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晩期型星から初期太陽系までの星周アルミナ形成
・進化史解明に向けた

非平衡普通コンドライト中のアルミナ粒子分析

瀧川 晶  
東京大学 大学院理学系研究科 地球惑星科学専攻
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es 原始太陽系円盤

太陽系の”元年”

HOPS-68

太陽系

❚❙  恒星系の進化
原始星形成 → 原始太陽系円盤の形成 → 微惑星・隕石母天体の形成 → 惑星形成
❚❙  太陽系最古の固体物質形成 (CAI)からの太陽系

Poteet+2011
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分子雲 原始太陽系円盤 太陽系晩期型星

”紀元前”太陽系
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presolar database at Univ. Washington in St. Louis
18O/16OSemarkona (LL3.0)

early solar 
system

プレソーラー粒子

❚❙  大きな同位体異常(e.g., 17O/16Osolar=0.037%, 18O/16Osolar=0.2%)

❚❙  コンドライト中に<0.1%で存在
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presolar database at Univ. Washington in St. Louis
18O/16O

meteorite samples can be attributed to the degree of metamor-
phism (in particular, thermal processing) experienced by themete-
orites. The presolar oxide abundances in the database so far seem
to contradict this conclusion, unless the oxide phases are subject
to alteration by thermal processing to a similar extent as silicates.
However, CM2 meteorites did not experience much metamor-
phism and oxide grains are not expected to be highly affected by
aqueous alteration. Of course, the effect of parent body meta-
morphism on the survival of presolar oxide grains is currently
not well known. A survey of presolar oxide abundances in me-
teorites of various petrographic types would help to clarify the
issue.

Figure 11 gives updated abundances of presolar grains in bulk
samples. As in the previous figure, the presolar silicate abun-
dances shown here have not been corrected for the detection
efficiency, but the overall trends would not change. Whereas a
few years ago such a chart did not even include presolar silicate
grains (Zinner 1998), we now see that the presolar silicate abun-
dance is greater than the abundances of other presolar phases,
save perhaps presolar diamonds, if indeed all the meteoritic nano-
diamonds are of presolar origin. This is consistent with astronom-
ical observations, which indicate that silicate phases dominate
the types of dust produced in the outflows of evolved O-rich stars
and are themajor solid constituent of solar systemmaterials (Waters
et al. 1996; Demyk et al. 2000). In addition, presolar oxide grains
are much more abundant than they were once thought to be.

4.2. Isotopic Composition

Presolar grains present the opportunity for isotopic analysis of
multiple elements in single grains. These analyses have mainly
been performed in carbonaceous phases, such as SiC and graphite.
More recently, many elements have also been measured in pre-
solar oxide grains (Choi et al. 1999; Nittler et al. 2005a; Zinner
et al. 2005). Similarly, the isotopic compositions of several major

elements, including Si, O, and Mg, can be measured in presolar
silicate grains, which originate from O-rich stars. By measuring
the isotopic ratios of these elements, we can gain detailed knowl-
edge about various nucleosynthetic processes that occur before
red giants evolve into carbon stars. These ratios also reflect the
effects of GCE, which established the original isotopic compo-
sitions of the parent stars.

4.2.1. Oxygen

The O isotopic ratios are greatly affected by various astro-
physical processes. These effects have previously been observed
in presolar oxide grains and four groups of oxideswere designated
based on the O isotopic compositions of these grains (Nittler et al.
1997). Note that the grains form a continuous distribution in
O isotope space, so that for some grains, assignment to a given
group is somewhat ambiguous. Nonetheless, the different groups
do reflect different nucleosynthetic processes and/or properties
of the parent stars and are useful for purposes of discussion. The
O isotopic compositions of presolar silicate grains identified in
different carbonaceous and ordinary chondrites are plotted in
Figure 12, along with the approximate ranges of compositions
for the four oxide groups. In general, most of the presolar silicate
grains fall into group 1. These grains are believed to come from
red giant branch (RGB) or asymptotic giant branch (AGB) stars
whose O isotopic compositions are determined by partial H burn-
ing during main-sequence evolution followed by the first (and
second) dredge-up (Boothroyd & Sackmann 1999). Hydrogen
burning by the CNO cycle results in zones within the star with
highly enhanced 17O and depleted 18O, relative to the starting
composition. The 17O/16O ratios in the envelopes of these stars
following first and second dredge-up mainly depend on stellar

Fig. 10.—(a) Presolar silicate abundances in IDPs, AMMs, and meteorites
from different classes. ‘‘Sem & Bish’’ represent the combined abundance of pre-
solar silicates in the ordinary chondrites Semarkona and Bishunpur. All abundance
estimates in meteorites are normalized to the matrix material, and no corrections
for the detection efficiency have been applied. (b) Uncorrected matrix-normalized
abundances of presolar oxides in carbonaceous chondrites. IDPs contain the
greatest concentration of silicate stardust, alluding to the highly primitive nature
of their parent bodies. Presolar oxide grains are much more abundant in Acfer 094
and ALHA 77307 than in Murray.

Fig. 11.—Abundances of presolar phases in bulk meteorites. Also indicated
are the stellar sources for each presolar phase. Revised abundances for presolar
spinel and corundum grains were made possible through the analysis of individ-
ual submicron-sized particles from the Murray carbonaceous chondrite (Zinner
et al. 2003). The crosshatched bars indicate the abundance of presolar spinel and
corundum in the Acfer 094 meteorite as determined by raster ion imaging in the
NanoSIMS. The concentration of presolar oxides in this meteorite is larger than
any previously reported oxide abundance. The abundance of presolar silicates is
large relative to the concentrations of most other presolar phases, yet their dis-
covery was made possible only recently through ion imaging in the NanoSIMS.

NGUYEN ET AL.1232 Vol. 656

Nguyen+2007

❚❙  大きな同位体異常(e.g., 17O/16Osolar=0.037%, 18O/16Osolar=0.2%)

❚❙  コンドライト中に<0.1%で存在

early solar 
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プレソーラー粒子
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1st dredge up

galactic evolution

Nittler+1997 a, b

16O/17Oは星のMassに依存

evolved
stars

❚❙  group1: core H-burning最後のfirst dredge-up

❚❙  group3: low mass & low metallicity RedGiant　

プレソーラー粒子
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プレソーラー粒子

1st dredge up

CBP

galactic evolution

Nittler+1997 a, b

❚❙  group1: core H-burning最後のfirst dredge-up

❚❙  group3: low mass & low metallicity RedGiant　
❚❙  group2: cool bottom processing(low mass AGB star) 

evolved
stars
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質量放出風でのダスト形成
Woitke+2006晩期型星

❒　Dust-driven Wind (e.g., Sedlmayr & Dominik 1994)

 a) 対流, 脈動による衝撃波伝搬 → 高密度領域形成
 b) 初生ダスト形成・ダスト成長, 周囲ガスとの化学反応
 c) 輻射圧を受けてダスト加速, 摩擦によりガス加速
 d) ガスの冷却によるダスト形成・成長,　 周囲ガスとの化学反応

evolved
stars

Sogawa & Kozasa (1999)

Co condense

Si on Co

Si homogeneous
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分子雲 原始太陽系円盤 太陽系晩期型星

”紀元前”太陽系

❚❙  赤外観測可能でプレソーラー粒子としても存在する鉱物が重要

2011年11月9日水曜日
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meteorite samples can be attributed to the degree of metamor-
phism (in particular, thermal processing) experienced by themete-
orites. The presolar oxide abundances in the database so far seem
to contradict this conclusion, unless the oxide phases are subject
to alteration by thermal processing to a similar extent as silicates.
However, CM2 meteorites did not experience much metamor-
phism and oxide grains are not expected to be highly affected by
aqueous alteration. Of course, the effect of parent body meta-
morphism on the survival of presolar oxide grains is currently
not well known. A survey of presolar oxide abundances in me-
teorites of various petrographic types would help to clarify the
issue.

Figure 11 gives updated abundances of presolar grains in bulk
samples. As in the previous figure, the presolar silicate abun-
dances shown here have not been corrected for the detection
efficiency, but the overall trends would not change. Whereas a
few years ago such a chart did not even include presolar silicate
grains (Zinner 1998), we now see that the presolar silicate abun-
dance is greater than the abundances of other presolar phases,
save perhaps presolar diamonds, if indeed all the meteoritic nano-
diamonds are of presolar origin. This is consistent with astronom-
ical observations, which indicate that silicate phases dominate
the types of dust produced in the outflows of evolved O-rich stars
and are themajor solid constituent of solar systemmaterials (Waters
et al. 1996; Demyk et al. 2000). In addition, presolar oxide grains
are much more abundant than they were once thought to be.

4.2. Isotopic Composition

Presolar grains present the opportunity for isotopic analysis of
multiple elements in single grains. These analyses have mainly
been performed in carbonaceous phases, such as SiC and graphite.
More recently, many elements have also been measured in pre-
solar oxide grains (Choi et al. 1999; Nittler et al. 2005a; Zinner
et al. 2005). Similarly, the isotopic compositions of several major

elements, including Si, O, and Mg, can be measured in presolar
silicate grains, which originate from O-rich stars. By measuring
the isotopic ratios of these elements, we can gain detailed knowl-
edge about various nucleosynthetic processes that occur before
red giants evolve into carbon stars. These ratios also reflect the
effects of GCE, which established the original isotopic compo-
sitions of the parent stars.

4.2.1. Oxygen

The O isotopic ratios are greatly affected by various astro-
physical processes. These effects have previously been observed
in presolar oxide grains and four groups of oxideswere designated
based on the O isotopic compositions of these grains (Nittler et al.
1997). Note that the grains form a continuous distribution in
O isotope space, so that for some grains, assignment to a given
group is somewhat ambiguous. Nonetheless, the different groups
do reflect different nucleosynthetic processes and/or properties
of the parent stars and are useful for purposes of discussion. The
O isotopic compositions of presolar silicate grains identified in
different carbonaceous and ordinary chondrites are plotted in
Figure 12, along with the approximate ranges of compositions
for the four oxide groups. In general, most of the presolar silicate
grains fall into group 1. These grains are believed to come from
red giant branch (RGB) or asymptotic giant branch (AGB) stars
whose O isotopic compositions are determined by partial H burn-
ing during main-sequence evolution followed by the first (and
second) dredge-up (Boothroyd & Sackmann 1999). Hydrogen
burning by the CNO cycle results in zones within the star with
highly enhanced 17O and depleted 18O, relative to the starting
composition. The 17O/16O ratios in the envelopes of these stars
following first and second dredge-up mainly depend on stellar

Fig. 10.—(a) Presolar silicate abundances in IDPs, AMMs, and meteorites
from different classes. ‘‘Sem & Bish’’ represent the combined abundance of pre-
solar silicates in the ordinary chondrites Semarkona and Bishunpur. All abundance
estimates in meteorites are normalized to the matrix material, and no corrections
for the detection efficiency have been applied. (b) Uncorrected matrix-normalized
abundances of presolar oxides in carbonaceous chondrites. IDPs contain the
greatest concentration of silicate stardust, alluding to the highly primitive nature
of their parent bodies. Presolar oxide grains are much more abundant in Acfer 094
and ALHA 77307 than in Murray.

Fig. 11.—Abundances of presolar phases in bulk meteorites. Also indicated
are the stellar sources for each presolar phase. Revised abundances for presolar
spinel and corundum grains were made possible through the analysis of individ-
ual submicron-sized particles from the Murray carbonaceous chondrite (Zinner
et al. 2003). The crosshatched bars indicate the abundance of presolar spinel and
corundum in the Acfer 094 meteorite as determined by raster ion imaging in the
NanoSIMS. The concentration of presolar oxides in this meteorite is larger than
any previously reported oxide abundance. The abundance of presolar silicates is
large relative to the concentrations of most other presolar phases, yet their dis-
covery was made possible only recently through ion imaging in the NanoSIMS.

NGUYEN ET AL.1232 Vol. 656
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Silicates in IDP
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Figure 2
Equilibrium diagram showing which minerals are stable between 900 and 1800 K in a nebula
of solar composition at 10−3 bar (after Davis & Richter 2003). At 900 K, half the atoms (0.55)
in a CI chondrite are in minerals; S and other volatile elements are in the gas. Minerals stable
above 1400 K are found in refractory inclusions; minerals stable below 1400 K predominate in
chondrules and matrix material. Only three minerals condense entirely from the gas on
cooling—corundum (Al2O3), forsterite (Mg2SiO4), and Fe,Ni metal—the remainder form by
reaction between solids and gas. Liquids are unstable unless the total pressure or the dust/gas
ratio is increased 10–100 × .

probably formed in under a few hundred thousand years (see below) in a uniquely 16O-
rich environment during the most energetic phase of disk evolution (Wood 2004).
They commonly have outermost rims of forsterite with minor refractory minerals that
closely match the mineralogy of AOAs, suggesting that AOAs and forsterite rims on
CAIs are coeval and postdate CAIs. Preliminary Al-Mg dates suggest that AOAs may
be ∼0.5 Myr younger (Itoh et al. 2002). Both types of refractory inclusions formed
in a highly reducing (solar), 16O-rich environment before chondrules. Roughly equal
proportions of AOAs and CAIs are present in nearly all chondrite groups, but their
total volume varies enormously from 0.01 to 10% (Table 1). CAI sizes in each chon-
drite group are very roughly correlated with chondrule size, although the range in a
given chondrite may be very large. CAIs show mass-independent isotopic anomalies
that are larger than those in chondrules; however, they are much smaller than those in

www.annualreviews.org • Chondrites and the Protoplanetary Disk 587
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プレソーラー粒子として解析可能

❚❙  存在度が高い
❚❙  酸に難溶（隕石中から抽出可能）

Nguyen+2007
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質量放出風でのダスト形成
晩期型星

A.K. Speck et al.: IR spectra of O-rich evolved stars 461

Fig. 19. Fits to broad features. a) The supergiant broad feature
is fit by Ca2Al2SiO7 (dotted line) and compact amorphous
Al2O3 (dashed line). b) The AGB star broad feature is fit by
MgFeSiO4 (dotted line) and porous amorphous Al2O3 (dashed
line)

respectively), but rather that it may be associated with
silicon dioxide (see Morioka et al. 1998; Speck 1998), which
also accounts for the 9.25 µm peak seen in the spectra of
some AGB stars with strong silicate features (see Speck
1998). Another possible carrier may by highly polymer-
ized silicates which bear more structural resemblance to
SiO2 than to isolated silicates like olivine.

The difference between the chemistries of Miras,
semiregular variables and supergiants needs to be ad-
dressed. There are two proposed dust sequences (for
want of a better term): the classic condensation sequence
discussed in Sect. 4 (see also Tielens 1990); and the new
chemical evolution sequence based on C/O ratios (SP98).
The SP98 model was constructed using a dataset that
had no supergiant spectra exhibiting the broad feature.
With this supergiant broad feature included, we need to
re-examine the possibilities.

AGB stars experience the so-called “third dredge-up”
which brings the products of the helium-burning shell to

the surface of the star (see e.g. Iben & Renzini 1981). In
particular, this process enriches the atmospheres of these
stars with 12C. With successive dredge-ups the atmo-
spheres of AGB stars get progressively more carbon-rich.
Therefore oxygen-rich AGB stars can have carbon-to-
oxygen ratios (C/O) ranging from cosmic, ∼0.4, to ap-
proximately unity. Supergiants, on the other hand, are not
expected to experience a “third dredge-up” and are there-
fore expected to remain oxygen-rich, with approximately
cosmic C/O. Furthermore, Sylvester et al. (1994) found
UIR bands in the spectra of some M-supergiants. They
suggested that UV photodissociation of CO molecules pro-
vided the free carbon atoms required to form the organic
materials responsible for the UIR bands. Obviously, this
dissociation mechanism would also release extra oxygen
atoms, and if the carbon atoms become trapped in or-
ganic molecules, this could lead to an even more oxygen-
rich environment (C/O < 0.4). Therefore, supergiants
exhibiting the UIR bands could have even more oxy-
gen available for dust formation and, following the SP98
scheme, we might expect these stars to exhibit the “clas-
sic” strong silicate spectral feature, since they should have
more than enough oxygen to make substantial amounts of
Mg-silicates. However, many of the supergiants with UIR
bands exhibit “broad” spectral features. These supergiant
“broad” spectral features are alone enough to call into
question a condensation mechanism based on the amount
of available oxygen, since the C/O ratio for supergiants is
always low. Combining this with the UIR band evidence,
it seems unlikely that the type of dust forming around
these stars is determined solely by the amount of oxygen
available.

Contrary to SP98, we have found that the “broad” fea-
ture in AGB star spectra cannot solely be attributed to
Al2O3. The feature appears to be due to a combination of
Al2O3 and “classic” silicate (e.g. amorphous olivine). A fit
to the average “broad” feature spectrum using Al2O3 and
amorphous olivine is shown in Fig. 19b. This does not con-
tradict the SP98 dust evolution scheme, but implies that
oxygen availability is never so low as to preclude some sil-
icate formation. It does, however, cause a problem for the
supergiant sequence. The SP98 scheme cannot account for
the formation of Ca-Al-rich silicates rather than Mg-Fe-
rich silicates in the very oxygen-rich supergiant environ-
ments, where there should be more than enough oxygen
to form the “classic” silicates.

It is clear that the C/O ratio is an important fac-
tor in determining which dust species will form around
which stars, however, other factors (e.g. dust shell tem-
perature and density) are also important and need to be
taken into account. In trying to accommodate as much of
the available information, and previous interpretations, as
possible, the current work suggests the following: the type
of dust species formed around a given star is controlled
by the C/O ratio and by the density and temperature of
the dust-forming region, but that one of these factors will

Speck+2000

aluminasilicate

evolved
stars

A.K. Speck et al.: IR spectra of O-rich evolved stars 459

Fig. 17. The 12.5 − 13.0 µm feature. a) the mean spectra for
stars in the broad+silicate group, with (solid line) and with-
out (dashed line) the ∼13 µm feature; b) the isolated ∼13 µm
feature. This was achieved by subtracting the mean spectrum
without the ∼13 µm feature from the mean spectrum with the
∼13 µm feature. The dashed line shows the peak position of
the feature. FWHM = full width at half maximum

unrealistically high densities. Finally, Fe can only be in-
corporated into Mg-silicates if, initially, most of the iron
is in gaseous form (rather than solid, metal form) and if
the density is high enough at large distances from the star
where fayalite (Fe2SiO4) can survive. Figure 18 shows the
laboratory spectra of major minerals that are expected to
form, together with that of SiO2 which is a likely to be a
step in the formation of silicates.

Fig. 18. The laboratory spectra of some minerals in the
predicted condensation sequence. In a) two spectra are
shown for amorphous alumina, where the solid line repre-
sents a porous sample and the dashed line is a compact
sample. These spectra both come from the Jena opti-
cal constants database (http://www.astro.uni-jena.de/
Group/Subgroups/Labor/Labor/odata.html), as do the spec-
tra in b) and c). In d), two polytypes of SiO2 are shown.
The solid line is a form of amorphous silica (from Nyquist
1971) and the dashed line is one of the crystalline polytypes,
tridymite (Hofmeister et al. 1992). The x-axis is wavelength
in µm, the y-axis is normalized extinction

❚❙  9.7-μmフィーチャー：Si-O  

❚❙  ~12-μmのブロードピーク：Al-O
e.g., Onaka+1989, Sloan and Price 1995, Sloan+1998, 2003, 
Miyata+2000, Speck+2000, DePew+2006
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　：75-80%の半規則型変光星，20-25%のミラ型変光星から13μmピーク

To analyze the dust emission features, we follow the basic
method of SP (with some modifications as described below),
isolating the dust spectrum by fitting an assumed stellar
spectrum over the wavelength range 5.5–7.0 lm and sub-
tracting it to form a simple estimate of the dust emission
beyond 7.0 lm. For all sources, NU Pav (M6 III) served as
the assumed spectrum for reasons explained by SP. SP also
classify the dust emission by taking ratios at 10, 11, and
12 lm. The ratio F10=F12 plotted against F10=F11 defines the
silicate dust sequence, and the position of a dust spectrum
along this sequence determines its SE index (1–8). The SE
indices determined from the SWS data generally agree with
the classifications of Kraemer et al. (2002), with a few excep-
tions, as expected considering the qualitative approach they
used compared with the more quantitative analysis here.
The SP classification includes a ‘‘ t ’’ suffix to denote 13 lm
sources. Here we assign a ‘‘ t ’’ suffix if the 13 lm feature rep-
resents at least 0.1% of the total dust emission (summed
from 7.0 to 45.2 lm).

Figure 1 compares the dust spectra at each SE index,
showing the strongest and weakest 13 lm features. For each

index the spectrum presented is an average of from two to
seven spectra. All of the SE1 and SE2 spectra in the SWS
sample contain at least a small 13 lm feature, so the distinc-
tion between the two curves for these indices is only a ques-
tion of degree. For the SE7–SE8 sources, no SWS spectrum
shows a trustworthy feature at 13 lm, so the figure shows
only the average of the spectra with no 13 lm features. The
LRS sample includes sources at each index with 13 lm fea-
tures because it was a more uniform and much larger sam-
ple. For SE2–SE6, Figure 1 clearly illustrates the differences
between spectra with and without 13 lm features. Those
spectra with 13 lm features also show strong CO2 bands at
13.9, 15.0, and 16.2 lm as well as the extra dust component
at !19.5–20.0 lm on the long-wavelength shoulder of the
18 lm feature.

The reader may also notice a feature in Figure 1 at 12.3
lm. This apparent feature occurs in the transition between
bands 2C and 3A, where both exhibit poor responsivity and
the calibration is most susceptible to artifacts in the spectral
response correction. The 12.3 lm feature most likely is such
an artifact; it appears in spectra of standard stars such as !
Lyr and ! CMa, more strongly in band 3A than band 2C.
For this reason, the algorithm of Sloan et al. (2003) uses
band 2C instead of band 3A to 12.4 lm. In the dust sources
in our sample, the 12.3 lm artifact typically appears at a
strength of 1%–2% of the total emission at that wavelength,
but subtracting the stellar continuum enhances its strength
relative to the remaining dust emission. In the case of the
low-contrast dust shells that comprise SE1, the resulting
feature at 12.3 lm has a contrast of several percent with
respect to the underlying dust emission. We treat the
12.3 lm feature as an artifact and do not examine it further,
but the interested reader should see the recent work by
Mutschke et al. (2002), who looked at this possible dust
feature in more detail.

To analyze the spectral features quantitatively, we extract
the strength of each feature by (1) interpolating the contin-
uum by fitting a line to the dust continuum on either side,
(2) subtracting this, and (3) summing the remaining flux.
When the strength of one feature is plotted versus another
in the figures below, feature strengths are usually expressed
as a ratio to the total dust emission (Fd , summed from 7.0 to
45.2 lm). In addition, we have set the strength of features to
zero if the central wavelength of the feature falls outside a
reasonable range. Table 1 provides the wavelengths for fit-
ting the continuum on the blue and red sides of each feature
along with the permitted range of its central wavelength.
Figures 2 and 3 illustrate this method for the dust feature at

Fig. 1.—Comparison of spectra with the strongest (black) and weakest
(gray) 13 lm features at each silicate emission index. The spectra with
strong 13 lm features also show strong emission from carbon dioxide, most
notably at 13.9, 15.0, and 16.2 lm, an additional component to the 18 lm
silicate feature in the vicinity of 19.5–20.0 lm, and a weak feature in some
spectra at 16.8 lm.Not marked is the 12.3 lm feature, which we consider as
a likely artifact.

TABLE 1

Fitting Parameters for Spectral Features

Feature
(lm)

Blue
Continuum-fitting

Range
(lm)

Allowed
Range of

Band Center
(lm)

Red
Continuum-fitting

Range
(lm)

13.1 ............ 12.3–12.6 12.85–13.25 13.4–13.7
13.87 .......... 13.73–13.83 13.84–13.92 13.97–14.10
14.98 .......... 14.77–14.87 14.93–14.99 15.03–15.13
16.18 .......... 16.00–16.13 16.17–16.26 16.30–16.43
19.8 ............ 18.4–18.8 19.1–20.3 21.5–22.0
28.1 ............ 26.3–27.3 27.5–29.0 29.3–30.3
31.5 ............ 29.5–30.5 31.2–31.8 32.5–33.5

No. 1, 2003 13 lm DUST EMISSION FEATURE 485

Sloan+2003 Sloan & Price 1995

F10/F11

F 1
0/

F 1
2 SE8

SE7

SE6
SE5

SE4
SE3

SE2
SE1

波長(μm)

Sloan & Price 1995, 1998, Speck 
2000, DePew+2006, Sloan+2003

SE1

SE2
SE3

SE4

SE5

SE6

SE7

SE8

O-rich AGB星の赤外観測 evolved
stars

2011年11月9日水曜日
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❚❙  アルミナ(Al2O3)
　：最初の凝縮物，赤外観測可能，プレソーラーアルミナ

星周ダスト

存在量 分析可能 観測可能

Al2O3 ◯ ◎ ◯

その他酸化物 ◯ ◎ ◯

ケイ酸塩 ◎ △ ◎

金属鉄 ◎ ☓ ☓

揮発性ダスト ◎ ☓ ◯

2011年11月9日水曜日
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分子雲 原始太陽系円盤 太陽系晩期型星

”紀元前”太陽系

2011年11月9日水曜日
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星間空間・分子雲

❚❙  ダストのlifetime

 - ケイ酸塩のlifetime ~0.4Gyr < ダスト供給 t ~2.5Gyr 
     (Jones et al. 1994, 1996, Tielens 1990)

 ↔　ダスト破壊の効率，SN爆発エネルギーのISMへの供給効率などの不確定さ
     (Jones & Nuth 2011)

 - アルミナのlifetime (Wang et al. 1998)
 　Xe+によるコランダムの非晶質化照射量：SiO2の100倍, フォルステライトの10倍

❚❙  衝撃波加熱・破砕・sputtering

 - heating in shock wave <150-350K (Jäger et al. 2003)
 - grain-grain collision　(>20km/s)

 - 衝撃波中でのsputtering (H+, He+)

ISM & Molecular 
cloud

❚❙  プレソーラーアルミナ ＝ “Stardust”

2011年11月9日水曜日
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分子雲 原始太陽系円盤 太陽系晩期型星

”紀元前”太陽系

❚❙  アルミナを通じて太陽系前史を遡る

CAI形成 4.567Ga
太陽系？

元素合成
ダスト凝縮

破砕・非晶質化
蒸発・凝縮・結晶化・同
位体交換・sputtering

2011年11月9日水曜日
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星周アルミナ (Al2O3)

Huss+1994, Hutcheon+1994, Nittler 1994,1997,
1998,2008, Strebel+2003, Zinner+2003, Choi
+1998, Nguyen+2003, Makide+2009

❑  プレソーラーAl2O3

 - 大きな同位体異常
 - AGB星・超新星→太陽系
 - プレソーラーAl2O3　>250

Meyer & Zinner 2006

Solar

 ✓ 表面構造 (Choi+1998) 

 ✓ 結晶構造 (Stroud+2004) 

❑  プレソーラーから得られる情報
 - 組成・結晶形状・結晶構造・同位体組成
 - (内部結晶構造・同位体組成分布・包有物・微量元素)

❑  本研究：プレソーラーアルミナの結晶形・表面構造を詳細に調べる

... ほとんど分かっていない

2011年11月9日水曜日
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アルミナの同定

✓  試料　
 - Semarkona (LL3.0), Bishunpur (LL3.1), RC 075 (H3.2) の酸処理残渣

 - アルミナ，スピネル，SiC

✓  同定
 - カソードルミネッセンス (CL)

 - エネルギー分散型X線分光(EDS)

 (Huss and Lewis, 1995)

Au箔

1 mm

2011年11月9日水曜日
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Semarkona    31 grains
Bishunpur   74 grains
RC075    93  grains

total   198 grains

2011年11月9日水曜日



C
or

un
du

m
 g

ra
in

s 
in

 O
rd

in
ar

y 
C

ho
nd

rit
es

top

corundum

アルミナ粒子の形状

rightleft

✓  3D 形状 - 各粒子にたいして4方向からのSEM観察

top

1 μm

right

1 μm

left

1 μm

front

100 nm
front

20°

2011年11月9日水曜日
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アルミナの表面構造
Type A Type B Type C

: 数十nmスケールで
  スムースな表面

: 10-100 nmサイズ
  の微細構造を伴う
  凸凹した表面

: Type A, B以外

1 μm 1 μm 1 μm

2011年11月9日水曜日
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Type A Type B Type C total

Semarkona 7 13 11 31

Bishunpur 31 16 27 74

RC 075 38 35 20 93

total 76 64 58 198

Type A Type B Type C

1 μm 1 μm 1 μm

アルミナの表面構造

2011年11月9日水曜日
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es✓  電子後方散乱回折 - 170 粒子からEBSDパターンを取得 

 - 148粒子 (87%) からαアルミナ(コランダム)のパターン

 - ~82%の粒子は粒子内複数点で同一パターン：単結晶コランダム

結晶構造

pattern α-Al2O3 結晶性悪い

測定箇所 more than 3 more than 3

Bishunpur 57/63 6/63

RC 075 41/56 15/56

total 98/120 22/120

2011年11月9日水曜日
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CAMECA ims-1280

Csイオン源

エネルギーアナライザー 磁場型質量分析計

18O
(EM)

17O
(EM)

16O
(FC)

二次イオン質量分析計(SIMS Cameca ims-1280)

（3）

分析機器解説シリーズ（103）

（3）

３．２　一次イオンの機能

一次イオンの働きについて以下にまとめる。

（1）局所領域に狙いを定めて元素分析ができる
 　測定する領域に細く絞ったイオンビームを照射し、その領域の元
素情報を得ることができる。通常、250µm～10µm程度の領域の元
素分析ができる。また、測定領域の元素分布を二次イオン像として
得ることもできる。

（2）試料中の元素の深さ分布を知ることができる
 　イオンビームの照射により試料が削れてくるので、試料内部に含
まれている元素の連続した深さ分布が深さプロファイルの形でわか
る。尚、深さプロファイルの深さレンジは数nmの極浅領域から、
50µmを超える程度の深い領域迄可能である。

（3）元素を二次イオンの形で見ることができる
 　一次イオンの物理化学的な効果によって、試料に含まれる元素を
質量分離ができる二次イオンに変化させる。

図４は、各元素の相対二次イオン化率（特定の二次イオンの数をス
パッタされた同種の全原子の個数で割った値）を各元素の原子番号で
プロットしたものである。ここでは、
•正の二次イオン（一次イオン：酸素）
•負の二次イオン（一次イオン：セシウム）
の２つについて示している2）。ここで大事なことは、二次イオンの発
生のし易さが元素によって４－５桁位の開きがある、ということであ
る。即ちSIMS分析を行う場合、

正の二次イオンになりやすい元素、負の二次イオンになりやすい元素
を選んだ上で一次イオンを選択する。

ということが必要となってくる。

主に正の二次イオンになりやすい元素を測定する場合（通常、電気
陰性度の小さい元素。多くの金属、ボロン等のp型ドーパント等）、酸
素イオンビーム（O2

＋）を用いて測定を行う（図５参照）。

一方、負の二次イオンになりやすい元素を測定する場合（通常、電
気陰性度の大きな元素。軽元素、リンやヒ素等のn型ドーパント等）、
セシウムイオンビーム（Cs＋）を用いて測定を行う（図６参照）。

尚、試料にセシウムイオンを照射すると、試料構成元素の原子
にセシウム原子と結合した分子からなるセシウムクラスターイオン
（CsX＋）が発生する。極性を正にしてこのCsX＋を用いて測定を行う
場合、多くの元素は半定量的な測定ができる3）。その代り、通常の測
定モード（X＋，X－）と比べて感度が2－3桁低くなる。この“セシウ
ムクラスター法”は、異なるマトリックスから構成される多層膜の試
料の膜構造を調べる場合、非常に有用である。

３．３　光学設定モード

SIMSには一次イオンを試料に照射し、発生した二次イオンを取り
込むモードとして、“投影モード”と“走査モード”がある（図７参照）。

○投影モード： 一次イオンビームを比較的大きな径に絞った状態
（150µm程度）に調整し、試料に照射する。ここで発
生した二次イオンをビーム径の形のまま質量分析計へ

図6　二次イオン発生におけるセシウムイオンの働き

図5　二次イオン発生における酸素イオンの働き
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図7　二次イオン光学系の種類

図4　元素による二次イオンの発生し易さの違い

2011年11月9日水曜日
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酸素同位体比測定
✓  UH Cameca ims-1280  (Makide+2009)

 - Cs+ ビーム径 ~30 µm <2.5 nA (16O: ≳106 cps)

 - 1500×1500 µm2 field aperture 　
    (試料表面で~10 µm2,基板からの酸素 <1%

  - 16O, 17O, 18O の同時測定
   16O & 18O on multicollection FC & EM w/ MRP~2000

  17O on monocollector EM w/ MRP~5600

  - 標準試料: 1−10 µm 金箔に分散させたBurma spinel

  - 積分時間 : 50-250 sec (10 sec × 5-20 cycles)

  - 分析精度(2-sigma): δ18O ~ 3‰, δ17O ~ 6‰

 - 分析粒子数: 111

2011年11月9日水曜日
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✓ プレソーラー粒子を9粒子発見

-100

-50

0

50

100

-100 -50 0 50 100

δ
17O

 (‰
)

δ18O (‰)

CCAM

TF

-1x103

0

1x103

2x103

3x103

4x103

5x103

-500 -400 -300 -200 -100 0 100

δ1
7 O

 (
‰

)

δ18O (‰)

Bishunpur

RC 075

Semar
kona

58_#33

59_#09

58_#4959_#22

58_#09

59_#08

59_#07

60_35

60_44

酸素同位体比測定

CCAM線：
炭素素質コンドライト無水鉱物の酸素同位体組成線)

2011年11月9日水曜日
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プレソーラーアルミナの表面構造
RC075-59_#8RC075-59_#7 RC075-58_#9

RC075-59_#22Bis-60_#35Bis-60_#44

RC075-58_#49 RC075 58-33 RC075 59-9

Type B

Type C

❚❙ 8粒子がスムース
   でない表面構造

 - 1 type A? grains
     - 7 type B grains
     - 1 type C grain

1 μm1 μm 1 μm

1 μm1 μm1 μm

1 μm 1 μm 1 μm

Type A?

Solar

1 μm

2011年11月9日水曜日
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Presolar corundum

RC075-59_#7 RC075-59_#8

2011年11月9日水曜日
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Presolar corundum
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Presolar corundum
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Presolar corundum
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Presolar corundum
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プレソーラーアルミナの表面構造
RC075-59_#8RC075-59_#7 RC075-58_#9

RC075-59_#22Bis-60_#35Bis-60_#44

RC075-58_#49

Type B

Type C

1 μm

1 μm1 μm

1 μm 1 μm

1 μm

1 μm
一箇所二箇所(別方向)

一箇所

複数点

複数点

決まらず 決まらず

RC075 58-33 RC075 59-9

1 μm1 μm
Type A?

2011年11月9日水曜日
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single 
crystal

low 
crystallinity

unknown

Bishunpur 57/64 7/64 0/64
RC 075 41/56 11/56 4/56

total 98/120 18/120 4/120

presolar 2 3 2

low crystal-
linity

unkn
own

A 4 0
B 9 3
C 5 1

total 18 4

❚❙  プレソーラー粒子の40%は結晶性が低い  (⇔ 太陽系アルミナは 13%)
❚❙  結晶性の低い粒子はTypeBに多い 

❚❙  3点以上の分析をした粒子の結晶性 ❚❙  粒子タイプとの関係

プレソーラーアルミナの表面構造

2011年11月9日水曜日
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es RC075-59_#8RC075-59_#7 RC075-58_#9

RC075-59_#22Bis-60_#44Bis-60_#35

RC075-59_#49

Type B

Type C

Solar
1 μm

1 μm1 μm 1 μm

1 μm 1 μm

1 μm

1 μm

✓  プレソーラー粒子の40%は結晶性が低い 
　          (⇔ 太陽系アルミナは 13%)

✓  一部の太陽系アルミナとプレソーラーアルミナ
　の表面構造はよく似ている　　　　　→酸処理起源？

プレソーラーアルミナの結晶構造

一箇所一箇所

一箇所

複数点

複数点

決まらず 決まらず

2011年11月9日水曜日
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es✓  酸処理 (Huss and Lewis 1995)

単結晶の粉末化 水酸化物の脱水

α-Al2O3 (1) α-Al2O3 (2)

✓  試料: Al2O3 試薬

1) 12M HF - 6M HCl at 25°C for 10 days
2)  2M H2SO4 + 0.5N K2Cr7O4 at 75°C for 12 hrs
3)  HClO4 at 190-200°C for 2 hrs

1)

2)

1 μm 1 μm

α-Al2O3 酸溶解実験

2011年11月9日水曜日
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es 出発試料 1)  HF - HCl 

     25°C, 10 days
2)  H2SO4 + K2Cr7O4

     75°C, 12 hrs
3)  HClO4

     190-200°C, 2 hrs

α-Al2O3 (1)

α-Al2O3 (2)

✓  表面組織に変化はみられない

1 μm 1 μm 1 μm

1 μm 1 μm 1 μm 1 μm

1 μm

α-Al2O3 酸溶解実験

2011年11月9日水曜日
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es RC075-59_#8RC075-59_#7 RC075-58_#9

RC075-59_#22Bis-60_#44Bis-60_#35

RC075-59_#49

Type B

Type C

Solar
1 μm

1 μm1 μm 1 μm

1 μm 1 μm

1 μm

1 μm

✓   Type B の表面構造は酸処
      理によるものではなく, 

  宇宙空間で形成

プレソーラーアルミナの表面構造

一箇所一箇所

一箇所

複数点

複数点

決まらず 決まらず

1 μm

RC075 58-33

2011年11月9日水曜日
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Fig 7. FESEM images of coated (a - d), rounded (e), and irregular (f) pristine presolar SiC grains from Murchison. In
panels (b - f) the graphite planchet substrate is visible in the background. Scale bars are indicated in the panels. See text
for discussion.

4688 T. J. Bernatowicz et al.

Fig 6. FESEM images of chemically etched presolar SiC grains from Murchison SiC separate KJG (Amari et al., 1994).
See text for discussion.

4686 T. J. Bernatowicz et al.

プレソーラーアルミナの表面構造

✓   Prinstine SiC (Bernatowicz et al. 2003)

酸処理前 酸処理後

2011年11月9日水曜日
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遷移Al2O3多形

Gibbsite
Al(OH)3

Böhmite
AlOOH

200°C (~2MPa) for 24h
hydrothermal treated

600°C, 24h
calcined

χ

κ900°C, 24h
calcined

γ

δ

θ

900°C, 24h
calcined

1000°C, 24h
calcined

600°C, 24h
calcined

(hcp, 六方晶)

(hcp, 斜方晶)

(fcc, 立方晶)

(fcc, 正方晶 

or 斜方晶)

(fcc, 単斜晶)Wefers and Misra 1987, Levin & Brandon 1998, Fukuyama et al. 2009
2011年11月9日水曜日
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ゾルゲル法による非晶質アルミナ作成

Ono & Matsuo 2004
O H

H

❚❙  アルミニウム(III)sec-ブドキシドの加水分解・縮重合反応　→　500°Cで2hか焼
   　(Al(O-secC4H9)3 or Al(OBu)3)

Butyl基
-C4H9
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合成遷移Al2O3

α

θ

δ

γ

κ

χ

amor. x2
5  10         15       20          25

wavelength (μm)

χアルミナ
1 μm 1 μm

κアルミナ

1 μm

γアルミナ θアルミナ
1 μm

2011年11月9日水曜日



C
or

un
du

m
 g

ra
in

s 
in

 O
rd

in
ar

y 
C

ho
nd

rit
es

χアルミナ
1 μm 1 μm 1 μm

1 μm

böhmite(AlOOH)
1 μm

γアルミナ δアルミナ
1 μm

κアルミナ

θアルミナ

gibsite (Al(OH)3)
100nm

非晶質

1 μm

❚❙  XRD, FT-IRで生成物を確認

合成遷移Al2O3の酸溶解実験

2011年11月9日水曜日
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es 1’)  HF - HCl 25°C, 24h

1 μm 1 μm

全部溶解 全部溶解

1 μm1 μm 1 μm 1 μm

χアルミナ

böhmite(AlOOH) γアルミナ δアルミナ

κアルミナ

θアルミナ

gibsite (Al(OH)3) 非晶質

合成遷移Al2O3の酸溶解実験

2011年11月9日水曜日
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全部溶解

✓  特にHFに容易に溶解
✓  非晶質表面層があれば溶解
✓  未発見のプレソーラー
　 Al2O3 相が存在する可能性

1)  HF - HCl 
     25°C, 10 days

2)  H2SO4 + K2Cr7O4

     75°C, 12 hrs
3)  HClO4

     190-200°C, 2 hrs

1’)  HF - HCl 
      25°C, 15hr

特にHFに溶解
1 μm 1 μm

1 μm溶解

γ-Al2O3 酸溶解実験

1 μmわずかに溶解

Semarkona (LL3.0)

2011年11月9日水曜日
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表面構造を形成した過程

分子雲 原始太陽系円盤 太陽系晩期型星

元素合成
ダスト凝縮

破砕・非晶質化
蒸発・凝縮・結晶化・同
位体交換・sputtering

1 μm

RC075-59_#8

1 μm

2011年11月9日水曜日
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アルミナ表面構造／星間空間での非晶質化

❚❙  衝撃波によるISMでのH+, He+のケイ酸塩への打ち込み
 1018 /cm2 H&H+, 1017 /cm2 He&He+, 半径~250nm粒子
 - 430km/s (4keV)  の一回のShockで40nmが非晶質化

❚❙  希ガス照射では非晶質化に必要な照射量がケイ酸塩より1桁高い

 →　ISMで部分的な非晶質化が可能

❚❙  初期太陽系の太陽風フラックスは今の1000倍
 i.e., solar wind flux 7.2x109 /cm2s (He2+)

 →　原始太陽系円盤表面で太陽風が照射されれば~5年で非晶質化

(Demyk 2001, 2004,  Jones 1996)

(Jaeger et al. 2003)

(Wang et al. 1998)

 (Lammer et al. 2008)

コランダム表面はスパッタリングによるもの
   or 非晶質化・準安定相に覆われていた可能性

2011年11月9日水曜日
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スパッタリング
で表面非晶質化

コランダム凝縮
同位体
交換

solar

presolarpresolar presolar

非晶質層
の溶解

ケースI：typeB構造がISM起源 Oishi +1980,1983

プレソーラーアルミナの形成と進化

solar
solar

非晶質層
の溶解

原始太陽系円盤
で表面非晶質化

presolar
スパッタリング
で表面非晶質化

コランダム凝縮

presolar presolar

Demyk 2001, 2004,  Jones 1996
4x109 yr, He+ 1018 /cm2

ケースII：solar aluminaのtypeB構造がPP起源

2011年11月9日水曜日
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まとめ
✓  非平衡普通コンドライト中のアルミナ200粒子の形状・
　 結晶構造の詳細分析
  - typeAとtypeBの表面構造をもつ粒子が1/3ずつ
  - 87%が α-Al2O3と同定

✓ プレソーラーアルミナを9粒子発見
  - 7粒子がtypeB表面構造
  - プレソーラーアルミナの結晶性は低い
✓ Al2O3 酸溶解実験
  - α-Al2O3 の表面構造は酸処理で変化しない
  - 遷移・非晶質Al2O3 は酸処理の過程で溶解(未発見プレソーラー Al2O3 ?)

プレソーラーコランダムの表面構造はスパッタリング起源

2011年11月9日水曜日


