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Introduction: Chondrules and matrix are two
major constituents of primitive meteorites, together
contributing more than 85 vol.% to most carbonaceous
chondrites [1]. Previous experimental and theoretical
studies on the origin and evolution of chondrules and
matrix triggered a debate on the presence of element
and isotope complementarity between chondrules and
matrix of carbonaceous chondrites. Arguments for and
against complementarity have been exchanged in the
recent literature [2- 5].

In order to evaluate chondrule-matrix
complementarity in carbonaceous chondrites and to
shed a light on the details of chondrule formation
processes, simultaneous analyses of in situ Si isotope
ratios, major- and trace element abundances in
chondrules and matrix from the carbonaceous
chondrite Allende (CV3) were carried out using a laser
ablation split stream method using femtosecond LA
coupled with MC-ICP-MS and a quadrupole ICP-MS
[6].

Methods: The major and minor element
compositions of chondrule and matrix minerals from a
thin section (~ 17 x 29 mm) of the Allende meteorite
were determined prior to laser ablation using a ‘JEOL
JXA 8200 Superprobe’ electron microprobe at FU
Berlin. Chondrules were classified based on their
mineralogy and textures. 21 chondrules (four barred
olivine chondrules, BOC, fifteen type I and type II
porphyritic chondrules, PC, one radial pyroxene
chondrule, RPC and one cryptocrystalline chondrule,
CC) were selected for analyses of Si isotope ratios and
abundances of major and trace elements by
femtosecond LA-MC-ICP-MS and a quadrupole ICP-
MS using sample standard bracketing. §°°Si of samples
were determined against the NBS28 (quartz sand)
reference standard. The long-term reproducibility of
6°°Si in NBS-28 is 0.23 %o (2SD). The in-run drift in
0°°Si during NBS28 bracketing is < 0.1 %o in most
cases. The major and trace element abundances were
calibrated against NIST SRM 610 and normalized to
100 wt.% element oxides with typical uncertainties of
less than 10% (2 SD) for most elements. The accuracy
of major and trace element data and 0°Si was
determined by analysis of reference materials with
variable matrix compositions such as NIST SRM 610,
BHVO-2, ML3B, GOR-132G. In two analytical
sessions, we have determined BHVO-2 = -0.32 =+
0.32%o 6°°Si, NIST610 = 0.12 + 0.25%0 5°°Si, GOR-

132G = -0.22 + 0.01%0 6°°Si, ML3B =-0.39 = 0.23 %o
5°°Si, in good agreement with literature data [7- 12].
Results and Discussion: The variation of 6°°Si and
Mg/Fe in chondrules and matrix minerals are
summarized in Table 1 and are shown in Fig. 1. The
5°%Si of chondrule and matrix silicates show large
variation (-1.33 £ 0.15 %o to 0.65 + 0.21 %o0) compared
to the Allende bulk rock and CI chondrite value.
Table 1: 6°°Si and Mg/Fe data in silicates of chondrules and
matrix from Allende. R= refractory element-enriched and V=
volatile element-enriched matrix silicates. Bulk rock (BR)
values of Allende and CI chondrites are average values from
different literature sources [7, 12- 16].
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Sample type | 0°°Si + 2SE (%) Mg/Fe
(£10%)
BOC 0.55+0.20 t0 -0.38 +0.18 | 1.0-16.9
PC Type | 0.32+0.19t0-0.76 £0.12 | 0.41-18.3
PC Type II 0.24+0.13t0-1.28+0.19 | 0.25-5.62
RPC 0.13+0.16 t0-0.35+0.16 | 2.21-10.49
cc 0.14+0.14t0 0.02+0.14 | 5.3-71.6
Matrix (R) 0.65+0.21 0.46
Matrix (V) -0.26+0.11to -1.33 +0.15 | 0.32-0.50
Allende (BR) | -0.45+0.08 0.68
CI chondrites | -0.490 £0.15 0.52

The data on chondrules and matrix minerals suggest an
increase in 0°°Si with Mg/Fe (Fig. 1). Multiple
analyses within some individual chondrules also
display a positive correlation between 5°’Si and Mg/Si.
All matrix phases show lower Mg/Fe and ~90% of the
matrix silicates show lower 0°°Si than the Allende bulk
rock and CI chondrites (Fig. 1). All matrix silicates
show lower 9°°Si than adjacent chondrules. Matrix and
chondrule minerals with lower Mg/Fe show a larger
scatter of 0°°Si compared to the chondrule minerals
with higher Mg/Fe. Similar scatter was reported for
bulk chondrules (Fig. 1) in a previous study [17]. The
0°%Si data show systematic variation with chondrule
types (Table 1). The key observations from the
variation of °°Si, Mg/Si and Mg/Fe in chondrules are:
silicates in BOC, RPC and CC show higher ¢°°Si and
Mg/Fe than the Allende bulk rock and CI chondrites.
Most analyses of type I PC show higher 6°°Si and
Mg/Fe than CI chondrites and Allende bulk rock.
Some analyses on type I and type II PC show lower
6°%Si than bulk rocks and CI chondrites. Some analyses
(30% in type II PC and 6% in type I PC) show similar
Mg/Fe as silicates in matrix, which is lower than the
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Mg/Fe of CI chondrites and Allende bulk rock. Based
on the systematic variation of 5°°Si and Mg/Fe in the
chondrule minerals and most of the matrix it appears
that either nebular gas or aqueous solutions with
enrichment of Fe and isotopically light Si reacted with
Mg-rich chondrule cores to form Fe rich rims of type I
chondrules and the type II chondrules. The systematic
enrichment of Fe and isotopically light Si in matrix and
many chondrule rims compared to the chondrule cores
favors this scenario.
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Fig. 1: Mg/Fe vs 6°°Si variation in chondrule and matrix

silicates. Data shown by gray colored symbols are the
bulk chondrule values from [17]

Zoning of Mg/Fe and ¢°'Si in some chondrules:
Textural observations, Mg/Fe, Mg/Si and 6°°Si data
suggest that the chemical and isotopic variations
described above likely reflect a multistep process,
which may have taken place in the solar nebula and/or
on the Allende meteorite parent body. The significant
change in Mg/Fe of most mineral phases of type I PC
and some mineral phases of other chondrules likely
occurred in the solar nebula, as no corresponding
significant change in the Mg/Fe is observed in the
adjacent matrix. Evidence from O isotope studies [18]
suggests that aqueous alteration on the parent body
during hydrothermal metamorphism likely resulted in
local formation of Fe-rich olivine-pyroxene veins in
chondrules and matrix and may have altered the outer
chondrule rim composition. In contrast, the thick
chondrule rims likely formed by interaction of
chondrule core like-material with Fe and **Si enriched
gas in the nebula [19, 20]. These compositions were
only slightly modified later during parent body
metamorphism.

Inter-mineral 6°"Si variation in the chondrules: The
difference in 0°°Si of olivine and pyroxene (with
similar Fe contents) from two chondrules (BOC and
type I PC) is on average ~ 0.75 %o. The difference in
the 0°°Si of Fe-rich and Mg-rich olivine compositions
are varying from 0.3 to 0.9 %o in different chondrules.
High temperature equilibrium fractionation between

olivine and pyroxene shows only a small difference
(<0.1 %o) in 6°°Si [21, 22]. Therefore, the inter-mineral
variation of the 6°°Si in chondrules cannot be the result
of equilibrium isotope fractionation, which also
suggests that the chondrule minerals were not in
isotopic equilibrium after their formation.

Rayleigh fractionation during open system evaporation
of chondrule minerals would lead to a stronger
enrichment of *°Si in all chondrule minerals (~11 %o
for 50% evaporation of Si), which is also not observed.
Hence, the variation of 6°°Si in the chondrules and
matrix is not a direct consequence of single stage
equilibrium or kinetic fractionation. Interaction of
crystallizing chondrule minerals with gas at elevated
pressures may explain these variations.

Conclusion: Significant heterogeneity in 6°°Si is
observed in chondrules and matrix minerals from the
Allende meteorite. Complementary Mg/Fe and ¢°°Si in
most chondrule and matrix silicates support the
proposed chondrule-matrix complementarity in CV
chondrites. The formation of type Il chondrules may
reflect interaction of type I chondrules with nebular
gas of matrix-like composition.
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