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Abstract

Chondritic planetesimals are among the first planetary bodies that accreted inside and outside water snow line in the pro-
toplanetary disk. CV3 carbonaceous chondrite parent body accreted relatively small amount of water ice, probably near the
snow line, and experienced water-assisted metasomatic alteration that resulted in formation of diverse secondary minerals,
including fayalite (Fa80–100). Chemical compositions of the CV3 fayalite and its Mn–Cr isotope systematics indicate that it
formed at different temperature (10–300 �C) and fluid pressure (3–300 bars) but within a relatively short period of time. Ther-
mal modeling of the CV3 parent body suggests that it accreted �3.2–3.3 Ma after CV3 CAIs formation and had a radius of
>110–150 km. The inferred formation age of the CV3 parent body is similar to that of the CM2 chondrite parent body that
probably accreted beyond the snow line, but appears to have postdated accretion of the CO and ordinary chondrite parent
bodies that most likely formed inside the snow line. The inferred differences in the accretion ages of chondrite parent bodies
that formed inside and outside snow line are consistent with planetesimal formation by gravitational/streaming instability.
� 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

About 4.6 billion years ago, the Solar System began as a
solar nebula consisting mainly of hydrogen gas and minor
amounts of dust. At or beyond the water ice evaporation
front known as the water snow line (hereafter snow line)
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(Hayashi, 1981; Stevenson and Lunine, 1988; Cyr et al.,
1998; Cuzzi and Zahnle, 2004; Ciesla and Cuzzi, 2006),
water existed as vapor, ice and hydrates. Accretion of dust,
vapor, ice and hydrates formed primitive bodies (planetesi-
mals), which further aggregated into larger planetary
embryos and planets. Small terrestrial planets formed inside
the water snow line and are volatile depleted, while the gas-
giant planets formed outside the snow line. This suggests
that planet formation processes inside and outside the snow
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line could have been different. Understanding the earliest
histories of planetesimals formed near the snow line can
reveal unique insights into this critical transition zone
between the inner and outer early Solar System.

Chondritic meteorites (chondrites) are fragments of
planetesimals that preserve records of their origins and evo-
lutionary histories. Isotopic and petrological studies of min-
erals in chondrites constrain both the timescales and
physical–chemical conditions of their formation. Chon-
drites are currently classified into fifteen groups based on
their bulk chemical and isotopic compositions and petro-
graphic characteristics. Each group may represent a differ-
ent parent body, formed in a distinct nebular region and/
or at a particular time (e.g., Zolensky and McSween,
1988; Wood, 2005; Brearley, 2006; Krot et al., 2006;
Rubin, 2010, 2011). The differences in bulk elemental abun-
dances and volatile contents among chondrite groups are
thought to reflect radial variations in the temperature and
composition of the nebular gas and the abundances of dust,
chondrules, and Ca–Al-rich inclusions (CAIs). The relative
heliocentric distances of the formation regions of different
chondrite groups have been inferred from their petro-
graphic properties, chemical and isotope compositions,
and volatile contents (e.g., Rubin and Wasson, 1995;
Wood, 2005; Rubin, 2010, 2011). Rubin (2010, 2011) pro-
posed that the forming regions of chondrite groups could
be ordered as EH–EL, OC, R, CR, CV–CK, CM–CO,
and CI with increasing heliocentric distance. More recently,
van Kooten et al. (2016) proposed that CR chondrite par-
ent body formed further from the Sun than other chondrite
parent bodies because of its high abundances of presolar
grains and primordial d54Cr and d26Mg isotopic signatures.
The small amount of secondary minerals and volatile com-
ponents in CV chondrites may suggest their parent body
accreted just beyond the snow-line (e.g., Wood, 2005).

CV3 chondrites are divided into three subgroups, the
oxidized Allende-like (CV3OxA), the oxidized Bali-like
(CV3OxB) and the reduced (CV3Red) type, based on their
mineralogy, petrology and bulk chemical and isotopic com-
positions (McSween, 1977; Weisberg et al., 1997). The
CV3OxB chondrites experienced aqueous alteration that
resulted in formation of secondary fayalite, ferroan olivine,
phyllosilicate, magnetite, Fe,Ni–sulfide, Fe,Ni-carbide,
salite-hedenbergite pyroxenes, and andradite (Krot et al.,
2004). The CV3OxA chondrites experienced relatively high-
temperature Fe-alkali-halogen metasomatic alteration
(Brearley, 1997, 1999; Bonal et al., 2006) that resulted in
formation of secondary ferroan olivine, nepheline, sodalite,
andradite, grossular, wollastonite, kirschsteinite, and salite-
hedenbergite pyroxenes (Kimura and Ikeda, 1995; Ikeda
and Kimura, 1995; Krot et al., 1995, 1998, 2004). The
CV3Red chondrites experienced similar metasomatic alter-
ation to that of the CV3OxA chondrites, but to a smaller
degree (Krot et al., 1995, 1998, 2004).

Secondary fayalite can be used to constrain the time-
scales and hydrothermal evolutionary processes of the
CV3 parent body. In particular, the chemical compositions
of fayalite reflect the physical–chemical conditions within
the parent body during aqueous alteration (Hua and
Buseck, 1995; Krot et al., 1998; Choi et al., 2000; Hua
et al., 2005; Zolotov et al., 2006; Jogo et al., 2009). Near-
pure fayalite (Fa>90, Fa = Fe/(Fe + Mg) � 100 mol%)
occurs only in the CV3OxB chondrites and CV3OxB clasts
in CV3Red chondrites (Krot et al., 2000; Tomeoka and
Tanimura, 2000; Jogo et al., 2009). In addition, fayalite is
suitable for 53Mn–53Cr dating (53Mn decays to 53Cr with
a half-life of 3.7 million years) due to its high Mn/Cr ratios
(Hutcheon et al., 1998; Hua et al., 2005; Jogo et al., 2009).

The formation timescales and aqueous alteration condi-
tions inferred from the analyses of secondary fayalite can
yield further constraints on the accretion timing of CV3
chondrites. Such inferences are made by constructing ther-
mal evolutionary models that successfully account for the
timing and the conditions of aqueous alteration constrained
by fayalite. The thermal history of a parent body is a func-
tion of the 26Al abundance, water ice/rock ratio and parent
body size. In thermal models for the CV3 parent body, dif-
ferent values for parameters such as peak temperature, 26Al
content, and water/rock ratios have been used. As a result,
various evolutionary processes of CV3 bodies were pro-
posed (Travis and Schubert, 2005; Palguta et al., 2010;
Elkins-Tanton et al., 2011; Fu and Elkins-Tanton, 2014).
Details are discussed in the Section 4.2.

Here we present results of chemical and Mn–Cr isotopic
analyses of fayalite in CV chondrites and derive constraints
on the thermal and physical evolution of the CV chondrite
parent body. We performed detailed mineralogical and
chemical investigations of fayalite in four CV3 chondrites;
CV3OxB clasts in CV3Red Asuka 881317 (A881317), CV3OxB

Yamato 86009 (Y86009), CV3OxB Meteorite Hills 00430
(MET00430) and CV3OxB MET01074, and estimated tem-
perature and fluid pressure conditions of its formation.
We determined formation ages of fayalite in these chon-
drites based on in-situ Mn–Cr isotopic measurements using
ion microprobes and modeled the thermal evolution of the
CV3OxB chondrite parent body. A comparison of formation
conditions and ages of fayalite with evolutionary models
allowed us to constrain the accretion time, size and early
history of the CV3 parent body.

2. MATERIAL AND METHODS

2.1. Sample description

Chemical compositions, mineralogical and petrological
characterization of fayalite in A881317, Y86009,
MET00430 and MET01074 chondrites, were obtained by
scanning electron microscopy (SEM), field emission scan-
ning electron microscopy (FE-SEM) and electron micro-
probe (EPMA). A 25 nm-thick carbon film was applied to
the sample surfaces prior to SEM, FE-SEM and EPMA
analyses in order to eliminate the electrostatic charge. The
SEM (JEOL-5800LV at Kyushu University and 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 15 keV accelerating voltage and 0.5 nA beam
current to identify minerals. To observe micro-textures in
fayalite and other secondary minerals associated with fay-
alite, we used the FE-SEM (JSM-7000F at University of
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Tokyo), operated at 15 keV accelerating voltage and 0.3 nA
beam current. Chemical compositions of fayalite and other
minerals were obtained using the EPMA (JEOL JCXA733
at Kyushu University) equipped with a wavelength-
dispersive X-ray spectrometer. Quantitative chemical anal-
yses were operated at 15 kV accelerating voltage and 10 nA
beam current. ZAF correction method was applied. Detec-
tion limits are 0.05 wt.% for elements analyzed, and the
reproducibility is less than 5% of concentrations of each ele-
ment on the basis of the repeated analysis of the standard
minerals.

2.2. Mn–Cr isotope measurements

Mn–Cr isotopic measurements were performed with the
Cameca ims-6f SIMS at Kyushu University and the Nano-
SIMS 50L at NASA Johnson Space Center. SIMS measure-
ments were performed during three sessions: large fayalite
grains (20–50 lm) in Y86009 clast 1 were measured by
Cameca ims-6f SIMS [session 1]; small fayalite grains
(10–20 lm) in clasts 2, 4, 7, 8, 9 and 14, and host in
Y86009 [session 2], and those in all clasts in A881317,
MET00430 and MET01074 [session 3] were analyzed by
NanoSIMS 50L. CV3 fayalite grains have high Mn/Cr
ratios (55Mn/52Cr = 6 � 102 � 4 � 105, MnO = 0.6–1.3 wt
%; Cr2O3 < 0.05 wt%) that are suitable for the Mn–Cr
isotopic measurements. We also measured olivine and
pyroxene with low Mn/Cr ratios (55Mn/52Cr < 1) in chon-
drules or matrices near the measured fayalite to determine
the (53Cr/52Cr) intercept. Although fayalite and chondrule
silicates are not co-genetic, the inferred initial 53Cr/52Cr
ratio is within the uncertainty of SIMS measurements.

In ims-6f SIMS measurements [session 1], we used a
focused 16O� primary beam �20 lm in diameter and
0.2–0.9 nA current. The primary 16O� ions were accelerated
with +12 keV to sputter the sample surface. Positive sec-
ondary ions were accelerated with �4.5 keV and sampled
with a 100 eV energy window. The mass resolving power
(M/DM) was �3000 was sufficient to resolve [24Mg28Si]+

from 52Cr+, [25Mg28Si]+ and [26Mg27Al]+ from 53Cr+, and
[28Si27Al]+ from 55Mn+, but was not sufficient to resolve
[52CrH]+ from 53Cr+ or [54FeH]+ from 55Mn+. Hutcheon
et al. (1998) and Hua et al. (2005) showed that the contribu-
tions of the hydride to 53Cr+ was <1‰ and the hydrides of
55Mn totaled less than 1%, and consequently hydrides could
be neglected. Detailed measurement conditions are
described in Jogo et al. (2009).

In NanoSIMS 50L measurements [sessions 2 and 3], a
focused 16 keV 16O� primary ion beam was rastered over
3 � 3 or 5 � 5 lm2 areas of the sample surface. Primary
ion beam currents ranged from 15–60 pA for terrestrial
standards to 250–400 pA for fayalite in meteorites. We ver-
ified that the measured 53Cr/52Cr and 55Mn/52Cr ratios of
the standards were invariable with primary beam current,
within error. The secondary mass spectrometer was oper-
ated at 8 keV with a 20 eV energy window. Secondary ions
of 25Mg+, 29Si+, 52Cr+, 53Cr+, 55Mn+ and 57Fe+ were
acquired simultaneously in multi-collection mode with elec-
tron multipliers at a high mass resolution of �8000
(CAMECA NanoSIMS definition). Secondary ion intensi-
ties were corrected for QSA effects and dead time (44 ns).
One analysis consists of 100–300 cycles (10–30 blocks) of
the measurement set in all secondary ions 8–41 s. Each
run started after stabilization of the secondary ion beam
intensity following pre-sputtering of �30 min. We used ele-
mental images of 25Mg+ and 57Fe+ to identify small fay-
alites (5–30 lm) in chondrules and matrix (Fig. 1). After
SIMS measurements, the samples were examined by SEM
to verify that the ion beam hit the right spots.

2.3. Mn/Cr relative sensitivity factor and instrumental mass

fractionation

San Carlos olivine (Fa11) was measured as a standard,
not fayalite, to determine the Mn/Cr relative sensitivity fac-
tor (RSF; defined as (55Mn/52Cr)true/(

55Mn/52Cr)SIMS) and
the instrumental mass fractionation (IMF; defined as
(53Cr/52Cr)true/(

53Cr/52Cr)SIMS) for SIMS ims-6f and
NanoSIMS analyses.

In the SIMS ims-6f measurements [session 1],
55Mn+/52Cr+ ratios were stable only for San Carlos olivine
standard during a single measurement; the 55Mn+/52Cr+

showed various trends with time for meteoritic fayalite
(e.g., Supplementary Fig. S1). We selected specific cycles
which had stable 55Mn+/52Cr+ ratios, and then calculated
the 55Mn/52Cr as the average of the 55Mn+/52Cr+ values
in selected cycles. The errors on the 55Mn/52Cr were evalu-
ated as two standard deviations of the 55Mn+/52Cr+ values.
The measured 55Mn/52Cr ratio was corrected for RSFs
using the 55Mn/52Cr ratios of San Carlos olivine by SIMS
and those by ICP-AES (Inductively Coupled Plasma
Atomic Emission Spectrometry; Seiko SPS-1200AR at
Kyushu University, Jogo et al., 2009). The RSF values
are 1.14–1.17.

In contrast, the 53Cr+/52Cr+ ratios were stable for San
Carlos olivine standard and meteoritic fayalite during a sin-
gle measurement in the SIMS ims-6f analysis [session 1]
(e.g., Supplementary Fig. S1). We selected the same cycles,
in which 55Mn+/52Cr+ were stable, and then calculated
the 53Cr/52Cr of the meteoritic fayalite as the average of the
53Cr+/52Cr+ values in selected cycles. The errors on the
53Cr/52Cr were evaluated as two standard deviations of
the mean of the 53Cr+/52Cr+ value in each cycle
((53Cr/52Cr)error = (two standard deviation of the
53Cr+/52Cr+ value in each cycle)/(block number)1/2). The
53Cr/52Cr ratio was corrected for IMF using the 53Cr/52Cr
ratio in San Carlos olivine and the published value for
terrestrial chromium of 0.113459 (Papanastassiou, 1986).
The IMF values are 0.99–1.00.

In the NanoSIMS measurements [sessions 2 and 3], the
55Mn+/52Cr+ isotopic compositions were either stable or
increased with time for San Carlos olivine standards during
a single measurement; they showed various trends with time
for meteoritic fayalite (e.g., Supplementary Fig. S2). The
53Cr+/52Cr+ isotopic compositions were stable for San
Carlos olivine standards and meteoritic fayalite during a
single measurement. We calculated the 55Mn/52Cr and
53Cr/52Cr of the meteoritic fayalite using the same methods
used for ims-6f SIMS data reduction. The measured
55Mn/52Cr ratio was corrected for RSF using the



Fig. 1. 25Mg+ and 57Fe+ isotopic images (a and b) and a BSE image (c) of the same fayalite (fa), which is embedded in the fine-grained matrix
olivine (matrix ol). (a and b) 25Mg+ and 57Fe+ isotopes are rich in a bright area, and rare in a dark area. Because fayalite has high Fe and low
Mg contents, fayalite appears dark in (a) and bright in (b). (c) A NanoSIMS beam spot in fayalite is indicated by arrows.

K. Jogo et al. /Geochimica et Cosmochimica Acta 199 (2017) 58–74 61
55Mn/52Cr ratios of San Carlos olivine by SIMS and those
by LA-ICP-MS (Laser Ablation-ICP-MS; an Element-XR
by Thermo Fisher Scientific at NASA Johnson Space Cen-
ter). The RSF and IMF values are 1.49–1.56 and 1.01–1.02
for session 2, and 1.46–1.87 and 1.00–1.01 for session 3.

Finally, we calculated the slope and intercept of iso-
chrons of fayalite, olivine and pyroxene in each clast or
meteorite based on 53Cr/52Cr, (53Cr/52Cr)error,

55Mn/52Cr
and (55Mn/52Cr)error by using the York fit program ‘Isoplot
3.41’.

2.4. Thermodynamic calculations

The physical–chemical formation conditions of the ana-
lyzed fayalites were evaluated through calculations of ther-
mochemical equilibria in a closed water–rock-gas system:
O–H–Mg–Fe–Ca–Si–Al–C–P–S–Cr–Na–K–Cl–Mn–Co–N
i. The framework of our thermodynamic model calculations
and data sources are described in detail in Zolotov et al.
(2006) and Jogo et al. (2009). The equilibria were calculated
for ranges of temperature (0–350 �C), pressure (1–300 bar)
and water/rock mass ratios (0.01–1) that correspond to fay-
alite formation conditions obtained by Zolotov et al.
(2006). The system includes 123 one-component minerals,
21 mineral-solid solutions, a non-ideal gas (H2O, H2,
CO2, CO, H2S) and a non-ideal aqueous solution (98 spe-
cies). Formation of CH4 was suppressed due to the inhibi-
tion of its formation at low temperatures. We used the bulk
(water-free) composition of the Bali CV3OxB chondrite
(Jarosewich, 1990) to represent the initial rock because we
focused on CV3OxB clasts and chondrites in this study.
The thermodynamic model output data include amounts
and compositions of solid, gas, and aqueous phases. The
calculations were performed with the GEOCHEQ code that
considers non-ideal gas, aqueous, and solid solutions
(Mironenko et al., 2008).

2.5. Thermal modeling

It is still not known how many CV3 chondrite parent
bodies existed, and their sizes and internal structures are
poorly constrained. The three subgroups of CV3 chondrites
experienced different styles and degrees of aqueous/metaso-
matic alteration and thermal metamorphism (Krot et al.,
1995, 1998, 2004). This makes it difficult to discern whether
these subgroups originated from a single body or multiple
bodies. In addition, metamorphic materials such as CK4-6
chondrites, metamorphic clasts in CV3 chondrites and CV
meta-chondrites (NWA 3133 and NWA 1839) have
mineralogical, chemical and isotopic similarities with CV3
chondrites (Irving et al., 2004; Schoenbeck et al., 2006;
Greenwood et al., 2010; Jogo et al., 2013; Wasson et al.,
2013; Chaumard et al., 2014). It is conceivable that such
materials originated from the deep interior of the CV3 par-
ent body. Moreover, magnetic studies of CV3 chondrites
may suggest that the parent body underwent melting,
igneous differentiation and Fe–Ni core formation
(Carporzen et al., 2011; Elkins-Tanton et al., 2011).

There are several potential problems with the models
predicting high degree thermal metamorphism inside the
CV3 parent body. These include the lack of CK, CV
meta-chondrites and Fe–Ni core- like materials in CV3
chondrite breccias, and differences in the bulk e54Cr values
of CV meta-chondrites and CV3 chondrites (e.g.,
Greenwood et al., 2010; Shukolyukov et al., 2011; this
study). In contrast, many CV3 brecciated chondrites show
mixed lithologies of different CV3 subgroups (Krot et al.,
2000; Tomeoka and Tanimura, 2000; Jogo et al., 2009).
This may be more consistent with an origin on a single
heterogeneously altered CV3 parent body (e.g., Krot
et al., 2000). In addition, unidirectional paleomagnetic
directions of CV3 chondrites might be explained by shock
metamorphism rather than by a dynamo within the CV3
parent body (Bland et al., 2014; Chaumard and
Devouard, 2016).

In our model simulations, we derived constraints on the
CV3 chondrite accretion timing and thermal history with
the assumption that all three CV3 subgroups originated
from a single parent body. The maximum internal
temperature reached by the CV-like asteroids was deter-
mined mainly by their sizes and formation timescales.
Early-formed asteroids incorporated greater amounts of
short-lived nuclides and therefore experienced higher
degrees of internal heating due to their decay energy, espe-
cially from 26Al. The CV3OxA chondrites show equilibration
temperatures of about 530–590 �C, which is higher than in
CV3Red and CV3OxB chondrites (Busemann et al., 2007). In
our model simulations, we assumed that the peak tempera-
tures reached by the CV asteroid is 500–600 �C. In addition,
the timing of aqueous alteration provides an important
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constraint on the accretion timing of the CV3 parent body
because the heat generated by aqueous alteration also con-
tributed to heating of the body. In order to obtain plausible
accretion timing of the CV3 body, we calculated the accre-
tion timing which fulfills the timing of aqueous alteration
estimated from the formation age of CV3 A881317 fayalite

(4:2þ0:8
�0:7 Ma after CAI formation, Doyle et al., 2015). We

ran models for bodies with radii of 30, 50, 100, and 200 km.
We considered a 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):

qc
@T
@t

¼ 1

r2
@

@r
r2K

@T
@r

� �
þ Aexpð�ktÞ ð1Þ

where q is density, c is specific heat, T is temperature, t is
time, r is distance from the center, K is thermal conductiv-
ity, A is initial rate of radiogenic heat generation per unit
volume, and k is the decay constant of 26Al. We assumed
that 26Al (t1/2 = 0.72 Ma) was the only radiogenic heat
source with the initial 26Al/27Al ratio of 5.25 � 10–5 that
was uniformly distributed in the protoplanetary disk by
the time the majority of Ca- and Al-rich inclusions (CAIs)
formed (MacPherson et al., 1995; Connelly et al., 2012;
Kita et al., 2012).

We assumed no fluid-flow in the model, because fluid
movement is thought not to have exceeded �cm scales
based on chemical data on carbonaceous chondrites (e.g.,
Keller et al., 1994; Krot et al., 1998; Bland et al., 2009;
Stracke et al., 2012; MacPherson and Krot, 2014). This is
consistent with our observed homogeneous distribution of
secondary minerals in an individual clast (up to �1 mm
size) in Y86009 and A881317 breccias and in the entire thin
sections of MET01074 and MET00430 (�1 cm2). In some
fayalite-bearing CV3OxB chondrites, heterogeneous aque-
ous alteration (�mm scale) has been inferred from miner-
alogical observations (Keller et al., 1994). In addition,
Bland et al. (2009) reported that permeability of initial
chondritic materials is very low, suggesting that there was
not much water flow in carbonaceous chondrite parent
bodies. Thus, models of the CV parent body without fluid
flow could be justified.

We assumed that hydration and oxidation reactions
occurred at 0 �C, soon after the melting of ice. We assumed
the initial (unaltered) rocks in the CV3 body contain ele-
ments with the atomic ratio Si:Fe:Mg = 1:1:1, which is con-
sistent 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, (Mg0.5Fe0.5)2SiO4 (Hutchison, 2007; Wakita
and Sekiya, 2011). The simplified hydration-oxidation reac-
tion is represented as follows:

ðMg0:5Fe0:5Þ2SiO4|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
olivine

þH2OðaqÞ

¼ 1=3 ðMg0:8Fe0:2Þ3Si2O5ðOHÞ4|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
serpentine

þ 1=12 ðMg0:8Fe0:2Þ3Si4O10ðOHÞ2|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
talc

þ1=4 Fe3O4|fflfflffl{zfflfflffl}
magnetite

þ1=4H2
This reaction has an enthalpy of 2.77 � 105 kJ/kg, as
calculated from enthalpies of compounds at 25 �C
(Holland and Powell, 1998). We assumed the reaction
enthalpy is the same at 0 and 25 �C. We also assumed the
following initial constants for the CV parent body: temper-
ature of �123 �C (corresponds to 3–4 AU in the protoplan-
etary disk); Al content of 1.75 wt% (Hutchison, 2007),
water/rock mass ratio of 0.1 (fayalite formation conditions
in CV3OxB Bali chondrites; Zolotov et al., 2006). Physical
properties and other details of modeling are shown in
Wakita and Sekiya (2011).

3. RESULTS

3.1. Fayalite occurrences

Petrographic observations indicate that Y86009 and
A881317 are breccias consisting of many clasts (Fig. 2). A
typical clast (from �0.5 to �1 mm in size) is composed of
chondrules and surrounding olivine-rich fine-grained
(<100 lm in thickness) materials (Fig. 2c and d). Clasts
are either embedded in the host meteorite matrix or are in
direct contact with adjacent clasts. Secondary minerals such
as fayalite, ferroan olivine, magnetite, troilite and high-Ca
pyroxene occur in chondrules, host matrix and fine-
grained materials. The distribution of secondary minerals
differs between the clasts. These mineralogical settings are
similar to other CV3 chondrite breccias containing fayalite
(Krot et al., 1995, 2000; Tomeoka and Tanimura, 2000;
Jogo et al., 2009; Tomeoka and Ohnishi, 2010, 2014;
Brearley and Krot, 2013). In contrast, MET00430 and
MET01074 appear to be unbrecciated. The major sec-
ondary minerals in these chondrites are similar to those in
Y86009 and A881317, and other fayalite-bearing CV3
chondrites.

In both brecciated and non-brecciated meteorites, fay-
alite occurs in the interiors and the peripheries of chon-
drules, in fine-grained materials in clasts, and in the host
matrix (Fig. 2). Fayalite grains with 5–50 lm in size occur
as isolated crystals and constituents of veins, and com-
monly coexists with troilite and/or magnetite. The compo-
sition of the fayalite is typically from Fa100 to Fa80,
occasionally down to Fa�60 (Table 1). Almost all fayalite
grains reveal Fe–Mg zoning (the zoning scale is up to
5 lm), where the Fa# decreases toward at the rim. Such
occurrences are consistent with those observed in CV3 fay-
alite (Hua and Buseck, 1995; Krot et al., 1995, 1998, 2000;
Hutcheon et al., 1998; Choi et al., 2000; Hua et al., 2005;
Jogo et al., 2009). We defined such fayalite and ferroan oli-
vine with Fa60-100 as ‘‘fayalite” in this paper. Petrologic
observations of fayalite grains that used for Mn–Cr isotopic
dating are summarized in Table 1.

EPMA analysis shows similar fayalite compositions in
the same clasts or within non-brecciated chondrites
(Table 1). For example, in the MET01074, fayalite shows
similar compositional trends: Fa�100 at the center and
Fa80-90 at the rim of a single fayalite crystal. In the
Y86009 and A881317 breccias, Fa# is similar in the same
clast but it differs between clasts. Such occurrences were
also observed in Vigarano CV3 breccia (Jogo et al., 2009).



Fig. 2. Back scattered electron (BSE) images of CV3 A881317 (a–c) and Y86009 (d and e). (a) A representative brecciated nature of A881317.
Clasts consisting of chondrule (ch) or CAI and surrounding olivine-rich fine-grained materials are either embedded in host matrix or are in
direct contact with adjacent clasts. (b) Fayalite (fa) grains occur inside a chondrule. (c) Magnified view of region in b. Fayalite grains coexists
with troilite (tr). (d) Fayalite-bearing veins occur around a chondrule. (e) Magnified view of region in d. Veins consisting of fayalite and troilite
extend from a sulfide (slf) – magnetite (mt) nodule at the chondrule surface into surrounding olivine-rich fine-grained materials. Clast
boundaries are indicated by dotted lines in a, d and e.
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Table 1
Summary of petrologic observations of fayalite.

Meteorite Clast Grain

Size (lm) Fa#

A881317 1 30 � 30 98
3 20 � 20 99
4 20 � 20 79
6 10 � 15 97

Y86009 1 30 � 30 99
30 � 30 100
20 � 20 99
50 � 30 99

2 10 � 10 97–83
4 10 � 20 96–86
7 20 � 20 100
8 10 � 10 96–87
9 10 � 20 98–95

10 � 10
14 10 � 20
Host rock 10 � 20 97–79

10 � 20 85–70

MET00430 Host rock 15 � 25 82–60
10 � 20 92–62
10 � 10 79–65

MET01074 Host rock 20 � 30 97–82
5 � 20
20 � 25 99–91
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3.2. Mn–Cr systematics of fayalite

Mn–Cr systematics was measured in 27 fayalite grains in
Y86009, A881317, MET01074 and MET00430 (Table 2,
Fig. 3). Measurements were performed in three sessions
using two SIMS instruments: [session 1] clast 1 in Y86009
by ims-6f SIMS, [session 2] clasts 2, 4, 7, 8, 9, 14 and host
in Y86009 by NanoSIMS 50L and [session 3] clasts 1, 3, 4
and 6 in A881317, and non-brecciated MET01074 and
MET00430 by NanoSIMS 50L. Recently, compositional
and analytical dependence of the 55Mn/52Cr RSFs have
been reported in several studies (e.g., Sugiura et al., 2005;
McKibbin et al., 2013; Doyle et al., 2015), suggesting that
it would be improper to compare the inferred 53Mn/55Mn
ratios of fayalite obtained with different analytical condi-
tions or standard minerals. This means that we can only
compare the obtained Mn–Cr data from the same session
but should carefully consider those from different sessions
or the literature data.

Multiple fayalite grains in Y86009 clast 1, non-
brecciated MET01074 and MET00430 were measured in
sessions 1, 3 and 3, respectively (hereafter we define the
non-brecciated chondrite as a large ‘‘clast”; i.e., non-
brecciated MET01074 and MET00430 could be considered
as a single clast). Because all data in individual clasts were
obtained during the same session, we can simply compare
these Mn–Cr data in each clast. Regardless of various
Fa# of measured fayalite (Table 2), the data points lie
within analytical errors on a straight line (Fig. 3a, d, e).
Inferred initial 53Mn/55Mn ratios (2r) are (1.9 ± 0.4) �
10�6 for fayalite in clast 1 in Y86009, (1.6 ± 0.8) � 10�6
for those in MET01074, and (1.4 ± 0.5) � 10�6 for those
in MET00430 (Fig. 4). These results suggest that formation
of fayalite with different Fa# occurred within a period of
about 2–6 million years within each clast. The duration of
the alteration event is constrained by the error in the iso-
chron but could be much shorter.

Fayalite grains in six different clasts (clasts 2, 4, 7, 8, 9
and 14) and host in Y86009, and four different clasts (clasts
1, 3, 4 and 6) in A881317 were measured in sessions 2 and 3,
respectively. As all data in each chondrite were obtained in
the same session, simple comparison of the obtained Mn–
Cr data would be possible. The Mn–Cr data points all
spread along a single line in each chondrite (Fig. 3b, c), sug-
gesting that fayalite formation in different clasts may have
occurred during the same alteration episode at the same
time in each chondrite. The inferred initial 53Mn/55Mn
ratios (2r) are (1.6 ± 0.3) � 10�6 for the six clasts and host
in Y86009, and (1.9 ± 0.8) � 10�6 for the four clasts in
A881317 (Fig. 4).

Fayalite in A881317, MET01074 and MET00430 were
measured in the same session 3, therefore, the inferred ini-
tial 53Mn/55Mn ratios in fayalite from these three chon-
drites can be compared. The inferred initial 53Mn/55Mn
ratios are identical within errors (Fig. 4), suggesting that
fayalite may have formed at approximately the same time
in each chondrite. These ratios also agree with those from
clast 1 in Y86009 [session 1], six clasts and host in
Y86009 [session 2], Mokoia (Hutcheon et al., 1998), Kaba
(Hua et al., 2005) and Vigarano (Jogo et al., 2009)
(Fig. 4). As all data mentioned here were corrected by 55-
Mn/52Cr RSFs of San Carlos olivine, not fayalite, the
obtained ages could include potential errors. As the
sequence of timing for fayalite formation may not be chan-
ged, all fayalite in these CV3 chondrites might have formed
at the same period. In order to confirm this implication,
Mn–Cr measurements on fayalite in these chondrites by
using fayalite standards are needed.

3.3. Thermodynamic conditions of fayalite formation and

thermal evolution models for the CV3 chondrite parent body

We estimated fluid pressure and temperature during the
formation of fayalite in CV3OxB chondrites. Zolotov et al.
(2006) found that fayalite (Fa100-88) forms only over a nar-
row range of water/rock mass ratios (�0.1–0.15), tempera-
ture and pressures (Fig. 5); fayalite with higher Fa# formed
at lower fluid pressures and temperatures. For olivine com-
positions Fa88-10, such correlations were not obtained; for-
mation conditions for these olivines are >100 �C and
>10 bars, and do not depend on Fa# (Zolotov et al., 2006).

Our thermal evolutionary models of the CV3 chondrite
parent body constrain the timescales of its accretion and
aqueous alteration. For peak core temperatures of 500–
600 �C, our models show that this body accreted between
3.0 and 3.3 Ma after CAI formation (Fig. 6). These accre-
tion ages correspond to initial 26Al/27Al ratios of CV3
materials between 2.2 � 10�6 and 2.9 � 10�6. The decay
of 26Al gradually heated the CV3 parent body, reaching
0 �C and melting ice about 0.3–0.4 Ma after initial accre-
tion. The melting of ice led to rapid warming due to



Table 2
Mn–Cr isotopic data of fayalite. Listed errors are two standard deviation for 55Mn/52Cr and two standard deviation of the mean for
53Cr/52Cr. Fa# of the SIMS measurement spots are shown.

Sample Clast SIMS Session Spot# Fa# 55Mn/52Cr 2r 53Cr/52Cr 2rm

A881317 1 NanoSIMS 50L 3 FA A88 1-1 98 9.43E+04 1.00E+04 2.49E�01 2.10E�02
OL A88 1-1 6.80E+00 6.48E�01 1.15E�01 1.38E�04

3 NanoSIMS 50L FA A88 3-1 99 4.19E+05 2.23E+04 9.41E�01 6.02E�02
4 NanoSIMS 50L FA A88 4-1 79 2.64E+04 6.92E+03 1.67E�01 2.09E�02
6 NanoSIMS 50L FA A88 6-1 97 6.60E+04 1.80E+04 2.58E�01 1.96E�02

Y86009 1 ims-6f 1 FA Y86 1-1 100 1.26E+04 8.84E+02 1.33E�01 1.52E�02
FA Y86 1-2 100 2.23E+04 1.41E+03 1.58E�01 1.71E�02
FA Y86 1-3 100 1.51E+04 3.13E+03 1.37E�01 1.70E�02
FA Y86 1-4 100 5.61E+04 1.18E+04 2.60E�01 4.98E�02
FA Y86 1-5 100 1.24E+04 1.39E+03 1.30E�01 1.48E�02
FA Y86 1-6 99 9.01E+03 3.93E+03 1.15E�01 2.14E�02
FA Y86 1-7 99 2.11E+04 4.10E+03 1.79E�01 3.78E�02
OL Y86 1-2 3.21E�01 1.75E�02 1.14E�01 1.04E�03
OL Y86 1-3 3.35E�01 2.24E�02 1.14E�01 3.75E�03

2 NanoSIMS 50L 2 FA Y86 2-1 97 2.65E+04 1.03E+04 1.59E�01 6.94E�03
4 NanoSIMS 50L 2 FA Y86 4-1 96 1.06E+03 3.04E+02 1.16E�01 1.12E�03
7 NanoSIMS 50L 2 FA Y86 7-1 100 1.27E+05 2.91E+04 3.44E�01 1.74E�02

FA Y86 7-2 100 5.91E+04 1.14E+04 2.18E�01 1.42E�02
8 NanoSIMS 50L 2 FA Y86 8-1 96 2.59E+04 3.28E+03 1.57E�01 4.72E�03

PX Y86 8-1 4.63E�01 3.66E�02 1.14E�01 2.39E�04
9 NanoSIMS 50L 2 FA Y86 9-1 98 7.16E+04 1.99E+04 2.31E�01 1.67E�02

FA Y86 9-2 98 6.35E+02 1.60E+02 1.16E�01 1.94E�03
FA Y86 9-3 98 5.12E+03 7.11E+02 1.20E�01 2.34E�03
OL Y86 9-1 9.41E�01 6.39E�02 1.13E�01 3.51E�04

14 NanoSIMS 50L 2 FA Y86 14-1 5.89E+03 1.95E+03 1.22E�01 2.98E�03
Host rock NanoSIMS 50L 2 FA Y86 H-1 97 2.53E+03 3.32E+02 1.17E�01 2.15E�03

PX Y86 H-1 2.05E�01 2.09E�02 1.14E�01 4.42E�04

MET00430 Host rock NanoSIMS 50L 3 FA MET00-1 82 2.73E+03 3.89E+02 1.17E�01 9.84E�04
FA MET00-2 92 1.12E+04 2.22E+03 1.29E�01 2.56E�03
FA MET00-3 79 8.00E+03 1.13E+03 1.26E�01 1.29E�03
OL MET00-1 9.04E�01 6.09E�02 1.13E�01 5.18E�04
PX MET00-1 3.07E�01 2.11E�02 1.14E�01 5.21E�04

MET01074 Host rock NanoSIMS 50L 3 FA MET01-1 97 5.63E+03 3.78E+02 1.27E�01 1.08E�03
FA MET01-2 5.51E+04 7.25E+03 2.22E�01 4.15E�03
FA MET01-3 99 3.98E+04 6.29E+03 1.56E�01 1.60E�02
FA MET01-4 1.53E+05 4.21E+04 2.91E�01 3.00E�02
FA MET01-6 97 1.87E+05 1.32E+04 2.87E�01 1.85E�02
OL MET01-1 5.53E�01 5.77E�02 1.14E�01 3.09E�04
PX MET01-1 7.00E�01 5.40E�02 1.13E�01 3.02E�04
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exothermic hydration of olivine to phyllosilicates such as
serpentine. Aqueous alteration began almost simultane-
ously (within 0.1 Ma) throughout the CV3 parent body
(Fig. 7). After aqueous alteration ceased, the decay of
26Al continued to raise the internal temperature. When heat
loss by radiation exceeded the decay heat of 26Al, the tem-
perature of the body started to decrease. Smaller sized bod-
ies began cooling at earlier times.

Fig. 8 shows the peak temperature and timing of aque-
ous alteration as a function of accretion ages of the CV3
chondrite parent body having a radius of 50 km. The accre-
tion timing which fulfills the formation age of CV3

A881317 fayalite (4:2þ0:8
�0:7 Ma after CAI formation, Doyle

et al., 2015) is �3.2–4.0 Ma after CAI formation. In the
body with such accretion ages, peak temperature reached
�320–540 �C.
4. DISCUSSION

4.1. Conditions and timing of fayalite formation

At an early stage of thermal evolution of the CV3 chon-
drite parent body, the temperature increased and passed
through the stability field of fayalite (Figs. 5 and 7b). Fay-
alite grains with high Fa# formed early at low temperature.
These high Fa# fayalites were subsequently overgrown by
low Fa# fayalite that formed at higher temperatures
(arrows in Fig. 5). This formation sequence led to the Fe–
Mg zoning pattern observed in fayalite in CV3 chondrites
(Table 1) as proposed by Zolotov et al. (2006) and Jogo
et al. (2009). The Fe–Mg zoning pattern in fayalite is a sig-
nature of the formation process and is not related to
postcrystallization Fe–Mg interdiffusion. In order to form



Fig. 3. Mn–Cr evolutionary diagrams for fayalite in clast 1 from Y86009 (a), six clasts and host chondrites from Y86009 (b), four clasts from
A881317 (c), host chondrites from MET01074 (d), and MET00430 (e). Error bars are 2r.
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the observed Fe–Mg zoning scale (up to 5 lm) by diffusion
at 400 �C (peak metamorphic temperature of CV3OxB chon-
drites containing fayalite; Busemann et al., 2007), 50 Ma is
required (Fe–Mg diffusion coefficient at 400 �C is about
10�26 m2/s; Chakraborty et al., 1994; Chakraborty, 1997).
This diffusion duration is longer than the estimated time-
scale of CV3 parent body thermal metamorphism
(<10 Ma; e.g., Young, 2001), suggesting that the observed
Fe–Mg zoning of fayalite did not result from the thermal
metamorphism. After formation of fayalite, clasts contain-
ing fayalite were incorporated into their host meteorites,
and thus fayalite in each clast retained distinct Fa# trends.
Fe and Mg inter-diffusion coefficients in olivine are
higher than Cr and Mn diffusivities in olivine under fO2

and temperature conditions of fayalite-bearing CV3OxB

chondrites (Buening and Buseck, 1973; Morioka, 1981;
Chakraborty, 1997; Ito and Ganguly, 2006; Busemann
et al., 2007; Righter and Neff, 2007). Because Fe–Mg diffu-
sive exchange did not occur between fayalite and surround-
ing phases, Cr and Mn should not have been disturbed by
diffusion processes since their formation. Therefore, the
obtained Mn–Cr ages of fayalite represent the timing when
fayalite started to form during aqueous alteration in their
parent asteroids, not the timing of thermal metamorphism.



Fig. 4. The initial 53Mn/55Mn ratios of CV3 fayalite whose
55Mn/52Cr ratios were corrected by RSFs of San Carlos olivine
standard (SC ol std). Age differences are calculated relative to mean
initial 53Mn/55Mn ratios of fayalite in A881317 (i.e., initial
53Mn/55Mn ratio of 1.9 � 10�6). Error bars are 2r. Fayalite in
the clast 1 in Y86009 were measured in [session 1 (S1)] with Cameca
ims-6f, those in six clasts and host in Y86009 were measured in
[session 2 (S2)] with NanoSIMS 50L and those in four clasts in
A881317, MET01074 and MET00430 were measured in [session 3
(S3)] with NanoSIMS 50L. Initial 53Mn/55Mn ratios of fayalite in
Mokoia (Hutcheon et al., 1998, Cameca ims-3f), Kaba (Hua et al.,
2005, Cameca ims-6f) and Vigarano (Jogo et al., 2009, Cameca
ims-6f) are also shown for reference.

Fig. 5. Temperature and fluid pressure formation conditions of
fayalite of Fa100-88 at water/rock mass ratios of 0.1–0.15. The
stability field of each Fa# is shown in different colored symbols.
Fayalite with Fa100-88 form at fluid pressure of about 3–>300 bars
and temperatures of about 30–>150 �C; Fa100 fayalite formed at
about 3–10 bars and 10–40 �C. Lower Fa# fayalite formed at
higher fluid pressure and temperature conditions. Plausible forma-
tion pathways of fayalite with Fa# zoning in which Fa97 is preset at
the center and Fa# decreases toward the rim (e.g., clast 2 in the Y-
86009) are shown by upper red arrows, and those of Fa100 fayalite
without Fa# zoning (e.g., clast 1 in the Y-86009) are indicated by
blue arrows. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)
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4.2. Accretion time of the CV3 chondrite parent body

containing fayalite

Our thermal evolutionary models yield constraints on
the accretion time of the CV3 chondrite parent body from
the timing of aqueous alteration. The thermal evolution
model and Mn–Cr measurements of fayalite both indicate
that aqueous alteration occurred over a brief time interval
in the CV3 parent body. In order to be consistent with
the measured fayalite formation ages and estimated peak
metamorphic temperature of the CV parent body, the ther-
mal evolutionary model constrains the accretion timescale
of the CV3 chondrite parent body to be 3.2–3.3 Ma after
CAI formation (Fig. 9).

According to radial diffusion model of turbulent disk,
solid materials within the main asteroidal belt (2–4 AU)
would be fully mixed after 1 Ma (Cuzzi et al., 2010). In
order to preserve group-specific chemical and isotopic char-
acters of chondrules, the parent body of each chondrite
group should have accreted within 1 Ma of chondrule for-
mation. Chondrules in CV3 chondrites often show dis-
turbed Al-Mg systematics due to alteration in the CV3
parent body (e.g., Hutcheon et al., 2009; Kita and
Ushikubo, 2012). Measurements of Al-Mg formation ages
of the least altered chondrules in CV3 chondrites have
yielded initial 26Al/27Al ratios of (�2–6) � 10�6 corre-
sponding to �2.0–3.4 Ma after CV3 CAI formation
(Mishra and Chaussidon, 2014; Nagashima et al., 2015).
In order to be consistent with the radial diffusion model,
CV3 chondrite parent body should have accreted at about
<3.0–4.4 Ma after CAI formation (Fig. 9). This timing is
in agreement with our estimates for the accretion timing
of the CV3 chondrite parent body containing fayalite.

Previous CV3 parent body thermal evolutionary models
have adopted different values for the peak temperature and
other initial parameters (e.g., Elkins-Tanton et al., 2011; Fu
and Elkins-Tanton, 2014; Doyle et al., 2015). Elkins-
Tanton et al. (2011) assumed that CV3 parent body had a
molten Fe–Ni core (peak temperature of >1200 �C) to
explain paleomagnetic records in the CV3OxA Allende, con-
cluding that it accreted by � 1.5 Ma after CAI formation
with >�200 km in radius. However, because the timing
when temperature of such CV3 body reached fayalite for-
mation conditions (i.e., 10–300 �C with increasing tempera-
ture; this study) is much earlier than the formation age of
A881317 fayalite (Doyle et al., 2015), CV3OxB materials
with fayalite might not have originated from such body.
The estimated peak temperature of the CV3 body of
�500–540 �C (this study) is lower than that of the CV3
body with a molten Fe–Ni core (Elkins-Tanton et al.,
2011) or equilibrated temperature of CV3-like metamorphic
materials such as CK4-6 chondrites (e.g., Chaumard and
Devouard, 2016). This suggests that strong thermal meta-
morphism did not occur in the CV3 chondrite parent body
where fayalite formed.



Fig. 6. Temperature evolution at the center of the CV3 parent body with radii of 30 km (blue), 50 km (red), 100 km (green), 200 km (black).
The CV3 body would accrete at �3.3 Ma after CAI formation in order to reach the peak temperature of 500 �C (dashed lines) and at �3.0 Ma
after CAI formation to reach 600 �C (solid lines). The pathways of temperature evolution of the body with 100 km and 200 km in radii are
same in the time range of this figure. Aqueous alteration with increasing temperature occurs at about 3.3 Ma and 3.7 Ma after CAI formation
in the body with peak temperature of 600 �C and 500 �C, respectively. The CV3 A881317 fayalite formation age of about 4:2þ0:8

�0:7 Ma after CAI
formation (yellow area, Doyle et al., 2015) is identical to the aqueous alteration timing in the body with peak temperature of 500 �C but
inconsistent with that of 600 �C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. Temperature-lithostatic pressure profile of the CV3 parent body with 200 km in radius that accreted at 3.3 Ma after CV3 CAIs (peak
temperature of 500 �C). (a) Temperature evolution at lithostatic pressures (Plit) of the body. Temperature differences are indicated by the color
scale. (b) Temperature evolution at lithostatic pressures of 3 bars (1 km distance from the surface of the body; blue), 10 bars (3 km distance
from the surface; green), and 100 bar (27 km distance from the surface of the body; red) are shown. Fa#, fluid pressure (Pfluid), and
temperature ranges of fayalite formation at each lithostatic pressure is shown by labels and bold arrows colored by blue (Fa88-100, Pfluid = 3–
103 bars, 10–160 �C at Plit = 3 bars), green (Fa88-99, Pfluid = 10–110 bars, 30–200 �C at Plit = 10 bars) and red (Fa88-98, Pfluid = 100–200, 110–
250 �C at Plit = 100 bars). Fayalite forms at the inner and outer parts of the body at about 3.7 Ma after CAI formation. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.3. Constraints on sizes of the CV3 chondrite parent body

containing fayalite

The minimum size of the CV3 chondrite parent body
can be constrained by the fluid pressure in which CV3 fay-
alite having Fa<96 formed. For example, in order to form
fayalite with Fa97 at the center and Fa83 at the rim (clast
2 in the Y-86009), temperature and fluid pressure need to
pass through the stability field of Fa97 first and subse-
quently through that of Fa96-83. Such pathways could be
created if formation of Fa97 occurred at fluid pressure of
200–300 bars (upper arrows in Fig. 5). Many fayalite grains



Fig. 8. Peak temperature of the body (solid line) and timing of aqueous alteration (dashed line) as a function of accretion timing of the CV3
chondrite parent body with radius of 50 km. The results are almost the same in the body with radius of 30, 100, and 200 km. The accretion
timing of the CV3 parent body is �3.2–4.0 Ma after CAI formation based on the timing of aqueous alteration estimated from the formation
age (light gray area) of CV3 A881317 fayalite (about 4:2þ0:8

�0:7 Ma after CAI formation, Doyle et al., 2015). Peak temperature of the body with
such accretion timing is �320–540 �C.

Fig. 9. Accretion timing of the CV3 chondrite parent body (upper) and its comparison with CM2, CO and ordinary (OC) chondrite parent
bodies (below). The accretion timing of the CV3 parent body is constrained from different conditions: (i) about 3.0–3.3 Ma after CAI
formation based on the thermal modeling of the body with peak temperature of 500–600 �C (equilibrated temperature of CV3OxA chondrites,
Busemann et al., 2007) and Mn–Cr ages of fayalite (this study), (ii) about 3.2–4.0 Ma after CAI formation which satisfies the timing of
aqueous alteration estimated from thermal modeling and the absolute formation age of CV3 A881317 fayalite (Doyle et al., 2015) and (iii)
about <3.0–4.4 Ma after CAI formation from radial diffusion model (Cuzzi et al., 2010) requiring <1 Ma accretion of the CV3 body after CV3
chondrule formation of about 2.0–3.4 Ma after CAI formation (dashed line, Mishra and Chaussidon, 2014; Nagashima et al., 2015). The
accretion timing of the CV3 body which fulfills (i–iii) conditions is about 3.2–3.3 Ma after CAI formation. It is consistent with the accretion
timing of the CM2 parent body (Fujiya et al., 2012) but later than those of CO and ordinary parent bodies (Miyamoto et al., 1981; Gopel
et al., 1994; Harrison and Grimm, 2010; Doyle et al., 2015).
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show Fa79-96 at their cores (e.g., clast 4 in the Y86009),
requiring the fluid pressure of >300 bars during the fayalite
formation (Fig. 5). Wilson et al. (1999) concluded that par-
ent bodies of carbonaceous chondrites should have been
disrupted if fluid pressure produced during aqueous alter-
ation exceeded the sum of lithostatic pressure and tensile
strength of rocks. In order to prevent the disruption of
the CV3 chondrite parent body containing fayalite, we
assumed a following equation:

P fluid � P lithostatic þ Tensile Strength ð2Þ
where Plithostatic is lithostatic pressure, Pfluid is fluid pres-
sure, and Tensile Strength is tensile strength of a rock of
�100 bar (Rubin, 1993). In order to form Fa79-96 fayalite
without disrupting the CV3 body, the Eq. (2) should be sat-
isfied when fluid pressure is P300 bars. If we assume
Pfluid = 300 bars, then Plithostatic P300–100 bars = 200 bars.
Thus, lithostatic pressure of >200 bars is required to avoid
disruption of the CV3 parent body.

In order to produce lithostatic pressure of >200 bars in
the CV3 parent body, radius of >110–150 km is needed.
This value is calculated by solving the following equation.
At each radial distance (r) from the center of the body

P lithostatic ¼ 2=3pq2Gða2 � r2Þ ð3Þ
where q is bulk density, G is the gravitational constant, and
a is radius of the body (Turcotte and Schubert, 2002). The
lithostatic pressure at the center of the body is calculated
when r = 0. In order to produce lithostatic pressure of
200 bars, at the center of the body radius of 110 and
130 km is required, if we assume bulk density of the CV3
parent body containing fayalite is 3500 and 2920 kg/m3,
respectively. These densities are average grain and bulk
density of high density carbonaceous chondrite group,
including CV, CO, CK and hydrated metal-rich CR chon-
drites (Consolmagno et al., 2008). The porosities of these
chondrites range from 9.7 to 21.8% (Consolmagno et al.,
2008). Whereas, a radius of 150 km is required in the
CV3 body with the lithostatic pressure of 200 bars at its
center, if we assumed the density of CV3 parent body as
2700 kg/m3. The density of 2700 kg/m3 is calculated under
the assumption that water/rock mass ratio of the CV3 body
is 0.1 (fayalite formation condition in the CV3OxB Bali,
Zolotov et al., 2006), and densities of rock and water are
3300 kg/m3 (Fa20 olivine) and 1000 kg/m3 (water), respec-
tively (for details, see Wakita and Sekiya (2011)).

4.4. Estimation of burial depths of formation of fayalite with

different compositions

The fluid pressure-dependence on the Fa# of fayalite
formed during aqueous alteration (Fig. 5) makes it possible
to estimate the burial depths at which fayalites of different
compositions formed. According to the discussion above,
fayalites showing Fa79-96 at their cores formed within a
CV3 parent body having a radius of at least 110–150 km.
Fayalites having higher Fa# should have formed in the
outer portions of the body. For example, formation depths
of (i) Fa97 with Fa# zoning (e.g., clast 2 in the Y-86009) and
(ii) compositionally pure Fa100 fayalite without Fa# zoning
(e.g., clast 1 in the Y-86009) could be estimated to be (i) 27
to 60 km below the surface of the CV3 body (lithostatic
pressure of 100–200 bars) and (ii) 1 to 3 km below the sur-
face toward the surface layers of the CV3 body (lithostatic
pressure of 0–10 bars), respectively, by the following calcu-
lation. In order to form fayalite of (i), fluid pressure of 200–
300 bars is required during the Fa97 fayalite formation as
previously described (upper arrows in Fig. 5). Whereas, in
order to form Fa100, fluid pressure of 3–10 bars are needed
(lower arrows in Fig. 5). Zolotov et al. (2006) reported that
at the time of fayalite formation the likely fluid pressure is
close to its maximum pressure (i.e., the sum of the litho-
static pressure and the tensile strength of rock), and thus
we could assume following equation:

P fluid ¼ P lithostatic þ Tensile strength ð4Þ
Because fayalite formed under the gas or gas + fluid

environment (Zolotov et al., 2006), Pfluid P Plithostatic is
needed in order to present gas and/or fluid in the rock. If
Pfluid = 200–300 bars (necessary fluid pressure of fayalite
formation of (i)), then Plithostatic = 200–300 bars – 100 bars
(tensile strength of rock) = 100–200 bars. This means
that fluid pressure of Pfluid = 200–300 bars exists at
Plithostatic = 100–200 bars. These lithostatic pressures corre-
spond to 27 to 60 km from the surface of the 200 km sized
CV3 body based on the equation (2), if the bulk density of
the CV3 body is assumed to be 2700 kg/m3.

If Pfluid < Tensile Strength of 100 bars (Rubin, 1993),
Plithostatic appear < 0 from Eq. (3). This means that fluid
pressure below Tensile Strength could exist up to the sur-
face (at 0 lithostatic pressure). Thus, if Pfluid = 3–10 bars
(necessary fluid pressure of fayalite formation of (ii)), fluid
could formally exist within rock from the depths of litho-
static pressure of 3–10 bars (1–3 km from the surface) up
to the surface under the assumption of the bulk density of
the CV3 body is 2700 kg/m3 (Wakita and Sekiya, 2011).
Calculated results of fluid pressure, temperature and
possibly-formed Fa# of fayalite at each lithostatic pressure
(burial depths) are summarized in Table 3.

Finally, we note that these calculations of parent body
sizes and burial depths of fayalite formation depend criti-
cally on the bulk porosity and permeability of the CV3
chondrite parent body. However, these properties are not
well known and we may need to update our calculations
if these physical properties are more accurately determined.

4.5. Implication for an accretion time difference of chondrite

parent bodies around snow-line areas in the solar nebula

The accretion timing of the chondrite parent bodies has
been estimated in earlier studies. For example, the accretion
time of the CM2 parent body was estimated to be about
3.0–3.5 Ma after CAI formation from their peak tempera-
tures and Mn–Cr ages of aqueously-formed CM calcite
(Fujiya et al., 2012). The accretion time of the CO chondrite
parent body was constrained to be 2.1–2.4 Ma after CAI
formation based on its peak temperature and Mn–Cr ages
of aqueously-formed fayalite (Doyle et al., 2015). The
accretion time of the ordinary chondrite parent body was
estimated to be �2–3 Ma after CAI formation based on



Table 3
Fluid and gas pressure, temperature and possibly-formed Fa# of fayalite at each lithostatic pressure (burial depths from the surface) in a CV3
parent body with radius of 200 km.

Lithostatic pressure
[bars]

Burial depths from the surface
[km]a

Fluid and gas pressure
[bars]b

T [�C] during aqueous
alterationc

Possibly-formed
Fa#d

0 0 0–100 <�100 No fayalite formed
3 1 3–103 �100 to 160 88–100
10 3 10–110 �50 to 200 88–99
100 27 100–200 0–250 88–98
200 60 200–300 0–280 88–97

a Burial depth at each lithostatic pressure is calculated from the Eq. (2) under the assumption that bulk density of CV3 parent bodies is
2700 kg/m3.
b Fluid and gas pressure at each lithostatic pressure is calculated from the Eq. (3).
c Temperature range at each lithostatic pressure is estimated from Fig. 7.
d Possibly-formed Fa# of fayalite at fluid pressure and temperature during aqueous alteration is estimated from Fig. 5.
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thermal modeling, U–Pb ages of phosphates and Mn–Cr
ages of aqueously-formed fayalite (Miyamoto et al., 1981;
Gopel et al., 1994; Harrison and Grimm, 2010; Doyle
et al., 2015). The accretion ages of CV3 chondrite parent
body of about 3.2–3.3 Ma after CAI formation (this study)
is slightly younger than that of CO and ordinary chondrite
parent bodies but is consistent with that of the CM2 parent
body (Fig. 9).

Parent bodies of different chondrite groups are thought
to have formed at different times and/or locations in the
solar nebula with a range of initial ice/dust ratios based
on their chondrite properties and mineral components
(Zolensky and McSween, 1988; Wood, 2005; Brearley,
2006; Krot et al., 2006; Rubin, 2010, 2011). CV3, CO and
ordinary chondrites contain a small amount of secondary
minerals that formed during aqueous alteration, suggesting
low initial ice/dust ratios when their parent bodies accreted.
As the ice/dust ratios would be low near the snow line, par-
ent bodies of CV3, CO and ordinary chondrites might have
formed near the snow line (e.g., Wood, 2005). Although
CV3 and CO chondrite parent bodies both appear to have
formed near the snow line, the CV3 chondrite parent body
is estimated to have formed later than the CO and ordinary
chondrite parent bodies. On the other hand, CM2 chon-
drites contain a large amount of secondary minerals, imply-
ing that their parent bodies accreted well beyond the snow
line with high initial ice/dust ratios (e.g., Wood, 2005). Yet
the accretion time of the CM2 chondrite parent body is
consistent with that of the CV3 chondrite parent body, sug-
gesting that accretion of the CM2 parent body beyond the
snow line occurred at the same time with that of the CV3
body near the snow line despite their differing initial ice/-
dust ratios.

Two main models have been proposed for the accretion
of planetesimals (chondrite parent bodies): (i) mass accre-
tion of gravitationally bound cluster of dust and ice and
(ii) collisional growth of dust and ice (Johansen et al.,
2007; Wada et al., 2008). A time difference of planetesimal
formation at the inner and outer regions of the solar nebula
was proposed only by the former model; it takes longer
time to form planetesimals in the outer nebular regions
rather than the inner nebular regions because of lower sur-
face density in the outer regions of the nebula. Thus, the
inferred accretion time difference of CV3, CO, CM2 and
ordinary chondrite parent bodies is consistent with the
planetesimal formation model by gravitational/streaming
instability. According to this model, the parent body of
CV3 chondrites should have formed before the CM2 body
since it likely formed closer to the Sun, assuming they have
similar sizes. In order to explain the contemporaneous
accretion timing of CV3 and CM2 bodies, sizes of CV3
bodies might be smaller than those of CM2 bodies. Further
studies would be needed to confirm this suggestion.

5. CONCLUSIONS

We determined the formation ages of fayalite occurring
in different clasts and/or bulk samples of CV3 carbona-
ceous chondrites. Fayalite in individual clasts and within
different samples showed different compositional trends,
suggesting formation at specific temperatures and pressures
before incorporation into present structures. Regardless of
their formation conditions, all fayalite show a narrow range
of the inferred initial 53Mn/55Mn ratios of (1–2) � 10�6.
Based on the model simulations which satisfy the ages, tem-
peratures and fluid pressure during fayalite formation, and
peak metamorphic temperature of CV3OxA chondrites, we
determined that the CV3 chondrite parent body was at least
110–150 km in radius and accreted 3.2–3.3 Ma after CV3
CAIs. As the CV3 parent body accreted <1 Ma after CV3
chondrule formation, the estimated accretion age is consis-
tent with the radial diffusion model. The CV3 parent body
accreted slightly later than the CO and ordinary chondrite
parent bodies but contemporaneously with the CM2 parent
body. The accretion time of CV3, CO and ordinary chon-
drite parent bodies implies an accretion time difference near
the snow line. The identical accretion timing of CV3 and
CM2 chondrite parent bodies suggests that the CM2 chon-
drite parent body grew to greater size than the CV3 parent
body. The obtained accretion time difference between CV3,
CO, CM2 and ordinary chondrite parent bodies is consis-
tent with the planetesimal formation model by gravita-
tional/streaming instability.
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