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that the !17O range of these 94 measurements is only 0.1!.
For comparison, !17O values for the (much smaller) data
sets shown in Fig. 3 for NBS-28 and PSRI obsidian are
0.332! 0.026 and 0.315! 0.027 (1!), respectively. The
cause of the offset is at present unidentified, but its
magnitude does not appear to be sample-dependent. On
that basis, it is normal practice in our laboratory to correct
"17O measurements for the mean value of !17O recorded the
same day using PSRI obsidian.

APPLICATIONS
High precision "17O measurements of extraterrestrial
samples
For isotopic analysis of extraterrestrial materials, the focus
of interest is in measurements of the magnitude of the
departure from the terrestrial mass-dependent fractionation
line, as quantified by !17O. Using the experimental system
described herein, it has been possible to constrain the
precision of the offset between different (parallel) planetary
mass-dependent fractionation lines, over very limited
ranges in "18O, to a level of #!0.02!. This represents an
improvement of more than five-fold over previous reports.23
The ability to resolve mass-dependent fractionation lines is
important in unravelling solar nebular processes, where
heterogeneity or mass-independent fractionation of the
oxygen isotopes may have occurred; it is also valuable for

the study of planetary processes, which are dominated by
mass-dependent fractionation effects.30

Detection of "17O anomalies in terrestrial samples
On the basis of Fig. 4, it is apparent that a "17O anomaly of
0.1! is readily identifiable. ‘Anomaly’ is defined in this
context as a departure from the terrestrial mass-dependent
fractionation relationship, in terms of !17O, after allowing
for the consistent offset of 0.308! 0.024!. A recent, high
precision study31 of a large number of meteoric and oceanic
water samples detected no associated "17O anomaly.
However, a parallel investigation32 of dissolved O2 in
freshwaters reported the presence of a "17O anomaly that,
furthermore, appears to be associated with a biological
process. Together with ongoing research into mass-
independent oxygen isotope fractionation effects associated
with atmospheric constituents, it is likely that the demand
for high precision "17O measurements in terrestrial samples
will increase significantly in the future.

Determinations of the terrestrial mass-dependent
fractionation line slope
We have utilised the experimental arrangement described
above to investigate the slope of the oxygen isotope
fractionation line in "17O-"18O space, using O2 released
from silicates (whole rock and mineral samples) and
ilmenite. Full details will be published elsewhere. Essen-

Figure 5. The relationship between "17O and "18O of oxygen released from 47 duplicated terrestrial
whole-rock or mineral separates, measured using the procedures described in the text. The upper
graph shows the deviation from the line of best fit. Error bars represent !1! values.
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of chondrules, as it is known that mean chondrule
sizes increase in the order: H , L , LL (Rubin,
1989).

P0160 The isotopic compositions of the various
carbonaceous chondrite groups imply some
genetic relations among them. The CK data fall
within the CO range, suggesting that CK are
metamorphosed from CO-like precursors. The
CR, CH, and CB meteorites have many properties
in common, although the three groups differ in
texture and metal content (Weisberg et al., 2001).

P0165The characteristic feature of CM chondrules is
the coexistence of roughly equal amounts of high-
temperature anhydrous silicates (olivine and
pyroxene) and low-temperature hydrous clay
minerals. It is generally believed that the clay
minerals were formed by aqueous alteration of
the high-temperature phases, either in space or in
the parent body. Figure 7 shows that the
phyllosilicate matrix is systematically enriched
in the heavy isotopes of oxygen, relative to the
whole rock. The tie-lines between whole-rock
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F0025 Figure 5 Schematic representation of the locations and ranges of whole-rock isotopic compositions of major
chondrite classes. The TF and CCAM lines are shown for reference (CCAM mostly hidden by the CV balloon).
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F0030 Figure 6 Oxygen isotopic compositions of individual chondrules from ordinary chondrites, with symbols showing
the H, L, or LL group of the parent meteorite. The large gray symbols show the mean compositions of H, L, and LL
whole rocks. There is no correlation between chondrule composition and parent composition, indicating that all
ordinary chondrite chondrules are drawn from the same population. The TF line is shown for reference. The

least-squares line fit to the chondrule data has a slope of 0.69 (source Clayton et al., 1991).
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Remnants of the Early Solar
System Water Enriched in
Heavy Oxygen Isotopes
Naoya Sakamoto,1 Yusuke Seto,1 Shoichi Itoh,1 Kiyoshi Kuramoto,2 Kiyoshi Fujino,1
Kazuhide Nagashima,3 Alexander N. Krot,3 Hisayoshi Yurimoto1,4*

Oxygen isotopic composition of our solar system is believed to have resulted from mixing
of two isotopically distinct nebular reservoirs, 16O-rich and 17,18O-rich relative to Earth. The
nature and composition of the 17,18O-rich reservoir are poorly constrained. We report an in situ
discovery of a chemically and isotopically unique material distributed ubiquitously in fine-grained
matrix of a primitive carbonaceous chondrite Acfer 094. This material formed by oxidation of
Fe,Ni-metal and sulfides by water either in the solar nebula or on a planetesimal. Oxygen isotopic
composition of this material indicates that the water was highly enriched in 17O and 18O
(d17,18OSMOW = +180‰ per mil), providing the first evidence for an extremely 17,18O-rich
reservoir in the early solar system.

Oxygen isotopic variations in chondrites
provide important constraints on the ori-
gin and early evolution of the solar sys-

tem (1). Oxygen isotope ratios in chondrites
change not only by mass-dependent isotope
fractionation law (isotope fractionation depend-
ing on mass differences among isotopes) but
also by large mass-independent isotope fraction-
ation (MIF) that keeps 17O/18O ratio nearly con-
stant. It is generally accepted that MIF recorded
by meteorites resulted from mixing of two iso-
topically distinct nebular reservoirs, 16O-rich
and 17,18O-rich (2). The composition of the 16O-
rich reservoir has been recently constrained
from isotopic compositions of nebular conden-
sates (3) and of a unique chondrule (4). The
nature and composition of an 17,18O-rich nebular
reservoir are still poorly constrained (5, 6). Ac-
cording to the currently favorite self-shielding
models (7–11), nebular water is hypothesized
to have been highly enriched in 17,18O (5 to
20%) relative to Earth, which is, however, yet
to be verified by isotope measurements. Here
we report an in situ discovery of a chemically
and isotopically unique material in the primi-
tive carbonaceous chondrite Acfer 094. This
material is mainly composed of iron, oxygen,
and sulfur, and is highly enriched in 17O and
18O (up to +18%) relative to Earth’s ocean. Min-
eralogical observations and thermodynamic
analysis suggest that this material resulted from
oxidation of iron metal and/or iron sulfide by
water in the solar nebula or on a planetesimal.
We infer that the extreme oxygen isotopic com-

position of this material recorded composition
of this primordial water that corresponds to an
17,18O-rich nebular reservoir in the early solar
system, in agreement with the self-shielding
models (7–12).

During our ongoing in situ survey (13–16)
of presolar grains of primitive meteorites (17),
we discovered isotopically anomalous regions of
oxygen in matrix of the ungrouped carbonaceous
chondrite Acfer 094 in addition to isotopically
anomalous spots corresponding to presolar grains
(Fig. 1). The oxygen isotopic compositions of
the regions are uniform and enriched in 17O and
18O relative to 16O (Fig. 2). The data seem to be
plotted along the slope-1 line (18) rather than
the carbonaceous chondrite anhydrous mineral
mixing (CCAM) line (2) (Fig. 3). The represent-
ative values of d17OSMOW = d18OSMOW are
about +180 per mil (‰); SMOW is standard
mean ocean water (19). These are the heaviest
oxygen isotopic compositions of the solar sys-
tem materials reported so far. The less 17O- and
18O-rich compositions (d17,18OSMOW = +50‰)
of unknown origin have been recently reported
in the surface layers of metal grains from lunar
regolith (20).

The chemical compositions of the isotopical-
ly anomalous regions determined by an energy-
dispersive x-ray spectrometer (EDS) attached to
a field-emission scanning electron microscope
(FE-SEM) (16) show that they are homoge-
neous and mainly composed of Fe, Ni, O and S
(representatively, in weight percent, Fe, 61.6;
Ni, 5.4; O, 19.3; S, 9.6; Mg, 0.1; Si, 0.2). In
addition, analytical transmission electron mi-
croscopy (ATEM) (16) reveals that the regions
consist of aggregates of nanocrystals with a size
range of 10 to 200 nm (fig. S1). The electron
diffraction patterns from ~100-nm-sized individ-
ual crystals show that the main spots of the
crystals are similar to those of magnetite (Fe3O4;
space group Fd3m); the corresponding cell pa-
rameter a is 0.83 nm. In addition, there are weak
extra spots suggesting a threefold superstruc-

ture. Characteristic x-ray spectra from individual
crystals show that they consist of the same ele-
ments determined by the FE-SEM-EDS study.
These observations indicate that the crystals
have a magnetite-like structure and may repre-
sent a new Fe-O-S–bearing mineral; more de-
tailed characterization is necessary to identify it.
Although this mineral consists of the same ele-
ments as a poorly characterized phase (PCP)
commonly observed in aqueously altered CM
chondrites and largely composed of tochilinite
or tochilinite-cronstedtite intergrowths (21, 22),
its O/S atom ratios are about 4 times as large as
those in tochilinite. Hereafter, we refer to this
mineral as a new-PCP.

The chemically unique and isotopically anom-
alous new-PCPs are ubiquitous and scattered
randomly throughout the Acfer 094 matrix.
Twenty-two new-PCPs (the largest is 160 mm2)
were identified in about an 11-mm2 area of the
matrix using elemental mapping with a 7-mm2

spatial resolution. This corresponds to 94 ± 20
(s) parts per million (ppm) by volume. Because
the number of the new-PCP grains increases
exponentially with decreasing size, the grain
numbers below 7 mm2 are dominant and the ac-
tual abundance of new-PCP must be larger than
the estimate.

The new-PCP often coexists with troilite
(FeS) (Fig. 2), which is considered to be a re-
action product between Fe, Ni-metal and H2S
gas (23, 24).

Fe + H2S = FeS + H2 (1)
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versity, Sapporo 060-0810, Japan. 2Department of Cosmo-
sciences, Hokkaido University, Sapporo 060-0810, Japan.
3Hawai’i Institute of Geophysics and Planetology, School of
Ocean and Earth Science and Technology, University of
Hawai’i at Manoa, Honolulu, HI 96822, USA. 4Isotope Im-
aging Laboratory, Creative Research Initiative “Sousei,”
Hokkaido University, Sapporo, 001-0021, Japan.

*To whom correspondence should be addressed. E-mail:
yuri@ep.sci.hokudai.ac.jp

-50 0 50 100 150 200 250 300 350

δ17OSMOW (‰)

10µm

Presolar grain

Matrix

new-PCP

Fig. 1. Spatial distribution of 17O/16O in matrix of
the ungrouped carbonaceous chondrite Acfer 094
measured with isotopography (16). An isotopi-
cally anomalous 10 mm-sized region (d17OSMOW =
+180‰) and a spot (d17OSMOW = +400‰) are
surrounded by the isotopically normal matrix
materials. The spot corresponds to a presolar
silicate grain, whereas the isotopically anomalous
region corresponds to a new-PCP.
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Remnants of the Early Solar
System Water Enriched in
Heavy Oxygen Isotopes
Naoya Sakamoto,1 Yusuke Seto,1 Shoichi Itoh,1 Kiyoshi Kuramoto,2 Kiyoshi Fujino,1
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Oxygen isotopic composition of our solar system is believed to have resulted from mixing
of two isotopically distinct nebular reservoirs, 16O-rich and 17,18O-rich relative to Earth. The
nature and composition of the 17,18O-rich reservoir are poorly constrained. We report an in situ
discovery of a chemically and isotopically unique material distributed ubiquitously in fine-grained
matrix of a primitive carbonaceous chondrite Acfer 094. This material formed by oxidation of
Fe,Ni-metal and sulfides by water either in the solar nebula or on a planetesimal. Oxygen isotopic
composition of this material indicates that the water was highly enriched in 17O and 18O
(d17,18OSMOW = +180‰ per mil), providing the first evidence for an extremely 17,18O-rich
reservoir in the early solar system.

Oxygen isotopic variations in chondrites
provide important constraints on the ori-
gin and early evolution of the solar sys-

tem (1). Oxygen isotope ratios in chondrites
change not only by mass-dependent isotope
fractionation law (isotope fractionation depend-
ing on mass differences among isotopes) but
also by large mass-independent isotope fraction-
ation (MIF) that keeps 17O/18O ratio nearly con-
stant. It is generally accepted that MIF recorded
by meteorites resulted from mixing of two iso-
topically distinct nebular reservoirs, 16O-rich
and 17,18O-rich (2). The composition of the 16O-
rich reservoir has been recently constrained
from isotopic compositions of nebular conden-
sates (3) and of a unique chondrule (4). The
nature and composition of an 17,18O-rich nebular
reservoir are still poorly constrained (5, 6). Ac-
cording to the currently favorite self-shielding
models (7–11), nebular water is hypothesized
to have been highly enriched in 17,18O (5 to
20%) relative to Earth, which is, however, yet
to be verified by isotope measurements. Here
we report an in situ discovery of a chemically
and isotopically unique material in the primi-
tive carbonaceous chondrite Acfer 094. This
material is mainly composed of iron, oxygen,
and sulfur, and is highly enriched in 17O and
18O (up to +18%) relative to Earth’s ocean. Min-
eralogical observations and thermodynamic
analysis suggest that this material resulted from
oxidation of iron metal and/or iron sulfide by
water in the solar nebula or on a planetesimal.
We infer that the extreme oxygen isotopic com-

position of this material recorded composition
of this primordial water that corresponds to an
17,18O-rich nebular reservoir in the early solar
system, in agreement with the self-shielding
models (7–12).

During our ongoing in situ survey (13–16)
of presolar grains of primitive meteorites (17),
we discovered isotopically anomalous regions of
oxygen in matrix of the ungrouped carbonaceous
chondrite Acfer 094 in addition to isotopically
anomalous spots corresponding to presolar grains
(Fig. 1). The oxygen isotopic compositions of
the regions are uniform and enriched in 17O and
18O relative to 16O (Fig. 2). The data seem to be
plotted along the slope-1 line (18) rather than
the carbonaceous chondrite anhydrous mineral
mixing (CCAM) line (2) (Fig. 3). The represent-
ative values of d17OSMOW = d18OSMOW are
about +180 per mil (‰); SMOW is standard
mean ocean water (19). These are the heaviest
oxygen isotopic compositions of the solar sys-
tem materials reported so far. The less 17O- and
18O-rich compositions (d17,18OSMOW = +50‰)
of unknown origin have been recently reported
in the surface layers of metal grains from lunar
regolith (20).

The chemical compositions of the isotopical-
ly anomalous regions determined by an energy-
dispersive x-ray spectrometer (EDS) attached to
a field-emission scanning electron microscope
(FE-SEM) (16) show that they are homoge-
neous and mainly composed of Fe, Ni, O and S
(representatively, in weight percent, Fe, 61.6;
Ni, 5.4; O, 19.3; S, 9.6; Mg, 0.1; Si, 0.2). In
addition, analytical transmission electron mi-
croscopy (ATEM) (16) reveals that the regions
consist of aggregates of nanocrystals with a size
range of 10 to 200 nm (fig. S1). The electron
diffraction patterns from ~100-nm-sized individ-
ual crystals show that the main spots of the
crystals are similar to those of magnetite (Fe3O4;
space group Fd3m); the corresponding cell pa-
rameter a is 0.83 nm. In addition, there are weak
extra spots suggesting a threefold superstruc-

ture. Characteristic x-ray spectra from individual
crystals show that they consist of the same ele-
ments determined by the FE-SEM-EDS study.
These observations indicate that the crystals
have a magnetite-like structure and may repre-
sent a new Fe-O-S–bearing mineral; more de-
tailed characterization is necessary to identify it.
Although this mineral consists of the same ele-
ments as a poorly characterized phase (PCP)
commonly observed in aqueously altered CM
chondrites and largely composed of tochilinite
or tochilinite-cronstedtite intergrowths (21, 22),
its O/S atom ratios are about 4 times as large as
those in tochilinite. Hereafter, we refer to this
mineral as a new-PCP.

The chemically unique and isotopically anom-
alous new-PCPs are ubiquitous and scattered
randomly throughout the Acfer 094 matrix.
Twenty-two new-PCPs (the largest is 160 mm2)
were identified in about an 11-mm2 area of the
matrix using elemental mapping with a 7-mm2

spatial resolution. This corresponds to 94 ± 20
(s) parts per million (ppm) by volume. Because
the number of the new-PCP grains increases
exponentially with decreasing size, the grain
numbers below 7 mm2 are dominant and the ac-
tual abundance of new-PCP must be larger than
the estimate.

The new-PCP often coexists with troilite
(FeS) (Fig. 2), which is considered to be a re-
action product between Fe, Ni-metal and H2S
gas (23, 24).

Fe + H2S = FeS + H2 (1)
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Fig. 1. Spatial distribution of 17O/16O in matrix of
the ungrouped carbonaceous chondrite Acfer 094
measured with isotopography (16). An isotopi-
cally anomalous 10 mm-sized region (d17OSMOW =
+180‰) and a spot (d17OSMOW = +400‰) are
surrounded by the isotopically normal matrix
materials. The spot corresponds to a presolar
silicate grain, whereas the isotopically anomalous
region corresponds to a new-PCP.
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studies, we thus take as the most plausible com-
position of the Sun the intersection of the CAI
mixing line with a mass-dependent fractionation
line passing through the SW L1 point, which
yields d18O = −58.5‰, d17O = −59.1‰ (Fig. 4).
The total fractionation from SW to the Sun im-
plied is ~22‰/amu, in accordance with the model
predictions.

The 16O-enriched SW composition measured
in the Genesis sample is in broad agreement with
a component found from oxygen isotope mea-
surements in the surface layers of some lunar
metal grains (28) and of metal in a carbonaceous
chondrite that shows evidence for SW exposure
early in solar system history (29), although in
both cases the data show a large degree of mass-
dependent fractionation from the L1 SW value.
Other analyses (30) of oxygen isotopes in a lunar
regolith sample that indicate a 16O-depleted
composition (D17O > 0) probably reflect other
extralunar sources, such as water brought by im-
pacting interplanetary dust or cometary ices (31).
Our measured SW composition is in marked
contrast to the strongly 17O- and 18O-enriched
values inferred from observations of rovibration-
al bands of CO in the solar atmosphere (32); we
attribute this discrepancy to systematic uncertain-
ties in the thermal profile models that underlie the
abundance calculations (11). Our solar values of
16O/18O = 530 and 16O/17O = 2798 also disagree
with other marginally 18O-enriched values deter-
mined spectroscopically (33), although the data
overlap within 2s uncertainties.

The composition of the photosphere is
thought to be representative of the convecting
envelope of the Sun, representing ~2.5% of its

mass, perhaps modified slightly by gravitational
settling of heavier elements [see (11)]. Although
not directly determined, such settling could po-
tentially lead to a small mass-dependent fraction-
ation favoring retention of heavy isotopes deeper
in the Sun, i.e., the same sense of fractionation as
that caused by inefficient Coulomb drag in the
SW (34). Other changes to the original isotopic
composition of heavy elements in the photo-
sphere are unlikely given that there is no mixing
of nuclear processed matter into the convective
zone (11). Fractionation mechanisms hypothe-
sized as potentially operating in the solar atmo-
sphere, e.g., mass-independent effects induced
during dissociation of CO molecules in a cool
layer of the chromosphere (35), are unlikely to
lead to quantitative changes of the photospheric
(or SW) oxygen isotopic abundances given the
high temperatures (>3000 K) involved and ra-
pidity of isotope exchange back-reactions and
reservoir mixing in this dynamic environment.
Thus, the large oxygen isotopic differences ob-
served between the Sun and meteoritic or terres-
trial samples are not caused by changes in solar
matter, but instead reflect processes acting to
induce mass-independent shifts in the oxygen
isotopic compositions of planetary materials.

Implications for the solar nebula. The only
known materials with oxygen isotopic composi-
tions close to those of the Sun are the CAIs and
other refractory phases of chondritic meteorites
(Fig. 4), interplanetary dust (36), and at least one
comet (37). CAIs are thought to be the earliest
solar system condensates, and most crystallized
with spallogenic beryllium and lithium, probably
from proton bombardment in the magnetically

active environment near the still-accreting proto-
Sun (38, 39). That their oxygen isotopes are dom-
inated by a solar, rather than planetary, component
reinforces their status as xenoliths (2, 40, 41) in
the asteroid belt. However, most CAIs, including
ultrarefractory hibonite grains (Fig. 4), are not
quite as 16O-enriched as the Sun, implying some
mixing with isotopically heavier oxygen from
other solar system reservoirs.

Our results suggest that essentially all plane-
tary objects in the inner solar system (<5 AU)
have oxygen isotopic compositions distinct from
the average of the solar nebula from which they
formed, having been enriched by ~70‰ in both
18O/16O and 17O/16O by one or more non–mass-
dependent fractionation processes before accre-
tion. Considering that oxygen is by far the most
abundant element in the terrestrial planets, this
points to efficient, planetary-scale processes that,
if based on molecular speciation, must involve
the dominant O-bearing molecules in the solar
nebula: CO, H2O, and/or silicate dust (SiO,MgO,
FeO, and others in combination). A leading hy-
pothesis, which predicted our results (6), invokes
isotope-selective self-shielding during ultraviolet
(UV) photolysis of CO. Because of their rela-
tively low abundances, the C17O and C18O iso-
topomers continue to be dissociated after all the
photons capable of dissociating C16O have been
absorbed; the liberated 17O and 18O atoms are
then rapidly sequestered into H2O ice and even-
tually are incorporated into oxide and silicate
grains (7, 10). The places and times where this
results in a slope 1 fractionation trajectory on the
oxygen three-isotope plot (i.e, in pure enrichment
or depletion of 16O) are constrained by gas column

Fig. 4. Oxygen three-isotope plot showing rep-
resentative compositions of major primary compo-
nents of solar system matter, the solar wind (SW),
and our preferred value for the Sun. All data fall
predominantly on a single mixing line characterized
by excesses (lower left) or depletions (upper right)
of 16O relative to all samples of the Earth and
Moon. Plotted are the most 16O-enriched solar system
samples: an unusual chondrule (47); individual platy
hibonite grains (55), which are ultrarefractory oxides
from carbonaceous chondrites (CC); water inferred
to have oxidized metal to magnetite (56) in ordi-
nary chondrites (OC); very 16O-depleted water from
the CC Acfer 094 (3), and whole CAIs from CC (19);
and chondrules from CC and OC (19), bulk Earth
(mantle), and Mars (SNC meteorites). The mass-
dependent fractionation trajectory of primary min-
erals in FUN inclusions and the pure 16O (slope 1.0)
line (57) are also shown.
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Figure 14
Cartoon representation of the evolution of material from the prestellar core stage through the collapsing
envelope (size ∼0.05 pc) into a protoplanetary disk. The formation of zeroth- and first-generation organic
molecules in the ices is indicated with 0 and 1, and the second-generation molecules in the hot-core/corino
region when the envelope temperature reaches 100 K, and even strongly bound ices start to evaporate, are
designated 2. The grains are typically 0.1 µm and are not drawn to scale. The temperature and density scale
refer to the envelope, not to the disk (see also Figure 4). Once material enters the disk, it will rapidly move to
the cold midplane where additional freeze-out and grain surface chemistry occur. All ices evaporate inside the
(species-dependent) sublimation radius. For H2O and trapped complex organic molecules, this “snow line”
lies around a few astronomical units in a disk around a solar mass star. Figure by E. van Dishoeck & R. Visser.

the protostar and warm up. As in the one-point model of Hassel, Herbst & Garrod (2008), much
of the chemistry leading to the synthesis of complex molecules occurs between radicals on the
surfaces of warming dust particles. The model is in reasonable agreement with observed gas-
phase abundances in the hot corino IRAS 16293–2422 including some complex molecules, and
with ice-mantle abundances in the low-mass protostar Elias 29.

Although it does not contain an explicit complex molecule chemistry, an even more recent
treatment follows the evolution of matter from a collapsing envelope into a circumstellar disk via a
two-dimensional semianalytical model (Visser et al. 2009). The chemical history of material in the
disk depends on its location: In the inner disk, weakly bound species like CO have adsorbed and
desorbed from the grains multiple times during their journey from cloud to disk, whereas the outer
disk still contains pristine CO ice from the prestellar stage. Strongly bound molecules like H2O
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Yurimoto & Kuramoto (2004), 
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O isotopic compositions 
of outer planets

Because icy planetesimals are a mixture of ice and dust of 
solar abundance ratio, Oxygen isotopic composition of icy 
planetesimals is expected to be +90 to +110 ‰ relative to 
Earth. (after Kuramoto and Yurimoto , 2004)

Astronomical observations show that envelops of outer 
planets are enriched in heavy elements relative to solar 
composition (Atreya et al., 1999; Gautier and Owen, 1989)

It is believed that the heavy element enrichments have been 
caused by excessive accretion of icy planetesimals. 
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H isotopic compositions of 
outer planets

H2O ice consists of H and O. The same model for O isotopes 
can be applied to H isotopes. 
Protosolar Nebula H2: D-poor, δDSMOW=-850‰

by Solar 3He abundance (Linsky et al, 2006)

Cometary ice: D-rich, δDSMOW

=+1400‰ by comets (e.g., Villanueva et al., 2009)
=+5450‰ by interstellar H2O (e.g., Butner et al., 2007)

Possible mechanisms for D enrichments
ion-molecule reaction in molecular cloud or outer disk
grain-surface reaction in molecular cloud or outer disk
self-shielding of H2 in molecular cloud or outer disk

dust/ice/gas ratios: 0/1/2000
by cosmic abundance

太陽系のH2OとH, H2の同位体比

comparable to the primordial D/H ratio in the Universe after the Big
Bang (Fig. 2)15. Protosolar water, on the other hand, is believed to be
highly enriched (D/H < 1 3 1023)16 due to the low-temperature
(,10–30 K) non-equilibrium chemistry that characterizes the dense
interstellar medium17, either via gas-phase isotopic exchange reactions
involving ions and radicals, or grain-surface processes. Consequently,
the resulting D/H ratio in water ice is very sensitive to the physical
conditions, in particular the kinetic temperature of the medium. After
the protosolar cloud collapsed to form the solar nebula, isotopic
exchange reactions between molecular hydrogen and HDO molecules
would have led to a gradual reduction of D/H in water18, as compared
to the initial interstellar medium value. Because the efficiency of these
reactions and the turbulent mixing within the solar nebula is correlated
with the gas density and temperature, the deuterium enhancement in
water has been predicted to increase with the heliocentric distance19–21.
Ices, captured by planetesimals and cometesimals, would have then
preserved the deuterium enrichment in water from this early epoch. As

a result, small Solar System bodies are expected to exhibit different
D/H ratios in their water ice depending on the distance from the Sun at
which they were formed.

In the context of this simple nebular model, the D/H ratio of
(1.61 6 0.24) 3 1024 in comet 103P/Hartley 2—a factor of two lower
than that measured in Oort-cloud comets (Fig. 2) and, within un
certainties, consistent with that of the Earth’s oceans (for which the
Vienna Standard Mean Ocean Water (VSMOW) value is
(1.558 6 0.001) 3 1024)—is therefore surprising, and compatible
with two different schemes: (1) either this comet did not form in a
region that was further from the Sun than the assembly zone of the
Oort-cloud comets, or (2) the dependence of the water D/H ratio with
distance from the Sun is not as expected on the basis of current models.
Concerning the first possibility, dynamical models indeed suggest that
a fraction of the Jupiter-family comets originate in the Oort cloud22.
Still, even if comet 103P/Hartley 2 stems from the Oort cloud, this
would not explain why its D/H ratio is different from that seen in other
Oort-cloud comets. Models also suggest that a fraction of the Jupiter-
family comets may have originated from the Trojan asteroid swarms
sharing the orbit of Jupiter23. The Trojans are generally thought to have
resided at their current location since the formation of the Solar
System. Therefore, Jupiter family comets originating in the Trojan
region could, in theory, display deuterium enrichment values lower
than those for bodies originating in the Kuiper belt, if they indeed
formed in the vicinity of Jupiter. However, the most probable scenario
is that 103P/Hartley 2 originated in the Kuiper belt.

It is difficult to explain the low D/H ratio in 103P/Hartley 2 (com-
pared to that of previous measurements in comets) with the formation
regions of comets, thus models of the gradient of D/H in the Solar
System—predictions not yet directly confirmed by observations,
owing to scarcity of accurate isotopic measurements—may need to
be revisited. In fact, one recent model has suggested that the D/H ratio
of water vapour can be locally enhanced24. However, the vapour must
then be implanted into cometary ices. Moreover, until the measure-
ment of 103P/Hartley 2 there was no observational confirmation of
variations in the D/H ratio. One possible solution is that there was
large-scale movement of material between the inner and outer Solar

Table 1 | Calculating the D/H ratio in water in comet 103P/Hartley 2
Model Tgas xne ,N(HDO). Q(HDO) ,N(H2

18O). Q(H2
18O) D/H

(K) (1010 cm22) (1024 s21) (1011 cm22) (1025 s21)

(1) 50 0. 4.9 3.1 3.5 2.1 1.49 3 1024

50 0.2 3.6 2.3 2.5 1.5 1.55 3 1024

70 0.2 3.7 2.4 2.5 1.5 1.60 3 1024

Law 0.1 5.7 3.6 3.7 2.2 1.63 3 1024

(2) 50 0.2 4.3 2.7 2.9 1.8 1.54 3 1024

Law 0.1 4.8 3.1 3.2 1.9 1.58 3 1024

The parameter xne, scaling the electron density profile in the models, is constrained by mapping
observations. ,N. and Q are respectively beam integrated column density and production rate,
determined using different parameters in the excitation models14,29. Production rates were computed
assuming isotropic outflow of water from the nucleus, with a velocity of 0.6 km s21, consistent with the
width of the H2

18O line. We accounted for the 1099 offset between the centre of the beam and the
position of the peak of the H2O distribution. Values of 50 and 70 K for the gas kinetic temperature, Tgas,
are consistent with multi-transition measurements of gaseous species in the millimetre and near-
infrared range, respectively. The gas kinetic temperature is expected to decrease with increasing
distance owing to quasi-adiabatic expansion of the escaping gases: the temperature law assumes that
Tgas 5 80 K for r , 270 km, Tgas 5 12 K for r . 630 km, with a linear decrease between 270 and 630 km,
where r is the distance from the nucleus. Collision cross-sections involving water molecules and
electrons are modelled differently in models (1) and (2). Both models use an electron density profile
based on in situ measurements in comet 1P/Halley scaled to the activity of 103P/Hartley 2 (ref. 29). The
D/H ratio is equal to 0.5 3 Q(HDO)/Q(H2O), with Q(H2O) 5 500 3 Q(H2

18O). See Supplementary
information for details of the models and model parameters.
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Figure 2 | D/H ratios in the Solar System. Orange squares, values measured
for water in the Oort-cloud comets 1P/Halley, C/1996 B2 (Hyakutake), C/1995
O1 (Hale–Bopp), C/2002 T7 (LINEAR) and 8P/Tuttle. Arrow (for 153P/Ikeya–
Zhang), upper limit. Purple square, present measurement in the water of 103P/
Hartley 2. Black symbols, D/H ratio in H2 in the atmosphere of the giant
planets—Jupiter (J), Saturn (S), Uranus (U) and Neptune (N). Light blue and
green symbols, D/H values for water in the plume of Saturn’s moon Enceladus
and in CI carbonaceous chondrites, respectively. Error bars, 1s. The D/H

determinations in comets originating from the Oort cloud are twice the value
for the Earth’s ocean (blue line) and about a factor of ten larger than the
protosolar value in H2 (broad yellow line), the latter being comparable to the
value in atomic hydrogen found in the local interstellar medium (ISM, red
horizontal line). The D/H ratio in the Jupiter-family comet 103P/Hartley 2 is
the same as the Earth’s ocean value and the chondritic CI value. Uranus and
Neptune have been enriched in deuterium by the mixing of their atmospheres
with D-rich protoplanetary ices. For further details, see Supplementary Table 1.
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H isotopic compositions of 
outer planets

H2O ice consists of H and O. The same model for O isotopes 
can be applied to H isotopes. 
Protosolar Nebula H2: D-poor, δDSMOW=-850‰

by Solar 3He abundance (Linsky et al, 2006)

Cometary ice: D-rich, δDSMOW

=+1400‰ by comets (e.g., Villanueva et al., 2009)
=+5450‰ by interstellar H2O (e.g., Butner et al., 2007)

Possible mechanisms for D enrichments
ion-molecule reaction in molecular cloud or outer disk
grain-surface reaction in molecular cloud or outer disk
self-shielding of H2 in molecular cloud or outer disk

dust/ice/gas ratios: 0/1/2000
by cosmic abundance
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N isotopic compositions of 
outer planets

The same model for O isotopes can be applied to N isotopes. 
NH3-bearing ice would be an ice in the solar nebula. 

Protosolar Nebula: 14N-rich; δ15Nair=-400‰

by Solar wind (Marty et al., 2011)

Cometary ice: 14N-poor; δ15Nair=+800‰

by observations (e.g. Bockelée-Morvan et al., 2008).

Possible mechanisms of 15N enrichments

ion-molecule reaction in molecular cloud or outer disk

self-shielding of N2 in molecular cloud or outer disk

dust/ice(NH3)/gas(N2) ratios: 0/1/~10 (Owen and Niemann,2009)
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Figure 1. Sketch of proton energy spectra at 1 AU. (a) Solar wind; (b) large SEP events; (c) galactic
cosmic rays; (d) intermediate solar/heliospheric quiet-time particles; (e) anomalous protons (based
on Mewaldt, 1995). Dashed and dotted lines refer to theoretically expected spectra.

at low energies has been studied starting from the beginning of the seventies and
led to the discovery of the anomalous cosmic rays. Figure 1 depicts the various
components of energetic protons in the inner heliosphere. The first attempts to de-
fine a ‘quiet’ spectrum were made by Fan et al. (1968) and Zamow (1975). Several
important works have been published (see Mewaldt et al., 1975, for a summary
of earlier results; Mason, Gloeckler, and Hovestadt, 1976; Shields et al., 1985;
Richardson et al. 1990; Wenzel et al. 1990; Reames, 1999); however, the main
question has remained unanswered. Most recent achievements include charge state
measurements made aboard ACE during low-flux periods indicating contributions
from both gradual and impulsive solar energetic particle (SEP) events (E. Moebius,
private communication). The analysis of Helios energetic particle data during low
solar activity periods revealed a significant variation with radial distance in the
innermost heliosphere (Kecskeméty, Müller, and Kunow, 2001), which seems to
support the idea that both solar and outer sources are present even below about
10 MeV.

One possible way to address this problem is a coordinated effort to reanalyze
data obtained during earlier missions with methods which are able to reduce the
instrumental background effectively (such a work has been initiated by a working

Logachev/et/al./(2002)
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Science as method and methodology for 
problems on the Earth and life 
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Watch carefully until understanding the problem. 

A natural sample
chemically disequilibrium
open system
unknown multiple processes (history)
one and only (synthesized by nature) 

Not difficult but exciting because you can create the 
method

Find evidence from natural sample

Write a paper what you understand


