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Introduction:  CV chondrites are a highly diverse 

group of meteorites currently subdivided into three sub-

groups (oxidized Allende-like, oxidized Bali-like, and 

reduced) which experienced different degrees of 

aqueous and/or iron-alkali-halogen metasomatic altera-

tion and thermal metamorphism, and may represent 

different lithologies of a single CV parent asteroid [1]. 

Neither the size nor the thermal evolution of this astero-

id are well-known. Based on the unidirectional rema-

nent magnetization of the Allende meteorite, it has been 

proposed that the CV asteroid could have experienced 

melting, igneous differentiation and core formation [2]. 

However, no CV chondrites more heavily metamor-

phosed than Allende, that appears to have experienced 

peak metamorphic temperature of ~750850K [35], 

are currently known. The CV chondrite breccias Mo-

koia and Yamato-86009 contain heavily-

metamorphosed clasts, which could be genetically re-

lated to CV chondrites [6,7]. If this is the case, these 

clasts may provide an evidence for strong thermal me-

tamorphism or even partial melting on the CV parent 

asteroid. 

The metamorphosed clasts in Mokoia and Y-86009 

are coarse-grained, granular, polymineralic rocks com-

posed of ferroan olivine, ferroan diopside, anorthitic 

plagioclase, Cr-spinel, nepheline, sulfides, and rare 

grains of Ni-rich taenite; low-Ca pyroxene is absent 

[611]. Some clasts exhibit triple junctions between 

silicate grains, indicative of prolonged annealing at high 

temperature. The peak metamorphic temperature esti-

mated for the Mokoia clasts are >9701170K [6,7]. 

Although both nebular and asteroidal origins of clasts 

were proposed [6, 8], the preservation of chondrule 

textures and the presence of re-crystallized finer-grained 

material around them suggest the clasts formed by an-

nealing of chondrules and matrices on a chondrite par-

ent asteroid [7]. The mineralogy and bulk chemical 

compositions of the clasts, however, are inconsistent 

with known groups of thermally metamorphosed chon-

drites [6, 7, 10, 11]. O-isotope compositions of the only 

clast from Y-86009 measured so far [10] are similar to 

those of CV chondrites, supporting its genetic relation-

ship to CV chondrites [6]. To further test this hypothe-

sis, we measured O-isotopic compositions of olivine 

grains in four heavily-metamorphosed clasts from Mo-

koia.  

Analytical technique: O-isotope compositions were 

analyzed with the UH Cameca ims-1280 ion micro-

probe in multicollection mode: 
16

O

, 

17
O


 and 

18
O


 were 

measured simultaneously using multicollection Faraday 

cup (FC), monocollection electron multiplier and multi-

collection FC, respectively, described in detail else-

where [12]. 

Results and Discussion: The Mokoia clasts M25#2 

(Fig. 1a) and M25#4 have equilibrated textures with 

triple junctions between olivine, pyroxene and plagioc-

lase grains, and uniform chemical compositions of oli-

vine and pyroxene. Two other clasts, M3#4 (Fig. 1b) 

and M25#8 (Fig. 1c), have unequilibrated textures. The 

clast M3#4 has a porphyritic texture and shows some 

variations in chemical compositions of pyroxene (En38-

41Wo50-51). The clast M25#8 has a coarse-grained por-

phyritic texture and is surrounded by a finer-grained rim 

[see 7 for details]. The largest olivine phenocryst shows 

Fe-Mg zoning (Fa25-30). 

Oxygen-isotope compositions of olivine in the Mo-

koia clasts are similar to those in the Y-86009 clast re-

ported by [7] and plot along carbonaceous chondrite 

anhydrous mineral (CCAM) line (Fig. 2). 

Oxygen-isotope compositions of olivine in clasts 

with equilibrated textures are uniform; the 
17

O values 

are similar within uncertainty of our measurements (Fig. 

2). These compositions may represent the original com-

positions of precursor materials or they could have been 

modified by O-self diffusion during thermal metamor-

phism. Based on olivine-spinel and high-Ca pyroxene 

thermometers, these clasts were metamorphosed at 

>9701170K [7]. Because no chemical zoning is ob-

served in 50-µm-sized olivine grains of the clasts, these 

grains were probably chemically homogenized during 

thermal metamorphism. Based on Fe-Mg diffusion coef-

ficient in olivine at 1000K, ~10
20

 m
2
/s [13], thermal 

metamorphism at 1000K for at least 2000 yrs is re-

quired to complete Fe-Mg exchange in a 50-m-sized 

olivine grain. Using O-self diffusion coefficients at 

1000K (~110
–22

 m
2
/s [14] and ~310

–24
 [15], the esti-

mated diffusion distances of oxygen in olivine during 

this time are ~7 and ~1 m, respectively. Because these 

values are obtained using the minimum temperature and 

duration of thermal metamorphism recorded by the 

clasts, they provide a lower limit of the oxygen diffu-

sion distance. We infer that the narrow range in O-

isotope compositions of the clasts with equilibrated 

textures could be due to O-isotope equilibration during 

thermal metamorphism. 

On a three-isotope oxygen diagram (Fig. 2a), com-

positions of clasts with unequilibrated textures show a 

bi-modal distribution. In both clasts, O-isotope compo-
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sitions of the adjacent olivine grains are variable, imply-

ing that the clasts appear to have escaped O-isotope 

equilibration during thermal metamorphism and may 

have preserved the original compositions of precursor 

materials. The observed range of O-isotope composi-

tions of the Mokoia clasts overlaps with compositions 

of chondrules from CV chondrites [1618]. 

We conclude that O-isotope compositions of the 

heavily-metamorphosed clasts from Mokoia and Y-

86009 are consistent with their origin on the CV chon-

drite parent asteroid [6, 7]. The absence of low-Ca py-

roxene in the clasts could be due to its preferential re-

placement by ferroan olivine, as commonly observed in 

chondrules from the Allende-like oxidized CV chon-

drites and Allende dark inclusions [19, 20]. Thus, the 

Mokoia and Y-86009 metamorphosed clasts could have 

formed by annealing of heavily altered CV chondritic 

material. 
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Fig. 1. BSE images of the Mokoia clasts with equilibrated (a) 

and unequilibrated (b, c) textures. Circles show SIMS mea-

surement spots in olivine; color of the spots represents 17O 

values as shown in Fig. 2b. ol: olivine; px: pyroxene; pl: pla-

gioclase; sp: spinel; sf: sulfide; rim: igneous rim; ch-like: 

chondrule-like portion.  

 
 

 

 
Fig. 2. Three O-isotope diagram (a) and 17O values (b) of 

olivine in the heavily-metamorphosed Mokoia clasts with 

equilibrated and unequilibrated textures. Errors are 2. 
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