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Isotopic Research Related to the Origin of the
Solar System
Peter Bochsler

Introduction

Until a decade ago it was generally assumed
that the solar system has condensed from a
hot. homogeneous nebula. Elemental
heterogeneities as found between different classes
of meteorites were interpreted as
consequences of local elemental fractionation
within the nebula following the onset of
condensation. Some isotopic heterogeneities in
meteorites, such as '-'Xe-anomahes originating

from the decay of !-9l (14-,15.7 • lO y).
could be explained to be variations in
time elapsed between the last nucleosynthet-
ic event and the solidification of the different
fragments. All investigations for other
isotopic heterogeneities, due to incomplete mixing

of the solar nebula, had led to the
conclusion, that the solar system material
was indeed well mixed at least to the It«
level.
In the beginning of the last decade this view
of the history of" the early solar system was
gradually changed: Black (1972) argued that
the isotopic pattern of neon as observed in
stepwise heating experiments on the Orgueil-
meteorite could be due to an admixture of an
'extrasolar component' rich in a-|sle. in the
following called 'Neon-E'. Clayton et al.
(1973), on the other hand, found that oxygen
in meteorites and lunar samples could not
simply be explained by fractionation of an
originally homogeneous reservoir but rather
by fractionation and variable admixture of a

component rich in u,0.
In the following Lee et at. (1976) investigated
several inclusions in the Allende-meteorite
which were considered to be early condensates

from the solar nebula and found anomalies

of 26Mg correlated with the aluminium
content of the samples. They could convincingly

interpret this anomalv to be due to
'fossil' 26A1 (Ti/;.=z0.72-lO6 "y) which had
been incorporated into their samples before

decay. From this Lee et al. (1977) could
conclude that the inclusions of Allende must
have been formed only a few million years
after a nucleosynthetic event which
produced 26AI.
Since 1977 isotopic anomalies have been
found in many other chemical elements.
More recent reviews have been given by
Clayton (1978) and by Wasserburg et aï.

(1980).
The following short review will be limited to
the cases of four elements: Hydrogen, nitrogen.

neon, and magnesium. In this context
we discuss some consequences of recent
discoveries for our understanding of the early
history of the solar system.

Deuterium

The solar wind is thought to reflect quite
closely isotopic ratios in the outer convective
zone of the sun and hence, except for the
light elements Li and Be. the composition of
the sun at the time of ignition of nuclear
burning. Also deuterium does not survive the
temperatures at the bottom of the convective
zone and is converted to 3He.
From the isotopic ratio 2He/4He in the solar
wind as determined with the Apollo foil
experiments (Geiss et al.. 1972): Geiss and
Reeves (1972) could set a firm upper limit to
the deuterium content of the primeval sun.
The best estimate for the D/H-ratio in the
early sun is now 2.0-10 5 (Geiss and Bochsler.

1978). As can be seen front figure 1. the
solar value agrees well with the one for
interstellar atomic hydrogen (York and
Rogerson, 1976 and Vidal-Madjar et al.,
1977) and possibly for Jupiter which is
controversial (Combes et al.. 1978; Trauger et al..
1977). On the other hand, the solar value is
well below the terrestrial and the meteoriti-
cal values. Special fractions of the Chainpur

92



Fig. I.
Compilation of deuterium
abundances in the solar
system. (See text for refer-,
é trees .J
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und Renazzo meteorites still show much
stronger deuterium enrichments relative to
the primordial solar composition (Robert et
al., 1979: Kolodny et al., 1980).
The information on the primeval D/H-ralio
in the sun is of special importance for modeling

the 'big-bang'. It poses limits to the
present baryon density /% and hence the
deceleration parameter q0, pn derived from
the D/H-value in the early sun and the
interstellar gas is compatible with densities
derived by other methods, leading to the
conclusion that our universe is open.
Geiss and Reeves (1981) have pointed out
that the strong enrichment of deuterium
relative to normal solar hydrogen as
observed in the Chainpur and Renazzo meteorites

cannot be due to equilibrium reactions
nor to kinetic effects since temperatures
below 200 K would have been required to
produce such large isotopic shifts. At such
low temperatures the equilibrium time
would be of the order of 1030 years. Geiss
and Reeves (1981) therefore suggest that the
enrichment has taken place in a similar way
as postulated for the strong deuterium
enrichments observed in molecular clouds, i.e.
via ion-molecule reactions which would
proceed at a sufficiently fast rate. It is not
clear whether the presence of strong D-en-
richments in the organic fractions of
carbonaceous meteorites and also in terrestrial
hydrogen excludes the possibility that all

solar system material had been heated to
temperatures above 2000 K, disrupting existing

molecules, previous to formation of the
planetary bodies. This conclusion will arise
later from different observations: however,
as indicated in the introduction, the formation

of the solar system most probably was
completed within a few million years while
the lifetime of molecules in clouds might be
of the order of 107 years:, which would leave
some more time for D-enrichnient. At present

it looks more likely that the organic-
matter in Chainpur and Renazzo has
survived the process of formation of the solar
system and is a witness of the existence of the
presolar molecular cloud.

Nitrogen

In the previous section we have shown that
deuterium anomalies in the solar system are
entirely due to chemical and not to nuclear
effects.
In a recent paper (Geiss and Bochsler. 1982)
we have investigated evidence for the presence

of an anomaly in the isotopic composition

of nitrogen in different planetary bodies
and the sun. Our motivation for this study
was the ongoing discussion on the question
whether the isotopic composition of nitrogen
at the solar surface has changed by 30%
during the history of the sun or not: Kerridge
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(1975) discovered a strong anticorrelation of
the 15N/l4N-ratio in surface implanted nitrogen

in lunar soil with the cosmic-ray
produced 2,Ne in the soil. It was already known
before, that most of this surface implanted
nitrogen (as an element) must be due to the
solar wind. Clearly the observed anticorrelation

of l5N with 2lNe could not be the

consequence of spallation produced ,5N in
lunar soil since then one would rather expect
a correlation. Kerridge (1975) explained this
correlation as evidence for a secular increase
of the t5N/,4N-ratio in the solar wind by
approximately 3Q$ during the last 4- 1 (>

years, Becker and Clayton (1975) suggested
another explanation for the apparent secular
change in the isotopiccomposition of surface
implanted nitrogen: They attributed the
secular change to a varying admixture of a

second component with a low lsN/,4N~ratio
which was emanating from the lunar
interior. However no trace of such a

component in lunar rocks was found and this
hypothesis was abandoned. Despite the
difficulty to explain a secular increase of the
15"N/14N-ralio in the outer convective zone of
the sun by nuclear reactions at the solar
surface this remained the most favoured
hypothesis.
In our paper (Geiss and Bochsier. 1982) we
have reassessed the evidence against nuclear
production of "N and destruction of l4N at
the solar surface and provided several
further arguments against it. We conclude that
the apparent secular trend in the isotopic
composition of nitrogen trapped in lunar
soils must be due to an admixture of a

component of light nitrogen £ - 400%«)*)
from a source with decreasing yield
during the age of the regolith. Evidence
for such a component is found in some
meteorites: If one assumes the hypothesis of
a secular increase at the solar surface to be

true, one is led to the conclusion that solar
nitrogen, and hence the bulk of the solar
system nitrogen consists of a light isotopic
mixture. According to our explanation
however, bulk solar system nitrogen is a

heavy isotopic mixture. This idea is support-

J We here use the 'delta-notation':

<p}jsi 'bN/l4xiWaK>iw ic)oo%o "sample (15N/14N)ajr
1UUU/O0

ed bv the fact that the class of meteorites
which is least depleted in volatiles, the
carbonaceous chondrites of class 1, contain heavy
nitrogen (<)I5N S + 40%«). Meteorites
depleted in volatiles tend towards lighter
nitrogen. It appears that the postulated anomalous

light component is ubiquitous in the
solar system and could possibly also be used

to explain the difference between the nitrogen

composition of the sun and the terrestrial

atmosphere. Principally it is possible,
that the anomalous light component could
have been depleted in l4N by kinetic effects
from an originally heavier component. In
our paper we favour the idea that this light
component stems from a different nueleosyn-
thetic process and was incorporated into
refractory phases.

Neon

When Black and Pepin (1969) investigated
neon in carbonaceous meteorites by the stepwise

heating technique they found that
always one component released at 1()00°C

was enriched in -Ne relative to 2nNe and
other temperature steps by factors up to 3.

Black (1972) postulated that an extrasolar
component - in the following called
•Neon-E" - must be present in carbonaceous
meteorites. This hypothetical component
should be rich in "Ne and it should be

concentrated in a special mineral phase
which releases neon at about 1000°C. Eber-
hardt (1974) succeeded to isolate a Ne-E rich
carrier phase from the Orgueil carbonaceous
meteorite. Since then, the upper limits for

and 2lNe-contents of Ne-E have been

steadily lowered by further improvement of
the experimental techniques. This is illustrated

in a logarithmic three-isotope plot
(figure 2) taken from Jungck and Eberhardt
(1979). From this diagram it is evident that a

component consisting essentially of pure
(>99%) "Ne must be present in Orgueil.
Eberhardl et al. 1979a.b) have shown that
there are at least two carriers for Ne-E. This
is shown in fig.3 taken from Eberhardt et al.

(1979b): The first carrier has a density of less

than 2.3 g/cm3. It releases Ne-E at temperatures

below 900 °C and is poor in target
elements for cosmogenic cosmic ray
produced) neon such as Mg. AI. and Si, as can
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m iDifïereniial gas release
observed for three density
separates from Orgueil.
Shown are the absolute
amounts of gas released
per "C of temperature
increase. and the areas in
the histograms correspond

to the gas
concentrations.

(From Eberhardt et al.
1979a)
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be derived from ihe low concentration of
spallogenic 21Ne. The second carrier has a
density between 3.15 and 3.45 g/em\ It
releases Ne-E at temperatures above 900 °C
and must contain some target elements for
cosmogenic Ne. More recently Jungck et al.
(1981) have provided strong evidence that
the heavier carrier is. or must be closely
attached to apatite. The fraction G5f-2 also
contains some olivine which could provide
the target elements for cosmogenic neon as
visible in figure 3 (Eberhardt et al.. 1981

Origin of Neon-E

Clearly. 22Ne in such a degree of purity as
obtained by Jtingck and Eberhardt (1979)
cannot be produced by fractionation of solar
neon: If we assume Rayleigh distillation with
a fractionation factor of (1 - y m:L7m7ri this
would require a depletion of neon by a "factor
10 63 in order to obtain the necessary
concentration of "Ne. The incorporation of
Ne-E into the samples is still not understood,
particularly the fact that apatite might be
one of the carriers is puzzling: As Eberhardt
et al. (1981) point out, "Ne can be produced
by reactions of «-particles with l9F, Unfortunately

the cross section for this reaction is not
known. By the stepwise heating technique we
have investigated neon in an almost pure
fluorapatite which contained approximately
3.4 weight percent F. The sample investigated

contained a sizeable amount of Th and U
which produced a large concentration of 4He.
The neon data plotted in a conventional
three-isotope plot (Fig. 5) indicate the presence

of three components: The first
component, being essentially atmospheric neon
with 2()Ne/"Ne 10 is released at temperatures

below 600 °C. The second component is
enriched in ?2Ne and contains also some
2,Ne. The third is enriched in 2lNe and 22Ne.
The first component can be interpreted as
atmospheric neon in small inclusions or
dissolved in the crystal lattice, the second
component is probably the result of the reactions
of «-particles from the U/Th-decay with
fluorapatite. The third might be due to
irradiation of a second unidentified mineral with
a lower F/O-ratio than in fluorapatite present

in the sample. From our measurement
we can derive a production ratio for 21Ne/

"Ne in fluorapatite of 0.030. Related to the
abundances of lsO and |,!F this would give a
cross section ratio (integrated over the spectrum

of «-particles from U/Th-decay) of 1.5
close to the value of 1, assumed by Eberhard!

et al. (1981).
Since the "Ffa.npNa reaction has a higher
coulomb-barrier and a higher threshold
energy than 180(«,n)2lNe, assuming a steeper
energy spectrum of «-particles would even
increase the 21Ne/22Ne-production ratio.
Thus we are probably on safe ground if we
conclude that Ne-E in apatite was not
produced by irradiation of this mineral with
energetic «-particles. There are two more
arguments against this: As Eberhardt et al.
(1981) point out. no evidence for excess 4He
is found in their samples. In addition, in any
astrophysical environment which generates
energetic «-particles one would also expect a
certain amount of energetic protons. This
would then produce spallogenic argon from
calcium. In G5f Eberhardt et al. (1981) find
only 1.2-10 8 cm3 spallogenic 38Ar. If G5f is
essentially apatite, this amount could be
produced within 106 years by irradiation with
galactic cosmic rays (Bochsler et al., 1969).
This has to be compared with the exposure
age of 107 y determined by Jeffery and
Anders (1970). Obviously there is no room
for additional irradiation. Therefore Eber-
hardt et al. (1981) conclude, that Ne-E was
most likely incorporated in interstellar grains
in the form of 22Na. Since 22Na has a half-life
of only 2.6 years this incorporation must
have taken place very soon after production
of22Na.

Extinct Al-26

Schramm et al. (1970) have investigated several

feldspar samples of meteorites, in which
extinct ,29I (Tl/2 pi 15.7• lO y) had been
found before, for extinct 2ftAl (T|/:, 0.72-lO
y). No trace of this isotope was found and the
authors concluded that 26AI could not have
been important as heat source in parent
bodies of meteorites at the time of solidification

of feldspar. After the discovery of
anomalous oxygen in carbonaceous chondrites
by Clayton et al. (1973) and after the finding
of minerals considered to be 'high temperature

condensates' in the Allende meteorite it
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appeared to be worthwhile to investigate
these minerals for extinct 26A1. despite the

previous experience with other meteorites.
Subsequently Lee et al. (1976) discovered a

strong correlation of excessive 2ftMg with the

Al/Mg ratio in Several inclusions. It was
obvious at once that not all inclusions fell on
the same isochrone as can be seen in figure 5

which is taken from Lee et al. (1976). In the
following. Lee et at. (1978) could show that
in one single chondrule from Allende,
coexisting mineral phases provided an isochrone
with an initial 26Al/2,Al-rutio of
(5.1 ± 0.6)- 10 5. Lee et al. (1978) could
therefore exclude the possibility that the
isochrone was the result of a mixture of two
phases with different amounts of inherited
2çMg excess and came to the conclusion that
»AI must have decayed in situ. It should be

mentioned however, that not all early
condensates of Allende contain fossil »AI. Lee et
al. (1979) discovered a hibonite inclusion
(CaAl,2Oi,) with Ca-anomalies but no trace
of extinct »AI. The authors point out that the
question of the relation of 2"A1 with other
nuclear anomalies is still open.
Nevertheless two conclusions can be drawn:
»AI can again be considered as an important
potential heat source for planetary bodies.

Secondly, the formation of the solar system
must probably have started within a few
million years after the last nucleosynthetic
event.

Conclusions

The observations by Lee et al. (1976. 1978),
that the formation of the solar system took
place only within a few million years after
the last nucleosynthetic event, strongly
supports present ideas on the close relation of
nucleosynthesis and star formation. It is now
generally accepted, that stars form within
clusters. An initial trigger for the onset of
star formation in a dense molecular cloud
might be the passage through a galactic
spiral density wave. Massive stars can
contribute in two ways to the sequence of the
following events: First, by formation of H II-
regions and possibly by supernova explosions

they can fragment the molecular cloud
in which they have been formed (Silk. 1979)
and hence propagate star formation. Second¬

ly: Supernovae explosions inject freshly syn-
thesized material into the protostellar gas.
Such a last injection might have also
contained 56A1. although MA1 could as well have
been produced in a red giant (Norgaard,
1980). Another piece of evidence for the
close relation of star formation and
nucleosynthesis has been given by Reeves and
Johns (1976) who showed that nucleosynthesis

occurs in bursts which can be correlated
to the passage of galactic spiral density
waves through the galactic medium.
The survival of some Volatile anomalies such

as Ne-E requires that the anomaly-bearing
grains have not been heated to temperatures
above 1200 K. Thus we should expect that
these grains, after their formation, could not
have been exposed to strong heating of nearby

massive stars or near supernovae explosions.

We expect that the life expectancy of a

dust grain in the environment of star formation

can only be rather short so that only a

very limited number of nucleosynthetic
sources for Ne-E can be involved. It could
therefore well be that in our view the importance

of nucleosynthesis of refractory anomalies

such as »AI. in the era shortly before
formation of the solar system is exaggerated
due to the preferred survival of anomalies in

re frac tory e lement s.

Theory of star formation shows that the

presence of dust grains in collapsing molecular

clouds is important, since grains are the

most efficient cooling agent at temperatures
of a few hundred K. thus keeping the
collapse going on. The presence of volatile
anomalies shows that grains indeed have
been around during star formation and
could even survive the initial stages of star
birth.
The presence of »AI is of enormous importance

for heat generation within planelesi-
mal bodies. As Lee et al. 1977) have pointed
out. as soon as bodies of a few 100 km are
formed, the heat generated by the decay of
-AI can bring temperatures in the interior of
such a body to several thousand degrees.
This might cause disruption of smaller
bodies or segregation of different phases in

larger bodies where the interior gravitational
field is sufficiently strong to keep viscous
melts moving.
Unsegregated large bodies can only form if
they incorporate little or no 26AI, i.e. if they
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form practically without Al (and other
refractory elements) or late 107 to 10s y after
synthesis of ~('A1).

Many questions remain unsettled, one of the
most intriguing problems is the lack of correlation

between many anomalies. It appears
that e.g. the neon anomaly is decoupled from
all the other anomalies except maybe xenon
and krypton. On the other hand there is a

clear clustering of anomalies in refractory
elements in some inclusions of the Allende
meteorite. As pointed out earlier, the
distribution of anomalies is not uniform in these
inclusions. It appears that the early solar
system was chemically and isotopically
heterogeneous and contained many distinct
reservoirs which themselves result from
incomplete mixing of different nucleosynthetic
products. Clearly, the field of nuclear and
chemical anomalies in the solar system will
continue to evolve rapidly in the next years,
some of the questions raised will be solved,
many new questions will be open.
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Abstract

A decade ago it was generally accepted that
the solar system has condensed from a chemically

homogeneous cloud and that the cloud
material has been heated to temperatures
above 2000 K shortly before the formation of
the bodies of the solar system. Recent
investigations in the field of isotopic research have
demonstrated that this picture no longer
holds: Many chemical elements in planetary-
bodies contain isotopic anomalies, showing
that matter has not been completely homo¬

genized previous to formation of the solar
system. In the case of some elements we
show some implications of the recent
discoveries on our understanding of the early
history of the solar system.
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