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Molecular Cloud Origin for the
Oxygen Isotope Heterogeneity

in the Solar System
Hisayoshi Yurimoto1* and Kiyoshi Kuramoto2

Meteorites and their components have anomalous oxygen isotopic composi-
tions characterized by large variations in 18O/16O and 17O/16O ratios. On the
basis of recent observations of star-forming regions and models of accreting
protoplanetary disks, we suggest that these variations may originate in a parent
molecular cloud by ultraviolet photodissociation processes. Materials with
anomalous isotopic compositions were then transported into the solar nebula
by icy dust grains during the collapse of the cloud. The icy dust grains drifted
toward the Sun in the disk, and their subsequent evaporation resulted in the
17O- and 18O-enrichment of the inner disk gas.

Oxygen is the most abundant element in the
solid phases that formed early in the solar
system, and it has three stable isotopes of
mass numbers 16, 17, and 18. On a three-
oxygen isotope diagram, 18O/16O and 17O/
16O abundance ratios of most terrestrial ma-
terial constitute a line with slope of �0.5,
called the terrestrial fractionation (TF) line.
This slope is due to isotope fractionation
processes that depend on the mass difference
between each pair of isotopes. In contrast,
most meteorites have oxygen isotopic com-
positions that diverge from the TF line (1).
Refractory inclusions and some chondrules in
primitive meteorites have the most 16O-en-
riched isotope compositions, shifted from the

TF line with magnitudes of several percent in
17O/16O and 18O/16O ratios (1, 2). Nonradio-
genic effects in the other major elements
(e.g., Mg and Si) in these meteorite constitu-
ents have isotope compositions close to the
terrestrial compositions, and their small devi-
ations can be explained by isotope fraction-
ation due to thermal processes, e.g., evapora-
tion, condensation, aqueous alteration, and
low-temperature chemical reaction (3).

The origin of mass-independent fraction-
ation of oxygen isotopes and the lack of such
fractionation in other major elements in me-
teorites remains poorly understood. It cannot
be due to nucleosynthetic processes or nucle-
ar reactions that involve energetic particles
from the Sun or from Galactic cosmic rays,
because these processes would also change
the isotopic compositions of the other ele-
ments (1). In addition, presolar grains en-
riched in 16O are rare in meteorites (4). Al-
though some types of molecular reactions in
gaseous phases have been found to induce

such mass-independent isotope fractionation
in oxygen (5), they are observed among gas
species (e.g., O3, O2, and CO2) that are minor
in the solar nebula (6). Furthermore, even if
such fractionation occurs, no plausible mech-
anism has been proposed for trapping the
fractionated products into chondrite constitu-
ents. Oxygen isotope changes due to selective
ultraviolet (UV) dissociation of molecules in
the solar nebula gas have been proposed (5, 7,
8); however, a mechanism for transferring
these effects to the chondritic constituents has
not been identified.

Recently, variations in C16O/C18O ratio
have been observed in diffuse molecular
clouds (9, 10). These variations are explained
by selective predissociation (11) of C18O by
UV radiation. In the environment of molecu-
lar clouds, predissociation due to line spec-
trum absorption of UV photons is the domi-
nant mechanism for photodissociation of CO
(12–17). UV intensity at the wavelengths of
dissociation lines for abundant C16O rapidly
attenuates in the surface layer of a molecular
cloud, because of its UV self-shielding. For
less abundant C17O and C18O, which have
shifted absorption lines because of differenc-
es in vibrational-rotational energy levels, the
attenuation is much slower. As a result, C17O
and C18O are dissociated by UV photons
even in a deep molecular cloud interior. This
process results in selective enrichment of CO
in 16O and enrichment of atomic oxygen in
17O and 18O.

Because CO and atomic oxygen are the
dominant oxygen-bearing gas species in molec-
ular clouds (18), their isotopic fractionation
may propagate to other oxygen-bearing species.
Water ice is the dominant oxygen-bearing spe-
cies among ices in molecular clouds (19),
where it nucleates and grows on silicate dust
grains by surface hydrogenation reactions be-
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tween atomic oxygen and hydrogen (20, 21).
Therefore, oxygen isotopic compositions of
H2O ice should be close to those of gaseous
atomic oxygen enriched in 17O and 18O (22).
Water ice is observed in molecular clouds with
total visual extinction (AV) greater than 3.2
(23); abundance of water ice increases with
increasing AV (24). As a molecular cloud be-
comes dense, most of the atomic oxygen reacts
to form H2O ice, and CO becomes the most
dominant gas species within 105 years (25).
Thus, the oxygen isotopic composition of the
gas in a dense molecular cloud becomes en-
riched in 16O with time.

Low-mass (less than two solar masses) stars
form by collapse of individual cores or clumps in
a cold, dark molecular cloud with molecular
densities of hydrogen (nH2) of 104 to 105 cm�3,
AV of 5 to 25, and temperatures as low as �10 K
(26). According to a model simulating photo-
chemical isotope fractionation in a molecular
cloud (17), under these typical cloud parameters,
the isotopic compositions of ice and gas are
expected to be in the ranges �18OMC � �100 to
�250 per mil (‰) and �18OMC � –60 to
–400‰, respectively, where �18OMC � {[(18O/
16O)/(18O/16O)MC] – 1} � 1000; (18O/16O) and
(18O/16O)MC are the isotopic ratios of corre-
sponding chemical species and the bulk molec-
ular cloud (MC), respectively. The degrees of
fractionation for calculated 18O/16O ratios are
consistent with astronomical observations (9,
10). Although the lack of experimental data for
C17O predissociation prevents us from a detailed
analysis of 17O/16O fractionation, its degree is
likely near that for 18O/16O, because the absorp-
tion lines of these minor isotope species are
unsaturated at least over several tens of AV (15,
16). Such expected similarity has been recently
observed for diffuse interstellar gas (27).

In denser and more evolved cold molecu-
lar cloud cores, most CO may become frozen
onto dust grains. Because of the low temper-
ature, oxygen isotope exchange between CO
and H2O ices is inefficient, and the original
isotope fractionation of oxygen is preserved
in each phase. Transient external heating by
shock waves or by other mechanisms would
cause vaporization of both H2O and CO ices
and local homogenization in such a cloud.
However, as long as H2O and CO molecules
do not decompose into radicals and atoms,
the oxygen isotope fractionation in each mol-
ecule is probably preserved.

Here we examine how such isotopic het-
erogeneity in a molecular cloud may cause
the variations of oxygen isotopic composi-
tions observed in our solar system. Taking
relative oxygen abundances of silicates, ice,
and gas to be 1:2:3 in molecular clouds (20),
we assumed that both �17OMC and �18OMC

(�17 and 18OMC) are 0‰ for silicates, �120‰
for ice, and – 80‰ for gas (Fig. 1A). The
�17 and 18OMC values for H2O ice and CO gas
were chosen to be within the simulated rang-

es and to conserve the mean isotopic compo-
sition of the bulk molecular cloud. The 16O-
depleted nature of ice relative to silicates is
consistent with evidence from a primitive
meteorite. The most 16O-depleted known
component formed in the solar system is the
product of aqueous alteration of Fe,Ni-metal
by H2O in the most primitive ordinary chon-
drite, Semarkona (28).

A protoplanetary disk is formed by col-
lapse of a molecular cloud core. In the outer
region of the disk, because of low tempera-
tures (29), the primordial oxygen isotopic
compositions of the molecular cloud compo-
nents are preserved (Fig. 1B). CO sublimes
while preserving its own oxygen isotope
composition outside the orbits of outer plan-
ets, even in the case of frozen CO. In the
inner region of the disk, H2O ice evaporates.
During an early stage of disk evolution ac-
companied by vigorous gas accretion, gas-
dust fractionation is probably minor, and the
mean oxygen isotopic composition of the in-
ner disk gas is reset to the value of the bulk
molecular cloud, �17 and 18OMC � 0‰. Be-
cause transient heating events, such as the

formation of refractory inclusions and chon-
drules, were common in the inner solar neb-
ula (30), silicate grains would equilibrate
with such gas and have similar oxygen iso-
topic compositions.

As the gas accretion rate decreases, dust-
gas fractionation processes begin to proceed
in the disk. One such fractionation process is
the dust sedimentation toward the disk mid-
plane (31) (Fig. 1D). In addition, dust parti-
cles may preferentially migrate toward the
central star (32), and ice in the dust evapo-
rates after passing the snow line, releasing
16O-depleted water vapor into the inner disk
gas (33) (Fig. 1D). This increases the mean
�17 and 18OMC of disk gas along the mixing
line between the oxygen isotopic composi-
tions of CO and of H2O ice (Fig. 1C), corre-
lating with the degree of H2O enrichment
relative to the H2O/CO ratio in the parent
molecular cloud (22). Although enrichment
of H2O by a factor of 10 is justified in the
solar nebula (34), even moderate enrichment
can produce extreme 17O- and 18O-enrich-
ment of the disk gas (Fig. 2). For example, if
three times the H2O enrichment occurs (i.e.,

Fig. 1. Schematic diagram of oxygen isotope evolution from a molecular cloud to a protoplan-
etary disk with dust sedimentation. (A) Oxygen isotopic compositions in a molecular cloud. CO
(open circle) is the most abundant species next to H2 and He in a molecular cloud. UV radiation
selectively destroys C17 and 18O, leaving behind CO enriched in 16O and producing atomic
oxygen enriched in 17O and 18O. This heavy oxygen later becomes incorporated into water ice
(snowflake). �17,18OMC values of 0‰, �120‰, and –80‰ for silicate (solid circles), ice, and
gas, respectively, are assumed. (B) Oxygen isotopic compositions in the outer disk. The oxygen
isotopic composition produced in the molecular cloud is preserved in the individual phases in
the outer disk after accretion because of low temperature. (C) In the inner disk, oxygen isotopic
composition of gas (J) shifts to a 16O-poor one. (D) In the disk, solid materials settle down to
the mid-plane and spiral into the proto-sun. Water ice evaporates inside the snow line (29),
leading to the shift in oxygen isotopic composition shown in (C). Degrees of the shift depend
on the H2O enrichment factor (Fig. 2) and on oxygen isotopic compositions of the individual
phases in the molecular cloud. The relationship between � notation relative to SMOW and that
to the molecular cloud possibly corresponds to �17 and 18OSMOW � �17 and 18OMC – 50‰,
assuming the traditional 16O-rich reservoir in the solar system. The setting of lighter silicates
and heavy disk gas with respect to oxygen isotopic composition in the inner disk is consistent
with meteoritic observations.
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if relative oxygen abundances of ice:gas are
2 :1), the mean �17 and 18OMC of the inner disk
gas will be about �50‰. Therefore, oxygen
isotopic compositions of the disk gas are
altered easily by dust-gas fractionation pro-
cesses (35). Silicate grains equilibrated with
such H2O-enriched gas during transient heat-
ing events would acquire isotope composi-
tions with high �17 and 18OMC values (36).

Organic materials may also accommodate
a significant fraction of oxygen. In hot mo-
lecular cloud cores observed for high-mass
star-forming regions, CO is probably deplet-
ed because of conversion to refractory organ-
ics (37). Free radical reactions in ices are
dominant processes to form refractory organ-
ics in molecular clouds (38). These organics
are interpreted as UV photolysis products in
H2O ice contaminated with CO during the
previous cold evolutionary stage of a molec-
ular cloud (20). Because oxygen contained in
such organics seems to come from H2O and
CO, its isotope composition is expected to
be somewhere between those of both spe-
cies, possibly �17 and 18OMC of �20‰ if a

1:1 contribution of H2O and CO is assumed.
If we accept a refractory organic abun-

dance and composition in a comet nucleus
(20), the oxygen abundance of organics will
be comparable to that of silicate (i.e., silicate:
ice:organics:gas � 1:1.5 :1:2.5). Because re-
fractory organics evaporate under higher tem-
peratures than H2O, they may affect the mean
oxygen isotopic composition of inner disk
gases at high temperatures. Even though this
diminishes the amount of change in the iso-
topic composition because of H2O enrich-
ment, the disk gas probably has 16O-poor
compositions (Fig. 2).

The proposed scenario can reproduce ox-
ygen isotope heterogeneity in the inner solar
nebula with an 17O- and 18O-enriched gas,
i.e., 16O-depleted gas, relative to silicate dust,
consistent with the conventional O isotope
reservoirs inferred from meteorite studies (1).
Under such an environment, the silicate dust
evolves into an 16O-depleted composition
through isotope exchange with the surround-
ing gas, because of transient heating events in
the nebula. Therefore, the average oxygen
isotopic composition of the solar nebula nor-
malized to the standard mean ocean water
(SMOW) may be �17,18OSMOW � –50‰ or
smaller (39) (Fig. 1).

We have shown that even small mass
fractionation for CO and atomic O in the
molecular cloud can explain the formation of
16O-rich or -poor reservoirs observed for the
solar nebula. The 16O-rion or -poor reservoirs
can easily form if we use larger mass frac-
tionation factors as expected by chemical
models (16, 17) and observations (27) of
molecular clouds. Thus, the 16O isotope vari-
ations may not be unique to our solar system
but instead ubiquitous in any planetary sys-
tem. A direct test of this scenario would be to
measure the oxygen isotopic compositions
of cometary ices and that of solar wind.
We predict the oxygen isotopic values as
�17 and 18OSMOW � �50 to �200‰, –100 to
–450‰, and –50‰ for cometary H2O, co-
metary CO, and solar wind, respectively.
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Middle Miocene Southern Ocean
Cooling and Antarctic
Cryosphere Expansion

Amelia E. Shevenell,* James P. Kennett, David W. Lea

Magnesium/calcium data from Southern Ocean planktonic foraminifera demon-
strate that high-latitude (�55°S) southwest Pacific sea surface temperatures
(SSTs) cooled 6° to 7°C during the middle Miocene climate transition (14.2 to 13.8
million years ago). Stepwise surface cooling is paced by eccentricity forcing and
precedes Antarctic cryosphere expansion by �60 thousand years, suggesting the
involvement of additional feedbacks during this interval of inferred low-atmo-
spheric partial pressure of CO2 (pCO2). Comparing SSTs and global carbon cycling
proxies challenges the notion that episodic pCO2 drawdown drove this major
Cenozoic climate transition. SST, salinity, and ice-volume trends suggest instead
that orbitally paced ocean circulation changes alteredmeridional heat/vapor trans-
port, triggering ice growth and global cooling.

The middle Miocene climate transition
(MMCT), 14.2 to 13.8 million years ago
(Ma), is one of the three major steps in
Earth’s Cenozoic climate evolution (1–3).
The �1‰ increase in the oxygen-isotopic
composition (�18O) of benthic foraminifera
describes a combination of Antarctic ice
growth and global cooling at �14 Ma, as is
also indicated by Southern Ocean ice-rafted
detritus, eustatic change, and the fossil record
(1–6). However, because �18O records both
temperature and global ice volume, funda-
mental questions and uncertainties exist con-
cerning the magnitude and phasing of middle
Miocene ice growth and cooling. The devel-
opment of Mg/Ca, an independent paleotem-
perature proxy measured on the same forami-
niferal calcite (CaCO3) as �18O, has facilitat-

ed isolation of the ice-volume component of
�18O records (7–12). The Mg/Ca content of
foraminifera increases exponentially with
temperature (�9 
 1% per 1°C) and is rela-
tively insensitive to salinity and ice-volume
fluctuations (7, 8). Low-resolution paired
benthic foraminifer Mg/Ca and �18O studies
designed to constrain the timing and magni-
tude of pre-Quaternary ice-volume fluctua-
tions suggest substantial Antarctic ice growth
(�0.85‰) and a concomitant deep ocean
cooling (2°C to 3°C) during the MMCT (11,
12). The magnitude of Antarctic ice growth
and rapidity of this climate transition [�0.5
million years (My)] suggests that Earth’s cli-
mate system was highly sensitive to oceanic,
atmospheric, and cryospheric feedbacks.

Ocean circulation and atmospheric pCO2

variations are often cited as potential cata-
lysts of the MMCT (13–17). Large-scale re-
organizations of ocean circulation driven by
atmospheric circulation changes and/or tec-
tonic reorganizations of gateway regions may
have altered poleward heat and moisture

transport, resulting in Antarctic ice growth
and global cooling (13–15). Ocean circula-
tion hypotheses are supported by �13C proxy
evidence (14, 15, 18, 19) and the timing of
tectonic events in the eastern Tethys/Indone-
sia (4, 20) and the North Atlantic (13). Alter-
natively, atmospheric pCO2 drawdown,
through organic carbon sequestration on the
mid-latitude continental margins (16) and/or
enhanced silicate weathering rates (17), may
have driven Antarctic ice-sheet expansion
and cooling at �14 Ma. Support for this
“Monterey Hypothesis” comes from thick,
organic carbon-rich Miocene sedimentary se-
quences around the Pacific Rim (4, 16) and a
corresponding � 1‰ increase in global deep
sea �13C (4, 16, 21, 22). A potential compli-
cation of the hypothesis is revealed by paleo-
pCO2 estimates (23–25), which indicate that
atmospheric pCO2 levels declined �3 My
before the MMCT and provide little support
for either elevated atmospheric pCO2 during
the warm Miocene climatic optimum (MCO)
(17 to 14 Ma) or a semipermanent atmospher-
ic pCO2 decrease at the MMCT. These esti-
mates indicate that factors other than those
related to global carbon cycling may contrib-
ute to this major Cenozoic climate transition.
To evaluate the processes and feedbacks in-
volved in the MMCT, detailed information is
needed regarding the phasing of carbon cy-
cling, Antarctic ice growth, and high-latitude
oceanic/atmospheric cooling. Acquiring this
information has thus far proven difficult be-
cause of the limited availability of CaCO3-
rich Southern Ocean sediments and the lack
of an unambiguous paleotemperature proxy.

Here, we present an independent record of
middle Miocene high-latitude Southern
Ocean sea surface temperature (SST). To es-
tablish the thermal and hydrographic re-
sponse of Southern Ocean surface waters and
the phasing of high-latitude SST change,
Antarctic cryosphere expansion, and global
carbon cycling between �17 and 13 Ma, we

Department of Geological Sciences and Marine Sci-
ence Institute, University of California, Santa Barbara,
CA 93106–9630, USA

*To whom correspondence should be addressed. E-
mail: ashevenell@umail.ucsb.edu

R E P O R T S

17 SEPTEMBER 2004 VOL 305 SCIENCE www.sciencemag.org1766


