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Abstract

We carried out a systematic study of spinel group minerals in LL3.00-3.9 and LL4-6 chondrites. With increasing petrologic type, the
size and abundance of spinel increase. The compositions of spinel group minerals in type 3 chondrites depend on the occurrence; Mg—Al-
rich spinel occurs mainly in chondrules. Some chromite occurs in chondrules and matrix, and nearly pure chromite is exclusively encoun-
tered in the matrix. The occurrence of nearly pure chromite and the wide compositional variations distinguish spinel group minerals in
types 3.00-3.3 from those in the other types. Spinel group minerals in types 3.5-3.9 show a narrower range of compositions, and those in
types 4-6 are homogeneous. The changes in composition and abundance of spinel in type 3 chondrites are most likely due to thermal
metamorphism. Therefore, the chemistry of spinel group minerals could be used as a sensitive indicator of metamorphic conditions,
not only for type 3-6, but also 3.00-3.9. They can be applied to identify the most primitive (least metamorphosed) chondrites. The bulk
compositions of spinel-bearing chondrules and the textural setting of the spinel indicate that most spinel group minerals crystallized
directly from chondrule melts. However, some spinel grains, especially those enclosed in olivine phenocrysts, can not be explained by
in situ crystallization in the chondrule. We interpret these spinel grains to be relic phases that survived chondrule melting. This is sup-
ported by the oxygen isotopic composition of a spinel grain, which has significantly lighter oxygen than the coexisting olivine. The
oxygen isotopic composition of this spinel is similar to those of Al-rich chondrules. Our discovery of relic spinel in chondrules is an indi-
cation of the complexities in the early solar nebular processes that ranged from formation of refractory inclusion, through Al-rich chon-
drule, to ferromagnesian chondrules, and attests to the recycling of earlier formed materials into the precursors of later formed materials.
The characteristic features of spinel group minerals are not only sensitive to thermal metamorphism, but also shed light on chondrule
formation processes.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Ordinary chondrites are classified into petrologic types
3-6, based on their texture and mineralogy (Van Schmus
and Wood, 1967). The petrologic type reflects the degree
of thermal metamorphism that the meteorite experienced
in the parent body. Type 3 chondrites (unequilibrated
chondrites) are further subdivided into types 3.0-3.9 based
on their thermoluminescence sensitivity (Sears et al., 1980).
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The sensitivity of ordinary chondrites is dependent on the
degree of crystallization of the chondrule mesostasis, which
ranges from pure glass in type 3.0 chondrites to more crys-
talline in higher petrologic types.

Chondrites of the lower petrologic types, especially 3.0,
are important because they are the most likely to preserve
primordial petrologic, chemical and isotopic features
important for deciphering nebular processes (e.g., Brearley
and Jones, 1998; Kita et al., 2000). Therefore, several pet-
rologic and mineralogical criteria, such as chemical homo-
geneity of silicate minerals (e.g., Sears and Dodd, 1988),
have been applied to classify the petrologic type 3.0-3.9
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chondrites and identify the most pristine and least equili-
brated varieties.

However, mineralogical criteria for distinguishing the
lower petrologic types, especially lower than 3.5, are not
well established. On the other hand, Grossman and Brear-
ley (2005) recently showed that the distribution of Cr in
olivine changes systematically with increasing degree of
thermal metamorphism. They proposed that Cr distribu-
tion in olivine can be used to subdivide petrologic types
3.0-3.1 into 3.00 through 3.15.

It is well known that the chemical compositions of spinel
group minerals can be used to distinguish chemical groups
and petrologic types 3-6 in ordinary chondrites (e.g.,
Bunch et al., 1967; Yabuki et al., 1983; Johnson and Prinz,
1991). Although Nehru et al. (1997) showed that there is no
clear correlation between petrologic type and chromite
compositions in H3.4-3.8, L3.3-3.8 and LL3.0-3.8 chon-
drites, preliminary works of Kimura (2000) and Tomiyama
et al. (2001) showed that the compositions of spinel group
minerals are related to petrologic type in unequilibrated or-
dinary chondrites.

Here we report the results of our systematic study of spi-
nel group minerals in LL3-6 chondrites. We found that spi-
nel group minerals are commonly present in all LL
chondrites, and that spinel chemistry is a good indicator
of petrologic type and metamorphic conditions even in or-
dinary chondrites of lower types.

We also found that some chondrites contain relic spinel
that formed before chondrule melting. We present the pet-
rologic, chemical and oxygen isotopic compositions of
these spinel grains and argue that they preserve primary
features that survived chondrule formation. Thus, the fea-
tures of spinel group minerals in ordinary chondrites reflect
not only the effects of parent body thermal metamorphism,
but also nebular processes. Preliminary results were report-
ed in Kimura et al. (2003).

2. Samples and experimental methods

We investigated polished thin sections of 11 LL chon-
drites, which were selected from the meteorite collections

of the National Institute of Polar Research (NIPR), and
the American Museum of Natural History (AMNH), ex-
cept for Bo Xian from the Guangzhou Institute of
Geochemistry.

Back-scattered electron (BSE) imaging and mineral
analyses were obtained using the JEOL 733 electron-probe
microanalyzer (EPMA) at Ibaraki University. Quantitative
mineral analyses were conducted generally at 15kV and a
sample current of 30 nA. The X-ray overlaps of K on K,
lines of some successive elements were corrected with a
deconvolution program. The standard ZAF matrix correc-
tion method was used for spinel group minerals, in order to
measure Zn and V with lower detection limits. The Bence-
Albee correction method was used for silicate phases. The
bulk compositions of some spinel-bearing chondrules were
also measured with broad beam EPMA, and corrected by
the method after Ikeda (1980). The detection limits of
EPMA analyses in this study are shown in Tables 2-5.

We measured the areas occupied by spinel grains and
the area of the entire section. From these data, we calculat-
ed the modal abundances of spinel group minerals.

The oxygen isotopic compositions of spinel and the
coexisting phases in chondrules were measured using a
CAMECA ims-6f ion microprobe at the University of To-
kyo, after the method of Hiyagon and Hashimoto (1999).
In the measurements of oxygen isotopic compositions,
experimental errors are lo. There is no matrix effect be-
tween olivine and spinel within analytical uncertainties
(<2%,), and no correction was made for the spinel oxygen
isotopic data.

3. Results
3.1. Occurrence of spinel group minerals in LL chondrites

Table 1 shows the list of 11 samples studied here, eight
LL3 (3.00-3.9) and three LL4-6 chondrites. We applied
the classification criteria proposed by Grossman and
Brearley (2005), and reclassified Y-74660 (L1L3.0 by NIPR)
into LL3.15, since the average Cr,0O3 content and the stan-
dard deviation in olivine are 0.24% and 0.21%, respectively.

Table 1

Samples and occurrences of spinel group minerals

Class Meteorite Section Area (mm?)* Size (um)® Abundance (vol%)°
LL3.00 Semarkona AMNH 4128-3 120.0 172+ 17.2 0.01
LL3.15 Y-74660 NIPR 81-2 46.3 114+64 0.01
LL3.2 Krymka AMNH 4847-1 182.0 132+11.8 0.01
LL3.2 Y-790448 NIPR 91-6 24.3 125+ 11.3 0.14
LL3.3 Wells AMNH 4928-2 171.0 29.5+24.7 0.02
LL3.5 ALHA77260 NIPR 71-3 41.1 11.3+64 0.03
LL3.7 ALHA77304 NIPR 83-3 58.2 15.0 £10.2 0.04
LL3.9 Bo Xian GIG 207.3 11.1 +10.0 0.01
LL4 Y-74002 NIPR 95-3 54.5 32.4+30.1 0.24
LL5 Y-74022 NIPR 92-3 29.6 36.6 +29.3 0.41
LL6 Y-790256 NIPR 74-2 53.4 445+294 0.48

% Area of thin section studied here.

® Average and standard deviation of apparent size of spinel group minerals.

¢ Modal abundance of spinel group minerals.
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We performed EPMA mapping in order to count all spi-
nel grains from sections, and found that all these samples
contain spinel group minerals more than a few pm in size.
Besides spinel, ilmenite is commonly present in all samples
studied, and rutile, perovskite and an unknown Zr-Al-ox-
ide rarely occur in the LL3.00-3.3 chondrites studied here
(Kimura et al., 2004).

Although spinel group minerals show a wide range of
occurrences in type 3 chondrites, they can be summarized
as follows: (1) as isolated minerals in the fine-grained opa-
que matrix (Fig. 1a), (2) in intimate association with coarse
Fe-Ni metal and troilite grains, mostly in the matrix
(Fig. 1b), (3) among phenocrysts in chondrules (Figs. 1c
and d), and (4) as inclusion in olivine phenocrysts in chond-
rules (Fig. le).

Spinel group minerals in occurrences 1 and 2 commonly
show anhedral to subhedral form. In occurrence 3, the spi-
nel is usually euhedral to subhedral in form, and is associ-

ated with olivine and pyroxene phenocrysts, and within the
groundmass glass. Spinel enclosed in olivine phenocrysts
(occurrence 4) is always irregular to spherical in shape.

In LL3.00-3.5 chondrites, 70-80% of all spinel grains
occur in chondrules (occurrences 3 and 4), whereas in
ALHA77304 (LL3.7) it is ~50%. In Bo Xian (LL3.9), spi-
nel group minerals associated with opaque phases (occur-
rence 2) is the most common occurrence (~70%), and
only ~20% of the spinel grains are present in chondrules.
In LL4-6 chondrites as is well known, spinel group miner-
als are present in chondrules and matrix, typically as anhe-
dral grains (Fig. 1f).

The shock degrees of all the samples we studied are low-
er than S3. Rubin (2003) showed that chromite is associat-
ed with plagioclase in shocked chondrites. This occurrence
of chromite was not observed in the samples studied here.
Chromitic chondrules (e.g., Krot et al., 1993) were also not
encountered in the samples we studied.

Fig. 1. Back-scattered electron (BSE) images of spinel group minerals. (a) Isolated spinel group mineral (Sp) in the fine-grained opaque matrix in Wells
(LL3.3). Width is 250 pm; (b) Spinel group minerals in close association with Fe-Ni metal (Fe-Ni) in the matrix in Bo Xian (LL3.9). Width is 220 pm; (c)
Spinel among phenocrystic low-Ca pyroxene (Lpx) and olivine (Ol) in a chondrule of Y-74660 (LL3.15). Width is 130 um; (d) Spinel in groundmass glass
(Gl) in a chondrule from ALHA77260 (LL3.5). Width is 90 um; (e) Spinel as an inclusion in an olivine phenocryst in a chondrule from Wells (LL3.3). The
boundary of the spinel grain is shown by triangles. Width is 400 pm; (f) Spinel group mineral in a chondrule from Y-74022 (LLS). Width is 180 um.
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Table 1 shows the average apparent size distribution of
spinel group minerals in LL3-6 chondrites. We define the
size by the average of the longest and shortest dimensions
of each grain. The average size in LL3.00-3.9 ranges from
11 to 17 um, except in Wells (~30 um), whereas it increases
in LL4 to LL6, from 32 to 45 um. Table 1 also shows the
standard deviation of the size distribution. The deviation
does not seem to decrease or increase consistently with
type. However, the standard deviations for spinel grain size
are consistently greater in LL4-6 than in the L3 chondrites
we studied. The range of size is large even in type 6 chon-
drites and size varies continuously from fine to coarse
grains. The size difference between spinel grains in type 3
and 4 chondrites was also noted in Bridges et al. (2004).

The size distribution does not seem to depend on the
textural occurrence; e.g., in Y-74660, 8-34 um (12 um in
average) is the size range for spinel group minerals in the
matrix, and 4-23 pym (11 pm) is the range for spinel in
the chondrules. Only in Bo Xian, spinel group minerals
associated with opaque minerals are smaller in size, mostly
<10 um, than the others, which are ~15 um.

The modal abundance of spinel in LL3.0-3.9 ranges
from 0.01 to 0.04 vol%, except in Y-790448 (LL3.2)
(0.14%). The sample of Y-790448 that we studied contains
a large chondrule bearing high amounts of spinel with rare
perovskite (Kimura et al., 2004). Spinel abundance appears
to increase from LL4 to LL6 (0.2 to 0.5 vol%), based on the
limited number of chondrites that we studied. Keil (1962)
measured the modal abundances of chromite in LL6 chon-
drites by point-counting. He reported ~0.2 vol% chromite
in LL6 chondrites. Gastineau-Lyons et al. (2002) also mea-
sured the modal compositions of ordinary chondrites by X-
ray spectra and found that the abundance of chromite
ranges from 0.6 to 0.9 vol% in LL4-6 chondrites. Although
the absolute values of spinel abundance seem to vary
depending on the technique used to measure it, the general
trend of increase in spinel abundance with petrologic type
is consistent with our results.

3.2. Mineral chemistry

3.2.1. Major element compositions of spinel group minerals
in LL chondrites

Spinel group minerals show a wide compositional varia-
tion of solid solutions, and consist of many end members
(Deer et al., 1992). Table 2 gives selected analyses of the
spinel group minerals in the samples we studied. They are
mainly solid solutions of chromite (FeCr,O4) to spinel
(MgAl,0,), as is well known (e.g., Bunch et al., 1967; John-
son and Prinz, 1991). Since the spinel data are essentially
stoichiometric in composition, ferric iron (magnetite com-
ponent) is negligibly low.

Spinel group minerals can be characterized by their
atomic Al/(Al + Cr) ratios (hereafter a/#) and their Mg/
(Mg + Fe) ratios (hereafter mg#). Several terminologies
have been used for spinel group minerals in chondrites.
Johnson and Prinz (1991) used the term chromite for a

wide range of spinel compositions (a/# ranges 0-0.6). Krot
et al. (1993) defined spinel (>0.8 al#), chromitic spinel,
spinelian chromite and chromite (<0.2 al/#). According to
Wiotzka (2005), Cr-spinel has a wide compositional varia-
tion, whereas chromite is homogeneous in equilibrated
chondrites.

Fig. 2 shows the compositional distribution, on plots of
mg# vs. al#, in the spinel from the LL3-6 chondrites stud-
ied. The mg# varies from 0.006 to 0.995, and the al# is
0.001-0.995, ranging from nearly pure chromite to nearly
pure spinel. However, there are two compositional gaps be-
tween the end members of chromite and spinel in LL3.00—
3.3 chondrites. Thus, in this paper we divide the spinel
group minerals into chromite with <0.2 mg# and <0.2
al#, and MgAl-spinel with >0.8 mg# and >0.8 al#. The
other spinel group minerals are called Cr-spinel, which gen-
erally have intermediate compositions between chromite
and MgAl-spinel. LL3.00-3.15 and 3.2-3.3 chondrites have
MgAl-spinel, Cr-spinel and chromite, whereas LL3.5-3.9
chondrites contain Cr-spinel and chromite.

In Semarkona (LL3.00), nearly pure MgAl-spinel (>0.98
mg# and al#) is present (Fig. 2), and such spinel was not
found in the other LL chondrite. However, the composi-
tions of spinel group minerals in the most primitive chon-
drites, LL3.00-3.15 (Fig. 2a), overlap with the
compositions of spinel in LL3.2-3.3 (Fig. 2b). The mg#
and al# range from 0.006 to 0.995 (0.365 on average)
and 0.001-0.995 (0.388) in LL3.00-3.3, 0.039-0.606
(0.128), and 0.001-0.995 (0.157) in LL3.5-3.9, and 0.071-
0.128 (0.094), and 0.125-0.166 (0.137) in LL4-6. The range
of compositions generally decrease in the higher petrologic
types.

Thus, the compositional variation of spinel group min-
erals in LL3.00-3.3 chondrites is wider than that in
LL3.5-3.9 chondrites. The compositional variation of spi-
nel in LL3.5 is wider than those in LL3.7 and 3.9 chon-
drites (Table 3 and Fig. 2c). Table 3 shows the average
composition and standard deviation of all spinel group
minerals in each of the samples studied here. With increas-
ing petrologic type, the standard deviations of major ele-
ments, such as Cr,O3; and MgO, in the spinel generally
decrease, as might be expected. These observations suggest
that the chemical compositions of spinel group minerals are
related to petrologic type 3.00 to 3.9.

MgAl-spinel, Cr-spinel, and chromite occur in LL3
chondrites. However, the LL4-6 chondrites studied here
contain only homogeneous chromite, typical of LL chon-
drites (Bunch et al., 1967), although Cr-spinel has been
reported in some equilibrated chondrites (e.g., Yabuki
et al., 1983; McCoy et al., 1991a).

Table 3 also summarizes the average compositions and
standard deviations of the spinel group minerals in chond-
rules and matrix in the samples, respectively. The composi-
tions of spinel group minerals depend on the textural
occurrence, especially in chondrites of lower petrologic
type. MgAl-spinel and Cr-spinel, with large chemical heter-
ogeneity (Table 3), always occur in the groundmass and in



Table 2
Selected analytical data of spinel group minerals
Sample Class Occ?  Si0, TiO» ALO; Cr,0; V,0;3 FeO MnO MgO ZnO Total Si® Ti Al Cr A\ Fe Mn Mg Zn Total
Semarkona LL3.00 C 0.14 0.72 4815 1933 0.12 1528 0.28 15.87 b.d. 9991 0.004 0.015 1.552 0.418 0.003 0.350 0.007 0.647 2.995
C 0.18 025 70.32 0.56  0.32 0.27 b.d. 27.82  b.d. 99.71 0.004 0.005 1.976 0.011 0.006 0.005 0.988 2.995
M 034 041 0.04 6599 0.69 3230 0.75 029 bd. 10081 0.013 0.011 0.002 1.923 0.020 0.995 0.023 0.016 3.004
o 0.24 0.13 0.04 6684 089 3088 1.59 0.17 b.d. 100.77 0.009 0.004 0.002 1.948 0.026 0.952 0.050 0.009 3.000
Y-74660 LL3.15 C 0.15 030 4380 2480 0.18 1520 0.21 15.62 b.d. 10025 0.004 0.006 1.434 0.545 0.004 0.353 0.005 0.647 2.998
C 034 0.89 2255 4250 0.27 24.00 0.55 7.81 b.d. 9891 0.011 0.022 0.852 1.077 0.007 0.643 0.015 0.373 3.000
M 043 1.08 0.17 6246 098 32.68 0.33 0.71 0.16 99.00 0.016 0.030 0.007 1.849 0.029 1.023 0.010 0.040 0.004 3.010
o 0.17  4.05 0.19 5889 0.87 3382 0.32 0.76  0.26 99.33  0.006 0.113 0.008 1.732 0.026 1.052 0.010 0.042 0.007 2.997
Krymka LL32 C(R) 0.16 022 6481 445 0.24 7.50  b.d. 22.63 0.13 100.14 0.004 0.004 1.899 0.088 0.005 0.156 0.839 0.002 2.996
C 0.34 145 141 62.17 083 3274 0.31 0.79 0.24 100.27 0.013 0.040 0.061 1.803 0.024 1.004 0.010 0.043 0.006 3.004
o 0.16 045 bd. 66.95 0.53  31.19 031 0.34 0.28 100.22 0.006 0.013 1.959 0.016 0.965 0.010 0.019 0.008 2.994
Y-790448 LL32 C 0.18 046 1999 4820 0.39 21.01 0.24 9.76 b.d. 10021 0.006 0.011 0.746 1.207 0.010 0.556 0.007 0.460 3.002
C 020 0.62 1541 4974 025 2837 0.36 3.87  0.20 99.04 0.007 0.016 0.617 1.335 0.007 0.805 0.010 0.196 0.005 2.998
o 025 210 0.09 61.87 076 3256 0.49 052 0.27 9891 0.009 0.059 0.004 1.834 0.023 1.020 0.016 0.029 0.007 3.001
Wells LL33 CR) 025 029 69.75 0.62 0.17 1.24  bd. 27.58 b.d. 99.90 0.006 0.005 1.965 0.012 0.003 0.025 0.983 2.999
C 0.18 0.61 21.88 4597 045 2211 0.26 895 b.d. 10040 0.006 0.015 0812 1.144 0.011 0.582 0.007 0.420 2.996
M 022 0.16 b.d. 6732 0.73 3143 0.62 031 b.d. 100.79 0.008 0.004 1.959 0.022 0.968 0.019 0.017 2.997
ALHA77260 LL35 C 0.10 036 29.89 37.09 031 2285 0.26 8.61 0.67 100.15 0.003 0.008 1.079 0.898 0.008 0.585 0.007 0.393 0.015 2.996
o 0.18 1.59 036 6375 081 31.04 0.56 098 0.25 99.52  0.007 0.044 0.016 1.866 0.024 0.961 0.018 0.054 0.007 2.996
ALHA77304 LL3.7 C 0.06 1.11 469 59.85 0.70 30.26 0.61 1.87 0.49 99.63 0.002 0.030 0.199 1.707 0.020 0.913 0.019 0.101 0.013 3.004
M 0.15 1.32 386 6048 0.76  30.00 0.68 1.58 0.44 99.27 0.005 0.036 0.165 1.737 0.022 0.912 0.021 0.086 0.012 2.996
Bo Xian LL39 C 0.07 2.13 287 59.88 095 30.85 0.68 1.94 0.39 99.74 0.002 0.058 0.123 1.720 0.028 0.937 0.021 0.105 0.010 3.004
o 0.08 2.30 252 6099 098 3021 0.62 1.85 0.40 99.95 0.003 0.063 0.107 1.747 0.028 0.915 0.019 0.100 0.011 2.993
Y-74002 LL4 M 0.03 2.05 597 5758 079 3127 0.63 1.65 047 10044 0.001 0.055 0250 1.620 0.023 0.930 0.019 0.088 0.012 2.998
Y-74022 LL5 M 0.05 1.94 6.63 56.69 0.77 3144 0.63 1.69 0.28 100.11 0.002 0.052 0.278 1.595 0.022 0.935 0.019 0.090 0.007 2.999
Y-790256 LL6 M 0.06 4.26 552 5381 0.69 3279 0.60 1.73  0.26 99.72  0.002 0.115 0.233 1.525 0.020 0.983 0.018 0.092 0.007 2.994

b.d., below detection limits (30, in wt%), 0.03 for SiO,, V,03; and Cr,03, 0.04 for Al,0; and MgO, 0.05 for TiO, and MnO, 0.07 for FeO, and 0.10 for ZnO.

# Occurrence: C, in chondrule; (R), relic grain; M, isolated grain in matrix; O, with opaque minerals in matrix.
® Atomic ratio is based on 4 oxygens.
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Fig. 2. Atomic Mg/(Mg + Fe) vs. Al/(Al + Cr) ratios of spinel group minerals in (a) Semarkona (LL3.00) and Y-74660 (LL3.15), (b) Krymka (LL3.2),
Y-790448 (LL3.2), and Wells (LL3.3), (c) ALHA77260 (LL3.5), ALHA77304 (LL3.7), and Bo Xian (LL3.9), and (d) Y-74002 (LL4), Y-74022 (LL5) and
Y-790256 (LL6). C, occurring in chondrule; I, as isolated mineral; and O, intimate association with opaque minerals in the matrix. It is noted that with
increasing types (3.00-3.9) the composition becomes homogeneous, and that nearly pure chromite is encountered in type 3.00-3.3 chondrites.

olivine phenocrysts in chondrules (Figs. 1c—e), and never
coexists with chromite in the same chondrule. These spinel
grains, especially euhedral to subhedral in form, often
show chemical zoning from Mg and Cr-rich cores to Fe
and Al-rich rims, e.g., mg# and al/# of 0.48 and 0.48 in
the cores to 0.26 and 0.54 in the rims, respectively. Chro-
mite typically occurs as isolated minerals within the matrix
(Fig. 1a), and associated with Fe-Ni metal and troilite in
the matrix (Fig. 1b). Especially, in LL3.00-3.3 chondrites,
nearly pure chromite (<0.04 mg# and a/#) is found in the
matrices generally associated with opaque minerals. Such
chromite is never present in chondrites of type >3.5
(Fig. 2).

3.2.2. Minor element compositions of spinel group minerals
in LL chondrites

Spinel group minerals always contain minor elements,
such as TiO,, V,03;, MnO, and ZnO (Tables 2, 3, Fig. 3).
The minor element contents are indistinguishable between
spinels in LL3.00-3.15 and those in LL3.2-3.3. The TiO,
contents (in wt.%) range from 0.05 (detection limit) to 4.6

(0.86 on average) in LL3.00-3.3, 0.05-3.3 (1.30) in
LL3.5-3.9, and 1.0-4.4 (2.79) in LL4-6 chondrites. The
average contents increase with increasing type in LL3.00-
6 chondrites. The TiO, contents generally decrease with
increasing mg# (Fig. 3a). In general, there is no relation-
ship between the occurrence of spinel and its minor element
content. Even nearly pure chromites in the matrices con-
tain 0.05-2.8% (0.73 on average) TiO,, 0.3-1.1 (0.69)
V5,05, 0.3-1.6 (0.47) MnO, and 0.1-0.4 (0.19) ZnO in
LL3.00-3.3 chondrites.

The V,0; contents range from 0.1% to 1.2% (0.48 on
average) in LL3.00-3.3, 0.1-1.1 (0.69) in LL3.5-3.9, and
0.6-0.9 (0.75) in LL4-6, respectively. The average V,03
contents slightly increase with type, as noted by Bunch
et al. (1967). The V,0O; contents also decrease with increas-
ing mg# (Fig. 3b). Although they show wide range of con-
tents in LL3 chondrites, the V,Os; contents are
homogenous in LL4-6 chondrites.

The MnO contents (in wt.%) range from 0.05 to 1.6
(0.31 on average) in LL3.00-3.3, 0.1-1.0 (0.58) in LL3.5~
3.9, and 0.5-0.7 (0.62) in LL4-6 chondrites. The average



Table 3
Average and standard deviation of compositions of spinel group minerals
Sample Class Oca® No.° mg#® al# SiO, TiO, Al,03 Cr,0;3 V,0, FeO MnO MgO ZnO
Semarkona LL3.00 All 49 0.610 0.620 0.24+0.15 0.66+0.54 35312342 3292+21.87 040+0.23 16.27+9.77 0.36 £0.30 14.20 +8.27 b.d.
C 43 0.650 0.640 0.23+0.16 0.60+0.41 40.234+2091 28.534+19.92 0.34+0.16 14.07 +8.40 0.29+0.20 16.07+7.13 b.d.
M/O 6 0.050  0.000 0.29+0.07 1.13+1.06  0.05+0.02 64.39 + 1.68 0.84 +£0.21 32.02+1.62 0.89 +0.41 0.86 +0.97 b.d.
Y-74660 LL3.15 Al 58 0.230 0.210 0.35+0.19 1.02+0.88 9.80+15.77 55.09+13.85 0.58+0.26 27.13+6.78 0.34 £0.11 4.43 +5.96 0.20 +0.21
C 26 0.390 0380 0.35+0.20 0.89+0.76 21.724+17.58 44.56+15.14 0.51+0.32 22.10+7.59 0.32+0.15 9.01 £6.55 0.16 +0.31
M/O 32 0.040 0.000 0.35+0.18 1.124+0.98 0.12+£0.13 63.65+232  0.65+0.19 31.21+1.03 0.36 + 0.07 0.71 £0.20 0.23 £ 0.06
Krymka LL3.2 All 64 0.480 0.510 0.294+0.17 0.50+0.48 27.50 +28.10 40.01+£26.22 0.52+0.26 20.92+11.65 0.31+0.30 10.62+10.31 b.d.
C 55 0.480 0.500 0.30+0.18 0.554+0.51 32.004+28.10 35.524+25.87 0.50+0.26 19.154+11.75 0.274+0.27 12.304+10.27 b.d.
M/O 9 0.020  0.000 0.224+0.09 0.244+0.14  0.04 £0.01 67.42 4+ 0.61 0.67+£0.16 31.73+0.41 0.56 + 0.35 0.33+£0.16 0.11 £0.11
Y-790448 LL3.2 All 94 0.320  0.360 0.32+0.16 1.03+097 17.80+11.38 46.92+9.90  049+0.19 2576 +4.97 0.32+0.12 6.65+4.12 0.16 +£0.27
C 77 0.360 0.430 0.31+0.14 121+1.72 22.18+7.86 42.51 +6.90 0.43+0.14 24.61 £4.89 0.29 £0.10 8.00 +3.29 0.14 +£0.29
M/O 17 0.040 0.010 0.34+021 1474098 0.50 +1.18 62.14+284  0.73+0.17 32.17+0.79 0.47 +0.07 0.82+0.34  0.30+0.09
Wells LL3.3 All 117 0.400 0.450 0.36+045 0.65+0.39 23.79+844  4427+8.11 0.44 +£0.11 23.10+3.87 0.26 +0.08 8.62+324  0.16+0.19
C 109 0420 0470 0.37+047 0.624+0.28 25.53 4+5.68 42.70 +5.87 0.42 +£0.07 22.47+3.19 0.25 +0.05 9.19 £2.56 0.16 +0.20
M/O 8 0.050  0.000 0.26+0.14 1.07 +1.08 0.04 +0.01 65.72+2.16 0.70 £0.19  31.66 + 1.86 0.43+0.14  0.854+0.78 0.20 £0.15
ALHA77260 LL3.5 All 100 0.200 0.310 0.33+0.23 1.05+086 1500+19.42 49.24+18.34 0.55+0.28 28.52+4.55 0.42 +0.15 396 +442 049 +0.40
C 70 0.240 0370 0.31+0.24 0954+0.86 20.974+20.62 43.50+19.26 0.49+0.31 27.274+4.93 0.38 £0.17 523 4+4.77 0.58 £ 0.45
M/O 30 0.050  0.020 0.38+0.19 1.30+0.83 1.06 +1.47 62.62 +3.45 0.70 £0.10  31.444+0.95 0.53 +0.03 097 +0.14  0.28 +0.04
ALHA77304 LL3.7 All 90 0.100 0.100 0.11+0.11 1.354+0.34  4.55+3.51 59.67 £+ 3.53 0.74 £0.07 30.16+0.64  0.69 +0.05 1.78 £ 0.65 0.45 £+ 0.06
C 39 0.100  0.110 0.134+0.10 1.284+0.28 523 £5.31 59.06 + 5.29 0.72 +£0.10  30.01 £ 0.86 0.67 £ 0.06 1.90 +0.97 0.45 £ 0.06
M/O 51 0.090 0.090 0.10+0.12 1.4140.37 4.02+0.29 60.13 +0.77 0.75+0.02 30.29 +0.37 0.69 + 0.04 1.68 +£0.10 0.45 +0.06
BoXian LL3.9 All 87 0.110  0.110 0.15+0.12 1.60 +0.49 4.90 £+ 5.90 58.39 +4.99 0.82+0.14 29.85+1.22 0.64 +0.07 1.98 +1.08 0.42 +0.08
C 36 0.140 0.170 0.174+0.14 1.56 +0.61 8.32 +8.12 55.56 +6.78 0.78 £0.19  29.39 £+ 1.65 0.61 £0.10 2.63 +1.44 0.44 +£0.10
M/O 51 0.090 0.050 0.14+0.10 1.50+0.60 227 £0.57 61.57+2.92 0.80 £0.18  30.00 +0.93 0.66 + 0.04 1.59 +£0.33 0.39 +0.07
Y-74002 LL4 All 190 0.090 0.130 0.07+0.06 2.524+0.56 5.82+0.16 56.58 +0.86 0.76 £0.04 31.33+0.48 0.62 + 0.05 1.81 +£0.18 0.39 +0.06
Y-74022 LLS All 131 0.100  0.140 0.124+0.11 2.63 +0.55 6.20 +0.32 55.94+0.92 0.75+0.03  31.17 £ 0.65 0.64 £ 0.05 1.89 +£0.22 0.29 £+ 0.06
Y-790256 LL6 All 63 0.080 0.140 0.09+0.06 3.87+0.48 591+0.54 54.28 +0.51 0.74 £0.05 32.87+0.38 0.59 +0.05 1.70 £0.12 0.28 +0.06

* Occurrence: All, all data; C, in chondrule; M/O, isolated grain in matrix or with opaque minerals in matrix.

® Number of analysis.

¢ mg#, average atomic Mg/(Mg + Fe) ratio of spinel group minerals; al#, Al/(Al + Cr).
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Fig. 3. Atomic Mg/(Mg + Fe) vs. minor element contents (TiO,, V,03, MnO, and ZnO) (wt.%) of spinel group minerals in LL3.00-9 chondrites.

MnO contents increase with type, and they decrease with
mg# (Fig. 3c). The MnO contents are homogenous in the
LL4-6 chondrites.

The ZnO contents (in wt.%) range from 0.1 to 2.1 (0.14
on average) in L1.3.00-3.3, 0.1-2.2 (0.45) in LL3.5-3.9, and
0.1-0.6 (0.33) in LL4-6 chondrites. With increasing petro-
logic type, the ZnO contents increase in LL3 chondrites.
Although Chikami and Miyamoto (1999) indicated that
there is no correlation between type and ZnO content in
LL4-6 chondrites, we find that the ZnO contents are slight-
ly lower in the spinel from LL5-6 (~0.3%) than that in
LL3.5-4 chondrites (0.4-0.5%) (Table 3). The ZnO con-
tents seem to be independent of mg# in LL3-6 chondrites
(Fig. 3). Yabuki et al. (1983) reported a positive correlation
between the Al,O3 and ZnO contents in spinel in L and LL
chondrites. Although Cr-spinel in LL3.5 or higher show
this correlation, MgAl-spinel and Cr-spinel in L13.00-3.3
barely contain ZnO.

3.2.3. Silicate minerals

We also measured the chemical compositions of olivine
and low-Ca pyroxene in chondrules with and without spi-
nel group minerals, and as isolated grains in the matrices.
Table 4 gives the average compositions of these silicates.
We were particularly interested in the Cr,O; contents of
the olivine, because Grossman and Brearley (2005) showed

that the Cr content and variability in FeO-rich olivine is a
useful indicator of metamorphic grade in very low petro-
logic type (3.0 to 3.2) chondrites. However, the average
Cr,0;3 contents of olivine in Semarkona and Kyrmka (Ta-
ble 4) are slightly different from those reported by Gross-
man and Brearley (2005). This may be because the data
in this study include olivine from highly magnesian chond-
rules, which were excluded from the classification criteria
of Grossman and Brearley.

The Cr,O;5 contents of olivine and pyroxene decrease
with increasing petrologic type, e.g., 0.4% in LL3.00 to
0.07 in LL3.5 olivine. Olivine in LL3.7-6 chondrites con-
tains essentially no Cr,Os, mostly below 0.03 wt% (detec-
tion limit). The decrease in Cr,O; content was also
observed in LL3.00-3.2 and 3.0-3.6 chondrites by Gross-
man and Brearley (2005) and McCoy et al. (1991b), respec-
tively. On the other hand, the TiO, contents of pyroxene
seem to be independent of petrologic type. Olivine contains
essentially no TiO, (Table 4). Olivine and low-Ca pyroxene
contain V,03; and ZnO lower than 0.02 and 0.06 wt%,
respectively.

3.3. Bulk compositions of chondrules

In order to explore the crystallization history of spinel in
chondrules, we measured the bulk compositions of the
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Table 4

Average compositions of olivine and low-Ca pyroxene

Sample Class Mineral No.? SiO, TiO, Al1,0, Cr,05 FeO MnO MgO CaO Na,O Total

Semarkona LL3.00  Olivine 108 41.03  bd. 0.03 0.40 10.21 0.29 48.21 0.18 b.d. 100.35
Y-74660 LL3.15  Olivine 197 40.32  b.d. 0.02 0.24 15.13  0.31 44.21 0.15 b.d. 100.38
Krymka LL3.2 Olivine 164 40.11 b.d. b.d. 0.14 1550  0.33 4434  0.12 b.d. 100.54
Y-790448 LL3.2 Olivine 110 3893  b.d. 0.02 0.14 2093  0.26 39.56  0.20 b.d. 100.04
Wells LL3.3 Olivine 140 41.16  0.03 0.09 0.10 1024 0.20 48.84  0.28 b.d. 100.94
ALHA77260  LL3.5 Olivine 262 39.08  b.d. 0.05 0.07 21.83  0.29 38.88  0.15 b.d. 100.35
ALHA77304  LL3.7 Olivine 175 38.38  b.d. b.d. b.d. 23.67 044 37.26  b.d. b.d. 99.75
Bo Xian LL3.9 Olivine 86 38.12  b.d. b.d. 0.04 25.08 042 36.07  b.d. b.d. 99.73
Y-74002 LL4 Olivine 212 38.25  b.d. b.d. 0.05 2574 043 3592 bd. b.d. 100.39
Y-74022 LLS Olivine 119 38.28  b.d. b.d. b.d. 2439 041 36.53  b.d. b.d. 99.61
Y-790256 LL6 Olivine 98 38.01 b.d. b.d. b.d. 27.21 0.40 3448  b.d. b.d. 100.10
Semarkona LL3.00  Low-Ca pyroxene 202 5742 0.04 0.58 0.74 8.55 0.39 32.01 0.77 0.03 100.53
Y-74660 LL3.15  Low-Ca pyroxene 61 5744  0.08 0.93 0.83 883 044 30.90 1.44 0.02 100.91
Krymka LL3.2 Low-Ca pyroxene 118 58.50 0.05 0.50 0.66 5.47 0.30 34.47 0.75 0.02 100.72
Y-790448 LL3.2 Low-Ca pyroxene 26 56.91 0.06 0.66 0.66 949  0.36 30.76 1.20 0.04 100.14
Wells LL3.3 Low-Ca pyroxene 76 5796  0.11 0.85 0.75 6.65 0.34 32.95 1.21 b.d. 100.82
ALHA77260  LL3.5 Low-Ca pyroxene 44 5578  0.14 1.85 0.67 972  0.33 29.61 1.83 0.08 100.01
ALHA77304  LL3.7 Low-Ca pyroxene 21 5591 0.04 0.64 0.41 12.86  0.35 28.35 1.24 0.06 99.86
Bo Xian LL3.9 Low-Ca pyroxene 30 56.07  0.05 0.72 0.45 11.37  0.36 28.96 1.42 0.09 99.49
Y-74002 LL4 Low-Ca pyroxene 97 5598  0.11 0.16 0.32 1544 044 27.47  0.71 b.d. 100.63
Y-74022 LL5 Low-Ca pyroxene 58 5548  0.21 0.23 0.14 1502 044 27.28  0.69 b.d. 99.49
Y-790256 LL6 Low-Ca pyroxene 30 5539  0.15 0.13 0.06 1620  0.40 26.54  0.92 b.d. 99.79

b.d., below detection limits (30,in wt%), 0.02 for A1,03, CaO and Na,O, 0.03 for Cr,0O3 and TiO,, 0.06 for MnO.

# Number of analysis.

chondrules that contain spinel group minerals. Table 5
shows the bulk compositions of some spinel-bearing
chondrules in LL3.0-3.3 chondrites. One chondrule con-
tains ~15 wt% Al,Os3, which is an Al-rich chondrule based
on the criteria of Bischoff and Keil (1984). All the chond-
rules consist of normative olivine (30-84 wt%), low-Ca
pyroxene (0-53) and plagioclase (6-25) with minor
amounts of high-Ca pyroxene (0-3).

Table 5 also shows mg# and al# values of spinel group
minerals in these chondrules. Spinel enriched in MgO and
Al,O3 (mg# >0.3 and al# >0.3) is encountered in Na,O-de-
pleted chondrules (Na,O < 0.6%), except for Wells chon-
drule WE-S3. Spinel enriched in FeO and Cr,O; (mg#
<0.1 and al# <0.3) occurs in a Na,O-rich chondrule
(NaO 0.8-2.1 wt%). In general, FeO-rich (type II) chond-
rules contain such Fe—Cr-rich spinel (Table 5), as suggested
by Johnson and Prinz (1991).

3.4. Oxygen isotopic compositions of spinel group minerals

We measured the oxygen isotopic compositions of spinel
group minerals and coexisting phases in chondrules from
Semarkona (LL3.00) and Wells (LL3.3) (Table 6). All of
the spinel group minerals measured are MgAl-spinel and
Cr-spinel. Fig. 4 shows the data plotted on the three oxy-
gen isotope diagram. All phases including euhedral to sub-
hedral spinel in Semarkona chondrules, and olivine and
two spinel grains in Wells chondrules, plot around the
terrestrial fractionation (TF) line. On the other hand,
an anhedral spinel in a Wells chondrule (WE-S3)
(Fig. le) is enriched in 'O (8'70 = —5.06 + 1.64%, and

3'%0 = —2.47 + 3.15%,), and has significantly lighter oxy-
gen than the coexisting olivine, which plots on the TF line
(Fig. 5).

Fig. 5 shows the oxygen isotopic compositions of miner-
als in ferromagnesian chondrules in LL chondrites and spi-
nels in Al-rich chondrules from unequilibrated ordinary
chondrites. The oxygen isotopic compositions of all phases
in Semarkona chondrules and most of the phases in Wells
chondrules plot within the range of LL chondrules. How-
ever, the oxygen isotopic composition of the spinel in the
Wells chondrule WE-S3 is different from compositions of
LL minerals. It is also different from the highly '®O-rich
spinels in refractory inclusions (e.g., Hiyagon and Hashim-
oto, 1999) and refractory forsterite grains (Pack et al.,
2004). However, the composition of the spinel in chondrule
WE-S3 is within the range of spinel in Al-rich chondrules
(e.g., Russell et al., 2000).

4. Discussion
4.1. Thermal metamorphism

Bunch et al. (1967) indicated that the compositions of
spinel group minerals reflect petrologic types 3—6 in ordin-
ary chondrites. Our results show that the minor as well as
major element contents of the spinel are related to petro-
logic type in the LL3.00-3.9 chondrites. The spinel group
minerals in LL3.00-3.3 chondrites can be distinguished
from those in higher petrologic types (LL > 3.5), by the
occurrence of nearly pure chromite and MgAl-spinel, and
a very wide compositional variation. In addition, the



Table 5

Bulk compositions of chondrules with spinel group minerals

Total

P205
b.d.

MnO MgO CaO Na,O K,0

0.34
0.20
0.36
0.24

FeO
b.d.

CI‘203

0.70
0.70

0.94

ALO;

TiO,

SiO,
41.99
38.89

42.63

mg Bulk
0.823

al# Spinel
0.233

mg# Spinel®

0.002
0.678

Spinel®

Chondrule
S03
S04
S09
S10

1

2

Class

Sample

94.44
93.23

0.12
b.d.
0.14
b.d.
b.d.

0.91
0.27
1.12

b.d.

1.23
1.12
1.53
1.88
3.45
1.60
4.46
0.59
1.79

33.97
38.87

30.10

12.98
11.07
16.30

14.61

2.21
1.97
2.51
2.39
5.10
2.69
15.38

b.d.
0.15
0.10
0.09
0.20
0.06
0.23
0.30
0.13

Cryst.

LL3.00
LL3.00
LL3.00
LL3.00
LL3.15

Semarkona
Semarkona
Semarkona
Semarkona
Y-74660
Y-74660
Krymka

Wells

b.d.

0.862
0.767

0.693
0.291

Cryst.
Cryst.
Cryst.

96.27

0.55
b.d.

0.083

94.57

31.79
42.54

1.44
0.56
0.66
0.97
0.22
0.48

42.12

0.583 0.795

0.609
0.818

99.19

b.d.

0.14
0.56
0.46
1.99

b.d.

3.05
17.52
9.62

44.15

0.961

0.699

Relic

98.26
100.44

b.d. b.d.
b.d.

0.31
b.d.

26.68

0.50
b.d.

0.731 47.99

0.442
0.901

0.367
0.948

Cryst.
Relic

LL3.15

b.d.

30.01

39.30
43.99

0.847
0.930

S8
S3
S5

LL3.2

102.69

b.d.

44.20

b.d.

5.93
23.57

5.16
2.72

0.975

0.994
0.491

Relic

LL3.3

99.53

b.d.

31.64

0.15

0.705 39.06

0.348

Cryst.

LL3.3

Wells

b.d., below detection limits (30, in wt%), 0.06 for K,0, 0.08 for TiO, and P,Os, 0.09 for Na,O, and 0.14 for MnO.

# Cryst., crystallization origin in chondrule; Relic, relic origin.
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® mg#, average atomic Mg/(Mg + Fe) ratio of spinel group minerals; al#, Al/(Al -+ Cr).

apparent abundance and size of spinel group minerals are
evidently different between LL3 and LL4-6 chondrites.
Here we discuss the chemical variation and abundance of
spinel group minerals in the context of thermal
metamorphism.

Although pure MgAl-spinel and pure chromite are pres-
ent in LL3.00-3.3 chondrites, the spinel group minerals,
including chromite, in LL3.5-6 are not pure. The standard
deviations of the major oxides, Al,O3;, Cr,O3, FeO, and
MgO, in spinel group minerals decrease with increasing
type (Table 3). It is evident that these observations can
be explained by diffusion during thermal metamorphism
(e.g., Bunch et al., 1967; Johnson and Prinz, 1991). On
the other hand, pure MgAl-spinel and pure chromite in
LL3.00-3.3 chondrites show no evidence of chemical diffu-
sion in the parent body, and should preserve aspects of
their primordial chemical composition. Wlotzka (2005)
noted that the Fe and Cr contents of spinel grains in
chondrules of type 5 and 6 chondrites increase toward ma-
trix compositions during metamorphism. Such zoning does
not occur in spinel grains in type LL3.00-3.3 chondrites.
Instead, they show igneous zoning.

The average mg# of spinel group minerals generally
decreases with petrologic type (Table 3). Additionally, the
range of mg# depends on the type: 0.01-1.00 in LL3.00—
3.3, 0.04-0.61 in LL3.5, 0.05-0.29 in LL3.7-3.9, and
0.07-0.13 in LL4-6 (Fig. 2). This is explained by interdiffu-
sion with FeO-rich phases, such as ferroan olivine in the
matrix (Matsunami et al., 1990). The increase of MnO con-
tents with petrologic type may be explained like the case of
FeO. Fig. 2 and Table 3 show that the range of mg# is nar-
rower than that of a/# in LL3.5-3.9 chondrites, although
both ranges are nearly the same in LL3.00-3.3. It is prob-
able that this is due to the difference between the diffusion
rates of Mg-Fe and Al-Cr. McCoy et al. (1991a) also sug-
gested this possibility based on the diffusion patterns of spi-
nel in L4-5 chondrites. According to the experimental
work by Suzuki et al. (2005), the interdiffusion of Al-Cr
is much slower than that of Mg-Fe.

The average TiO, contents in spinel group minerals in-
crease from LL3 to 6, as mentioned above. On the other
hand, the TiO, contents of low-Ca pyroxene seem to be
independent of type, and the TiO, contents of olivine are
below 0.03 wt%. Therefore, we suggest that TiO, diffused
into the spinel group minerals from other phases, such as
the groundmass glass in chondrules and/or high-Ca pyrox-
ene. Rubin (1986) showed that chondrule glasses contain
2.5-3.0 wt% TiO,. On the other hand, high-Ca pyroxene
in LL3.0-3.4 contains 0.1-2.9 wt% (0.53% in average)
TiO, (Noguchi, 1989), whereas that in LL4-6 contains
0.2-0.4 wt% (0.38) (Heyse, 1978). The lower values of
TiO, of high-Ca pyroxene in LLL4-6 chondrites may be
related to the increase in TiO, in the spinel group minerals
in the higher petrologic types.

The V,03 contents also increase with type. Although the
V,0; contents of olivine and pyroxene are lower than
0.02 wt%, Allen and Mason (1973) showed that olivine
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Table 6

Oxygen isotopic compositions of silicates and MgAl-spinels in chondrules of Semarkona and Wells

Position Phase® mg# of ol, Ipx, sp® 3170 (%,)° 3180(%,)° A0 (9,)¢
Semarkona

10B sp 0.585 4.04 £ 1.91 6.84 £ 1.67 0.48 £1.88
10C Ipx 0.795 2.98 £2.03 4.52 +1.81 0.63 +£2.04
11A ol 0.995 1.50 £+ 2.08 1.46 +£1.93 0.74 £2.11
11D hpx, pl 0.45 £ 2.06 1.57 + 1.89 —0.36 +2.09
11-5 ol, hpx, pl 0.995 2.36 + 1.64 2.34+241 1.15+£2.01
11-2b sp 0.995 —1.30 + 1.67 —0.30 +2.34 —1.14 £ 2.01
11-3b ol 0.995 0.60 £ 1.68 4.62 +£2.32 —1.80 +2.01
11-4b hpx, pl 443+ 145 6.99 +2.44 0.79 £ 1.87
4E ol 0.881 4.10 £ 1.69 7.77 + 2.51 0.06 + 1.55
4F2 sp 0.705 5.51£2.00 10.35 £ 2.51 0.13 £ 1.89
Wells

S1-01 ol 0.876 6.65+2.54 12.47 +£3.39 0.16 £2.07
S1-02 ol 0.876 543 +2.38 11.43 £3.27 —0.52 +1.82
$3-01 ol 0.991 0.23 £1.79 1.54 £3.21 —0.57 £ 1.99
S3-02 sp 0.975 —5.06 + 1.64 —2474+3.15 —3.78 +1.83
S5-01 ol 0.751 6.39+1.73 8.30 +£3.23 2.07£1.94
S5-03 ol 0.751 331 +£1.50 8.51+3.14 —-1.11+1.70
S5-02b sp 0.348 6.88 £1.65 12.22 +3.11 0.53 +1.82
S6-01 ol 0.771 6.45+1.64 7.13+3.16 2.74 +1.83
S6-02 sp 0.443 7.62 £ 1.50 9.32£3.15 2.77£1.70

& Analysis phases: sp, spinel group minerals; Ipx, low-Ca pyroxene; ol, olivine; hpx, high-Ca pyroxene; pl, plagioclase.

® atomic Mg/(Mg + Fe) ratio.
¢ Errors lo.
4 A0 =80 - 0.52x8'%0 (%,).

and low-Ca pyroxene in L6 chondrites contain 9 and
40 ppm V, respectively. Since the abundance of olivine
and pyroxene is much higher than that of spinel group min-
erals, the increase in V,0; contents with type might be ex-
plained by diffusion of V from the silicates to spinel group
minerals during thermal metamorphism.

The ZnO contents of spinel group minerals show a posi-
tive correlation with petrologic type, as suggested by John-
son and Prinz (1991). Zinc might have been primarily
contained in troilite, and was later redistributed into chro-
mite (Johnson and Prinz, 1991). On the other hand, olivine
and low-Ca pyroxene in L6 chondrites contain 20 and
17 ppm Zn, respectively (Allen and Mason, 1973). Klock
et al. (1999) suggested that ~50% of bulk Zn is present in
silicates in type 3 ordinary chondrites. We can not exclude
the possibility that part of the Zn was primarily included in
the silicates in type 3 chondrites, and later diffused into
spinel.

The abundance and size of spinel group minerals are
smaller in LL3 than those in LL4-6 chondrites (Table 1).
On the other hand, the average Cr,O; contents of olivine
and low-Ca pyroxene decrease with increasing type (Table
4). This may be related to the formation of chromite during
thermal metamorphism. From the modal data by Gasti-
neau-Lyons et al. (2002), olivine and low-Ca pyroxene
occupy ~50 and ~20 wt% of LL4-6 chondrites, respective-
ly. From these modal data and Cr,O; contents of olivine
and low-Ca pyroxene, we estimated that ~0.5 wt% chro-
mite can form from the release of Cr from olivine and
low-Ca pyroxene. This is consistent with the increase in

the abundance of spinel group minerals in LL3-6 chon-
drites studied here. The average al# of spinel group miner-
als decreases with petrologic type. This can be explained by
such secondary formation of chromite.

Grossman and Brearley (2005) found that a Cr-rich
phase, <1 um in size, exsolved from olivine in an L3.10
chondrite. This may be chromite. It is probable that chro-
mite increases in size with petrologic type (or degree of
metamorphism), and can be recognized as coarse grains
in chondrites of higher types, as observed in this study.

Here, we conclude that the characteristic features of spi-
nel group minerals should be a good indicator of petrologic
type and thermal metamorphism in LL chondrites. We pre-
dict that spinel will also be a good indicator of thermal
metamorphism in the other chondrite groups. However,
the characteristic features of spinel group minerals remain
unchanged from type 3.00 to 3.3, as mentioned above.
Therefore, the chemical compositions and size distribution
of spinel group minerals alone can not be used to distin-
guish between the lowest petrologic types.

4.2. Geothermometry

Although many olivine-spinel geothermometers have
been proposed, Weinbruch et al. (1994) compared them
and found that the method of Roeder et al. (1979) gives
the most realistic temperatures for Allende. Fig. 6 shows
olivine—spinel geothermometry after the method of Roeder
et al. (1979). We used olivine-spinel data from chondrules
in LL3 and from chondrules and matrices in LL4-6 chon-
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(1979). Note that most of the olivine—spinel pairs in LL3.00-3.3 give high
temperatures reflecting crystallization in the chondrule. On the other
hand, the pairs in LL3.5-6 show metamorphic temperatures of
440-650 °C.

drites. We did not use olivine—spinel pairs from the matrix
of LL3 chondrites because it is difficult to determine if they
are in equilibrium.

Most of the olivine—spinel pairs in LL3.00-3.3 give high
(above 1000 °C) temperatures, which is consistent with the
results of Johnson and Prinz (1991). These high tempera-
tures most likely reflect the conditions of chondrule crystal-
lization. On the other hand, the pairs in LL3.5-6 show
temperatures of 440-650 °C, in spite of the a/# of the spinel
and its occurrence. Such low temperatures should reflect
the closure temperatures after thermal metamorphism
(Wlotzka, 2005). FeO and MgO thoroughly diffused be-
tween olivine and spinel group minerals in type > 3.5 chon-
drites during thermal metamorphism. This is consistent
with the narrow to homogeneous compositional distribu-
tion of spinel group minerals in these chondrites. The meta-
morphic temperatures for LL3.00-3.3 chondrites were
lower than those for type =>3.5, and/or the duration of
metamorphism was much shorter than those for type
>3.5 chondrites. Thus, the olivine—spinel pairs in
LL3.00-3.3 chondrites preserved their primary crystalliza-
tion temperatures. Low metamorphic temperatures for
these chondrites are also supported by the presence of
hydrous phases (Alexander et al., 1989), and the composi-
tions of sulfide (Quirico et al., 2003) and Fe-Ni metal
(Kimura et al., 2005).

Recently, Kimura et al. (2005) showed that the charac-
teristic features of Fe—Ni metal, such as chemical composi-
tion and texture, systematically change from type 3.00 to
3.2, which is different from spinel group minerals. The dif-
ference between spinel group minerals and Fe-Ni metal in
types 3.00-3.3 may reflect differences in their diffusion
rates; the diffusion rate for metal is much higher than that



5646 M. Kimura et al. 70 (2006) 5634-5650

for spinel (Dean and Goldstein, 1986; Liermann and Gan-
guly, 2002).

4.3. Crystallization of spinel in chondrules

Here, we discuss the origin and crystallization of spinel
group minerals within chondrules in type 3 chondrites. Spi-
nel in the groundmass or among chondrule phenocrysts is
euhedral to subhedral in form (Fig. 1c and d), indicating
that it crystallized from the chondrule melt. Fig. 7 shows
the bulk compositions of several chondrules on the forste-
rite—anorthite-silica phase diagram. We use this diagram
because these chondrules mostly consist of normative oliv-
ine, low-Ca pyroxene and anorthitic plagioclase as men-
tioned before. The Na,O-rich chondrules (>0.6%) are
more enriched in normative albite than anorthite, and the
bulk compositions of these chondrules are not plotted on
this diagram.

Fig. 7 shows that the crystallization sequence of the
chondrules analyzed here is olivine, through low-Ca pyrox-
ene in some cases, to anorthitic plagioclase. We would not
expect crystallization of spinel in these chondrules. Only in
a few cases, we may expect crystallization of spinel after
olivine. Although the incorporation of FeO affects the
phase boundaries of the forsterite-anorthite-silica system
(Longhi and Pan, 1988), the bulk FeO contents of these
chondrules are not very high (mg# of 0.71-0.96). The crys-
tallization sequence should remain essentially unchanged
from the FeO-free system for these chondrules. The incor-
poration of Na,O reduces the liquidus field of plagioclase
in the forsterite—anorthite-silica system (Sessler et al.,

1982; Longhi and Pan, 1988). However, the crystallization
sequence for the chondrule bulk compositions also remains
unchanged.

On the other hand, Onuma (1984) showed that incorpo-
ration of Cr,0j significantly expands the liquidus field of
spinel in the forsterite—anorthite-silica system (Fig. 7),
and we expect extensive crystallization of spinel in various
bulk compositions with small Cr,O5 contents. Fig. 7 shows
that the crystallization sequences of the chondrules is oliv-
ine, through low-Ca pyroxene, to spinel, or olivine fol-
lowed directly by spinel. This sequence is consistent with
the occurrence of euhedral to subhedral Cr-spinel in the
chondrules (Table 5), which is associated with olivine and
pyroxene phenocrysts, and within the groundmass glass
(Figs. 1c and d). Igneous zoning as mentioned before also
supports crystallization of the spinel from the chondrule
melts. Indeed, the Cr,O3 contents of these chondrules are
0.2-1.4 wt%, which is generally consistent with the experi-
mental work by Onuma (1984).

4.4. Relic origin of spinel in chondrules

Some spinel grains, 5-35 um in size, are completely en-
closed within single olivine phenocrysts in several chond-
rules. These grains usually show spherical to irregular
forms (Fig. le), and are MgAl-spinel or Cr-spinel (Tables
2 and 5). From their occurrence, the crystallization se-
quence must be from spinel, through olivine, to ground-
mass glass (plagioclase). Although these chondrules also
contain 0.2-1.0 wt% Cr,0s3, the bulk compositions of the
chondrules indicate that olivine should have crystallized
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Fig. 7. Plot of bulk compositions of chondrules on the anorthite—forsterite-silica diagram, after Levin et al. (1964). Chondrules including relic spinel are
shown by filled circle, and the open triangles show chondrules with spinel that crystallized within the chondrule. The phase boundaries with the addition of
Cr,03; are shown by dashed lines, after Onuma (1984). It is noted that the spinel liquidus field significantly expands by the incorporation of Cr,Os3, in

comparison with the field free from Cr,O3 denoted by (spinel).
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first even in Cr,Os-bearing systems (Fig. 7). The occurrence
of the spinel grains included in olivine is, therefore, incon-
sistent with the crystallization of the chondrules from these
bulk compositions.

Although Grossman and Brearley (2005) noted a Cr-
rich phase exsolved from olivine in a L3.10 chondrite, it
is smaller than 1 um in size, which is much smaller than
the spinels described above. Additionally, these spinels
within olivine phenocrysts are not chromite, but highly en-
riched in Al,O5 (Tables 2 and 5). Olivine does not contain
Al,O3, and these MgAl-spinel and Cr-spinel minerals are
evidently different from the exsolved phase in olivine
reported by Grossman and Brearley.

Therefore, we suggest that these spinel grains are not
crystallization products of the chondrule, but are relic
grains. They were incorporated into the chondrule precur-
sor materials before melting. Because of high melting tem-
peratures, some spinel grains survived melting of the
chondrule precursor material. We found such relic spinel
grains in Y-74660 (LL3.15), Krymka (LL3.2) and Wells
(LL3.3). We determined that they are relic grains based
on their textural settings and the bulk compositions of their
host chondrules (Table 5). However, we note that the relic
spinel is not compositionally distinct from some of the spi-
nel grains that apparently crystallized in the chondrules
(Table 2).

The relic origin of some MgAl-spinel and Cr-spinel in
chondrules is clearly supported by oxygen isotope data.
A relic spinel in a magnesian chondrule from Wells that
we analyzed for oxygen is enriched in '°O and plots below
the TF line. It is clearly different from the surrounding '°O-
poor olivine in the same chondrule (Fig. 4b). This spinel
could not have crystallized together with the olivine from
the chondrule melt. On the other hand, silicates and euhe-
dral to subhedral spinels in the groundmasses of three
Semarkona and two Wells chondrules, plot around the
TF line (Fig. 4). This is consistent with the phase equilibria
discussed above that indicates they crystallized from the
chondrule melt.

Diffusion of oxygen in spinel is very slow. Even at
1400 °C, the diffusion of oxygen for a 1 um distance takes
~1300h, from the data of Ryerson and McKeegan
(1994). Therefore, it is difficult for the oxygen isotopic com-
position of the relic spinel to completely equilibrate with
that of the surrounding olivine, during chondrule forma-
tion by flash heating (e.g., Lofgren, 1996). Thus, it is likely
that the oxygen of the relic spinel did not equilibrate with
the chondrule melt and it still preserves its primordial oxy-
gen isotopic composition.

The oxygen composition of the MgAl-spinel in the Wells
chondrule is different from the highly '®O-rich spinels in
refractory inclusions and the spinels in refractory forsterite
in ordinary chondrites. Although spinel is the most com-
mon mineral in refractory inclusions in ordinary chondrites
(e.g., Kimura et al., 2002; Lin et al., 2006), the relic spinel is
not genetically related to refractory inclusions. The oxygen
isotopic composition of the relic spinel is most similar to

that of spinel in Al-rich chondrules (Fig. 5). Al-rich chond-
rules have characteristics that are intermediate between
refractory inclusions and ferromagnesian chondrules (e.g.,
MacPherson and Huss, 2005). It is probable that the relic
spinel may have been derived from an Al-rich chondrule.

Relic components have been reported from carbona-
ceous chondrites, such as fragments of refractory inclu-
sions in ferromagnesian chondrules (Misawa and Fujita,
1994) and in Al-rich chondrules (Krot et al., 2002), '®O-en-
riched relic spinel in chondrules (Maruyama et al., 1999),
and relic olivine in chondrules (Jones et al., 2004). Howev-
er, relic components are less commonly observed in ordin-
ary chondrites, such as relict grains of magnesian silicates
in FeO-rich chondrules (Jones, 1990) and relic perovskite
in a ferromagnesian chondrule (Kimura et al., 2004). We
predict that relic components are more common in ordin-
ary chondrites than previously reported. However, further
work is needed to test this hypothesis.

Our discovery of a relic spinel in a chondrule is an indi-
cation of the complexities in the early solar nebula process-
es that ranged from formation of refractory inclusions,
through Al-rich chondrules, to ferromagnesian chondrules.
Some of the earlier-formed minerals like spinel may have
been incorporated as part of the mixture of precursors that
formed subsequent components and some survived
melting.

4.5. Origin of chromite in the matrix

Nearly pure chromites are present in the matrix, often
associated with Fe-Ni metal and troilite, in LL3.00-3.3
chondrites. We consider four mechanisms for the origin
of these chromites: (1) fragments from chondrules, (2) sec-
ondary metamorphic reaction between silicate and/or
oxide minerals, (3) oxidation from Fe-Ni metal, and (4) di-
rect condensation.

Especially in primitive chondrites of type 3.00-3.3, the
chromite composition is completely different from that of
MgAl-spinel and Cr-spinel in chondrules. The occurrence
is inconsistent with exsolution from Cr-bearing silicate
phases, and secondary reaction between matrix phases.
The pure chromite does not show any reaction textures
with the surrounding silicate and/or oxide minerals. There-
fore, we can exclude the possibility of its origin through (1)
fragmentation of chondrules and (2) metamorphic reaction
in the parent body.

Some Fe—-Ni metal in type 3 chondrites contains detect-
able Cr (e.g., Zanda et al., 1994; Kimura, 2000). Condensa-
tion of Cr dissolved in Fe-Ni metal is expected (e.g.,
Grossman and Olsen, 1974). Zanda et al. (1994) showed
the inclusion of secondary chromite within Fe-Ni metal
in some carbonaceous chondrites. Lauretta et al. (2001)
found tiny chromite grains on the rim of Fe-Ni metal in
Bishunpur (LL3.15). Such chromite formed by oxidation
of Cr dissolved in Fe-Ni metal. Thus, a possible origin
for the pure chromites is oxidation of Cr-bearing Fe—Ni
metal. However, the pristine chromites found in this study
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always contain some TiO,, V,03;, MnO, and ZnO, as men-
tioned above, which can not be simply explained by the
oxidation of metal. These elements are not expected to con-
dense into Fe-Ni metal. The diffusion of TiO, and other
minor elements from the surrounding matrix is excluded,
unless their diffusion rates are much higher than those of
Al,O5; and MgO. The isolated occurrence of pure chromite
in the matrix without associated Fe—Ni metal seems to be
inconsistent with an oxidation origin, unless the chromite
is a fragment from Fe to Ni metal.

An alternative explanation is that the chromite con-
densed directly from the nebula under high temperatures,
more than ~1400 K, depending on the oxygen fugacity
(e.g., Palme and Fegley, 1990; Krot et al., 1993). These chr-
omites might have formed through condensation onto sur-
faces of metal grains. However, chromite that condensed
from the nebular gas under equilibrium conditions is
expected to contain MgO and Al,O3 (Ebel and Grossman,
2000; Petaev, personal communication, 2006). It has not
yet been calculated whether such chromite condensates
can contain TiO, and V,0j3. Further study, including con-
densation calculations, is needed to better understand the
origin of these chromites.

5. Conclusions

We reported the results of our systematic study of spi-
nel group minerals in LL3.00-6 chondrites. The chemical
compositions, size distribution and abundance of spinel
group minerals are related to petrologic type 3.00-6.
The occurrence of nearly pure chromite and MgAl-spi-
nel, and the wide compositional variation distinguish spi-
nel group minerals in type 3.00-3.3 from those in the
higher petrologic types. Metamorphic effects can explain
the increase in abundance and compositional changes of
spinel group minerals that we observed. Thus, the char-
acteristic features of spinel are a good indicator of petro-
logic type and metamorphic conditions not only for
equilibrated chondrites, but also for type 3 chondrites.
Spinel group minerals are a more sensitive indicator for
thermal metamorphism of chondrites of low types, in
comparison with some silicates. They can also be applied
to help identify the most primitive (least metamorphosed)
chondrites.

Most of the spinel group minerals in chondrules crys-
tallized from the chondrule melt. However, some spinel
grains enclosed in olivine phenocrysts may be relic
grains, as indicated by their oxygen isotopic composi-
tions and phase relations. Thus, they preserve a nebular
history that predates chondrule formation. The occur-
rence of such grains indicates the complexities in the ear-
ly solar nebula processes ranging from formation of
refractory inclusions, through Al-rich chondrules, to fer-
romagnesian chondrules, and the recycling of earlier
formed materials into the precursor mixture of later
formed ones.
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