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始原天体リターンサンプルの科学

stage target materials / processes

1 銀河化学進化 プレソーラー粒子・安定同位体異常

2 分子雲物質進化 有機物・氷・CHON同位体異常

3 初期太陽系円盤物質進化 高温物質・元素分別・有機物

4 微惑星変成作用 熱変成・水質変成

5 MBA・NEA活動 衝突・宇宙風化

6 1-5 の年代軸 長寿命・短寿命放射性核種
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stage

1 銀河化学進化

2 分子雲物質進化

3 初期太陽系円盤物質進化

4 微惑星変成作用

5 MBA・NEA活動

6 1-5 の年代軸

微惑星から小惑星に至るまでの熱進化の
紐解き．時間軸を付け，軌道進化の理論
も加味して熱進化の履歴を理解する

微惑星から小惑星に至るまでの鉱物・
水・有機物相互作用による有機物の多様
化を探る

微惑星が取り込んだ物質を調べ，原始太
陽系内での物質循環を探る

衝突破壊・合体のプロセスの履歴を含め

た謎解き．微小天体の衝突過程をモデル

化．微惑星のアナログ天体としての微小

天体の姿を理解する

C型小惑星リターンサンプルの科学
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Figure 4. Plot of Mg+Fe(+Ca)/Si ratios in presolar ferromagnesian silicates.
The dashed lines indicate theoretical ratios for olivine and pyroxene. Olivine-
like grains and pyroxene-like grains whose cation/O and O/Si ratios are non-
stoichiometric are indicated by “closed symbols” and are marked with an asterisk
(∗) in Tables 1 and 2.

Harris et al. 1988). All the group 1 silicate grains found in
this study have compositions consistent with an origin in low-
mass RG and AGB stars with near solar metallicities. Copious
amounts of silicate dust can form in stars with initial masses >
4 M" that undergo third dredge-up (Gail et al. 2009). However
the O-isotopic composition of silicate grains from such stars
should exhibit 17O/16O > 0.002–0.004 (Nittler 2009), which
is rarely observed for silicate grains, including ones identified
in this study. Two ferromagnesian silicate grains, 42F-13 and
42Fe8O17, are characterized by higher 17O/16O isotopic ratios
than the other group 1 grains (Figure 1), but are still well below
the maximum 17O/16O ratios predicted for first dredge-up in
stars of near solar metallicity (Nittler et al. 2008).

Modeling by Nguyen et al. (2007) has shown that ion imag-
ing measurements of tightly packed grains in the NanoSIMS are
diluted by the surrounding isotopically normal silicates, result-
ing in measured isotopic compositions that are closer to solar
values than the intrinsic compositions of the grains. While this
dilution affects all measured compositions, the effect is most
pronounced for grains with compositions that are depleted in
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Figure 5. False color Auger elemental maps and SE image of presolar silicate
grain 42Fw3, which has a forsterite-like composition.
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Figure 6. False color Auger elemental maps and SE image of TiO2 grain.
Titanium has two Auger peaks at about 390 and 421 eV; hotspots appear at both
the energies in the false colored map.
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Figure 1. Oxygen three-isotope plot of presolar silicates (circles) and oxides
(triangles) identified in Acfer 094. Silicate grains are classified into group 1
(gray symbols) and group 4 (black symbols) based on their O isotopic groups
defined by Nittler et al. (1997). The dashed lines represent solar values. The
solid line labeled “GCE” indicates the expected evolution of O isotopic ratios
with increasing metallicity (Timmes et al. 1995). Errors are 1σ .

complex peak, at around 572 eV in the spectrum. The elemen-
tal compositions of the 44 silicate and 4 oxide grains are listed
in Table 2, along with the Mg+Fe(+Ca)/Si and (Mg/Mg+Fe)
× 100 (mg#) ratios. Grains containing O, Fe, and Mg (with
or without Al, Ca, and Si) with mg#s less than 45 are consid-

ered Fe-rich and those with mg#s greater than 55 are considered
Mg-rich. Grains are classified as either olivine-like or pyroxene-
like if their Mg+Fe(+Ca)/Si ratios fall within 1σ of the theo-
retical ratios of 2 for olivine (Mg,Fe)2SiO4 and 1 for pyroxene
(Mg, Fe)SiO3.

Twelve grains have Mg+Fe(+Ca)/Si ratios with pyroxene-
like compositions and six grains have olivine-like compositions
(Figure 4). Since O is not included in the Mg+Fe(+Ca)/Si ratio,
but must also be present in stoichiometric proportions, two
additional ratios, namely cation/O and O/Si, were evaluated.
These ratios can provide additional verification of whether the
classification of a silicate grain is consistent with olivine or
pyroxene and can identify grains that do not contain O in
stoichiometric proportions. The classification of three olivine-
like and six pyroxene-like silicate grains is less certain based on
these criteria; these grains are marked with asterisks in Table 2
and Figure 4. A large number of grains (16 out of 40) have
Mg+Fe(+Ca)/Si ratios intermediate between 1 and 2 (1.3–1.7;
Figure 4). Finally, ten grains have Mg+Fe(+Ca)/Si ratios that
are either significantly lower than 1 or higher than 2; these are
listed under the category of “Other Silicates” in Table 2.

Silicate grains that are olivine-like include one grain, 42Fw3,
with a forsterite (i.e., Mg-rich end-member) composition
(Figure 5). The other olivine-like grains have elevated Fe con-
centrations (mg#s ranging from 17 to 31). Among the pyroxene-
like silicates, one grain, 42Fs13, has an enstatite-like composi-
tion. However, the majority of pyroxene-like grains are Fe-rich
with mg#s from 27 to 40, including two grains that have com-
positions that are consistent with Fe-rich end-member pyroxene
and fall in the “forbidden zone” of the pyroxene quadrilateral
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Figure 2. Silicon three-isotope plot in delta notation shows the compositions of group 4 presolar grains identified in this study (circles). Mixing calculations were also
performed for ten grains (squares) from the literature (Mostefaoui & Hoppe 2004; Bland et al. 2007; Yada et al. 2008; Floss & Stadermann 2009). Additional group 4
grains from Vollmer et al. (2008) and Messenger et al. (2005) are plotted as triangles. Calculated Si isotopic ratios based on mixing of material from the H envelope
to the He/C and O/C zones are represented by the thick gray line. Also shown for reference is the SiC mainstream line (slope = 1.37). The inset shows the O isotopic
compositions of these grains using identical symbols. Error bars are 1σ .
(A color version of this figure is available in the online journal.)
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Figure 4. Plot of Mg+Fe(+Ca)/Si ratios in presolar ferromagnesian silicates.
The dashed lines indicate theoretical ratios for olivine and pyroxene. Olivine-
like grains and pyroxene-like grains whose cation/O and O/Si ratios are non-
stoichiometric are indicated by “closed symbols” and are marked with an asterisk
(∗) in Tables 1 and 2.

Harris et al. 1988). All the group 1 silicate grains found in
this study have compositions consistent with an origin in low-
mass RG and AGB stars with near solar metallicities. Copious
amounts of silicate dust can form in stars with initial masses >
4 M" that undergo third dredge-up (Gail et al. 2009). However
the O-isotopic composition of silicate grains from such stars
should exhibit 17O/16O > 0.002–0.004 (Nittler 2009), which
is rarely observed for silicate grains, including ones identified
in this study. Two ferromagnesian silicate grains, 42F-13 and
42Fe8O17, are characterized by higher 17O/16O isotopic ratios
than the other group 1 grains (Figure 1), but are still well below
the maximum 17O/16O ratios predicted for first dredge-up in
stars of near solar metallicity (Nittler et al. 2008).

Modeling by Nguyen et al. (2007) has shown that ion imag-
ing measurements of tightly packed grains in the NanoSIMS are
diluted by the surrounding isotopically normal silicates, result-
ing in measured isotopic compositions that are closer to solar
values than the intrinsic compositions of the grains. While this
dilution affects all measured compositions, the effect is most
pronounced for grains with compositions that are depleted in
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Figure 5. False color Auger elemental maps and SE image of presolar silicate
grain 42Fw3, which has a forsterite-like composition.
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Figure 6. False color Auger elemental maps and SE image of TiO2 grain.
Titanium has two Auger peaks at about 390 and 421 eV; hotspots appear at both
the energies in the false colored map.
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Figure 1. Oxygen three-isotope plot of presolar silicates (circles) and oxides
(triangles) identified in Acfer 094. Silicate grains are classified into group 1
(gray symbols) and group 4 (black symbols) based on their O isotopic groups
defined by Nittler et al. (1997). The dashed lines represent solar values. The
solid line labeled “GCE” indicates the expected evolution of O isotopic ratios
with increasing metallicity (Timmes et al. 1995). Errors are 1σ .

complex peak, at around 572 eV in the spectrum. The elemen-
tal compositions of the 44 silicate and 4 oxide grains are listed
in Table 2, along with the Mg+Fe(+Ca)/Si and (Mg/Mg+Fe)
× 100 (mg#) ratios. Grains containing O, Fe, and Mg (with
or without Al, Ca, and Si) with mg#s less than 45 are consid-

ered Fe-rich and those with mg#s greater than 55 are considered
Mg-rich. Grains are classified as either olivine-like or pyroxene-
like if their Mg+Fe(+Ca)/Si ratios fall within 1σ of the theo-
retical ratios of 2 for olivine (Mg,Fe)2SiO4 and 1 for pyroxene
(Mg, Fe)SiO3.

Twelve grains have Mg+Fe(+Ca)/Si ratios with pyroxene-
like compositions and six grains have olivine-like compositions
(Figure 4). Since O is not included in the Mg+Fe(+Ca)/Si ratio,
but must also be present in stoichiometric proportions, two
additional ratios, namely cation/O and O/Si, were evaluated.
These ratios can provide additional verification of whether the
classification of a silicate grain is consistent with olivine or
pyroxene and can identify grains that do not contain O in
stoichiometric proportions. The classification of three olivine-
like and six pyroxene-like silicate grains is less certain based on
these criteria; these grains are marked with asterisks in Table 2
and Figure 4. A large number of grains (16 out of 40) have
Mg+Fe(+Ca)/Si ratios intermediate between 1 and 2 (1.3–1.7;
Figure 4). Finally, ten grains have Mg+Fe(+Ca)/Si ratios that
are either significantly lower than 1 or higher than 2; these are
listed under the category of “Other Silicates” in Table 2.

Silicate grains that are olivine-like include one grain, 42Fw3,
with a forsterite (i.e., Mg-rich end-member) composition
(Figure 5). The other olivine-like grains have elevated Fe con-
centrations (mg#s ranging from 17 to 31). Among the pyroxene-
like silicates, one grain, 42Fs13, has an enstatite-like composi-
tion. However, the majority of pyroxene-like grains are Fe-rich
with mg#s from 27 to 40, including two grains that have com-
positions that are consistent with Fe-rich end-member pyroxene
and fall in the “forbidden zone” of the pyroxene quadrilateral
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Figure 2. Silicon three-isotope plot in delta notation shows the compositions of group 4 presolar grains identified in this study (circles). Mixing calculations were also
performed for ten grains (squares) from the literature (Mostefaoui & Hoppe 2004; Bland et al. 2007; Yada et al. 2008; Floss & Stadermann 2009). Additional group 4
grains from Vollmer et al. (2008) and Messenger et al. (2005) are plotted as triangles. Calculated Si isotopic ratios based on mixing of material from the H envelope
to the He/C and O/C zones are represented by the thick gray line. Also shown for reference is the SiC mainstream line (slope = 1.37). The inset shows the O isotopic
compositions of these grains using identical symbols. Error bars are 1σ .
(A color version of this figure is available in the online journal.)
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Figure 4. Plot of Mg+Fe(+Ca)/Si ratios in presolar ferromagnesian silicates.
The dashed lines indicate theoretical ratios for olivine and pyroxene. Olivine-
like grains and pyroxene-like grains whose cation/O and O/Si ratios are non-
stoichiometric are indicated by “closed symbols” and are marked with an asterisk
(∗) in Tables 1 and 2.

Harris et al. 1988). All the group 1 silicate grains found in
this study have compositions consistent with an origin in low-
mass RG and AGB stars with near solar metallicities. Copious
amounts of silicate dust can form in stars with initial masses >
4 M" that undergo third dredge-up (Gail et al. 2009). However
the O-isotopic composition of silicate grains from such stars
should exhibit 17O/16O > 0.002–0.004 (Nittler 2009), which
is rarely observed for silicate grains, including ones identified
in this study. Two ferromagnesian silicate grains, 42F-13 and
42Fe8O17, are characterized by higher 17O/16O isotopic ratios
than the other group 1 grains (Figure 1), but are still well below
the maximum 17O/16O ratios predicted for first dredge-up in
stars of near solar metallicity (Nittler et al. 2008).

Modeling by Nguyen et al. (2007) has shown that ion imag-
ing measurements of tightly packed grains in the NanoSIMS are
diluted by the surrounding isotopically normal silicates, result-
ing in measured isotopic compositions that are closer to solar
values than the intrinsic compositions of the grains. While this
dilution affects all measured compositions, the effect is most
pronounced for grains with compositions that are depleted in
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Figure 5. False color Auger elemental maps and SE image of presolar silicate
grain 42Fw3, which has a forsterite-like composition.
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Figure 6. False color Auger elemental maps and SE image of TiO2 grain.
Titanium has two Auger peaks at about 390 and 421 eV; hotspots appear at both
the energies in the false colored map.

No. 2, 2010 AN INVESTIGATION INTO THE ORIGIN OF Fe-RICH PRESOLAR SILICATES IN ACFER 094 1627

42F-13
42Fe8O17 

10-3 2x10-3 3x10-3 4x10-3
10-4

10-3

Group 1 silicates
Group 1 oxides
Group 4 silicates

Solar

17
O

/16
O

18O/16O

S
olar

GCE

Figure 1. Oxygen three-isotope plot of presolar silicates (circles) and oxides
(triangles) identified in Acfer 094. Silicate grains are classified into group 1
(gray symbols) and group 4 (black symbols) based on their O isotopic groups
defined by Nittler et al. (1997). The dashed lines represent solar values. The
solid line labeled “GCE” indicates the expected evolution of O isotopic ratios
with increasing metallicity (Timmes et al. 1995). Errors are 1σ .

complex peak, at around 572 eV in the spectrum. The elemen-
tal compositions of the 44 silicate and 4 oxide grains are listed
in Table 2, along with the Mg+Fe(+Ca)/Si and (Mg/Mg+Fe)
× 100 (mg#) ratios. Grains containing O, Fe, and Mg (with
or without Al, Ca, and Si) with mg#s less than 45 are consid-

ered Fe-rich and those with mg#s greater than 55 are considered
Mg-rich. Grains are classified as either olivine-like or pyroxene-
like if their Mg+Fe(+Ca)/Si ratios fall within 1σ of the theo-
retical ratios of 2 for olivine (Mg,Fe)2SiO4 and 1 for pyroxene
(Mg, Fe)SiO3.

Twelve grains have Mg+Fe(+Ca)/Si ratios with pyroxene-
like compositions and six grains have olivine-like compositions
(Figure 4). Since O is not included in the Mg+Fe(+Ca)/Si ratio,
but must also be present in stoichiometric proportions, two
additional ratios, namely cation/O and O/Si, were evaluated.
These ratios can provide additional verification of whether the
classification of a silicate grain is consistent with olivine or
pyroxene and can identify grains that do not contain O in
stoichiometric proportions. The classification of three olivine-
like and six pyroxene-like silicate grains is less certain based on
these criteria; these grains are marked with asterisks in Table 2
and Figure 4. A large number of grains (16 out of 40) have
Mg+Fe(+Ca)/Si ratios intermediate between 1 and 2 (1.3–1.7;
Figure 4). Finally, ten grains have Mg+Fe(+Ca)/Si ratios that
are either significantly lower than 1 or higher than 2; these are
listed under the category of “Other Silicates” in Table 2.

Silicate grains that are olivine-like include one grain, 42Fw3,
with a forsterite (i.e., Mg-rich end-member) composition
(Figure 5). The other olivine-like grains have elevated Fe con-
centrations (mg#s ranging from 17 to 31). Among the pyroxene-
like silicates, one grain, 42Fs13, has an enstatite-like composi-
tion. However, the majority of pyroxene-like grains are Fe-rich
with mg#s from 27 to 40, including two grains that have com-
positions that are consistent with Fe-rich end-member pyroxene
and fall in the “forbidden zone” of the pyroxene quadrilateral
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Figure 2. Silicon three-isotope plot in delta notation shows the compositions of group 4 presolar grains identified in this study (circles). Mixing calculations were also
performed for ten grains (squares) from the literature (Mostefaoui & Hoppe 2004; Bland et al. 2007; Yada et al. 2008; Floss & Stadermann 2009). Additional group 4
grains from Vollmer et al. (2008) and Messenger et al. (2005) are plotted as triangles. Calculated Si isotopic ratios based on mixing of material from the H envelope
to the He/C and O/C zones are represented by the thick gray line. Also shown for reference is the SiC mainstream line (slope = 1.37). The inset shows the O isotopic
compositions of these grains using identical symbols. Error bars are 1σ .
(A color version of this figure is available in the online journal.)
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3. 初期太陽系円盤物質進化
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変成 
[強]

4. 微惑星変成作用

Herd+ (2011) Tagish Lake 隕石 :

異なる岩片にみられる

不溶性有機物の違い



Murchison (CM2)
5. MBA・NEA活動

Carbon-XANES

The C-XANES spectra of graphite reveals an
intriguing absorption feature lying above the carbon 1s
absorption edge that is recognized to be a Frenkel-type
1s-r* exciton at 291.6 eV (Batson 1993; Ma et al.
1993; Bruhweiler et al. 1995)5 . A recent C-XANES
study of petrologic type 3 IOM from various chondrite
classes and groups revealed that IOM derived from
highly metamorphosed chondrites also exhibit the
1s-r* exciton. The exciton is at the identical frequency
as that observed in the case of graphite, but with a
lower intensity (Cody et al. 2008a). The 1s-r* exciton
was not observed in petrologic types 1 and 2 IOM,
nor in IOM derived from type 3.0 chondrites (e.g.,
Semarkona). Cody et al. (2008a) performed laboratory
heating experiments and demonstrated that the
development of the 1s-r* exciton is directly related to
the extent of long term heating, and the intensity can
be used as a quantitative measure of integrated
thermal history. In this study, we examined whether
either WIS 91600 or PCA 91008 developed the 1s-r*
exciton in a response to what appears to have been
heating in their parent body or bodies. Detailed
discussion about the full C-XANES spectra will be
deferred to a later publication.

The C-XANES spectra of Vigarano, Y-86720, PCA
91008, and WIS 91600 IOM are presented in Fig. 4. It
has been previously shown that Vigarano’s IOM
exhibits moderate 1s-r* exciton intensity that
corresponds to an effective metamorphic temperature of
415 ± 25 !C over millions of years (Cody et al. 2008a).
According to independent mineralogical studies, Y-
86720 appears to have been heated in the range of 500–
700 !C (Tomeoka et al. 1989; Wang and Lipschutz,
19896 ; Zolensky et al. 1993; Tonui et al. 2002). Cody
et al. (2008a) noted, however, that Y-86720 exhibited a
very weak 1s-r* exciton intensity and suggested that, in
order to reconcile the high temperatures derived from
mineralogical data with the weak 1s-r* exciton
intensity, Y-86720 experienced a much shorter duration
of heating than Vigarano and other type 3s.

It is clear in Fig. 4 that there is no evidence for
the 1s-r* exciton in either PCA 91008 or WIS 91600.
Based on the NMR data discussed above, this is what
we would expect. Both Vigarano and Y-86720 exhibit
small paramagnetic shifts in their sp2 carbon resonance
(Vigarano > Y-86720) that has been shown to
correlate with the development of 1s-r* exciton
intensity (Cody et al. 2008a). Neither PCA 91008 nor
WIS 91600 exhibit such a NMR paramagnetic shift
(Fig. 2). Thus, no 1s-r* exciton intensity is expected.
However, in the radiochemical neutron activation
analyses by Wang and Lipschutz (1998), the

abundances of trace elements in PCA 91008 are similar
to a sample of Murchison that was heated at 500 !C
for a week, while those in Y-86720 are similar to
Murchison heated at 700 !C for the same period. The
trace elements suggest that Y-86720 is more heated
than PCA 91008. These conclusions are consistent with
both the lack of 1s-r* exciton intensity and NMR
paramagnetic shift in PCA 91008 as compared with
that of Y-86720. Similarly, the lack of 1s-r* exciton
intensity and NMR paramagnetic shift for WIS 91600
IOM indicates that if the molecular differences
exhibited in the variable contact time dynamics (Fig. 3)
is the result of heating, this heating must have
occurred over a relatively short time scale and at lower
temperatures than Y-86720.

285 290 295 300 
eV 

WIS 91600 

PCA 91008 

Y-86720 

Vigarano 

1s-σ* exciton 

Aromatic C=C
1s- * 

Fig. 4. 16C-XANES spectra of IOM from WIS 91600, PCA
91008, Y-86720, and Vigarano. The peak at approximately
285 eV corresponds to a 1s-p* transition associated with
aromatic C=C, and that at 291.6 eV corresponds to a 1s-r*
exciton derived from highly conjugated sp2 bonded carbon
domains. Note that C-XANES spectra of WIS 91600, PCA
91008, and Y-86720 IOM exhibit very weak exciton intensities,
while the IOM of the type 3 chondrite Vigarano exhibits
sharply developed exciton intensity. This suggests that the
heated CMs were modified by short duration, high
temperature events, whereas typical type 3 chondrites were
heated for long durations (approximately 107 yr) at more
moderate temperatures.
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宇宙風化層



Murchison (CM2)
6. 年代軸

stage
target materials / 
processes radioactive dating

1 銀河化学進化
プレソーラー粒子・
安定同位体異常

U-Pb [LIMAS]

2 分子雲物質進化
有機物・氷・
CHON同位体異常

(SLR abundances)

3
初期太陽系円盤
物質進化

高温物質・元素
分別・有機物

Pb-Pb, Al-Mg, Hf-W

4 微惑星変成作用 熱変成・水質変成 Mn-Cr, Pb-Pb

5 MBA・NEA活動 衝突・宇宙風化 K-Ar, I-Xe, Pb-Pb, GCR, SW



nm-mm m km

✓ 初期太陽系を m-km (~AU) で理解
✓ 想像から実体へ



nm-mm m km

stage リターンサンプルによって新たにわかること

1 銀河化学進化 ✓情報の残存率・変化率
✓無バイアスサンプルのもつ過去 (銀河)・低温プロセス

2 分子雲物質進化

✓情報の残存率・変化率
✓無バイアスサンプルのもつ過去 (銀河)・低温プロセス

3
初期太陽系円盤
物質進化

✓情報の残存率・変化率
✓無バイアスサンプルのもつ過去 (銀河)・低温プロセス

4 微惑星変成作用
✓小惑星での物質進化の “場” の直接理解
✓無汚染：地球・海・生命材料の最終状態

5 MBA・NEA活動 ✓宇宙環境・軌道進化

6 1-5 の年代軸 ✓一天体の誕生から現在までの進化シナリオ

C型小惑星リターンサンプルの科学

time



C型小惑星リターンサンプルの科学

stage target materials / processes

1 銀河化学進化 プレソーラー粒子・安定同位体異常

2 分子雲物質進化 有機物・氷・CHON同位体異常

3 初期太陽系円盤物質進化 高温物質・元素分別・有機物

4 微惑星変成作用 熱変成・水質変成

5 MBA・NEA活動 衝突・宇宙風化

6 1-5 の年代軸 長寿命・短寿命放射性核種

熱・小天体物理・ 有機物進化・物質循環


