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Introduction:  Carbonaceous chondrites result from
the accretion of solids formed in the protoplanetary
disk (a.k.a., solar nebula). The principal solid compo-
nents (clasts) are: Ca-, Al-rich inclusions (CAIs [1]),
chondrules of various textural and chemical subtypes,
amoeboid olivine aggregates (AOAs [2-4]), lithic
fragments (dark inclusions) of primitive meteoritic
material, and isolated olivine grains.

The CV chondrites are distinguished as a group by
texture (clast size [5], chondrule/matrix ratio [6]) and
enrichment in refractory lithophiles [6]. They occur in
reduced and oxidized subtypes [7-8]. The variations
between chondrite groups are thought to represent lo-
calized heterogeneity of the nebular environment in
which chondrites formed [9]. Here, we report much
larger differences in clast/matrix ratios between re-
duced and oxidized subtypes than [7], and we infer that
ices accreted with matrix were the oxidizing agent in
CV chondrites.

It follows that quantitative knowledge of the size
distributions and relative abundances of clasts in CV
chondrites are required for constraining and testing
models for the accretion of meteorite parent bodies.
For example, the size sorting observed in chondrite
classes may result from aerodynamic sorting of clasts
in turbulent eddies [10], or during sedimentation or
radial drift [11]. The chondrule type abundances in CV
chondrites are well known only for Allende [16]. Mod-
els of shock heating predict the abundances of chon-
drule clasts of various types produced for assumed
initial parameters [13]. The accretion of chondrule
precursor material is, presumably, reflected in the size
and chemical type of chondrules found in chondrites.

Furthermore, the relative abundances of clasts, and
their bulk chemical characteristics, determine the bulk
composition of every class of chondrite. The marked
similarity of these bulk compositions is a first order
phenomenon in meteoritics [14-16]. The relative pro-
portions of clasts of different bulk chemical composi-
tion (e.g., CAIs vs. chondrules), and clast/matrix ratios,
are fundamental data in addressing the formation con-
ditions of parent bodies. Thus we are strongly moti-
vated to apply modern methods to aggregate clast
analysis [17], building on the pioneering work of [7].

Methods:  Polished thin sections (PTS) of Bali,
Mokoia, Vigarano, Leoville, Nova-002 and Allende,

and thick sections (PS) and random cut slabs of Al-
lende were mapped in major elements at 13 (slabs), and
4 to 9 μm/pixel resolution (sections) [17] (Table 1).
Element, BSE, and RGB composite map mosaics were
superposed to allow masking, manual outlining of in-
clusions, and determination of inclusion type [17]. The
superposition of multiple elemental and composite
maps, costly in computer resources, is invaluable in
performing this work.

Hand-drawn inclusion outlines - the critical step,
and determination of inclusion type, have been checked
by at least two authors independently for all samples.
Types of chondrules (PP, PO, POP, BO, RP), CAIs
(CTA, FTA, B, misc.) and other components were
grayscale-coded, and the numbers of pixels represent-
ing inclusions of each type were counted [17]. The
original EMP pixel resolution was preserved through-
out. Table 1 records the analyzed and counted area of
each meteorite, in pixels and cm2.

Results:  Clast abundances for five CV chondrites
are presented in Table 1, with a comparison to earlier
work [7], and calculated ratios of clasts (CAI + AOA +
chondrule) to matrix (matrix + isolated olivine + dark
inclusions) for both data sets. The wide diversity in
clast/matrix ratios in our data is illustrated in Fig. 1,
with the Allende-type oxidized CV below, and the re-
duced CV above. Nova 002 is highly weathered, and
not yet classified for subtype. We intend to analyze
more sections of each CV, however, small Allende
sections yielded results consistent with analyses of
large slabs.

Size distributions of chondrules, AOAs, and CAIs
(combined as ‘clasts’) were determined separately from
the outlined images of each chondrite. Table 1 presents
log-normal radius data for n clasts in each section,
where r are the radii of circles with same areas as the n
clasts. For Allende, size data is for a single 16 cm2 slab
area imaged at 13 μm/pxl (AL-4884-s2B). The low
skewness of the distribution results from the large
number of clasts.

Reduced vs. oxidized CV: An unexpected result,
not anticipated by [7], is the large difference in
clast/matrix ratio between the oxidized and reduced
subgroups of CV chondrites. In [17], we remarked on
the high abundance of matrix in Allende. Here we con-
firm a similar abundance in Mokoia. Our clast to ma-
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trix ratios for the oxidized subgroup lends support to
the idea that ices are transported into chondrite parent
bodies with matrix [18, and references therein]. Thus
the alteration in the oxidized CVs may be attributed to
the presence of more ice-bearing matrix than accreted
into the reduced CVs.

Table 1:  Abundances of clasts in CV chondrites measured
here, compared to those reported by [7]. Area (pixels) reports

integral number of pixels actually counted; ‘stdevp’ is 1σ.
meteorite Allende Mokoia Nova002 Vigarano Leoville

type CV3.2-oxA CV3-oxA CV3 CV3.0-redCV3.0-red
sample source AMNH AMNH AMNH AMNH USNM

sample number multiple 3906-4 4826-2 2226-4 3535-1
micron/pixel 4 to 13 9 7 7 10
Area (pixels) 88,863,999 1,035,734 1,923,983 848,249 1,639,210
Area (cm^2) 120.595 0.839 0.943 0.416 1.639 avg stdevp

matrix 61.47 54.18 36.41 33.33 31.50 43.38 12.12
CAI 4.30 4.91 0.76 2.40 1.83 2.84 1.54

AOA 3.05 2.00 3.87 1.78 4.02 2.94 0.92
chondrule 30.95 38.08 56.95 62.40 62.44 50.16 13.13

met/sul 0.18 0.79 0.34 0.10 0.21 0.32 0.25
unknown 0.1 0.0 1.7 0.0 0.0 0.35 0.66

clasts/matrix 0.62 0.82 1.68 1.99 2.15 1.45 0.62
n clasts 1096 185 172 462 265 436 346

mean, ln(r) 5.6147 4.7789 4.9667 3.7648 5.1084 4.85 0.61
variance, ln(r) 0.3493 0.9809 1.1734 0.9420 1.0440 0.90 0.29

skewness, ln(r) 0.012 -0.573 -0.478 0.599 -0.390 -0.17 0.43
ref. [7] : Allende Mokoia n.a. Vigarano Leoville avg stdevp

points counted 1572 1510 1594 1705 1595
matrix 41.3 43.4 36.6 36.2 39.38 3.07

CAI 9.4 3.5 5.3 6.6 6.20 2.15
AOA 3.2 2.7 5.4 1.3 3.15 1.47

chondrule 43 46.9 48.9 51.4 47.55 3.07
opaques 3.1 3.5 3.0 4.5 3.53 0.59

clasts/matrix 1.25 1.13 1.51 1.46 1.34 0.15
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Fig. 1: Abundances of major components in CV chondrites.
Statistics are most robust for Allende.

Astrophysical Implications: Earlier workers have
quantified the radii and densities (r and ρ) of small
numbers of chondrules separated from chondrites [19],
or quantified clast size and density by tomography
[20]. These are the vital parameters for dynamical
model calculations [10,11]. Our results address this
need, and we have in hand 3D microtomography data
to supplement 2D surface investigations.

Future Work: We are writing software to use
element x-ray intensity maps, combined with outlines
of clasts, for qualitative, pixel-by-pixel assessment of
the relative abundances of major elements between
individual clasts. This will allow us to measure: the
abundance of metal/sulfide subgrains inside chon-

drules; chondrule pyroxene/olivine ratios; the mean
FeO content of silicates to identify Type I and II chon-
drules [7]; the Ca/Al ratio in each CAI. We should,
then, also be able to estimate clast densities (ρ).

Distinct igneous layers or accretionary rims sur-
round many clasts, evidence of the origin and histories
of the clasts themselves. Although there have been an-
ecdotal reports of correlations between clast type, clast
size, and rim thickness, there is no strong quantitative
evidence regarding such relationships. With consistent
criteria, rim thicknesses could be quantified.

Conclusions: There is a clear dichotomy in
clast/matrix ratio in CV chondrites. The oxidized sub-
group has nearly twice the matrix abundance, and
nearly half the chondrule abundance, of the reduced
subgroup. Matrix abundance and oxidative alteration
are correlated. Image analysis, with careful, deliberate
application of human expertise, can provide the statis-
tical power and quantitative constraints necessary to
address major problems of chondrule and CAI origin
and accretion into protoplanetary bodies [21, 22].
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Science; LPS = Lunar & Planetary Science, LPI.
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