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Abstract-We observed metamorphosed clasts in the CV3 chondrite breccias Graves
Nunataks 06101, Vigarano, Roberts Massif 04143, and Yamato-86009. These clasts are
coarse-grained polymineralic rocks composed of Ca-bearing ferroan olivine (Fayy 49, up to
0.6 wt% CaO), diopside (Fs7_1,Wo044_50), plagioclase (Ans,_75), Cr-spinel (Cr/[Cr + Al] = 0.4,
Fe/[Fe + Mg] = 0.7), sulfide and rare grains of Fe-Ni metal, phosphate, and Ca-poor
pyroxene (Fs»yWo4). Most clasts have triple junctions between silicate grains. The rare earth
element (REE) abundances are high in diopside (REE ~3.80-13.83 x CI) and plagioclase
(Eu ~12.31-14.67 x CI) but are low in olivine (REE ~0.01-1.44 x CI) and spinel (REE
~0.25-0.49 x CI). These REE abundances are different from those of metamorphosed
chondrites, primitive achondrites, and achondrites, suggesting that the clasts are not
fragments of these meteorites. Similar mineralogical characteristics of the clasts with those
in the Mokoia and Yamato-86009 breccias (Jogo et al. 2012) suggest that the clasts
observed in this study would also form inside the CV3 chondrite parent body. Thermal
modeling suggests that in order to reach the metamorphosed temperatures of the clasts of
>800 °C, the clast parent body should have accreted by ~2.5-2.6 Ma after CAls formation.
The consistency of the accretion age of the clast parent body and the CV3 chondrule
formation age suggests that the clasts and CV3 chondrites could be originated from the
same parent body with a peak temperature of 800-1100 °C. If the body has a peak
temperature of >1100 °C, the accretion age of the body becomes older than the CV3
chondrule formation age and multiple CV3 parent bodies are likely.

INTRODUCTION

CV3 carbonaceous chondrites are an important
group of primitive meteorites, which typically contain a
diverse range of components of presolar grains, calcium-
aluminum-rich inclusions (CAls), chondrules, matrix fine
grains, and dark inclusions, etc. (e.g., Brearley and Jones
1998). The study of those components in CV3 chondrites
has provided fundamental insights into the evolution of
the early solar system.

The CV3 chondrites are subdivided into the oxidized
Allende-like (CV3pxa), oxidized Bali-like (CV3o4p), and
reduced (CVgeq) subgroups based on the mineralogy,
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petrography, bulk chemistry, and oxygen isotopic com-
positions (McSween 1977; Weisberg et al. 1997). These
subgroups experienced different types and degrees of
aqueous/metasomatic alteration and thermal metamor-
phism (Krot et al. 1995, 1998a, 1998b, 2004). The
CV30o4p chondrites experienced aqueous alteration that
resulted in the formation of secondary fayalite, ferroan
olivine, phyllosilicate, magnetite, Fe,Ni—sulfide, Fe,Ni—
carbide, salite—hedenbergite pyroxenes, and andradite
(Krot et al. 2004; MacPherson et al. 2017; Ganino and
Libourel 2017). The CV3pxa chondrites experienced
relatively high-temperature Fe-alkali-halogen metaso-
matic alteration (Brearley 1997, 1999; Bonal et al. 20006)
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that resulted in the formation of secondary ferroan
olivine, nepheline, sodalite, andradite, grossular, wollas-
tonite, kirschsteinite, and salite~hedenbergite pyroxenes
(Kimura and Ikeda 1995; Ikeda and Kimura 1995; Krot
et al. 1995, 1998a, 1998b, 2004; MacPherson et al. 2017,
Ganino and Libourel 2017). The CV3g.y chondrites
experienced metasomatic alteration similar to that of the
CV3pxa chondrites but to a smaller degree (Krot et al.
1995, 1998a, 1998b, 2004).

The mineralogical, geochemical, and oxygen isotopic
evidence exhibited by the three CV3 subgroups can be
explained by two distinct scenarios for the asteroidal
sources of the CV3 chondrites (1) each CV3 subgroup
might be derived from a distinct parent body or (2)
all CV3 subgroups might have originated from a single
heterogeneously altered parent body (e.g., Krot et al.
2000a; Greenwood et al. 2010). The latter scenario might
be more consistent with the evidence that many CV3
brecciated chondrites show mixed lithologies of different
CV3 subgroups (Krot et al. 2000a; Tomeoka and
Tanimura 2000; Jogo et al. 2009), or the Ca-Fe-rich
secondary minerals (e.g., kirschsteinite, andradite, Ca-
rich pyroxene) in different CV3 subgroups could have
formed at similar formation conditions (Ganino and
Libourel 2017).

The CV3 chondrites also contain lithic clasts which
might have originated from the CV3 chondrite parent
body (e.g., dark inclusions and metamorphosed clasts).
The dark inclusions commonly occur in Allende and, less
commonly, in some other CV3 chondrites (e.g., Kojima
and Tomeoka 1996). They consist of fine-grained matrix
and/or chondrules and CAIls, and would have expe-
rienced extensive aqueous alteration and thermal
metamorphism in the asteroidal settings (e.g., Kojima
and Tomeoka 1996). They are similar in chemical and
oxygen isotopic compositions and mineralogical
characteristics to CV3 chondrites (Fruland et al. 1978;
Bischoff et al. 1988; Johnson et al. 1990; Kojima and
Tomeoka 1996), suggesting that the dark inclusions
are fragments of the CV3 chondrite parent body (e.g.,
Kojima and Tomeoka 1996). In contrast, the metamor-
phosed clasts are also thought to form inside the CV3
chondrite parent body. They are olivine-rich aggregates
that occur in Mokoia and Yamato (Y)-86009 (e.g.,
Cohen et al. 1983; Krot and Hutcheon 1997; Jogo et al.
2012). They typically show coarse-grained granoblastic
textures with triple junctions and occasionally preserve
chondrule-like textures. Jogo et al. (2012) inferred that
the clasts experienced high-temperature metamorphism
(>800 °C) in the interior of the CV3 parent body based
on the similarities of oxygen isotope compositions, bulk
chemical compositions, and mineralogical characteristics
of the clasts and CV3 chondrites.
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Other groups of meteorites may also have a link to
CV3 chondrites. For example, metamorphosed CK
chondrites and CV meta-chondrites (Northwest Africa
3133 and 1839) show similar mineralogy and chemical
and isotopic compositions to the CV3 chondrites (e.g.,
Irving et al. 2004; Schoenbeck et al. 2006; Greenwood
et al. 2010; Wasson et al. 2013; Chaumard et al. 2014;
Chaumard and Devouard 2016). It is conceivable that
such meteorites originated from the deep interior of the
CV3 parent body. Moreover, magnetic studies of CV3
chondrites suggest that the parent body may have
undergone melting, igneous differentiation, and Fe-Ni
core formation (e.g., Carporzen et al. 2011; Elkins-
Tanton et al. 2011; Fu and Elkins-Tanton 2014; Shah
et al. 2017).

In this study, we found the metamorphosed clasts
in four CV3 chondrite breccias: Graves Nunataks
(GRA) 06101, Vigarano, Roberts Massif (RBT) 04143,
and Y-86009. We described the mineralogical and
petrological characteristics of the clasts and conducted
ion microprobe analyses for REE abundances of the
clasts in the Y-86009 breccia. A comparison between
the formation conditions of the clasts and the thermal
histories of the CV3-like body has enabled us to
constrain the accretion time and thermal history of the
parent body of the clasts.

METHODS
Mineralogy and Petrology

We have investigated twelve CV3 chondrites (LaPaz
Icefield [LAP] 022066, LAP 04843, LAP 02228, MET
00430, MET 01074, Queen Alexandra Range [QUE]
97186, Thiel Mountains [TIL] 07007, Asuka [A]-881317,
GRA 06101, Vigarano, RBT 04143, and Y-86009
chondrites) and found metamorphosed clasts in four
CV3 chondrites (GRA 06101, Vigarano, RBT 04143,
and Y-86009). The chemical compositions, and
mineralogical and petrological characterization of
metamorphosed clasts were obtained by scanning
electron microscopy (SEM) and field-emission electron
probe microanalyzer (FE-EPMA). A 25 nm thick
carbon film was applied to the sample surfaces prior to
the SEM and EPMA analyses in order to eliminate
electrostatic charging. The SEM (JSM-6610 at Korea
Polar Research Institute) was equipped with a
backscattered electron (BSE) imaging system and an
energy-dispersive X-ray spectrometer. X-ray spectra
were obtained at a 15 keV accelerating voltage and a
beam current mode of ss50 to identify the minerals.
Chemical compositions of clasts were obtained using the
FE-EPMA (JEOL JXA-8530F at Korea Polar Research
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Institute) equipped with a wavelength dispersive X-ray
spectrometer. Quantitative chemical analyses were
operated at a 20 kV accelerating voltage and a 10 nA
beam current. The ZAF correction method was applied.

REEs

REE measurements were performed on polished
sections of standards (GM 1-5, NIST 612, and JGbl,
details are described below) and the meteorite sample of
Y-86009 by using an ion microprobe (AMETEK
CAMECA ims-6f) at Kochi Institute for Core Sample
Research, JAMSTEC. We used the technique of a
voltage offset to the sample and an energy filtering of
the secondary ions in order to eliminate interferences of
complex molecules, hydrides, and monoxides from the
secondary ion signals of the REEs (e.g., Fahey 1998).
The detailed measurement conditions and techniques
are described below.

We used a focused '°O~ primary beam of ~10-
30 pm in diameter with an intensity of ~3-14 nA. The
beam intensity (size) was changed depending on sizes of
target minerals. The negative primary '°O ions were
accelerated with 13 keV to sputter the sample surface.
Positive secondary ions of masses 26 (**Mg"), 30
(°Si ), and 138-175 (1*Ba*, PLa*, 0Ce ", 41pr+,
NG, Wgmt, STEgt, 1Byt 18Gd*, 1 ThY,
163y + 165G+ 166+ 169y 172yt ang 175yt
were accelerated with —4.4 keV, and energy was filtered
using a —60 V offset with a 30-eV energy window. A
counting time for each secondary ion was 2-10 s. One
analysis consisted of 20 cycles and the total acquisition
time was ~1 h. Each run started after stabilization of
the secondary ion beam intensity following pre-
sputtering.

First, we measured three kinds of standards (GM 1-5,
NIST 612, and JGbl) to determine REE-oxide/REE ratios
and relative sensitivity factors (RSFs) for REE/Si and REE/
Mg. Under energy filtering conditions, complex molecular
ions are effectively eliminated and the principal remaining
interferences for REE measurements are REE monoxides
(e.g., Fahey 1998). Synthetic diopside glass standards with a
stoichiometry of CaMgSi,Og (GM 1-5, see details in Ito
and Messenger 2016) were measured to determine REE-
oxide/REE ratios. In each standard glass, the suite of
elements was chosen to avoid isobaric interferences of
REEs with other REEs or their oxide peaks. We verified
that REE-oxide/REE ratios are sufficiently low as < 0.3
under energy filtering conditions of —60 V offset (Table S1
in supporting information). We totaled the counts for each
of the isotopes over all of the cycles. Then, the REE
abundances were corrected by the contributions of REE-
oxide. The NIST 612 and JGb1 were used for the standards
to obtain RSFs for REE/Si and REE/Mg, respectively. The
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true REE abundances were calculated by the
equations [REE]y.. = RSF x [REE"/Si " lsims X[Silepma
or [REE]i.. = RSF x [REE" /Mg Jsius x[Mglepma
((REE"/Si" or Mg lsivs is the measured counts of
REE"/Si" or Mg™ by SIMS; [Si or Mg]gpma is the Si or
Mg concentration in the SIMS analysis spot determined by
EPMA). We verified that RSFs were not changed with
primary beam current of ~1-12 nA. Then, we are able to
increase or decrease primary beam current (beam size)
depending on sizes of target minerals. Obtained RSFs for
REE/Si and REE/Mg are summarized in Table S1.

In the next step, we measured REE abundances
of CAI melilite in the Y-86009 meteorite sample and
corrected them by REE-oxide/REE ratios and RSFs.
We checked whether the calculated REE abundances
of CAI melilite in Y-86009 were consistent with the
literature data of CAI melilite in CV3 chondrites (e.g.,
Ito and Messenger 2016). Finally, we measured REE
abundances of each mineral in the clasts 1-3 and 6 in
Y-86009. For the measurements on olivine, diopside,
and plagioclase, we used Si as a reference signal to
calculate absolute concentrations of REEs. In
contrast, for the measurement on spinel, we used Mg
as a reference signal to calculate absolute
concentrations of REEs because spinel does not
contain Si. The REE patterns in this study are
reported relative to the mean of CI chondrites from
Anders and Grevesse (1989).

Thermal Modeling

Thermal modeling of the CV3-like body was
performed. The framework of our model calculations is
described in detail in Wakita and Sekiya (2011) and
Jogo et al. (2017). We ran models for bodies with radii
of 30, 50, 100, and 200 km (any given values between
10 km and 1,000 km for the planetesimals’ radius;
Johansen et al. 2007; Cuzzi et al. 2008; Chambers 2010)
to reach peak temperatures of 800 and 1100 °C
(minimum and maximum formation temperature of
the metamorphosed clasts; see details in the Mineralogy
and Petrology of the Metamorphosed Clasts in the
GRA 06101, Vigarano, RBT 04143, and Y-86009
Breccias; Thermal Modeling of the CV3-Like Body; and
Origin of the Metamorphosed Clasts in the GRA 06101,
Vigarano, RBT 04143, and Y-86009 Breccias sections).
We considered spherically symmetric, instantaneously
accreting bodies. A heat-conduction equation was
solved numerically using a finite difference method and
an explicit method of integral evaluation (Wakita and
Sekiya 2011). We assumed that 2°Al (ti2 = 0.72 Ma)
was the only radiogenic heat source with the initial
ZAl/*7Al ratio of 525 x 107° that was uniformly
distributed in the protoplanetary disk by the time the
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majority of CAIs formed (MacPherson et al. 1995;
Connelly et al. 2012; Kita et al. 2012).

Several studies consider both 2°Al and “°Fe as heat
sources for the parent bodies of meteorites. However, the
initial ®°Fe/>°Fe ratio in the solar system is still uncertain,
and the estimated values are different in the literature (the
initial ®°Fe/>*Fe ratio of <1 x 107® to ~2 x 10~"; Spivak-
Brindorf et al. 2011; Tang and Dauphas 2011; Telus et al.
2011). In addition, recently, Telus et al. (2016) reported
that there was significant exchange of Fe and Ni between
chondrules and the matrices during low-temperature
alteration in the unequilibrated ordinary chondrites and
that the Fe-Ni system was not closed. Because the
estimated temperature profile of planetesimals by thermal
modeling does not change when the initial “’Fe/*°Fe ratios
are 1.0 x 10~ and 2.0 x 1077 (any given values between
the literature data of initial **Fe/*°Fe ratios of <l x 10~*
to ~2 x 1077; Wakita and Sekiya 2011), we did not add
®Fe as an additional heat source for the parent body in
this paper. We assumed no fluid-flow in the model,
because there is no evidence that fluid-driven
redistribution exceeds the ~cm scale based on chemical
data on carbonaceous chondrites (e.g., Keller et al. 1994;
Krot et al. 1998a, 1998b; Bland et al. 2009; Stracke et al.
2012; MacPherson and Krot 2014) and the Ilow
permeability of initial chondritic materials (Bland et al.
2009).

We assumed that hydration and oxidation reactions
occurred at 0 °C, soon after the melting of ice. We assumed
that the initial (unaltered) rocks in the CV3 parent body
contained elements with the atomic ratio Si:Fe:Mg = 1:1:1,
which is consistent with the approximate ratios of the solar
abundance (Lodders 2003) and close to bulk chemical
compositions of CV3 chondrites; the original mineralogy
was assumed to be olivine, (Mg sFeqs),Si04 (Hutchison
2007; Wakita and Sekiya 2011). The simplified hydration-
oxidation reaction of (MggsFegs)>SiO4 [olivine] + H,O
[aq] = 1/3 (MgggFeq,);S1,05(OH), [serpentine] + 1/12
(Mg sFeg»)3S14010(OH), [talc] + 1/4Fe;O,4 [magnetite] + 1/4
H, is assumed.

Talc is a minor mineral in the CV3g.a Allende
chondrite (Brearley 1997). Brearley (1997) proposed that
talc is a metamorphic mineral produced during thermal
metamorphism in the Allende parent body. Because of
the similarities of oxygen isotopic compositions, bulk
chemical compositions, and mineralogical characteristics
of Allende and to a certain extent clasts, one of
precursors of the clasts would experience similar
alteration conditions as Allende (Jogo et al. 2012). This
implies that the precursors of the clasts would also
contain talc, and thus it would be plausible to form talc
in the hydration—oxidation reaction.

The hydration—oxidation reaction was assumed to be
an enthalpy of 2.77 x 10° kJ kg~ !, as calculated from
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enthalpies of compounds at 25 °C (Holland and Powell
1998). We assumed that the reaction enthalpy is the same
at 0 and 25 °C. We also assumed the following initial
constants for the CV3 parent body: temperature of
—123 °C (corresponds to 3-4 AU in the protoplanetary
disk), Al content of 1.75 wt% (bulk Al contents of CV3
chondrites; Hutchison 2007), water/rock mass ratio of
0.1 (fayalite formation conditions in CV3o. Bali
chondrites; Zolotov et al. 2006). Physical properties and
other details of modeling are described in Wakita and
Sekiya (2011).

RESULTS

Mineralogy and Petrology of the Metamorphosed Clasts
in the GRA 06101, Vigarano, RBT 04143, and Y-86009
Breccias

Metamorphosed clasts were observed in four CV3
chondrite breccias (GRA 06101, Vigarano, RBT 04143,
and Y-86009) among the 12 CV3 chondrites that we
studied (Table 1). We observed three metamorphosed
clasts in Vigarano, four clasts in RBT 04143, one clast in
GRA 06101, and 13 clasts in Y-86009 in the
sections studied (Table 2). The clasts are coarse-grained,
granular, polymineralic rocks with sizes ranging from 10
to 100 pm (e.g., Fig. 1). The clasts are composed of Ca-
bearing ferroan olivine (Fasy 49, up to 0.6 wt% CaO),
Ca-poor and rich pyroxene (Fs>4Woy and Fs;_1,Wo44 5),
plagioclase (Ans, 75), Cr-spinel (Cr/[Cr + Al] = 0.4, Fe/
[Fe + Mg] = 0.7), pyrrhotite, pentlandite, Ca-phosphate,
and Fe-Ni metal (Tables 2 and S2 in supporting
information). Olivine, pyroxene, and plagioclase
commonly form triple junctions (e.g., Fig. 1). Olivine has
rather uniform fayalite contents within individual clasts
(Figs. 2a and 2b). There are, however, Fa variations
between the clasts. Pyroxenes show different chemical
compositions  between the clasts, but uniform
compositions  within  individual clasts  (Fig. 2¢).
Plagioclase is compositionally variable within individual
clasts (Figs. 2d and 2e). These mineralogical and
petrological characteristics of the metamorphosed clasts
in the GRA 06101, Vigarano, RBT 04143, and Y-86009
breccias are similar to those in the Mokoia and Y-86009
breccias (Jogo et al. 2012).

Based on olivine-spinel (Fabries 1979) and high-Ca
pyroxene thermometry (Kretz 1982), the estimated
metamorphic temperatures recorded by the clasts range
from approximately 700-800 °C. These temperatures are
consistent with those recorded by the clasts in the
Mokoia and Y-86009 breccias (Jogo et al. 2012). The
high-Ca pyroxene equilibration temperature is estimated
from equation 19b in Kretz (1982) using only the high-
Ca pyroxene data.
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Table 1. CV3 chondrites containing the metamorphosed clasts.
Subtype Meteorite Breccia/Nonbreccia Clasts Reference
OxA GRA 06101 Breccia Clasts This study
LAP 02206 Breccia No clasts This study
LAP 04843 Breccia No clasts This study
LAP 02228 Nonbreccia No clasts This study
OxB Mokoia Breccia Clasts [1] and [2]
Y-86009 Breccia Clasts This study and [2]
MET 00430 Nonbreccia No clasts This study
MET 01074 Nonbreccia No clasts This study
QUE 97186 Breccia No clasts This study
Red Vigarano Breccia Clasts This study
RBT 04143 Breccia Clasts This study
TIL 07007 Breccia No clasts This study
A 881317 Breccia No clasts This study
[1] Cohen et al. 1983; [2] Jogo et al. 2012.
Table 2. Mineralogy of the metamorphosed clasts in the CV3 chondrite breccias.
Mineralogy
Sample Section Clast# ol Fa px Fs/Wo pl An sp sf Others
Vigarano Vigaranol clastl ol 29 px 24/4 pl 61
Vigarano2 clastl ol 28-29 pl 57-63
clast2 ol 28-29 pl 66
RBT 04143 RBT 04143-3 clastl ol 35 pl 75 sp sf
clast2 ol 24-25 px n.m. pl n.m. phs
clast4 ol 31-33 px 12/44 pl 52-53 sp
clast5 ol 31
GRA 06101 GRA06101 clastl ol 36 sf
Y-86009 Y-86009 UHI clast4 ol 37 pl 62
clast5 pl 63 sp
clast6 ol 37 px 7-9/48-50 sp sf
clast? ol 37
clast8 ol 39-40 px n.m.
clast9 ol 37
clast10 ol 37
clastll ol 35-36 sp
clast]2 ol 36
clast13 ol 38 sp
clast14 ol 36 sp
clastls ol 40 sp
clastl6 ol 3840 sp
Y-86009 Y-86009 UH1 clasts 1-3 ol 36-37 px 9/49 pl sp sf met
Mokoia ol px p! sp sf met, nph, phs

n.m. = not measured due to small size; met = metal; nph = nepheline; ol = olivine; phs = phosphate; pl = plagioclase; px = pyroxene;
sf = sulfide; sp = spinel; Data of the metamorphosed clasts in Mokoia and the clasts 1-3 in Y-86009 are referred from Jogo et al. (2012).

REE Abundances of the Metamorphosed Clasts in the
Y-86009 Breccia

The clasts in Y-86009 show features that are typical

of all the clasts. Next, we measured REE abundances of

olivine, diopside, plagioclase, and spinel in clasts 1-3

and 6 in the Y-86009 chondrite (Figs. 1c—f). Mineralogy
and oxygen isotopic compositions of clasts 1-3 have
already been reported in Jogo et al. (2012). REE data
of each SIMS measurement spot are shown in Table S3
in supporting information. Note that some of the
analysis spots contain multiple REE-bearing phases and
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Fig. 1. Backscattered electron images of the metamorphosed clast 3 in RBT 04143-3 (a), the clast 1 in Vigarano2 (b), and the

clasts 1-3 and 6 in Y-86009UHI1 (c—f). The clasts are embedded in the matrix. Triple junctions are indicated by arrows.
di = diopside; ol = olivine; pl = plagioclase; sp = spinel; sf = sulfide. The section of RBT 04143-3 contains Au-coating which was

used for another study.
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Fig. 2. Chemical compositions of olivine, pyroxene, and plagioclase in the metamorphosed clasts from the GRA 06101,
Vigarano, RBT 04143, and Y-86009 breccias. a) Histogram of Fa contents (mol%) in olivine. b) Fayalite contents (Fa, mol%) in
olivine. Fa contents are uniform within an individual clast but various between the clasts. ¢) Enstatite (En), ferrosilite (Fs), and
wollastonite (Wo) contents (mol%) in pyroxenes. Compositions are various between the clasts. d) Albite (Ab) and anorthite (An)
contents (mol%) in plagioclase. ¢) An content (mol%) in plagioclase. Compositions of the clasts in the Mokoia and Y-86009
breccias (Jogo et al. 2012) are shown for references. (Color figure can be viewed at wileyonlinelibrary.com.)

that corrections were required. For example, REE data
for spinel in clast 1 (YS86UHIclastl_sp#l) are corrected
for a contribution from olivine based on REE
concentrations in olivine (averaged REE abundances of

Y86UH Iclastl_ol#1~3) and modal abundance of olivine
in the SIMS measurement spot of Y86UH Iclastl_sp#l.
Corrected REE concentrations of minerals in each clast
are shown in Table 3 and Fig. 3.
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The olivine grains in all clasts 1-3 and 6 show
similar fractionated REE patterns, which are enriched
in HREEs compared to LREEs (La = ~0.01-0.08 x CI
and Lu=~1.04-144 x CI) (Fig. 3a). The LREE
concentrations are slightly variable among olivine
grains, whercas HREE concentrations are consistent
within errors. The REE concentrations in plagioclase
are similar in clasts 2 and 3 (Table 3). Plagioclase has
fractionated REE patterns (Fig. 3b) with enriched
LREE compared to HREE (La = ~3.36-3.79 x CI and
Lu = ~0.04-0.20 x CI). It shows a positive Eu
anomaly, with values up to several hundred ppb
(Table 3), and shows a large positive Eu anomaly. REE
concentrations in diopside were obtained from only
two grains in clast 6 due to their small sizes and rare
abundances. Both diopside grains have similar high
REE concentrations with values up to several hundred
to several thousand ppb (Table 3). These grains have
slightly fractionated REE patterns (Fig. 3c) and are
enriched in HREE compared to LREE (La = ~5.44-
6.06 x CI and Lu = ~8.55-9.64 x CI). Small positive
Eu anomalies were observed. Spinel has low REE
concentrations with up to several hundred ppb and
shows a flat REE pattern with large uncertainties
(La=~049 x CI and Lu=~0.32 x CI) (Table 3;
Fig. 3d). The REE concentrations of olivine in the
clasts are similar to those in the CV3 Vigarano
chondrules (e.g., Jacquet et al. 2012), but different
from those in the CV3 matrix (e.g., Hua et al. 1996;
Inoue et al. 2004; Bland et al. 2005; Martin et al. 2013;
Jogo et al. 2018), CK5-6 and L6 chondrites (e.g.,
Curtis and Schmitt 1979; Martin et al. 2013), primitive
achondrites (acapulcoites and lodranites; e.g., Floss
2000), and ureililites (e.g., Guan and Crozaz 2000)
(Fig. 4). The REE concentrations of diopside and
plagioclase are different from those in the CV3
Vigarano chondrule, CK5-6 and L6 chondrites,
primitive achondrites, and ureilites (Fig. 4). We have
measured REE abundances of olivine, diopside, and
plagioclase with different grain sizes (20-80 um in
diameter) to verify diffusive disturbance on REE
patterns and abundances during thermal alteration. We
did not observe any correlation between REE
abundances or patterns and grain sizes in each olivine
grain in clast 1 (Figs. 5a and 5b). In clasts 2, 3, and 6,
we cannot discuss such correlations because of the
small numbers of REE data in each clast (Fig. 5).

Thermal Modeling of the CV3-Like Body

We numerically modeled the temperature profiles of
the CV3-like body, using various sizes (30-200 km
radius) and peak temperatures (800—100 °C). Thermal
histories of the body with different sizes and peak

K. Jogo et al.

temperatures are similar (Fig. 6). The decay of 2°Al
gradually heated the body, reaching 0 °C and melting
ice approximately 0.1-0.2 Ma after the initial accretion.
The melting of ice led to rapid warming due to
exothermic hydration of olivine to phyllosilicates such
as serpentine. Aqueous alteration began almost
simultaneously (within 0.1 Ma) throughout the body.
After water was consumed, the decay of *°Al continued
to raise the internal temperature and thermal
metamorphism occurred. When heat loss by radiation
exceeded the decay heat of 2°Al, the temperature of the
body started to decrease. Smaller sized bodies began
cooling at earlier times.

The estimated accretion age is dependent on size
and peak temperature of the body. The earlier accreted
body can reach higher peak temperature than the later
accreted body if they have same sizes. For example, in
the case of the body with 30 km in radius, the body
with accretion age of ~2.1 Ma after CAI formation
could reach ~1100 °C (red solid line in Fig. 6). If the
same-sized body accreted at ~2.5 Ma after CAI
formation, it could only reach ~800 °C (red dashed line
in Fig. 6).

In contrast, the larger sized body can reach higher
peak temperature than the smaller sized body if they
accreted at the same time. This is the reason why the
accretion age of the body with 30 km in radius (red
solid and dashed lines in Fig. 6) is 0.1 Ma earlier than
those of the bodies with 50-200 km radius (green,
black, purple solid and dashed lines in Fig. 6). The
accretion ages of the bodies with 50-200 km in radius
are almost the same (e.g., green, black, purple solid
and dashed lines in Fig. 6). This means that cooling
from the surface of the body does not significantly
affect the temperature at the center of the larger
bodies.

To be the parent body of the metamorphosed
clasts, the temperature of the CV3-like body is required
to reach >800 °C (lower limit of the metamorphic
temperature of the clasts; see the Mineralogy and
Petrology of the Metamorphosed Clasts in the GRA
06101, Vigarano, RBT 04143, and Y-86009 Breccias
section). This condition is fulfilled when the CV3-like
body accreted at 2.5-2.6 Ma after CAI formation
(dashed lines in Fig. 6). In contrast, the clast parent
body should not exceed ~1100 °C, which is the melting
point of silicates in CV3 chondrites (~1150 °C; Jurewicz
et al. 1993); because plagioclase in the clasts does not
occur interstitially to olivine or diopside but forms
separate crystals (e.g., Fig. 1b), silicates in the clasts
would not have been melted and thus the clasts would
not have been heated at higher temperatures than the
melting point of CV3 chondrites. This condition is
fulfilled when the CV3-like body accreted at 2.1-2.2 Ma
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Fig. 3. Cl-normalized rare earth element (REE) abundance patterns of olivine (a), plagioclase (b), diopside (c), and spinel (d) in
the clasts 1-3 and 6 in the Y-86009 chondrite. REE data were obtained from the clasts 1-3 and 6 for olivine, the clasts 2 and 3
for plagioclase, the clast 6 for diopside, and the clast 1 for spinel. Error bars are 1c. (Color figure can be viewed at wileyonline

library.com.)

after CAI formation (solid lines in Fig. 6). Thus, the
body with accretion ages of approximately 2.5-2.6 Ma
to 2.1-2.2 Ma after CAI formation would be candidates
for the parent body of the clasts.

Those estimated accretion ages of the bodies do
not change significantly (0.1 Myr at most), if the
modeling parameters (e.g., initial temperature, density,
thermal conductivity) changed from our current values.
For example, if the initial temperature changes to
become lower (e.g., from —123 °C to —-223 °C) or
higher (e.g., 23 °C), the accretion age changes only
approximately 0.1 Myr. The variation in other
parameters such as density and thermal conductivity
does not also make a big difference in our results and
thus the errors on the estimated accretion age of the
body would be ~0.1 Myr.

Figure 7 shows the temperature profile for the CV3-
like bodies with radii of 100 km that accreted at 2.6 and
2.2 Ma after CV3 CAI formation (peak temperature of
800 and 1100 °C, respectively). These settings fulfilled
the conditions of the clast parent body. In the body
with a peak temperature of 800 °C, the metamorphosed
clasts form within the inner region of the body (e.g., 0—
65 km distance from the center of the body, Fig. 7a). In
contrast, in the body with a peak temperature of
1100 °C, the clasts form at the edge of the inner area of
the body where metamorphic temperature is in the
range of 800-1100 °C (e.g., 0-90 km distance from the
center of the body, Fig. 7b).

DISCUSSION

Origin of the Metamorphosed Clasts in the GRA 06101,
Vigarano, RBT 04143, and Y-86009 Breccias

The metamorphosed clasts in the GRA 06101,
Vigarano, RBT 04143, and Y-86009 breccias show
coarse-grained granoblastic textures with triple junctions
(Fig. 1), suggesting that they experienced sintering and
high-temperature annealing of precursor materials.
These clasts have similar mineralogical and petrological
characteristics (Table 2; Figs. 1 and 2) with those in the
Mokoia and Y-86009 breccias (Jogo et al. 2012). This
suggests that the metamorphosed clasts found in this
and previous studies would have a similar origin.

The clasts in the Mokoia and Y-86009 chondrites
(Jogo et al. 2012) have oxygen isotope compositions
that are close to the CCAM line and overlap with those
of CV3 chondrites. It is an important line of evidence
linking the clasts to the CV3 chondrite parent body.
However, the CV3 chondrites are not the only group
that plots on or close to the CCAM line; the CO and
CK chondrites and to a certain extent ureilites have
compositions on or close to the CCAM line (e.g.,
Clayton et al. 1976; Clayton and Mayeda 1999). This
may suggest that the clasts have a genetic link to these
meteorite groups. However, we found that REE
concentrations of the clasts in the Y-86009 breccia are
different from those in CK chondrites and ureilites
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Fig. 4. Cl-normalized REE abundances of olivine, plagioclase, and diopside in the clasts 1-3 and 6 in the Y-86009 chondrite and
in CV3 chondrules and matrix (a, b, and c), metamorphosed CK5-6 and L6 chondrites (d, e, and f), primitive achondrites
(acapulcoites and lodranites), and urelites (g, h and i). Data source: matrix in CV3 chondrites: Hua et al. (1996); Inoue et al.
(2004); Bland et al. (2005); Martin et al. (2013); Jogo et al. (2018); chondrules in the CV3 Vigarano chondrite: Jacquet et al.
(2012); CK5-6 chondrites: Martin et al. (2013); L6 chondrites: Curtis and Schmitt (1979); and primitive achondrites: Floss
(2000); ureilites: Guan and Crozaz (2000). (Color figure can be viewed at wileyonlinelibrary.com.)

(Figs. 4d-i). In addition, the sizes of the chondrule-like
materials preserved in the clasts are larger than those of
chondrules in CO chondrites (Jogo et al. 2012). These
evidences would support the idea that the precursor of
the clasts would have been CV3 chondrite-like material
(Jogo et al. 2012), not CO and CK chondrites and
ureilites.

The precursor material of the clasts would have
experienced various degrees of hydrothermal alteration
prior to the thermal metamorphism in the CV3
chondrite parent body (Jogo et al. 2012). Olivine grains
in one of the clasts in Mokoia (M25#4 in Jogo et al.
2012) have highly fractionated oxygen isotope
compositions which are displaced from the CCAM line
to the right by approximately 109, on a three-isotope
oxygen diagram. They plot along the Allende mass-
fractionation line defined by the whole-rock oxygen
isotope compositions of the metasomatically altered
chondrules from Allende (Jabeen et al. 1998, 1999; Ash
et al. 1999; Young et al. 1999). Along this line, the

oxygen isotope compositions of secondary minerals in
CV3 chondrites that resulted from metasomatic
alteration show a spread in §8'O values up to 209,
(Choi et al. 2000; Hua et al. 2005; Krot et al. 2006;
Cosarinsky et al. 2008; Wasserburg et al. 2011). This
suggests that the oxygen isotope compositions of the
M25#4 olivines recorded the metasomatic alteration
prior to the thermal metamorphism. Jogo et al. (2012)
suggested that the precursor of the clasts experienced
various degrees of hydrothermal alteration prior to
thermal metamorphism. The similar process has been
inferred for the CV3oxa chondrites and dark inclusions
(e.g., Kojima and Tomeoka 1996; Krot et al. 1995,
1998a, 1998b, 2000b). The consistency of the oxygen
isotopic compositions of the M25#4 clast and dark
inclusions suggests that dark inclusions might be a
precursor of the clast M25#4.

The clasts in the GRA 06101, Vigarano, RBT
04143, Y-86009, and Mokoia breccias would have been
annealed at ~800-1100 °C within the CV3 parent body.
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Fig. 5. Plot of Cl-normalized La and Lu concentrations in olivine (a,b), plagioclase (¢ and d), and diopside (¢ and f) as a
function of grain size in the clasts 1 (red), 2 (blue), 3 (green), and 6 (yellow) in the Y-86009 chondrite. Error bars for REE
concentrations are 1o. Correlation coefficients (R?) for the mean values of La/CI or Lu/CI vs grain sizes are shown in (a and b).

(Color figure can be viewed at wileyonlinelibrary.com.)

The minimum metamorphic temperature of ~800 °C is
estimated from olivine-spinel and high-Ca pyroxene
geothermometers (see the Mineralogy and Petrology of
the Metamorphosed Clasts in the GRA 06101,
Vigarano, RBT 04143, and Y-86009 Breccias section).
In contrast, the maximum temperature of ~1100 °C is
estimated from the melting point of CV3 chondrites (see

the Mineralogy and Petrology of the Metamorphosed
Clasts in the GRA 06101, Vigarano, RBT 04143, and
Y-86009 Breccias and Thermal Modeling of the CV3-
Like Body sections). Within this temperature range,
each clast would have experienced different degrees of
thermal metamorphism during their formation. The
details are described below.
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The body would have accreted at 2.5-2.6 and 2.1-2.2 Ma after

CALI formation in order to reach the peak temperature of 800 and 1100 °C, respectively. The pathways of temperature evolution
of the body with 100 km and 200 km in radii are the same in the time range of this figure. Aqueous alteration with increasing
temperature occurs at approximately ~2.7-2.8 and 2.2-2.3 Ma after CAI formation in the body with peak temperature of 8§00
and 1100 °C, respectively. Thermal metamorphism occurred after aqueous alteration. Al-Mg formation ages of CV3 chondrules
(~2.0-3.4 Ma after CAI formation; Mishra and Chaussidon 2014; Nagashima et al. 2017) and Mn-Cr ages of fayalite and Ca,Fe-
silicates (~3.2-4.2 Ma after CAI formation; Doyle et al. 2015; Jogo et al. 2017; MacPherson et al. 2017) are also shown. (Color

figure can be viewed at wileyonlinelibrary.com.)

The clasts can be classified into two types based on
the homogeneity of Fa content in olivine and An
content in plagioclase within individual clasts: [type 1]
the clasts with homogeneous olivine and plagioclase
compositions (e.g., the RBT 04143 clast 4 and the Y-
86009 clast 3, Fig. 2) and [type 2] the clasts with
homogeneous olivine compositions but heterogencous
plagioclase compositions (e.g., the Vigarano 2 clast 1
and the Y-86009 clast 2, Fig. 2). Similar chemical
homogeneous/heterogeneous compositions of olivine
and plagioclase were found in the metamorphosed clasts
in the Mokoia and Y-86009 breccias (Jogo et al. 2012).
The observed olivine and plagioclase compositions in
the clasts would have resulted from diffusive exchanges
of Fe-Mg in olivine and CaAl-NaSi in plagioclase
during thermal metamorphism in the CV3 chondrite
parent body (Jogo et al. 2012). Slower diffusion rates of
CaAl-NaSi in plagioclase than those of Fe-Mg in
olivine under fO, of CV3 chondrites (Fig. SI in
supporting information) (Grove et al. 1984; Dohmen
and Chakraborty 2007; Righter and Neff 2007) suggest
that the type 1 clasts with homogenecous olivine and
plagioclase compositions experienced stronger degrees of
thermal metamorphism (i.e., higher temperature and/or

longer duration) than the type 2 clasts with
homogeneous olivine and heterogeneous plagioclase
compositions.

It remains unclear whether the REE compositions
of each of the minerals in the clasts reflect their
precursor compositions (i.e., CV3 chondrites) or were
homogenized during thermal metamorphism. Olivine

grains in the Y-86009 clast 1 show no correlation
between grain sizes and REE concentrations (Fig. 5a),
suggesting that REE diffusion did not occur or would
have been completed during thermal metamorphism.
Both possibilities are supported by the similar REE
compositions of the Y-86009 clast 1 olivine with those
of CV3 chondrules (Fig. 4a) and the time scale of
thermal metamorphism estimated from the thermal
modeling of CV3-like body (see details in the Thermal
History of the Clast Parent Body section). In other
clasts, we cannot discuss whether olivine, plagioclase,
and diopside preserve the LREE compositions of
precursors or are modified during thermal
metamorphism because of the small numbers of REE
data in each clast (Fig. 5). Further studies are needed.

Thermal History of the Clast Parent Body

We calculated the thermal histories of the clasts
parent body as defined by the CV3 chondritic conditions
(e.g., bulk Al contents and water/rock ratio) with radius
of 30-200 km. To reach ~800-1100 °C (minimum and
maximum metamorphic temperature of the clasts) at the
center of the body, the body should accrete from ~2.5—
2.6 Myr to ~2.1-2.2 Myr after CAI formation (Fig. 6). In
such a body, the metamorphosed clasts formed in the
inner area where metamorphic temperature is 800—
1100 °C (e.g., 0-90 km distance from the center of the
body with peak temperature of 1100 °C and radius of
100 km, Fig. 7b). In the same body, CV3 chondrites
formed in the outer area and the “less-metamorphosed
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Fig. 7. Temperature profile of the 100 km radius body with the accretion age of ~2.6 Ma after CV3 CAls and peak temperature
of ~800 °C (a) and with the accretion age of ~2.2 Ma after CV3 CAls and peak temperature of ~1100 °C (b). Temperature
differences are indicated by the color scale. Solid lines are isothermal lines of 800 °C. The metamorphosed clasts formed at inner
areas of the body where the temperature of 800-1100 °C is shown by arrows. Thermal metamorphism at ~800 °C continued
shorter than ~2.9 Myr at > 60 and > 85 km distance from the center of the body with peak temperature of 800 and 1100 °C,
respectively. (Color figure can be viewed at wileyonlinelibrary.com.)

Table 4. Time required to complete LREE exchange in a 50 pm sized olivine grain. The holding time at ~800-
1100 °C at the center of the clast parent body inferred from thermal modeling is also shown.

The holding time at ~800-1100 °C at the center of the body (Myr)

LREE diffusion Peak T of
T (°C) time (Myr) the body (°C) R =30 km R =50 km R =100 km R =200 km
800 2.9 800 1.0 2.6 19.2 >25.7
800 2.9 1100 4.5 11.3 >28.5 >28.5
900 0.2 1100 3.6 9.2 >28.1 >28.1
1000 15.6 1100 2.4 6.7 >27.5 >27.5
1100 0.9 1100 0.5 1.9 18.1 >25.8

T = temperature; R = radius of the body.

clasts” which preserve chondrule-like textures (Jogo et al.
2012) formed in the intermediate layers. If the peak
temperature of the body was >1100 °C, the clasts would
form at the intermediate layers of the body where the
metamorphic temperature is 800-1100 °C.

The size of the parent body in which the Y-86009
clast 1 formed can be constrained by comparing the
LREE diffusion time scale and the duration of the
thermal metamorphism inferred from thermal modeling.
As discussed in the Origin of the Metamorphosed Clasts
in the GRA 06101, Vigarano, RBT 04143, and Y-86009
Breccias section, the LREE abundances of the Y-86009
clast 1 olivine grains could reflect their precursors or
might be homogenized during thermal metamorphism.
Based on diffusion coefficients for LREEs in olivine,
thermal metamorphism at 800-1100 °C for ~0.2-20 Myr
is required to complete LREE exchange in a 50 um
sized olivine grain under fO, of CV3 chondrites
(Table 4; Fig. S1) (Righter and Neff 2007; Cherniak
2010). Comparing this duration with thermal modeling,
we found that the Y-86009 clast 1 could form in a

relatively small body (e.g., 30 and 50 km radius body
with a peak temperature of 800 °C), or the outer region
of a large body (e.g., ~60—100 km depth from the center
of the 100 km radius body with peak temperature of
800 °C) if they preserve LREE abundances of their
precursors (Table 5). The details are described below.
For example, at ~800 °C, the duration of thermal
metamorphism should not be continued for longer than
2.9 Myr in order not to complete LREE exchange in a
50 pm sized olivine grain (Table 4). In the body with a
peak temperature of 800 °C and radius of 30 and
50 km, the holding time at ~800 °C is longest at the
center of the body and that is only ~1.0-2.6 Myr
(Table 4). Because this duration is shorter than
2.9 Myr, LREE diffusion in olivine would not have
been completed and the Y-86009 clast 1, which
preserves the LREE abundances of its precursors, could
have formed throughout the whole depth of such a
small body (Table 5). In contrast, in a large body with
a peak temperature of 800 °C and radius of 100 and
200 km, the Y-86009 clast 1, preserving the LREE
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Table 5. Formation depth of the Y-86009 clast 1. The
depth is shown as a distance from the center of the
body.

Peak Clast formation depth (km)
T of Radius Clast
the of the formation Ol Ol
bOdy () bOdy (km) T () LREEprccursor LREEdisturbcd
800 30 800 0-30 n.f.
50 800 0-50 n.f.
100 800 60-100 0-60
1100 100 800 85-100 0-85
900 90-100 0-90
1000 50-100 0-50
1100 75-100 0-75

T = temperature; Ol LREE;ccursor and Ol LREEisiyrbed = the LREE

abundances of the clast olivine reflect those of precursors or were
disturbed during thermal metamorphism, respectively; n.f. = the
clast did not form.

abundances of its precursors, could have formed only in
the outer regions of the body where the holding time at
800 °C is shorter than 2.9 Myr (e.g., ~60-100 km depth
from the center of the 100 km radius body, Table 5;
Fig. 7a).

In contrast, relatively large bodies would be needed
if the LREE abundances of the Y-86009 clast 1 olivine
grains were homogenized during thermal metamor-
phism (Table 5). For example, at ~800 °C, the duration
of thermal metamorphism needs to be continued for
longer than 2.9 Myr in order to complete LREE
homogenization in a 50 pm sized olivine grain
(Table 4). In the inner area of the large body with the
peak temperature of 800 °C and radius of 100 and
200 km, the holding time at ~800 °C is longer than
2.9 Myr (e.g., ~0-60 km depth from the center of the
100 km radius body, Fig. 7a), and thus the Y-86009
clast 1 having disturbed LREE abundances of olivine
could have formed at the inner area of such a large
body. In Table 5, we summarize the parent body size
and burial depth where the Y-86009 clast 1 could have
formed.

Implications for the Evolution Process of the Clast
Parent Body

Since the clasts were observed only in the CV3
chondrite breccias (Table 1), the clasts would have been
incorporated into the present structures of CV3
chondrites at a late stage of parent body evolution and
not at the time of the initial accretion of the CV3
chondrite parent body. Some mechanism involved in
moving these clasts from interior of the CV3 chondrite
parent body and incorporating them within breccias are
needed.
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As such a mechanism, the impact gardening model
has been proposed (e.g., Kracher et al. 1985). In this
model, the breccias ought to be a chaotic mixture
of CV3 chondrites, less-metamorphosed clasts, and
metamorphosed clasts. However, the abundances of the
less-metamorphosed clasts and metamorphosed clasts in
the CV3 chondrites are low (e.g., <10 area%). It is
difficult to explain such low abundance of the clasts by
the impact gardening model. In order to resolve this
problem, the clast parent body needs to be small and
have low peak temperature (e.g., <100 km in radius and
peak temperature of 800 °C), because the area where
the clasts form becomes small in the smaller sized body
with lower peak temperature. For example, the clast
forms at ~80-90 area% of the 100 km radius body with
peak temperature of ~1100 °C (Fig. 7b). If the same-
sized body has the peak temperature of ~800 °C, the
clast forms at ~60 area% of the body (Fig. 7b). Because
800 °C is the minimum formation temperature of the
clasts, radius of the clast parent body is thought to be
smaller than 100 km.

However, radius of >110-150 km is required to
avoid disruption of the CV3 chondrite parent body by
fluid pressure (Jogo et al. 2017). Wilson et al. (1999)
suggested that parent bodies of carbonaceous chondrites
would have been disrupted if fluid pressure produced
during aqueous alteration exceeded the sum of
lithostatic pressure and tensile strength of rocks. The
fluid pressure in the CV3 chondrite parent body could
be assumed to be >300 bars based on the necessary fluid
pressure condition for the fayalite formation (fayalite
is an alteration mineral produced during aqueous
alteration in the CV3 chondrite parent body; Krot
et al. 1995, 1998a, 1998b, 2004). By resolving an
equation [fluid pressure] < [lithostatic pressure] + [tensile
strength of rocks] with the fluid pressure of > 300 bars
and tensile strength of rocks of ~100 bar (Rubin 1993),
Jogo et al. (2017) found that a lithostatic pressure of
>200 bars is required to avoid disruption of the CV3
chondrite parent body. In order to produce such
lithostatic pressure, radius of >110-150 km is needed if
we assumed a bulk density of the CV3 chondrite parent
body as 2920-3500 kg m ™, densities of CV, CO, CK,
and CR carbonaceous chondrites (Consolmagno et al.
2008) and 2700 kg m >, a density of a mixture material
of water and rock with water/rock mass ratio of 0.1
(water/rock = 0.1 is necessary for the fayalite formation
in the CV3n,p Bali chondrite; Zolotov et al. 2006; Jogo
et al. 2017).

The inconsistency between the estimated radius of the
clast parent body by modal abundance of the clasts in the
CV3 breccias and those by fluid pressure in the CV3
chondrite parent body requires more complicated
mechanism for the moving and incorporating process of
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the clasts. For example, only upper layers of the clast
parent body might be disrupted and mixed as breccias
(i.e., large portions of CV3 chondrite formation layers and
small portions of the clast formation layers were mixed).
The breccia that is a chaotic mixture of CV3 chondrites,
less-metamorphosed clasts, and metamorphosed clasts
might exist, although such meteorite has not been found
yet. Alternatively, the clasts might be derived from some
selective phreatic emplacement, perhaps as a result of
dehydration in the interior of the CV3 chondrite parent
body (not onion shell model as Fig. 7), and mixed with
CV3 chondrite materials (e.g., Kojima and Tomeoka
1996; Fu et al. 2017). Further studies are needed to
constrain the clasts moving and incorporating process and
thermal history of the CV3 chondrite parent body.

Comparison of the Accretion Age of the Clast Parent
Body and the Formation Timing of CV3 Chondrules

If the clasts formed in the same parent body as the
CV3 chondrites, the body should have accreted later
than the formation timing of chondrules in CV3
chondrites. Note that the following discussion is based
on the assumption that the clast parent body had an
onion shell structure as Fig. 7.

The accretion ages of the clast parent body with
30-200 km radius and peak temperature of 800—
1100 °C is 2.5-2.6 Ma to 2.1-2.2 Ma after CAI
formation (Fig. 6). The errors on these calculated
accretion ages are 0.1 Myr based on variations of the
modeling parameters in the thermal modeling (see the
Thermal Modeling of the CV3-Like Body section).
Thus, the accretion age of the clast parent body
including errors is 2.4-2.7 Ma to 2.0-2.3 Ma after CAI
formation (black squares in Fig. 8). In contrast, the
formation ages of chondrules in CV3 chondrites
including errors are 2.1-2.5 Ma after CAI formation
for Efremovka, 2.8-4.6 Ma after CAI formation for
Vigarano, and 1.8-3.9 Ma after CAI formation for
Kaba based on their initial 2°Al/?’Al ratios with 2c
errors (e.g., Mishra and Chaussidon 2014; Nagashima
et al. 2017) (gray squares in Fig. §).

The accretion ages of the clast parent body with
peak temperature of 800-1100 °C is consistent with the
formation ages of Efremovka and Kaba chondrules, but
0.1-0.5 Myr older than that of Vigarano chondrules
(Fig. 8). These results suggest that the clasts and
Efremovka and Kaba chondrites could be originated
from the same parent body with peak temperature of
8001100 °C that accreted immediately after the
formation of Efremovka and Kaba chondrules.
Vigarano might be derived from the different CV3
parent body, because the accretion age of the clast
parent body becomes 0.1-0.5 Myr older than the

K. Jogo et al.

the clast

Accretion of { = Peak T=800°C
parent body .

Peak T =1100°C

] Vigarano
cv3
chondrule —m— Efremovka
formation Kaba
0 1 2 3 4 5 6

Time after CAl formation (Ma)

Fig. 8. Accretion age of the clast parent body (black square)
and its comparison with formation age of chondrules in the
CV3 Vigarano, Efremovka, and Kaba chondrites (gray
square). The error on the accretion age of the clast parent
body is ~0.1 Myr based on variations of the modeling
parameters (see the Thermal Modeling of the CV3-Like Body
section); the errors on the chondrule formation ages are
estimated from 2o errors of the initial 2°Al/*’Al ratios of
chondrules (Mishra and Chaussidon 2014; Nagashima et al.
2017).

Vigarano chondrule formation age. If the clast parent
body has a higher peak temperature than 1100 °C, the
time difference between the accretion age of the body
and the Vigarano chondrule formation age becomes
large (>0.5 Myr) and the multiple CV3 parent model
may become plausible.

SUMMARY

We observed 21 metamorphosed clasts in four CV3
chondrite breccias (GRA 06101, Vigarano, RBT 04143,
and Y-86009). The observed clasts have similar
mineralogical and petrological characteristics to those in
the CV3 Mokoia and Y-86009 breccias (Jogo et al.
2012). We performed REE measurements on olivine,
diopside, plagioclase, and spinel in the metamorphosed
clasts 1-3 and 6 in the Y-86009 chondrite. Although the
clasts in the CV3 Mokoia and Y-86009 breccias have
similar oxygen isotopic compositions to CK chondrites
and to a certain extent ureilites, we found that the REE
compositions of the clasts in Y-86009 and these
meteorites are different. This suggests that the clasts
could not be fragments of these meteorites. REE
compositions for each of the minerals in the clasts could
reflect their precursor compositions (i.e., CV3
chondrites), or might be disturbed during thermal
metamorphism in the CV3 chondrite parent body.
Thermal modeling indicates that the CV3 chondrite
parent body containing clasts would have accreted
earlier than 2.5-2.6 Ma after CAI formation in order to
reach the metamorphosed temperatures of the clasts of
>800 °C. The clasts and CV3 chondrites could be
originated from the same parent body with a peak
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temperature of 800-1100 °C. If the clast parent body
has a higher peak temperature than 1100 °C, the
accretion age of the body becomes older than the CV3
chondrule formation ages and the multiple CV3 parent
model may become plausible.
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