Semarkona (Fig. 12b; JONES,
1990). In Parnallee, FeO is enriched at olivine rims, whereas

1.2 T T T T
»1
Type IA Pyroxenes 1
10k . * Semarkona [LLB.D)J
g O ALHA 81251 (L13.5) 1
L = Parnallee (LL3.6)
r 2 Bo Xion (LL4)
L) # Sevilla (LL4)
R o8t . o Olivenza (LL5) e
~ 06 -,'_;,'__4 = | 1
) 5 T I
O - : I - -
S 0.4 ’- = .t 1
X : ,
L + ]
0.2 |
IEndLﬂtggli 4
D.O 1 1 1 i I
0 5 10 20 25 30

15
Fs (mole %)

F1G. 7. Mean concentrations of Cr,Q; and ferrosilite in low-Ca
pyroxenes from 31 type [A chondrules in 6 LL3.0-5 chondrites. In
Semarkona (LL3.0), between-chondrule variability 1s high, but within-
chondrule variability is low; both are high in intermediate types, and
lowest in equilibrated LL4-6 chondrites. Bars indicate one standard
deviation for 5 to 15 analyses in each chondrule. Semarkona data
are from JONES and ScoTT (1989). The equilibrated LL4-6 rectangle
represents the range of chondrite average values from low-Ca pyrox-
enes in equilibrated LL chondrites. Data for Cr,05 are from GOMES
and KEIL (1980) and this work; data for Fs are from GOMES and
KEIL (1980).
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FIG. 8. Zoning profiles for FeO measured from rim to core across
two typical low-Ca pyroxene grains in type IA chondrules in Parnallee
(LL3.6), one in Semarkona (LL3.0), and the total range of FeO in
three type IA chondrules in Sevilla (LL4). Low-Ca pyroxene grains
in the type 3.0 chondrite have essentially no zoning; in the LL3.6
chondrite they have elevated FeO concentrations and are strongly
zoned with FeO increasing towards the rim; and in Sevilla (and more
equilibrated type 4-6 chondrites), FeO concentrations are high and
uniform.

CaO is depleted, consistent with loss of CaO but gain of FeO.
As in type IA chondrules, olivine phenocrysts in type II
chondrules in chondrites of petrologic type 3.3 and 3.6 have

FIG. 9. Back-scattered electron SEM image of low-Ca pyroxene
(p), olivine (0), and mesostasis (m) in a type IA chondrule of Bo
Xian (LL4). Unlike low-Ca pyroxene grains in Parnallee which are
smoothly zoned (Fig. 3), those in Bo Xian have very heterogeneous
Fe-Mg contents, indicated by irregular white (FeO) enrichments and
light/dark bands near (p). TSUCHIYAMA ct al. (1988) observed similar
phenomena in H, L, and LL chondrites of petrologic type 3.7-3.9.
Scale bar equals 50 um.




Table 4.

Composition and origin of chondrules

Composition (wt. %) of mesostasis in type IA chondrules from LL3.0-5 chondrites.

Meteorite Type Chondrule SiO; TiOz Alx0sCrzOs FeO MnO MgO CaO NasO K0 P20 Total N*
Semarkona 3.0 525 0.85 218 042 074 0.12 51 156 18 0.18 nd. 99.11 8§
74 033 48 030 044 010 1.3 46 2.0 024

Parnallee 3.6 5 579 047 202 059 36 0.07 42 089 89 3.4 <0.0510024 7
6 522 052 219 046 3.7 0.5 43 10.1 49 0.19 0,13 9855 7
7 553 046 21.1 033 34 006 45 89 58 025 0.1 10021 6
9 61.7 042 160 046 24 0,14 43 39 80 1.1 0.11 9853 6
10 509 0.71 189 048 3.8 0.19104 12.1 27 0.14 0.14 10046 5
14 523 048 206 0.17 3.6 0.07 54 112 40 043 0.2 9837 5

Sevilla 4 1 56.2 037 157 25 13 020 96 3.0 60 0.5 <0.05101.02 2
5 56.5 0.14 153 1.8 176 0.17 9.6 27 63 036 <0.0510050 5
A5 604 008 178 1.0 47 0.09 53 30 7.8 047 00510069 3
Al 59.7 0.14 142 0.6 47 012 7.7 63 6.8 038 0.14 10034 5

Olivenza 5 A3 593 0.25 134 053 3.7 0.11 63 101 6.0 0.53 0.06 10028 2

Equil. Chon.t Avg. 584 020 153 12 56 0.4 7.7 50 6.6 038 0.07 100.59
o 1.9 o042 17 095 1.7 005 19 32 076 014 0.04

*

individual analyses.

For Semarkona, N = Number of chondrules averaged; for higher petrologic types, N = number of

609

t  Average of chondrules from Sevilla and Olivenza.

Sources: Semarkona, JoNES and ScoTT (1989); higher petrologic types, this work.

linear features high in Cr and Al and adjacent areas with
elevated iron contents, suggesting that they served as high-
diffusivity paths during alteration. Chromium- and alumi-
num-rich cracks are also present in type 4-6 chondrites.

Textures of mesostases in type 11 chondrules are consistent
with increasing degree of recrystallization from lower to higher
petrologic type chondrites. For example, textures of meso-
stases vary from glassy with abundant microcrystallites in
Semarkona to completely microcrystalline in equilibrated
chondrites. Quench crystals are common in mesostases
throughout the petrologic sequence. In Parnallee these crystals
are augite in a largely microcrystalline mesostasis which has
only rare, small areas of glass. Mesostasis bulk compositions
are highly variable but show decreasing FeO and MnO with
increasing petrologic type (Table 7).

Bulk compositions reflect compositional changes of indi-
vidual components in type II chondrules. It appears that bulk
FeO and CaO increase and Cr,0; decreases with increasing
petrologic type (Table 8).

DISCUSSION

The data presented above can be used to evaluate the var-
ious proposed origins for the formation of the petrologic se-
quence. This is done below by evaluating both textural and
chemical data and modelling of diffusive equilibration of
chondrule silicates. We first consider models which ascribe
the formation of the petrologic sequence to differences during
chondrule crystallization. We then consider two processes
that call for diffusive equilibration of solidified chondrules:
nebular metasomatism and parent body metamorphism.

Table 5. Bulk compositions (wt. %) of type IA chondrules in LL3.0-5 chondrites.
Silicate
Meteorite Chondrule SiOz TiOz Al0s Crz0Os FeO MnO MgO CaO NazO K0 P05 Total FeS Fe,Ni
Semarkona* 448 0.19 39 044 1.2 0.12 40.7 3.5 0.52 0.07 n.d. 020 38
3.2 008 L2 030 09 008 36 13 0.59 006 0.13 20
Parnallee 5 47.0 0.10 3.0 039 10.7 0.21 363 054 1.4 0.55<0.04 10020 5.5 4,6
6 459 023 50 046 83 020 349 29 1.1 007 012 99.18 1.2 1.3
7 419 0.13 29 032 164 023 356 1.6 0.75 0.07<0.04 9993 B3 9.7
9 489 0.5 34 062 106 032 299 21 1.9 0.25<0.04 98.17 027 0.66
10 399 017 39 032 134 020 372 22 0.70 0.06 009 9814 1.6 1.8
14 437 020 6.1 0.18 13.0 0.23 305 3.7 099 0.14 0.04 98.78 145 10.6
Sevilla 5 428 009 25 040 21.3 043 305 0.85 1.1 0.11 0.08 100.16 096 4.9
6 426 <009 25 040 21.5 042 30.5 051 1.4 0.09<0.04 10038 4.4 6.4
A4 46.1 <0.09 4.1 021 169 033 254 42 22 0.17 0.62 10031 8.5 0.44
AT 465 0.09 29 021 18.0 036 273 34 1.5 0.13 0.04 10043 1.9 13
Olivenza 3 437 0.10 3.1 052 21.0 0.41 289 043 1.3 0.15 <0.04 99.62 0.41 0.22
5 494 0.13 29 0.16 18.2 040 272 1.2 1.5 0.15<0.04 101.25 3.7 2.0
A3 474 016 3.7 1.l 199 042 27.1 074 1.6 0.18 <0.04 102.31 2.0 0.44
Equil. Chon.t Avg. 455 0.10 3.1 043 19.5 040 282 16 1.5 0.14 0.11 100.58 3.1 2.2
4 26 0.04 0.60 032 1.8 0.04 20 15 034 003 0.23 2.8 25

n.d. - Not Determined.
*  Mean and lo for 11 chondrules

t  Average of chondrules from Sevilla and Olivenza.
Sources: Semarkona, JoNEs and ScoTT (1989); higher petrologic types, this work.
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Fi1G. 10. Transmitted light photomicrographs of type II chondrules, which consist of large euhedral olivines set in
dark microcrystalline mesostasis, in LL chondrites: (a) Semarkona, type 3.0; (b) Allan Hills A81251, type 3.3; (c)
Parnallee, type 3.6; and (d) Bo Xian, type 4. Petrographic properties of these chondrules are very similar, suggesting
that they crystallized under similar conditions. Their diverse olivine compositions reflect igneous zoning (a) and sub-
sequent equilibration (b-d). Mean olivine compositions and standard deviations of the 5 to 37 analyses in each chondrule
are as follows: (a) Fal2 + 4, (b) Fal5 + 6, (c) Fa24 + 4, (d) Fa29 =+ 0.2. Scale bar = 200 pm.
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FIG. 11. Mean concentrations of CaO and fayalite in olivine crystals
from 36 type II chondrules in 6 LL3.0-5 chondrites. Bars indicate
one standard deviation for individual analyses in each chondrule;
bars are omitted from five chondrules in Semarkona and all chon-
drules from equilibrated type 4-5 chondrites to avoid confusion. Mean
FeO concentrations increase, CaQ concentrations decrease, and
chondrule olivines become more homogeneous with increasing
chondrite petrologic type. The similarity of olivine compositions in
type IA and II chondrules in type 4-5 chondrites suggests that olivines
equilibrated during metamorphism.

Crystallization Models

Several authors (REID and FREDRIKSSON, 1967; FRED-
RIKSSON, 1983; KRING, 1985) and an anonymous reviewer
of this paper have argued that compositional changes in
chondrules of type 3-4 chondrites reflect differences in the
histories of these chondrules during crystallization. HEWINS
(1989) reviewed these models and emphasized the importance
of nebular processes. He has since, however, changed his
conclusions (R. HEWINS, pers. comm., 1990). REID and
FREDRIKSSON (1967) argue that the compositional differences
between chondrule silicates in all petrologic types of ordinary
chondrites result from different rates of crystallization of the
molten droplets. KRING (1985) argues that changes in oxygen

fugacity during chondrule crystallization resulted in com-
positional differences between olivines and pyroxenes.
JOHNSON (1986) suggests that oxidation of Fe,Ni metal during
chondrule crystallization produced the differences in FeO
content of chondrule silicates. However, since no systematic
trend is observed in the Fe,Ni or troilite contents of type IA
or type II chondrules throughout the petrologic sequence,
this model is not likely to be applicable and is not discussed
further. In all these models, textural differences within type
4-6 chondrites result from parent body metamorphism.

Models that attribute differences in silicate compositions
solely to crystallization require a separate formation zone in
the solar nebula for each chemical group and petrologic type.
In each of the zones, all the chondrule precursors would have
to have similar Fe/(Fe + Mg) ratios and cool at similar rates.
Furthermore, no mixing between regions could occur during
subsequent parent body accretion.

Two lines of evidence suggest that differences between the
compositions of chondrule silicates in type 3 and type 4-6
chondrites are not the result of differences in chondrule crys-
tallization histories.

Zoning adjacent to cracks

One line of evidence is the observation that olivine com-
positions have been changed near linear features that we in-
terpret to be pre-existing cracks (Fig. 5). Although we cannot
determine when the cracks formed, they must have formed
after solidification of the olivines. Cracks in chondrule olivines
show a variety of features which indicate a protracted history
of secondary modification. In type IA and Il chondrules in
type 3.3-4 chondrites, there are commonly FeO enrichments
on either side of these crack-like features, accompanied by
unidentified Cr- and Al-rich phases that appear to have nu-
cleated in the cracks. This suggests that these cracks acted as
high-diffusivity paths during metamorphism, allowing Fe®*
to enter along the cracks and Cr** and AIP* to diffuse out of
the olivine structure into the cracks. Some cracks do not
show these secondary features, and we believe these cracks
formed after the metamorphism.

Table 6. Mean composition (wt. %) of olivines in type II chondrules in LL3.0-5
chondrites.

Meteorite Type SiOz TiOz  AlOs CrpO3 FeO MnO MgO CaO Total Fa N*

Semarkona 3.0 394 <0.02 <0.04 043 14.8 0.34 444 0.13 99.58 15.7 11
0.3 0.05 1.6 0.04 I3 0.02 1.9

ALH A812513.3 39.3 0.02 <0.04 0.16 16.1 0.44 44,1 0.09 10024 17.1 4
0.5 0.01 0.05 2.5 0.05 2.1 0.02 2.8

Parnallee 3.6 379 <0.02 <0.04 0.03 228 0.44 392 0.06 100.47 245 6
0.1 0.01 0.9 0.03 0.9 0.02 1.1

Bo Xian 4 374 <0.02 <0.04 0.02 26.0 0.45 369 <0.04 100.81 286 7
0.3 0.0] 0.4 00! 03 0.4

Sevilla 4 38.0 <0.02 <0.04 <0.02 259 045 369 <0.04 101.30 282 4
0.4 0.1 001 05 0.2

Olivenza 5 37.8  <0.02 <0.04 0.02 274 044 356 0.04 101.31 300 4
0.2 0.01 0.2 001 0.1 0.01 0.1

*  Number of chondrules analyzed.

Italicized figures are standard deviation of the mean compositions of individual chondrules.
Sources: Semarkona, JONES (1990); higher petrologic types, this work.
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FIG. 12. Zoning profiles for (a) FeO and (b) CaO measured from
rim to core of typical olivine crystals in type II chondrules in Se-
markona (JONES, 1990) and Parnallee, and the total ranges in type
1I chondrules in Sevilla (LL4). FeO concentrations in type 3.0 and
3.6 chondrites are enriched at olivine rims, but core concentrations
in type 3.6 are higher than those in type 3.0, consistent with diffusion
of Fe?* into chondrule olivines during metamorphism. CaO concen-
trations are enriched in olivine rims in the LL3.0 chondrite, whereas
in the LL3.6 chondrite, CaO is depleted in olivine rims and generally
lower at the olivine core; both are features consistent with diffusive
loss of Ca®* during metamorphism.

Chondrule textures

Throughout the petrologic sequence of type 3-5 chondrites,
type IA (Fig. 1) and type II (Fig. 10) chondrules remain tex-
turally unchanged, with the exception of mesostasis devitri-
fication and coarsening. As shown by DONALDSON (1976),
the morphology of olivine crystals is a strong function of
cooling rate. This implies a common crystallization history
for all type IA chondrules. Likewise, all type II chondrules
must have had a similar crystallization history. It is unlikely
that the markedly different crystallization histories that REID
and FREDRIKSSON (1967) invoke to explain compositional
differences could result in the textural similarities observed
throughout the petrologic sequence. Although we do not
know the exact sensitivity of the porphyritic olivine texture
to cooling rate, the vast range of cooling rates proposed by

REID and FREDRIKSSON (1967) to produce chondrules in
type 3-6 chondrites would likely produce a variety of textures.

Planetary Metamorphism and Nebular Metasomatism

Two processes have been proposed to explain chemical
modification of chondrule silicates after solidification of the
chondrules: nebular metasomatism and parent body meta-
morphism. KURAT (1988) suggests that chondrules were al-
tered by interaction with a nebular gas, whereas DopD (1969)
argues that the chemical changes result from metamorphic
equilibration with other chondritic components in the parent
body. To a certain extent, a gradation exists between these
two models because chondrules would aggregate into inter-
mediate sized objects before forming the parent body. Meta-
morphism inside boulder-sized objects would be essentially
the same as in a parent body, except that chondritic com-
ponents might continue to react with the nebula as well.

Chemical trends and complexities

Elemental concentrations in olivines, pyroxenes, and me-
sostases of type IA and type II chondrules and their bulk
compositions show systematic progression from values like
those in Semarkona, through the L1.3.3, 3.6, and 4 chondrites
to the values of the equilibrated LL chondrites. Concentra-
tions of FeO increase in olivines, pyroxenes, mesostasis, and
bulk chondrules of both type IA and type II chondrules, with
corresponding decreases in MgO. MnO increases in type IA
olivines, pyroxenes, and bulk chondrules and type II olivines
and bulk chondrules. CaO decreases in type IA and II olivines
and increases in type II bulk chondrules. Al,O; and Cr,05
decrease in type IA olivines and pyroxenes. TiO, decreases
in type IA olivines and mesostasis. Additionally, mesostasis
devitrification increases progressively from type 3.0 to
type 4-5.

Subsolidus equilibration of chondrule silicates requires the
homogenization of initially zoned mineral grains, equilibra-
tion of minerals within each chondrule, and equilibration of
diverse minerals in chondrules and matrix material. This
subsolidus equilibration may also have involved phases in a
nebular gas, and new phases may have nucleated during the
modification. Therefore, one ought not to expect that every
chemical trend for minerals in type 3.0-5 chondrites be simple
and monotonic. The fact that we have identified so many
monotonic trends in the type 3.0-5 chondrites suggests that
type 3.1-3.9 chondrites did not originate in any fundamen-
tally different way from type 4-6 chondrites, and that type
3.0 material is the best candidate for the precursor material
of type 3.3-5 material. We see no evidence favoring the con-
clusion of GUIMON et al. (1988) that type 3.3 ordinary chon-
drites represent the precursor materials for type 3.0-3.2, as
well as type 3.4-6.

Environment of diffusive exchange

Several authors have called upon mechanisms involving
condensation and diffusive exchange with a nebular gas at
high temperatures and oxygen fugacities to explain Fe-en-
richment in chondrule olivines of CV3 chondrites (PECK and
Woob, 1987; PALME and FEGLEY, 1987, 1991). HUA et al.
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&

Composition (wt. %) of mesostases in type II chondrules from LL3.0-5 chondrites.

Meteorite Type Chondrule SiOz TiOz Al303Cra0s FeO MnO MgO CaO NazO KO P05 Total N*
Semarkona 3.0 626 045 112 030 78 028 45 7.2 4.1 0.58 1.3 10031 10
1.5 0.04 I5 014 12 007 17 L7 LS 0.13 1.0
Parnallee 3.6 1 68.6 0.41 100 036 6.8 025 29 46 58 070 039 10081 9
2 620 046 103 027 65 025 44 95 60 0.10 0.93 100.71 9
4 59.2 048 101 028 7.2 023 50 104 64 0.09 1.6 10098 9
11 66.5 044 93 047 60 027 47 66 58 0.15 0.32 10055 9
12 67.8 041 104 040 34 018 45 6.1 58 069 0.19 9987 9
13 604 046 99 024 7.1 027 51 97 59 04l 1.3 100.78 9
Sevilla 4 2 57.5 0.15 124 024 33 0.0 69 107 62 037 1.5 9936 4
4 576 0.17 127 024 41 010 7.8 10.0 61 038 1.3 10049 5
Al 60.4 0.19 128 028 2.7 0.10 64 109 6.0 0.41 0.50 100.68 2
A2 583 029 9.7 050 36 0.14 92 141 45 034 038 101.05 6
A3 58.1 032 84 050 3.6 0.1510.1 150 4.1 026 0.26 100.79 8
A4 56.7 0.19 11.7 027 49 0.12 86 108 56 0.38 1.2 10046 3
Olivenza 5 Al 569 027 78 043 39 0.16102 16.1 3.6 034 052 10022 5
Equil. Chon.t Avg. 579 023 108 035 3.7 0.12 85 125 52 0.35 0.81 10046
g 1.2 007 21 012 068 003 1.5 25 11 005 05!

*

individual analyses.
t  Average of chondrules from Sevilla and Olivenza.

Sources: Semarkona, JoNEs (1990); Higher petrologic types, this work.

For Semarkona, N = number of chondrules analyzed; for higher petrologic types, N = number of
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(1988) found that sharp compositional gradients exist in ol-
ivines near chondrule rims and reasoned that these are pro-
duced by condensation of a Fa-rich rim onto a forsteritic
core. These gradients are quite different from the smooth
FeO profiles found in LL3.3 and 3.6 chondrule olivines. These
smooth profiles in LL3 chondrites are similar to those re-
produced in diffusion calculations for CO3 chondrites (JONES
and RUBIE, 1990) for the case of parent body metamorphism.
The formation of FeO-bearing olivine at high temperatures
requires a gas phase that is significantly more oxidizing than
a solar composition gas (PALME and FEGLEY, 1991). Under

these conditions, MnO contents of olivines are also expected
to increase with FeO contents (PALME and FEGLEY, 1991).
This trend is observed in chondrule olivines. Thus, compo-
sitional constraints obtained from chondrules are consistent
with the limited predictions available for a nebular metaso-
matism model.

Diffusive exchange in sifu between the various components
of an accreted chondrite is considerably more complex. Min-
erals in type IA and II chondrules can exchange with minerals
in several other common types of chondrules, as well as iso-
lated mineral fragments and fine-grained matrix minerals.

Table 8. Bulk compositions (wt. %) of type II chondrules in LL3.0-5 chondrites.
Silicate
Meteorite Chondrule SiOz TiOz Al303 Cra0s FeO MnO MgO CaO NazO K320 P05 Total FeS Fe,Ni
Semarkona* 45.1 0.10 2.7 0.51 149 039 313 19 1.7 0.17 034 0.94 0.51
20 002 054 006 17 005 27 030 035 0.07 0.29 1.2 0.57
Parnallee 1 463 009 1.8 0.35 147 042 337 1.7 1.0 0.16 0.08 100.30 041 0.66
2 438 0.1 2.1 0.53 193 038 316 20 14 0.08 0.19 101.80 04! 0.22
4 424 011 24 04 195 037 312 1.7 14 0.08 035 9991 0.68 0.66
11 47,3 013 25 033 14.1 039 321 16 1.5 0.16 009 10020 0.55 044
12 43.5 <0.09 1.7 0.41 150 038 357 13 0.78 036 0.06 99.25 0.14 0.22
13 47.0 0.17 40 0.64 15.1 034 247 34 25 0.14 046 98.41 041 0.00
Sevilla Al 47.1 011 2.0 0.21 17.8 040 287 32 1.2 0.11 007 10090 0.27 0.00
A2 441 <0.09 24 0.18 194 044 296 33 1.3 0.13 0.06 10098 1.9 0.44
A3 433 0.10 2.1 033 193 039 295 36 1.2 0.17<0.04 100,02 027 0.44
AS 458 0.10 29 022 175 038 273 43 1.5 0.14<0.04 100.16 0.14 0.00
Olivenza 1 453 <0.09 39 0.15 18.0 0.36 250 4.1 2.1 022 0.4 9935 027 0.00
4 444 <0.09 3.6 025 193 037 267 29 19 0.17 0.13 99.78 1.9 0.00
Al 444 0.10 1.7 020 200 043 286 44 091 0.11 0.15 101.00 0.27 0.00
A2 436 <0.09 39 009 205 037 275 24 20 022 0.8 10080 1.5 3.1
Equil. Chon.t Avg. 448 0.08 28 020 190 039 279 35 1.5 0.16 0.10 10043 0.82 0.50
o 1.3 0.02 089 0.07 1.1 0.03 1.6 0.71 044 0.04 0.06 0.80 1.1

n.d. - Not Determined.

%

t

Mean and lo of 11 chondrules.
Average of chondrules from Sevilla and Olivenza.

Sources: Semarkona, JONES (1990); higher petrologic types, this work.



614 T. J. McCoy et al.

T T T T T T

45

40

NICKEL (wt. %)
w L)
(=] o

N
o

20 0Type |A Chondrules

= Survey values

ggl—i w4 vl . VR BT o 3
10 100
APPARENT TAENITE RADIUS (pm)

FIG. 13. Metallographic cooling rate data for Parnallee (LL3.6). A
coherent cooling rate of 10°C/Ma is indicated by taenite grains from
both within type IA chondrules (open squares) and throughout the
meteorite (filled squares). The lowest nickel content in a taenite core
indicates a peak metamorphic temperature of at least 520°C. Cooling
to 300°C would require about 22 million years, much longer than
the lifetime of the solar nebula. Cooling rate curves are from WILLIS
and GOLDSTEIN (1981a).

Huss et al. (1981) analyzed fine-grained matrix in type 3
ordinary chondrites and observed correlations indicating
compositional exchange between chondrule and matrix ol-
ivines with increasing petrologic subtype. They inferred that
Semarkona matrix was the least metamorphosed and that
fine-grained matrix in LL chondrites shows decreasing FeO
and increasing MgO with increasing petrologic subtype and
little change in CaO and Al,Os, which is consistent with ob-
served trends in chondrule compositions. HUSS et al. (1981)
point out that there is also primary chemical variation within
matrix of unequilibrated ordinary chondrites. In addition to
chondrule-matrix interaction, inter-chondrule equilibration
is likely to be an important process during in sifu metamor-
phism. MnO trends in type IA and II chondrules with in-
creasing petrologic type could to a large extent be the result
of equilibration between the two chondrule types alone. It is
clear that compositional constraints are entirely consistent
with metamorphism in a parent body.

We now consider the mechanisms of diffusive transfer, in
order to examine any constraints which may be imposed in
either a nebular or planetary environment. Diffusion path-
ways within the chondrules studied are clearly observed in
the back-scattered electron images of Figs. | and 5: iron en-
richment occurs along grain boundaries and cracks in olivines
and pyroxenes. In the nebula, gas can penetrate into the
chondrule along cracks and grain boundaries, but, in the par-
ent body, solid-state diffusion is the only viable mechanism.
Grain-boundary diffusion and surface diffusion are consid-
erably faster than lattice diffusion, particularly at low tem-
peratures, so that observed diffusion pathways are also con-
sistent with parent-body metamorphism.

In summary, compositional constraints on the environ-
ment of diffusive exchange provide no firm conclusions to
favor either a nebular metasomatism or planetary metamor-
phism model. A consideration of time scales for metamor-
phism, discussed in detail below, provides less ambiguous

evidence which favors planetary metamorphism over nebular
metasomatism.

Time Scales for Chondrule Alteration

The times required for chondrule modification can help
distinguish between nebula metasomatism and parent body
metamorphism. As WOOD and MORFILL (1988) show in their
review, the solar nebula lasted no more than one million
years. Below, we estimate the time scales for chondrule mod-
ification using metallographic cooling rates, Fe-Mg diffusion
in olivines and pyroxenes, and minor element diffusion in
olivine,

Metallographic cooling rates

WooD (1967) demonstrated that the relationship between
the apparent size of a taenite grain and the Ni content at its
center could be used to determine the cooling rate of a chon-
drite. Metallographic cooling rate data for Parnallee (LL3.6)
are presented in Fig. 13. Taenites in type IA chondrules and
elsewhere in the meteorite plot coherently and indicate a
cooling rate of 10°C/Ma. The coherence of the metallographic
cooling rate indicates that all the components were assembled
prior to metamorphism. Because of geometric effects, the
cooling rate is determined from the lower envelope of the
data. We can estimate the minimum peak temperature during
metamorphism from the lowest Ni content in taenite centers
and plotting this on the Fe-Ni phase diagram. A temperature
of at least 520°C is suggested. This temperature is 100°C
higher than that suggested for type 3.6 ordinary chondrites
by BREARLEY (1990) based on graphitization of carbon-rich
material. The difference in temperatures between the two
thermometers may not be significant when errors are con-
sidered. We prefer to use the metallographic peak temperature
which we have measured for Parnallee, rather than the
graphite temperatures which were determined for other type
3 chondrites.

Cooling from 520 to 300°C at 10°C/Ma would require
about 22 million years, strongly favoring planetary meta-
morphism, since this time is considerably longer than max-
imum estimates for nebular collapse. WILLIS and GOLDSTEIN
(1981a) estimate that their cooling rate curves may be in
error by a factor of 2. However, a time of 11 million years
is still needed for cooling to 300°C. WiLLIS and GOLDSTEIN
(198 1a) caution against the use of these curves for meteorites
containing high levels of phosphorus. However, the zoned
taenites we measured to determine the metallographic cooling
rate in Parnallee contain <0.02 wt% phosphorus.

Time scales for chondrule equilibration suggested by Par-
nallee metallographic cooling rate data agree well with time
scales suggested for equilibrated chondrites by a number of
other methods. As summarized by WILLIS and GOLDSTEIN
(1981a), most ordinary chondrites cooled through 500°C at
rates of 1-10°C/Ma. TURNER et al. (1978) found ages of
4.50-4.44 Ga for ordinary chondrites using “°Ar-*’Ar age
dating techniques. These ages imply that chondrites required
tens of millions of years to cool to the closure temperature
of the “*Ar-**Ar system. Cooling rates by ***Pu fission-track
thermometry (PELLAS and STORZER, 1981) also require tens
to hundreds of millions of years for metamorphism of or-
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dinary chondrites. Thus, all of these very different methods
for determining time scales for metamorphism suggest periods
much greater than one million years, consistent with parent
body metamorphism.

Iron-magnesium Diffusion in Olivine

Chondrite cooling rates are consistent with parent body
metamorphism: the nebula simply cools too fast. However,
the cooling rates alone do not prove that the trends we observe
in porphyritic olivine chondrules were established solely on
the parent body.

Further constraints can be placed on metamorphic time
scales by comparing time scales suggested by metallographic
cooling rate data with those for equilibration of Fe-Mg profiles
by diffusion in chondritic olivines. Qur calculations model
the homogenization of olivine grains rather than the exchange
between olivines and a matrix reservoir, and are thus more
simplified than similar calculations performed by MIYAMOTO
et al. (1986) and JONES and RUBIE (1990). We assume that
volume diffusion through the olivines is the rate determining
step. This is a reasonable approximation, in view of the sim-
ilarity in zoning between olivines in type IA chondrules and
isolated olivines in direct contact with matrix (Fig. 1b), as
well as a lack of correlation between the percent of glass in
the mesostasis and the composition of the chondrule silicates,
which demonstrates the ease of diffusion through the fine-
grained mesostasis.

Our calculations determine the average Fe diffusion dis-
tance in olivine as a function of peak metamorphic temper-
ature and cooling rate. We use the relation X* = 2D¢, where
X is the diffusion distance, D the diffusion coefficient, and ¢
the time, with the total diffusion distance calculated by sum-
ming the diffusion distances in 1°C increments from the peak
temperature to 300°C, with the cooling rate determining the
time for each increment. The use of 300°C as the final tem-
perature is arbitrary. However, the temperature used does
not significantly affect the results, since most of the diffusion
occurs near the peak temperature. The Fe-Mg diffusion coef-
ficient in olivine depends on composition (BUENING and BU-
SECK, 1973; MISENER, 1974). In our simplified calculation,
the fayalite concentration of olivine remains fixed throughout
the cooling interval. We chose an average value of 15 mol%
Fa for olivines in type IA chondrules in LL chondrites, which
progress from Fa,;_; in LL3.0 to Fas, in LLS. Calculations
performed for Fa;q and Fazy show that the modelling is rel-
atively insensitive to this compositional parameter.

We have used the same expression as MIYAMOTO et al.
(1986), given below, to extrapolate the experimental data of
BUENING and BUSECK (1973) for the diffusion coefficient of
Fe in olivine to low temperature:

Dg. = 10*(fo,)"® exp(—0.0501 Cg. — 14.03)
X exp[(—31.66 + 0.2191 Cg)/RT] (1)

where Dy is the Fe-Mg interdiffusion coefficient in cm?® s/,

Cr. is the mole 7 fayalite content of the olivine, R is the gas
constant (1.987 X 10~ Kcal K™' mol™), and T is the tem-
perature in Kelvin. This expression was derived for diffusion

at temperatures between 1125 and 1000°C. The temperature
dependence of the oxygen fugacity was calculated using the
relationship determined by BRETT and SATO (1984) for LL
chondrites:

log( fo,) = 4.65 — 25800/T. (2)

In contrast, our expression (Eqn. 3) for the diffusion coef-
ficient using the data of MISENER (1974) (below) differs from
the equation of MIYAMOTO et al. (1986) (Egn. 4):

Dre = 10%(fo,)"® (0.0041 + 0.000112 Cre)
X exp[(—58.88 + 0.0905 Cr)/RT]. (3)

The expression used by MIYAMOTO et al. (1986) is (M.
MIYAMOTO, pers. comm., 1990):

Dre = (fo,)"/® (—3.4497 + 0.000112 Cg,)
X exp[(—39.27 + 0.0905 Cy.)/RT]. (4)

The major differences between these expressions arise from
the different methods used in incorporating the f,, term into
the expression of MISENER (1974), who did not report a de-
pendence on oxygen fugacity conditions for his experiments.
Since Dy, is dependent on oxygen fugacity, which is ultimately
dependent on temperature, an oxygen fugacity correction
must be applied. MIYyAMOTO et al. (1986) formulated their
version of MISENER (1974) for the specific case of the QFM
buffer. Our expression uses the more general term 10°
(Jo,)'"® determined by BUENING and BUSECK (1973) for ox-
ygen fugacity. Qur expression yields diffusion coefficients
similar to those measured by MISENER (1974) in the range
of experimental temperatures.

Cooling from 520°C (the peak temperature for Parnallee)
to 300°C at a rate of 10°C/Ma (the metallographic cooling
rate of Parnallee) gives a total diffusion distance of approx-
imately 4000 pm using the diffusion data of BUENING and
BUSECK (1973) (Fig. 14a). Such a large diffusion distance
would result in equilibrated olivines, inconsistent with zoned
olivines observed in Parnallee. In sharp contrast, calculation
using the data of MISENER (1974), as given in Eqn. (3) (Fig.
14b), results in approximately 35 um of diffusion for the
same temperature interval, consistent with observed diffusion
distances in olivines of Parnallee (Fig. 3a).

The results obtained from olivine diffusion modelling are
highly dependent on the version of the diffusion equation
used. We estimate that at 500°C, the diffusion coefficients
of BUENING and BUSECK (1973) and MISENER (1974) mea-
sured at high temperatures (1000-1125°C) may be in error
by 10? and 10°, respectively, based on extrapolations of one
standard deviation error on the linear regression of the data.
These errors can significantly affect any interpretation based
on diffusion modelling. In the case of the BUENING and Bu-
SECK (1973) data, the average diffusion distance in cooling
from 520 to 300°C at 10°C/Ma could be as little as 400 pm.
However, this is still significantly more diffusion than is ob-
served in Parnallee. On the other hand, cooling through the
same temperature interval could result in 1000 gm of dif-
fusion using the data of MISENER (1974), when errors are
considered. In summary, the diffusion data of BUENING and
BUSECK (1973) cannot be used to model this low temperature
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FIG. 14. Plots of average diffusion distance in olivine vs. peak
metamorphic temperature for different cooling rates. Calculations
used low temperature extrapolations of the diffusion data of (a)
BUENING and BUSECK (1973) and (b) MISENER (1974). The cross
represents Parnallee’s metallographic cooling rate of 10°C/Ma and
peak metamorphic temperature of at least 520°C. The curves in (a)
give a diffusion distance of 4000 ym, while (b) gives 35 um of diffusion.
The latter are consistent with our observations.

diffusion, even when errors are considered, while the data of
MISENER (1974) must be used with caution because of large
possible uncertaintics. More objectively, WILSON (1982) and
OzAwA (1983, 1984) studied olivine-spinel zoning in terres-
trial systems and concluded that the MISENER (1974) diffusion
equation better reflects diffusion at low temperatures.

A generalized set of curves defining the temperatures and
cooling rates at which olivines would be homogenized (i.e.,
defining the upper limit for cooling histories for type 3 chon-
drites) was derived by MIYAMOTO et al. (1986) (Fig. 15a).
The solid lines were derived using the data of BUENING and
BUSECK (1973) and the dashed lines those of MISENER (1974).
The region labelled “Not Homogenized” (representing greater
than 5% deviation from a uniform composition) is the area
of interest for type 3 chondrites. Since most type 3 chondrites
cooled between 1 and 10°C/Ma, a peak temperature of less
than 400°C is indicated by the MISENER (1974) curves. This

is inconsistent with metallographic peak temperature data
from Parnallee.

We have used our calculations for average diffusion dis-
tance to produce a similar pair of curves (Fig. 15b). Our cri-
terion for “Not Homogenized” in this work is a calculated
average diffusion distance less than 100 gm, while homoge-
nized olivines are those calculated to have diffusion distances
greater than 1000 um. Although different criteria are used,
our curves calculated with the data of BUENING and BUSECK
(1973) are similar to those of MIYAMOTO et al. (1986), in
spite of our much simplified calculations. However, our
curves for the data of MISENER (1974) are shifted to higher
peak temperatures than those of MIYAMOTO et al. (1986),
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F1G. 15. Dependence of olivine homogenization on initial tem-
perature (°C) and cooling rate (°C/Ma): (a) modelling of MIyAMOTO
et al. (1986); (b) this work. Modelling of MIYAMOTO et al. (1986)
indicates a peak metamorphic temperature of 400°C for type 3 chon-
drites that cooled between 1 and 10°C/Ma, This is inconsistent with
the metallographic data for Parnallee (Fig. 13) and other type 3 or-
dinary chondrites which indicate peak metamorphic temperatures
of at least 600°C for type 3 chondrites (McCoy et al., 1990). Our
maodelling (b), which calculated average diffusion distances in olivine
(see text), indicates peak temperatures of at least 525°C for type 3
chondrites. The agreement between our results and those of MIYA-
MOTO et al. (1986) for the diffusion data of BUENING and BUSECK
(1973) indicates that our criteria for homogenization are in reasonable
agreement with those of MIYAMOTO et al. (1986). Our results are
consistent with thermal histories for type 3 chondrites.
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consistent with the differences in diffusion expressions used.
Our curves suggest that type 4-6 chondrites, with homoge-
nized olivines, were heated above 600°C, while type 3 chon-
drites could have been heated to 525°C and retained grossly
heterogeneous olivines. High petrologic type 3 chondrites,
with partly homogenized olivines, could have been heated
to between 525 and 600°C. These temperatures are more
consistent with temperatures and cooling rates derived by
Fe-Ni data, as well as the metamorphic temperatures esti-
mated by DoDD (1969).

The results of this modelling alone do not rule out the
possibility that some diffusion occurred at higher tempera-
tures for shorter periods of time, such as might be present in
the solar nebula. For example, cooling at 10,000°C/Ma from
800°C would homogenize olivines in only 60,000 years (Fig.
15b), well within the one-million-year lifetime of the solar
nebula. Nevertheless, the metallographic cooling rates dem-
onstrate that chondrites cooled slowly in parent bodies. In
the case of Parnallee, we can model the Fe-enrichments ob-
served in type IA olivines as the result of the parent body
thermal history alone. Additionally, the parent body thermal
history of equilibrated chondrites would be sufficient to ho-
mogenize olivines (Fig. 15b). In other words, parent body
metamorphism alone is sufficient to account for the Fe-Mg
compositional trends described here. Nebular metasomatism
is superfluous.

Minor element zoning in olivine

Using time scales indicated by metallographic cooling rates,
we should also be able to model diffusion distances of minor
elements in olivines. Diffusion rates of Ni, Co, Mn, and Ca
have been measured by MORIOKA (1981). Calculations for
the diffusion of these elements is considerably more complex
than that of Fe-Mg. This complexity results from the initial
zoning of some of these elements (MnO and CaO) and the
decrease in concentrations (CaO). In light of these complex-
ities, our simple diffusional modelling is probably unable to
clarify the thermal regime in which such modification oc-
curred. It is certain that secondary changes in MnO and CaO
zoning and concentration (Fig. 3b and c) are less marked
than those of FeQ, and this observation is consistent with
slower diffusion rates for these elements relative to iron.

Diffusion in pyroxenes

HUEBNER and NORD (1981) review diffusion data for major
and minor elements in pyroxenes and estimate diffusion of
Fe in high-Ca pyroxene to be 10°-10° times slower than in
olivines. Diffusion rates for low-Ca pyroxene are unknown,
making it necessary to use those for high-Ca pyroxene. Type
IA pyroxenes are modified from low, flat FeO profiles in Se-
markona to smooth profiles with FeO enrichments at the
grain edges in Parnallee (Fig. 8). A diffusion distance of about
6 pm can be inferred, based on the average distance at which
FeO enrichment begins. This diffusion distance would be
achieved if Fe-Mg diffusion in pyroxenes is approximately
200 times slower than in olivines. This result is obtained by
modifying the diffusion coefficient in Eqn. (3) to obtain 6
um of diffusion. This value falls within the range estimated
by HUEBNER and NORD (1981). In summary, the zoning in

type IA pyroxenes can be produced during parent body
metamorphism using reasonable estimates for pyroxene dif-
fusion rates.

Physical Setting

It is important to establish that chondrites on which these
conclusions are based are composed of a single petrologic
type, where chondrules and matrix were in direct contact
during metamorphism. This assumption is confirmed by the
narrow range of silicate compositions in a single chondrule
type and coherent metallographic cooling rates shown by
many of the chondrites studied, indicating a very similar
thermal history for all components and a similar response to
that thermal history. BINNS (1968) reports that Kelly and
Soko-Banja are xenolithic; however, the arguments presented
here are not based on these meteorites,

Our results do not allow us to distinguish between pro-
gressive metamorphism (heating of cold material) and au-
tometamorphism (accretion of hot material at the peak
metamorphic temperature), but other considerations argue
against autometamorphism. WATANABE et al. (1985) argue
for autometamorphism based on their transmission electron
microscopy studies of spinodal decomposition in pyroxene.
However, for autometamorphism, it i$ necessary to accrete
hot material, around 1000 K, and bury it rapidly to depths
of tens of kilometers (consistent with 1-10°C/Ma cooling
rates) before significant cooling takes place. This required
surprisingly prompt accretion after chondrule formation or
high ambient nebular temperatures. Further arguments for
autometamorphism were put forward by ASHWORTH et al.
(1984), based on the results of annealing experiments on
striated low-Ca pyroxenes. However, experiments carried out
by BREARLEY and JONES (1988) have shown that the infer-
ences drawn from these experiments may not be applicable
to all chondrites, and that the microstructures of low-Ca py-
roxenes are compatible with progressive metamorphism.

Evidence from our work indicates that the LL chondrite
parent bodies were originally composed of material similar
to that now preserved in Semarkona. Specifically, the por-
phyritic olivine chondrules now observed in metamorphosed
chondrites were once similar to those now observed in the
least equilibrated LL chondrite, Semarkona (LL3.0). Heating
caused solid-state diffusive exchange between chondrules and
matrix. This exchange is most evident in the increase in FeQ
in bulk chondrules and corresponding decrease in the fine-
grained matrix, although many other elements record similar
compositional trends. The formation of a compositional se-
quence was the result of varying degrees of metamorphism
between chondrites, over a period of tens of millions of years.
Additionally, subtle textural changes resulted because of this
metamorphism. The compositional and textural changes are
now reflected in the petrologic sequence of ordinary chon-
drites.

CONCLUSIONS

Several major conclusions can be drawn from this work.
Although these conclusions are only strictly valid in the case
of LL chondrites, it is likely that they apply to H and L chon-
drites as well.
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1) Compositional data for olivines and low-Ca pyroxenes in
types IA and II porphyritic olivine chondrules for LL3.0-
5 chondrites define simple, monotonic trends. The pro-
cesses acting on type 3 chondrites were not fundamentally
different from those which affected type 4-6 chondrites.

2) Chemical data for silicates in LL3.3-5 chondrites indicate
that porphyritic olivine chondrules in these chondrites
can be derived from similar chondrules in the least meta-
morphosed LL chondrite, Semarkona (LL3.0).

3) The chemical trends defined by the minerals of type IA
and type II chondrules can be satisfactorily accounted for
by solid-state diffusive equilibration between minerals in
chondrules and opaque matrix like those now preserved
in Semarkona. We see no evidence that these chemical
trends are due to changes in conditions during chondrule
crystallization,

4) Metallographic cooling rates and radiometric ages are
consistent with metamorphic time scales on the order of
tens of millions of years. This is much longer than max-
imum time scales for the nebular lifetime, clearly showing
that metamorphism occurred in asteroids or planetesimals.
Some chemical modification in chondrule silicates could
also have occurred at high temperatures in the solar neb-
ula. However, diffusional modelling suggests that parent
body metamorphism alone can account for chondrule sil-
icate homogenization.
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