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Oxygen Isotopes Give Clues to the
Formation of Planets, Moons, and
Asteroids

--- As they formed from gas and dust near the Sun, grains in some meteorites
acquired oxygen that originated in numerous other stars that shone long before our
solar system was born.

Written by Edward R. D. Scott
Hawai'i Institute of Geophysics and Planetology

The mixtures of oxygen isotopes in the Earth, Mars, and the asteroids differ slightly. If we knew why they differ we
could learn more about the origin of asteroids and planets and the formation of the solar system. My colleague Sasha
Krot and I describe one solution to part of this puzzle. We show how particles in primitive meteorites could have formed
from gas and dust close to the Sun. This causes the particles to acquire different mixtures of oxygen isotopes from
diverse stars that were ancestors to our own. Planets and asteroids inherited slightly different mixtures of oxygen atoms
because they formed from materials like those in primitive meteorites.

Reference:

Scott, E. R. D. and Krot, A. N. (2001) Oxygen isotopic compositions and origins of calcium-aluminum-rich
inclusions and chondrules. Meteoritics and Planetary Science, vol. 36, p. 1307-1319.

The Informative Isotopes of Oxygen

There are three stable varieties of oxygen atoms called isotopes that have the same chemical properties but masses that
differ by ratios of 16:17:18. The mass of each atom depends on the total number of neutrons and protons that it contains.
Most oxygen atoms contain 8 neutrons and 8 protons, which all have the same mass. In our solar system, about 1 in 500
oxygen atoms contains an extra neutron and is 17/16 times heavier. About 1 in 2000 contains two extra neutrons and is
18/16 times heavier. The three types of oxygen atoms are called 16O, 17O, and 18O.

The oxygen atoms in rocks that you pick up on Earth do not have identical proportions of 16O, 17O, and 18O atoms but
the ratios of these isotopes follow a simple relationship that is controlled by their masses. Rocks with the same 18O /
16O ratio will have the same 17O / 16O ratios. If the 18O / 16O ratio in a given sample is, for example, 0.2% higher than
it is in Standard Mean Ocean Water (SMOW), then the 17O / 16O ratio in that sample will depart from SMOW by half
as much--in this example, it will be 0.1% higher.
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The oxygen isotopic compositions of rocks from Earth, Mars, and the
asteroid Vesta, the largest asteroid that melted, define three parallel lines
on this plot of 17O / 16O vs. 18O / 16O. The lines are parallel because
on each body the oxygen isotopes were separated according to their
masses, when the rocks formed. Cosmochemists measure the 18O / 16O
and 17O / 16O ratios in terms of deviations in parts per thousand from a
standard (delta 18O and delta 17O). The usual standard is mean ocean
water, abbreviated SMOW, for Standard Mean Ocean Water. Pure 16O
would plot at -1000 parts per thousand on both axes.

If you go to Mars and repeat the experiment you will find that the oxygen isotopic ratios follow the same relationship,
but with one important difference. When you compare an Earth rock to a Mars rock with the same 18O / 16O ratio, you
will find that the Martian rock has a slightly higher 17O / 16O ratio, as shown in the diagram above. The difference is
small, about 3 parts in 10,000, but significant because oxygen is the only element that shows this effect, and because
geological processes on the two planets cannot be responsible for the difference. (On Vesta, the largest melted asteroid,
the corresponding 17O / 16O ratio is about 3 parts in 10,000 lower, and on the Moon, the isotopic ratios appear to be
identical to terrestrial values: any difference is less than 0.2 parts per 10,000.)

The anomalous behavior of oxygen in extraterrestrial materials was not discovered originally in Martian rocks. It was
discovered in chondritic meteorites. Chondrites come from asteroids that were never melted or heated significantly, but
contain particles that formed at high temperatures (~1500 oC) when the solar system was growing from a disk of dust
and gas called the solar nebula. These particles show enormous oxygen isotopic anomalies (also called 'mass-
independent' isotopic effects). Two types of particles are present: those containing abundant oxides of calcium and
aluminum, called calcium-aluminum-rich inclusions or CAIs, which show the largest oxygen isotopic effects, and the
much more abundant variety composed largely of oxides of iron, magnesium and silicon called chondrules. Most of the
chondrules and some of the CAIs formed from millimeter-sized globs of molten material that cooled in a few hours or
less in the solar nebula before the planets formed.
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Mineralogical map of a calcium-aluminum-rich inclusion (CAI) in the
Efremovka carbonaceous chondrite. In this image, obtained with an
electron microprobe, the square and diamond-shaped, purplish grains are
spinel, an aluminum-rich mineral. The light-green and green areas are
crystals of minerals rich in both calcium and aluminum. Red area is the
surrounding rock, which consists mostly of minerals rich in magnesium and
iron. CAIs are thought to be among the very first solids to form in the solar
nebula.

Microscopic view
of chondrules in
the meteorite
Dhajala. White
grains are metallic
iron-nickel and
rounded gray
objects are
chondrules. The
width of this
photomicrograph
is 2.7 millimeters.

The oxygen isotopic compositions of CAIs and chondrules are different from those of Earth rocks in two important
ways. If two chondrules or CAIs have 18O / 16O ratios that differ by 1%, their 17O / 16O ratios will also differ by 1%
(not 0.5%), so their oxygen isotopic variations can be understood simply in terms of addition or loss of 16O atoms. CAIs
and chondrules are also different because they show very large variations in their oxygen isotopic ratios of up to 5%.
CAIs consistently have low 17O / 16O and 18O / 16O ratios whereas chondrules have diverse oxygen isotopic ratios that
are much closer to those in Earth and Mars (see diagram below). Earth and Mars probably have different proportions of
oxygen isotopes because they formed from different mixtures of chondrules and CAIs. But we don't know exactly how
CAIs and chondrules formed and what caused their oxygen isotopic variations.
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Plot showing the 18O / 16O and 17O / 16O ratios in
chondrules and CAIs in meteorites. These particles define a
line with much steeper slope than the Earth line consistent
with loss or addition of 16O. Note that the variations in
oxygen isotopic ratios are much larger than those shown by
rocks from the Earth, Mars, and Vesta (see diagram above).

Ideas for the Origin of Oxygen Isotopic Variations

The origin of the oxygen isotopic variations in solar system materials has been a major puzzle for planetary scientists
since they were discovered nearly 30 years ago. To help solve it, the Genesis spacecraft was launched in August, 2001 to
measure the proportions of oxygen isotopes in the stream of atoms ejected from the Sun into space. NASA hopes that a
more accurate determination of the oxygen isotopic composition of the Sun, and hence the solar nebula, will provide a
test for different theories for the origin of the oxygen isotopic variations among CAIs, chondrules, asteroids and planets.

One class of theories attributes the oxygen isotopic variations in CAIs and chondrules to differences in the oxygen
isotopic compositions of the grains that existed in interstellar space prior to the formation of our solar system. The
oxygen atoms in our solar system formed in a large number of stars that long before our solar system was born. The first
stars in the Galaxy that were heavy enough to make oxygen atoms made almost pure 16O. Later generations of stars
made progressively larger proportions of 17O and 18O from the oxygen in the ashes of the older stars. Don Clayton
(Clemson University) argued that oxygen in interstellar oxides of elements such as silicon, magnesium, and iron is older
and richer in 16O than the oxygen in interstellar ices. If so, solar nebula materials could have inherited 16O variations
from these two types of pre-solar materials.

How could oxygen isotopic variations in pre-solar materials have been transferred into CAIs and chondrules? Robert
Clayton at the University of Chicago, who with coworkers discovered the oxygen anomalies in meteorites, suggested that
CAIs and chondrules formed from 16O-rich, pre-solar dust derived from interstellar grains containing silicon,
magnesium, and oxygen that subsequently exchanged oxygen atoms with an 16O-poor gas made from interstellar ices.
One strong point of this model is that it can explain why oxygen is the only element that shows widespread mass-
independent isotopic variations. Oxygen is the only element that is abundant in both the gas and dust of the solar nebula
over a wide temperature range (~ -100 to 1500 oC).

A second theory suggests that the 16O variations in CAIs and chondrules were not inherited from stars but were
produced in the hot gaseous solar nebula by a chemical process capable of generating gaseous molecules with mass-
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independent isotopic variations. Such a process isn't known, but Mark Thiemens at the University of California, San
Diego argues that since mass-independent oxygen isotopic effects are found in the Earth's atmosphere, they may also
have been generated in the solar nebula gas. Thus, Thiemens attributes the 16O variations in CAIs and chondrules to
their formation from solids that condensed from a gas in the solar nebula that had been enriched in 16O by a chemical
process.

What fascinated me about the oxygen isotopic mystery was that neither Robert Clayton's model nor Thiemens' model
appeared to be completely consistent with our ideas about the origins of CAIs. Clayton's model attributes the 16O-rich
nature of CAIs solely to presolar solids, whereas Thiemens' model attributes them solely to solids that condensed from
solar nebula gas. Yet the properties of CAIs suggest that both mechanisms were involved. Analyses of rare-earth
elements in some CAIs suggest that they condensed from solar nebula gas, contrary to Clayton's oxygen model, which
excludes any nebular condensates of oxides of calcium, aluminum, and silicon from meteorites. A few rare CAIs (a
subset of so-called FUN CAIs) appear to have formed as simple evaporative residues of presolar solids, contrary to
Thiemens' model.

New Ideas

Sasha Krot and I suggest that there is only one plausible reason why solar nebula condensates and evaporative residues

of pre-solar dust could be similarly enriched in 16O. Condensation must have occurred in a region where the gaseous
oxygen was dominated by oxygen from evaporated 16O-rich pre-solar dust. This could have happened if the dust was
concentrated relative to nebular gas before the dust was evaporated. Dust concentration prior to evaporation is commonly
invoked to explain certain chemical features of suspected nebular condensates but seldom to explain isotopic effects.
With a few plausible assumptions about the composition of the interstellar components, a simple model shows that CAIs
could have condensed from a gas formed by enriching dust relative to solar nebula gas by factors of ~10-50 or more.
Chondrules require lower enrichment factors of 1-5.

We know that dust was concentrated relative to gas in the solar nebula and that rocky material was vaporized, but we
don't know how and where. Pat Cassen at NASA Ames Research Center has proposed that dust was enriched relative to
gas and vaporized as it fell into a hot region of the solar nebula. He calculates that a region extending well beyond the
current orbit of Mars was so hot that almost all rocky material in it was vaporized. One problem with this model is that
it is difficult to see how CAIs could cool rapidly in hours after they formed at high temperatures.

A second model for explaining how solids were vaporized to form CAIs and chondrules has been developed by Frank
Shu and his colleagues at the University of California at Berkeley [See PSRD article: Relicts from birth of the Solar
System.] In their model, which was initially developed to explain the formation of bipolar jets around accreting stars, the
solar nebula is not hot enough to evaporate rocky material except at the innermost edges, close to the young Sun (well
inside Mercury's current orbit). In this region, the nebular gases are dragged into the young Sun by its magnetic field
leaving solid residues accumulating at the midplane. According to Shu and colleagues, thermally processed grains--
including chondrules and CAIs--were periodically hurled back to the outer regions of the solar nebula by a so-called x-
wind.

http://www.psrd.hawaii.edu/Mar01/relicts.html
http://www.psrd.hawaii.edu/Mar01/relicts.html
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Chondrules and CAIs may have been formed at the innermost edge of the disk close to
the young Sun and been hurled outwards by the x-wind to cooler regions where they
accreted. The oxygen isotopic anomalies in extraterrestrial materials probably result from
thermal processing of 16O-rich interstellar dust and 16O-poor nebular gas close to the
Sun.

We suggest that the innermost edge of the solar nebula is a more plausible location for generating the 16O variations in
chondrules and CAIs than the one proposed by Cassen because it provides an environment where CAIs (and chondrules)
might cool rapidly--in hours. An 16O-rich gas would have formed if 16O-rich solids spiralled inwards and accumulated
at the midplane close to the young Sun after the nebular gases were dragged into the Sun. Evaporation of these solids
during a sudden burst of energy from the Sun could have generated 16O-rich gas. The idea that chondrules and CAIs
formed very close to the Sun and not in the asteroid belt is a new concept, which has not been embraced by many
meteorite researchers. However, certain chondrules in metal-rich chondrites discovered by Sasha Krot and coworkers
have properties consistent with their formation close to the sun. [See PSRD article: Relicts from birth of the Solar
System.]

If these ideas about the origin of the oxygen isotopic anomalies are supported by additional modeling and astronomical
observations of young stars, we may have a plausible framework for understanding how chondrules and CAIs were
formed and accumulated into asteroids, and planets. However, there will still be much to do to understand the life story
of the oxygen atoms from their birth in stars and their transport in interstellar grains, chondrules, and CAIs into planets.
Measurements of the oxygen isotopic composition of the Sun are unlikely to settle the oxygen isotope mystery because
predictions of the two models overlap considerably. But measurements on the dirt and ices in comets and the moons of
outer planets should help to solve it.

Newly added related article: Taylor, G. J. (2010) New View of Gas and Dust in the Solar Nebula." Planetary
Science Research Discoveries, <http://www.psrd.hawaii.edu/Aug10/gas-dust-Oisotopes.html>.

Cassen P. (2001) Nebular Thermal Evolution and the Properties of Primitive Planetary Materials. Meteorit. Planet.
Sci., 36, 671-700.

Clayton R. N. (1993) Oxygen Isotopes in Meteorites. Ann. Rev. Earth Planet. Sci., 21, 115-149.

Genesis Mission - to obtain samples of the solar wind.
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