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Introduction
• The origin of water of inner solar system 

objects is an unsolved issue because those 
were mainly accreted inside of a snow line. 

• On the other hand, we have become 
i n c re a s i n g l y aw a re o f t h e i s o t o p i c 
characteristics of water for the various 
occurrences.  

• Hydrogen isotopic composition of water is 
determined by hydrous minerals because they 
are alteration products from anhydrous 
minerals by interactions with water.  
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346 Meteorites and the Early Solar System II

10–6 in Renazzo. Thus, the difference between CI-CM and
CR cannot be attributed to the presence of D-rich IOM but
must be due to an enhancement in D abundance at the scale
of the bulk sample. The most puzzling aspect of the varia-
tions reported in Fig. 2 is that they greatly exceed the varia-
tions observed on Earth for clay minerals formed at tem-
peratures between 0° and 100°C.

An isotopic fractionation could occur during liquid water
circulation in a warm parent body (Bunch and Chang, 1980;
Sears et al., 1995). As a general rule, clay minerals are de-
pleted in D relative to water from which they formed. As a
rule of thumb, for temperatures <100°C one can add ≈10 ×
10–6 to the measured D/H ratio of the minerals in order to
obtain the D/H ratio of the water in isotopic equilibrium
with that mineral. This correction is small compared to the
total variations reported in Fig. 2. Therefore these variations
cannot be attributed to different degrees of isotopic exchange
with a water reservoir having a unique D/H ratio.

Part of the observed variations in bulk samples may be
caused by different mixing ratios between clays and OM.
The maximum value for the relative contribution of the or-
ganic hydrogen is ≈10% (i.e., 90% of H is hosted by clays),
corresponding to a shift in the D/H ratio of ≈20 × 10–6, i.e.,
1 order of magnitude smaller than the total D/H distribution
reported in Fig. 2. Several authors have attempted to relate
the C/H ratio to the D/H ratio of the carbonaceous chon-
drites in order to trace the relative contribution of the organic
matter to the bulk D/H ratio. Although positive correlations
have been found between these two ratios (Kerridge, 1985),
these correlations have been met with several counter exam-
ples. Thus, the variations in Fig. 2 cannot simply be caused
by the differences in the mixing ratio between water and
organic matter.

Two small peaks are present in the tail of the distribution
in Fig. 2, at D/H equal to 190 and 220 × 10–6. In the distri-
bution reported here, all analyses have been used and thus
the same meteorite can be counted more than once. How-
ever, reporting an average value for each meteorite — i.e.,
having a unique D/H ratio per meteorite — does not alter
the peaks at D/H equal to 190 and 220 × 10–6. This observa-
tion reinforces the statistical value of the distribution. As a
firm conclusion of this discussion, the asymmetry of the
distribution reported in Fig. 2 results from a wide range of
D/H ratios both in IOM and in clays. Eiler and Kitchen
(2004) have shown that the least-altered CM samples (e.g.,
Murchison) have D/H ratios in their matrix and whole rock
close to 150 × 10–6. Conversely, both whole-rock and ma-
trix samples of altered CM chondrites and their chondrules
(e.g., Cold Bokkeveld) have D/H close to 125 × 10–6. The
degree of alteration in these samples is traced by several
geochemical criteria that correlate with the D/H ratio. Fol-
lowing this interpretation, the lowest D/H ratio of the dis-
tribution reported in Fig. 2 stands for the isotopic composi-
tion of water that was circulating in the parent bodies and
that was at the origin of the mineralogical alteration fea-
tures; i.e., water D/H ≈ 120 × 10–6. In this interpretation,
each whole-rock sample is an open system and a large frac-
tion of the alteration water has been lost, perhaps to space.

Finally, it should be noted that the observed distribution
of the bulk sample D/H ratio (Fig. 2) could be biased by
the dynamics of meteorite delivery to Earth. Fragments of
disrupted asteroids have a greater chance to intercept the
Earth’s orbit if the parent bodies were initially located at
distances <2.5 AU (Vokrouhlický and Farinella, 2000). At
greater distances from the Sun, the fragments have a high
probability of being expelled in the outer regions of the
solar system. It is thus unlikely that the asymmetry in Fig. 2
reflects the relative proportion of parent bodies in the me-
teorite source [i.e., the asteroid belt (cf. Meibom and Clark,
1999)], which instead might simply reflect the probability
distribution for collecting samples on Earth as a function
of the distance of their sources. The D/H distribution of
IDPs supports this interpretation (Fig. 3). Although the
sources of IDPs extend far beyond the asteroid belt, their
distribution mimics that of the carbonaceous chondrites.
Therefore, parent bodies located in the far regions of the
solar system have higher D/H ratios than those in the inner
asteroid belts.

2.6.2. Molecular and mineralogical hosts of the deute-
rium/hydrogen ratio. There are two types of primitive me-
teorites in which high D/H ratios have been found: LL3 and

Fig. 3. Distributions of the D/H ratio in (1) whole-rock samples
of carbonaceous chondrites, (2) LL3 chondrites (chondrules and
clay minerals in the matrix), (3) IDPs, and (4) water vapor from
hot cores (Jacq et al., 1990; Gensheimer et al., 1996; personal
compilation of published data). The f unit is used to normalized
the enrichment in D relative to universal H:  D/H = 25 × 10–6 and
16 × 10–6 for meteorites-comets-IDPs and hot cores, respectively.

From Robert (2006)
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• Large variations of δD have been observed in 
hydrous minerals from chondrites. 

• Comet and interstellar water is highly D-rich. 

• High δD signature of hydrous minerals is a heritage 
of cloud or outer solar disk chemistry. 

• Low δD signature of hydrous minerals is a heritage 
of pristine water of asteroids (e.g. Robert, 2006). 
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Introduction
• The origin of water in inner solar system objects is an unsolved issue because those were mainly 

accreted inside of a snow line. 

• On the other hand, We have become increasingly aware of the isotopic characteristics of water for 
the various occurrences.  

• Hydrogen isotopic composition of water is determined by hydrous minerals because they are 
alteration products from anhydrous minerals by interactions with water.  

• Oxygen isotopic composition of extraterrestrial water is 
determined by aqueous alteration of metals and sulfides, 
e.g., by magnetite (Choi et al. 1998, Sakamoto et al., 
2007). 

• The oxygen isotopic compositions of these water tend 
to be depleted in 16O. 

• A problem is that isotopic correlations between H and 
O cannot directly be demonstrated because most 
minerals do not dominant in water-origin H and O at the 
same time. 
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Unique Matrix Texture of Acfer 094

The parent asteroid of Acfer 094 may be a dead comet.

Murchison CM2
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Introduction
• The origin of water in inner solar system objects is an unsolved issue because those were mainly 

accreted inside of a snow line. 

• On the other hand, We have become increasingly aware of the isotopic characteristics of water 
for the various occurrences.  

• Hydrogen isotopic composition of water is determined by hydrous minerals because they are 
alteration products from anhydrous minerals by interactions with water.  

• Oxygen isotopic composition of extraterrestrial water 
is determined by aqueous alteration of metals and 
sulfides, e.g., by magnetite (Choi et al. 1998, Sakamoto 
et al., 2007). 

• The oxygen isotopic compositions of these water tend 
to be depleted in 16O. 

• A problem is that isotopic correlations between H and 
O cannot directly be demonstrated because most 
minerals do not dominant in water-origin H and O at 
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Δ17O vs δD of Solar System Water
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• Here We present Hydrogen and Oxygen isotopic compositions 
by direct measurement of asteroidal aqueous fluid, and discuss 
the origin of water of  inner solar objects. 
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Isotope analysis

Sample chamber: 10-7Pa
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Sputtering Crater and 
Exposed Fluid Inclusion
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Crater depth: 50µm

11年9月30日金曜日



Sputtering Crater and 
Exposed Fluid Inclusion

50µm

Crater depth: 50µm

50µm

11年9月30日金曜日



δD of OC Asteroidal Fluid

• Hydrogen isotopes of 
OC asteroidal aqueous 
fluid have widely 
distributed over -400 
to +1300 ‰. n=12
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δD of OC Asteroidal Fluid

• Hydrogen isotopes of 
OC asteroidal fluid 
have widely distributed 
over -400 to +1300 ‰. 

• The distribution range 
of asteroidal fluid is a 
part of the range of 
aqueously altered 
minerals of ordinary 
chondrites. 
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10–6 in Renazzo. Thus, the difference between CI-CM and
CR cannot be attributed to the presence of D-rich IOM but
must be due to an enhancement in D abundance at the scale
of the bulk sample. The most puzzling aspect of the varia-
tions reported in Fig. 2 is that they greatly exceed the varia-
tions observed on Earth for clay minerals formed at tem-
peratures between 0° and 100°C.

An isotopic fractionation could occur during liquid water
circulation in a warm parent body (Bunch and Chang, 1980;
Sears et al., 1995). As a general rule, clay minerals are de-
pleted in D relative to water from which they formed. As a
rule of thumb, for temperatures <100°C one can add ≈10 ×
10–6 to the measured D/H ratio of the minerals in order to
obtain the D/H ratio of the water in isotopic equilibrium
with that mineral. This correction is small compared to the
total variations reported in Fig. 2. Therefore these variations
cannot be attributed to different degrees of isotopic exchange
with a water reservoir having a unique D/H ratio.

Part of the observed variations in bulk samples may be
caused by different mixing ratios between clays and OM.
The maximum value for the relative contribution of the or-
ganic hydrogen is ≈10% (i.e., 90% of H is hosted by clays),
corresponding to a shift in the D/H ratio of ≈20 × 10–6, i.e.,
1 order of magnitude smaller than the total D/H distribution
reported in Fig. 2. Several authors have attempted to relate
the C/H ratio to the D/H ratio of the carbonaceous chon-
drites in order to trace the relative contribution of the organic
matter to the bulk D/H ratio. Although positive correlations
have been found between these two ratios (Kerridge, 1985),
these correlations have been met with several counter exam-
ples. Thus, the variations in Fig. 2 cannot simply be caused
by the differences in the mixing ratio between water and
organic matter.

Two small peaks are present in the tail of the distribution
in Fig. 2, at D/H equal to 190 and 220 × 10–6. In the distri-
bution reported here, all analyses have been used and thus
the same meteorite can be counted more than once. How-
ever, reporting an average value for each meteorite — i.e.,
having a unique D/H ratio per meteorite — does not alter
the peaks at D/H equal to 190 and 220 × 10–6. This observa-
tion reinforces the statistical value of the distribution. As a
firm conclusion of this discussion, the asymmetry of the
distribution reported in Fig. 2 results from a wide range of
D/H ratios both in IOM and in clays. Eiler and Kitchen
(2004) have shown that the least-altered CM samples (e.g.,
Murchison) have D/H ratios in their matrix and whole rock
close to 150 × 10–6. Conversely, both whole-rock and ma-
trix samples of altered CM chondrites and their chondrules
(e.g., Cold Bokkeveld) have D/H close to 125 × 10–6. The
degree of alteration in these samples is traced by several
geochemical criteria that correlate with the D/H ratio. Fol-
lowing this interpretation, the lowest D/H ratio of the dis-
tribution reported in Fig. 2 stands for the isotopic composi-
tion of water that was circulating in the parent bodies and
that was at the origin of the mineralogical alteration fea-
tures; i.e., water D/H ≈ 120 × 10–6. In this interpretation,
each whole-rock sample is an open system and a large frac-
tion of the alteration water has been lost, perhaps to space.

Finally, it should be noted that the observed distribution
of the bulk sample D/H ratio (Fig. 2) could be biased by
the dynamics of meteorite delivery to Earth. Fragments of
disrupted asteroids have a greater chance to intercept the
Earth’s orbit if the parent bodies were initially located at
distances <2.5 AU (Vokrouhlický and Farinella, 2000). At
greater distances from the Sun, the fragments have a high
probability of being expelled in the outer regions of the
solar system. It is thus unlikely that the asymmetry in Fig. 2
reflects the relative proportion of parent bodies in the me-
teorite source [i.e., the asteroid belt (cf. Meibom and Clark,
1999)], which instead might simply reflect the probability
distribution for collecting samples on Earth as a function
of the distance of their sources. The D/H distribution of
IDPs supports this interpretation (Fig. 3). Although the
sources of IDPs extend far beyond the asteroid belt, their
distribution mimics that of the carbonaceous chondrites.
Therefore, parent bodies located in the far regions of the
solar system have higher D/H ratios than those in the inner
asteroid belts.

2.6.2. Molecular and mineralogical hosts of the deute-
rium/hydrogen ratio. There are two types of primitive me-
teorites in which high D/H ratios have been found: LL3 and

Fig. 3. Distributions of the D/H ratio in (1) whole-rock samples
of carbonaceous chondrites, (2) LL3 chondrites (chondrules and
clay minerals in the matrix), (3) IDPs, and (4) water vapor from
hot cores (Jacq et al., 1990; Gensheimer et al., 1996; personal
compilation of published data). The f unit is used to normalized
the enrichment in D relative to universal H:  D/H = 25 × 10–6 and
16 × 10–6 for meteorites-comets-IDPs and hot cores, respectively.

From Robert (2006)
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• The isotopic variations 
seem to be explained 
by mixing between 
primary asteroidal 
water and cometary 
water. 
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1 O isotope self-
shielding model 
suggest that isotopic 
composition of icy 
elements of solar 
nebula is controlled by 
the degree of mixing 
between BSS gas and 
cometary ice 
(Yurimoto & 
Kuramoto, 2004). 
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The D/H ratio of 
primary asteroidal 
water is different from 
that of the nebular H2 
gas. 

Isotope equilibrium 
between H2O vapor 
and H2 gas at 250-350K
HD+H2O=HDO+H2

is expected (Deloule et 
al., 1998).  
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D/H ratios of lunar water suggest that acquisition 
of cometary water is important not only for 
asteroidal water but also for terrestrial planet 
water (Greenwood et al., 2011).  
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Two scienti!c advances have helped 
with unravelling these questions. First, 
the hydrogen isotope ratio of water, that 
is, the ratio of deuterium (D) to hydrogen 
(H), has been determined for a range 
of meteorites4, and was found to be 
characteristic of the water’s sources. For 
example, water found in comets has a D/H 
ratio that is twice that of a second class of 
meteorites, the carbonaceous chondrites 
(Fig. 1). Unlike enstatite chondrites, the 
carbonaceous chondrites were formed at 
low temperature and they were oxidized by 
extensive circulation of liquid water. "ey 
display a distribution of D/H ratios that 
corresponds roughly with that found in 
the bulk Earth. "erefore, it was proposed 
that water on Earth was added by the !nal 
impacts of water-rich planetoids — akin 
to carbonaceous meteorites — that formed 
the Earth. A further source for the water 
on Earth is nevertheless conceivable: 
comets, which are made up of up to 50% 
of water ice, could have contributed, too. 
However, the D/H ratio of cometary water 
was found to exhibit a value that is around 
twice that of the terrestrial oceans5, ruling 
out a signi!cant contribution to the water 
budget on Earth.

Second, numerical simulations of 
planetary collisions have mimicked 
the formation of planets by successive 
additions of planetoids6, and result in 
simulated planets that have masses and 
orbital parameters close to those observed 
in Solar System planets at present. "ese 
simulations support the geochemical 
scenario in several respects. First, the 
fraction of cometary water relative to the 

bulk terrestrial water reservoir is negligible. 
Second, the last planetoids accreted by the 
proto-Earth come from cold regions of the 
inner Solar System where carbonaceous 
chondrites formed. And !nally, the bulk 
Earth is essentially composed of bodies 
that formed and travelled in its close 
vicinity. Earth would thus have been 
dry originally, although there is a lack of 
consensus on this last point7. All in all, 
the view emerges that water on Earth 
was added by the last massive impacts 
of planetoids, whose compositions and 
origins were similar to those of the 
carbonaceous chondrites.

Greenwood and colleagues2 re!ne this 
view by reporting the D/H isotope ratio 
of rocks from the Moon collected during 
the Apollo missions. "ey detected high 
D/H ratios in the rare mineral apatite, 
which forms during the crystallization 
of magma and was found in a variety of 
lunar mare basalts and highlands rocks. 
Because the detected D/H ratios of apatite 
are substantially higher than terrestrial ones 
(Fig. 1), contamination from Earth material 
can be ruled out. Water must therefore have 
occurred in at least a few lunar magmas 
when they cooled. Furthermore, the large 
variations in the D/H ratio of the samples 
from various surface locations on the 
Moon, and with di#erent formation ages, 
suggest that — unlike on Earth — water 
on the Moon from di#erent origins was 
never homogenized.

"e isotopic contrast with the Earth is 
even more surprising. "e lunar apatites 
have D/H ratios that are twice that of 
terrestrial water, and therefore seem to have 

acquired their water from comets. It seems 
possible that comet impacts occurred on the 
Moon before its basalt reached the surface. 
"e comets’ ice could then locally have 
contaminated the magma that later formed 
the sampled apatite. But if so, it is di$cult to 
explain the absence of an isotopic signature 
in line with that of carbonaceous chondrites, 
which are the dominant source of water on 
Earth. It remains a conundrum how Earth 
and the Moon could have sampled water 
from di#erent origins. 

"e study by Greenwood and colleagues2 
con!rms a remarkable prediction6: 
although the oxygen isotopic compositions 
of the mantles of the Earth and the Moon 
are identical8, their water D/H ratios 
are quite distinct. Water on Earth must 
therefore be a late addition, resulting from 
only one, or at most a few collisions with 
the Earth that missed the Moon. 
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Figure 1 | Water acquisition in the Earth–Moon system. a, Water isotope ratios in material from the Solar System. Greenwood and colleagues2 show that the 
ratio of deuterium to hydrogen (D/H) in lunar water (red) is distinct from the water D/H ratio found in Earth’s ocean and mantle (blue) and in carbonaceous 
meteorites (black). The D/H ratio for protosolar molecular hydrogen is lower (pale orange), whereas cometary water has a higher ratio (green). b, A piece of 
the Orgueil meteorite. This meteorite is often used as a reference sample for the carbonaceous chondrites. It contains around 10% water, with a D/H ratio close 
to that of the Earth’s oceans. The piece on the photo is about 2 cm in diameter. Image courtesy of Laboratoire de Minéralogie et Cosmochimie du Muséum 
(LMCM-UMR7202 CNRS).
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• Hydrogen and Oxygen isotopic compositions of asteroidal aqueous fluid 
trapped in halide crystals from ordinary chondrites have been determined 
by SIMS using cryo-sample-stage. 

• The wide variations of H and O isotopic compositions indicate that isotope 
equilibria were under way in the asteroidal fluid before trapping into halite. 

• The asteroidal water is D-rich and 17O-18O-rich, suggesting acquisition of 
cometary water (pristine nebular water) onto the asteroidal primary water.  

• The self-shielding model support that the isotopic compositions of 
asteroidal primary water is formed in the inner solar nebula as water vapor 
which originally proposed by Deloule et al. (1998). 

• The nebular water vapor would be incorporated on planetesimals as ice 
when the snow line moved inside of 1 AU. 

• The acquisition of cometary water during planet formation modified the 
isotopic compositions of planetary water towards heavier direction. 

Conclusions
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