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Introduction:  The CV and CR chondrites have 

numerous petrologic affinities. In fact, the type CR, 
Renazzo was initially classified as a CVan. Recently, a 
growing number of chondrites (MET 01017, RBT 
04133, NWA 1152, Sahara 00182 [1-4]) that have CR 
petrologic characteristics have been found to plot in 
the CV field in three O-isotope diagrams. Two differ-
ent approaches have been taken to address classifica-
tion ambiguities. O, C, H isotopic data, Raman studies, 
and characterization of chondrules and opaques have 
led to reclassification of MIL 01017 as a CVan [1, 3] 
and to the suggestion that RBT 04133 is a CVred [2]. In 
contrast, [4] argued that NWA 1152 and Sahara 00182 
cannot be readily assigned to any recognized group of 
carbonaceous chondrites. This issue goes beyond the 
practical concern that some chondrites may be misclas-
sified and merits re-evaluation of the parameters used 
to discriminate between these two groups.  

Here, we study the matrices of MET 01017 and 
RBT 04133 to assess if their fine-grained materials 
may serve as an additional classification criterion. We 
compare these meteorites with CR2 MIL 07513. Final-
ly, we discuss the potential relationships between ma-
trix and opaques and the repercussions that mobiliza-
tion of opaque cations during asteroidal processing 
may have had on the composition and mineralogy of 
matrices. 

Methods: An FEI Quanta 200 ESEM and a Nova 
NanoSEM 630 were used to characterize petrographic 
thin sections of each meteorite. Electron probe anal-
yses of 13 elements (Na, Mg, Al, Si, P, S, K, Ca, Fe, 
and Ni) in multiple chondrules, metal grains, and re-
gions of matrix in MET 01017, RBT 04133 and MIL 
07513 were performed using a JEOL 8900 Superprobe 
and a JEOL JXA-8530F.  A focused beam was used 
for chondrules and metal, and a 10 µm beam for ma-
trix. Finally, five representative regions of matrix were 
sectioned via FIB for study using a JEOL 2010F 
STEM.  

Results: All three chondrites are dominated by 
MgO-rich, porphyritic chondrules, which present >50 
vol.% of these samples. The fayalite content of olivine 
in chondrules in MET 01017 and RBT 04133 (~Fa3.5) 
is consistent with those reported by [5]. Chondrules in 
MIL 07513 are slightly more MgO-rich (Fa2.4±2.0). The-
se values overlap with both the CV3red (e.g. Kaba – 
[6]) and the CR chondrites [e.g. 4]. However, the nar-

row ranges of composition observed in MET 01017, 
RBT 04133 and MIL 07513 are more consistent with 
CR classification.  

 
Figure 1. Matrix elemental abundance normalized to Si and 
average CI chondrite. Average CV chondrite matrix calculat-
ed from data in [7]. Average CV chondrite matrix calculated 
from EPMA data for 12 CR chondrites. 
 

 

 
Figure 2. TEM images of matrices of MIL 07513 and RBT 
04133. (a,b) CR2 MIL 07513 contains a matrix assemblage 
that is not typical of CR chondrites, i.e. anhydrous silicates, 
FeNi, and hercynite. (c,d) Matrix of RBT 04133, containing 
abundant, highly strained fayalitic olivine. 
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Opaque Mineralogy. Metal in all three meteorites 

occurs as polymineralic assemblages of kamacite (96 
wt.% Fe; 4 wt.% Ni), tetrataenite (48 wt.% Fe; 51 
wt.% Ni), and troilite. Combined, the abundance of 
metal and sulfides place MET 01017 and MIL 07513 
in the typical range for CR chondrites in the Urey-
Craig diagram [e.g. 7], which is significantly more 
reduced that the field spanned by CVs. Conversely, we 
found that RBT 04133 is metal-poor, in agreement 
with [2]. The positive correlation between Co and Ni 
that is generally observed in most CR chondrites is 
absent from all three meteorites. The average χ2 for Co 
vs. Ni in kamacite is 0.03 and there is a weak (χ2 = 
0.14) negative correlation in tetrataenite.  

Matrix Composition.  The matrices of all three me-
teorites show nearly flat patterns for the refractory and 
moderately refractory lithophile elements, which are 
consistent with both the average composition for CV 
[8] and CR chondrites (Fig. 1). However, the oxide 
wt.% totals for the matrices of MIL 07513 (90.7 wt.%; 
n=37), RBT 04133 (95.9 wt.%; n=83), and MET 
01017 (98.3 wt.%; n=151) are significantly higher than 
the average totals for CR matrices (~87 wt.%). Instead, 
they fall within the range for CV chondrites [8]. Fur-
thermore, as shown in Fig. 1, the matrices of MIL 
07513 (0.03 x CI) and RBT 04133 (0.06 x CI), and 
MET 01017 (0.01 x CI) are strongly depleted in S, 
containing approximately an order of magnitude less S 
than either CV or CR chondrites. However, MIL 
07513 (Fe = 1.6; Ni = 1.3 x CI) and RBT 04133 (Fe = 
1.4; Ni = 1.4 x CI) are enriched in Fe and Ni with re-
spect to CV, CR, CI, and particularly MIL 01017 (Fe = 
0.6; Ni = 0.6 x CI). 

Matrix Mineralogy.  These compositional charac-
teristics reflect directly on matrix mineralogy. In the 
two FIB sections extracted from MIL 07513, the most 
common phase was sub-rounded, <500nm, fayalitic 
olivine (Fig. 2). These occurrences resemble olivines 
in the clastic matrix of CV3red Vigarano [9]. Enstatite, 
spectate, Fe-silicides, large (>1µm) Fe-Ni grains, and 
<100 nm, hercynitic spinel are also common (Fig. 2). 
While Fe-Ni metal and hercynite have also been identi-
fied in Vigarano, their occurrences are different. Fe-Ni 
grains in Vigarano are rare and ~10-100 times smaller, 
while hercynite is found only as an inclusion phase 
within olivines, instead of as an independent phase. In 
the RBT 04133 FIB sections, <100 nm, fayalitic oli-
vine is also very common (Fig. 2). These grains con-
tain numerous planar defects, as well as Cr-Al-spinel 
and Fe-sulfide inclusions. In addition, Fe-Ni metal 
grains have also been observed. The matrix of RBT 
04133 closely resembles Vigarano’s clastic matrix. 
Although, the grain size in RBT 04133 is generally 

smaller. The presence of Fe-Ni grains in both MET 
07513 and RBT 04133 explain why these meteorites 
are enriched in Fe and Ni, but not in S. Finally, MET 
01017 matrix exclusively contains fayalitic olivine, 
ranging from Fa24-57, with an average Fa71. [10] argued 
that the range of Fa-content of matrix olivines is in-
versely correlated with degree of metamorphism in CV 
chondrites. The wide compositional spread observed in 
MET 01017 seems to suggest that this is a very pristine 
CV chondrite. However, [1] classified MET 01017 as 
petrologic type >3.7 based on Raman studies.  

Discussion: The textures observed in FIB sections 
extracted from MIL 07513 and RBT 04133, are con-
sistent with those predicted for matrix metasomatism 
in CV chondrites [10]. However, the low S content in 
their matrices compared with other CV chondrites and 
the abundance of Fe-Ni metal suggests that if they are 
indeed related to other CVred chondrites, they did not 
undergo parent body sulfidization. In previously stud-
ied CV chondrites, higher S contents may have origi-
nated from mobilization of S from chondrule sulfides 
and opaque assemblages during secondary alteration.  

Conclusions: We suggest that MIL 07513 is close-
ly related to the CVred chondrites. Observations of ma-
trices – in particular of matrix mineralogy – seem to 
provide a criterion to distinguish between CV and CR 
chondrites. Although MET 01017, RBT 04133 and 
MIL 07513 share many petrologic features with CR 
chondrites, their matrices are fundamentally different. 
Their extremely low S contents and high oxide totals 
reveal that their matrices cannot be dominated by the 
mineral assemblages common in CR chondrite, i.e. 
porous amorphous silicates, phyllosilicates, and Fe-
sulfides. In general, the matrices of MET 01017, RBT 
04133 and MIL 07513 resemble the matrix of CV3red 
Vigarano. The secondary mineralogy of CV chondrite 
matrices appears to be closely linked to the alteration 
of large opaques.  
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