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ABSTRACT

The isotopic and elemental abundances of noble gases in the solar
system are investigated, using simple mixing models and mass-spectrometric
measurements of the noble gases in meteorites and terrestrial rocks and
minerals.

Primordial neon is modeled by two isotopically distinct components
from the interstellar gas and dust. Neon from the gas dominates solar neon,
which contains about ten times more 20Ne than 22Ne. Neon from the dust is
represented in meteorites by neon-E, with 20Ne/zzNe less than 0.6. Isotopic
variations in meteorites require neon from both dust and gas to be present.
Mixing dust and gas without neon loss generates linear correlation lines
on three-isotope and composition-concentration diagrams. A model for solar
wind implantation predicts small deviations from linear mixing, due to pref-
erential sputtering of the lighter neon isotopes.

Neoq in meteorites consists of galactic cosmic ray spallation neon
and at least two primordial components, neon-E and neon-S. Neon was mea-
sured iﬁ several metéorites to investigate these end-members. Cosmogenic
neon produced from sodium is found to be strongly enriched in 22Ne. Neon
measurements on sodium-rich samples must be interpreted with care so not to
confuse this source of 22Ne with neon-E, which is also rich in 22Ne.

Neon data for the carbonaceous chondrite Mokoia show that the end-
member composition of neon-S in meteorites is 20Ne/22Ne = 13.7, thé same as
the present solar wind. The solar wind composition evidently has remained
constant since before the compaction of Mokoia.

Ca, Al-rich inclusions from the Allende meteorite were examined for

correlation between neon-E and oxygen or magnesium isotopic anomalies.

2 ; : ;
2Ne and 36Ar enrichments found in some inclusions are attributed to cosmic-—
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ray-induced reactions on Na and Cl, not to a primordial component. Neon-E
is not detectably enriched in Allende.

Measurements were made to determine the noble gas contents of var-
ious terrestrial rocks and minerals, and to investigate the cycling of noble
gases between different terrestrial reservoirs. Beryl crystals contain a
characteristic suite of magmatic gases including nucleogenic 21Ne and 22Ne
from (a,n) reactions, radiogenic 4OAr, and fissiogenic 131-136Xe from the
decay of K and U in the continental crust. Significant concentrations of
atmospheric noble gases are also present in beryl.

Both juvenile and atmospheric noble gases are found in rocks from

the Skaergaard intrusion. The ratio 40Ar/36Ar (corrected for in situ decay

of 40K) correlates with 6180 in plagioclase. Atmospheric argon has been
introduced into samples that have experienced oxygen—isotope exchange with
circulating meteoric hydrothermal fluids. Unexchanged samples contain
juvenile argon with 40Ar/36Ar greater than 6000 that was trapped from the
Skaergaérd magma.

Juvénile and atmospheric gases have been measured in the glassy
rims of mid-ocean ridge (MOR) pillow basalts. Evidence is presented thét
three samples contain excess radiogenic 129Xe and fission xenon, in addition
to the excess radiogenic 4OAr found in all samples. These juvenile gases
are being outgassed from the upper-mantle source region of the MOR magma.
No isotopic evidence has been found here for juvenile primordial noble
gases accompanying the juvenile radiogenic gases in the MOR glasses. Large
argon isotopic variations in a single specimen provide a clear indication
of the late~stage addition of atmospheric argon, probably from seawatef.

The Skaergaard data demonstrate that atmospheric noble gases dis-

solved in ground water can be transferred into crustal rocks. Subduction
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of oceanic crust altered by seawater can transport atmospheric noble gases
into the upper mantle. A substantial portion of the noble gases in mantle-
derived rocks may represent subducted gases, not a primordial component

as is often assumed.
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CHAPTER 1. INTRODUCTION



In this thesis several aspects of the problem of the origin
and’distribution of noble gases in the solar system will be examined.
The volatility and chemical inertness of the noble gases determine the
nature of their occurrence. In the sun and giant planets, predominantly
gaseous objects, the combined abundance of all the noble gases is
high, at 1éast several percent by number. In dominantly solid objects
such as the terrestrial planets and meteorites, the noble gases are
vefy rare, constituting roughly one part per billion. As a result of
thelr very low abundance in solids, the noble gases can be uniquely
used to study the products of a variety of nuclear reactions that
cannot be probed with other eleﬁents because of the extremely low
concentrations of the reaction products. A good example 1s cosmic fay
spallation reactions in meteorites and lunar samples. The study of the
noble gases is at times simplified by their chemical inertness. For
example, in natural fluid circulation systems, noble gases, unlike
other elements, cannot be removed from the system by chemical reaction.
Thus the gases will be more nearly conserved quantities when outflux
is compared with influx.

The thesis text is divided into four main parts; Chapter 1, an
introduction, Chapter 2, a compilation of solar system noble gas
abundances, Chapter 3, a study of noble gases in extra-terrestrial
materials, Chapter 4, an investigation of terrestrial noble gases. In
this introductory chapter, we review sources and reservoirs of noble
gases in the solar system, and some of the terminology used to describe
different noble gas components. A brief history of the discovery and
identification of the noble gases on the Earth and in astronomical

objects is given at the end of this section. Chapter 2 1s a compilation



of known elemental and isotopic abundances of the noble gases in
various objects in the solar system. Striking differences are evident
among the various reservoirs, and will be briefly described. Chapter 3
is devoted primarily to an investigation of the origin and distribution
of neon in the solar system. Included in this chapter is a summary of
measurements of the neon and argon contents of several meteorites
carried out in the course of research of this thesis. In Chapter 4,

we examine the occurrence and transport'of noble gases on the Earth.
This discussion is based on new measurements made of the noble gases

in rocks and minerals from the crust and upper mantle. Appendices A
and B contain coples of published papers and manuscripts submitted for
publication that describe in detail the new meteorite and terrestrial
noble gas data.

The five stable noble gases helium, neon, argon, krypton, and
xenon comprise a total of twenty-three stable iéotopes (Table 1-1). All
naturally occurring isotopes of radon are radioactive. Within the
solar system, noble gases have been detected in the objects listed in
Table 1-2. Noble éases have been identified in the solar atmosphere
by both ground-based spectroscopy and rocket or satellite-based
measurements. Except for the Earth, all observations of noble gases in
Planetary atmospheres have been obtained with the aid of spacecraft.
Noble gas contents of the Earth's atmosphere, surface samples from the
moon and the Earth, and of in-falling meteorites and interplanetary
dust have been measured by laboratory mass~—spectrometry or residual gas
analysis. Noble gases have also been detected in a variety of objects
outside the solar system, including O and B stars, novae, planetary

nebulae, and HII regions (ionized interstellar gas) both in our galaxy



Table 1-1. The noble gases in nature.

Noble Atomic Stable

Gas Number Isotopes

He Z=2 3He,AHe

Ne 7=10 e ice, “ote

Ar Z=18 36Ar,38Ar,40Ar

Kr Z=36 78Kr,80Kr,82Kr,83Kr,84Kr,86Kr

e 7=54 ‘ 124Xe’126Xe,128Xe’129x€,130Xe’131Xe’132Xe,134Xe’136Xe
Radioactive
Isotopes1

Kr z=36  Slkr(2x10°y)2

Rn z=86  “oRn(3.95)> 2%0Rra(558)* 22%Rn(3.84)°

1Half-—life in parentheses.

2Found in meteorites and lunar samples; product of cosmic-ray irradiation.
3Also known as actinon. Produced during 235U decay chain.

4 232T

Also known as thoron. Produced during h decay chain.

5Produced during 238U decay chain.
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Table 1-2. Stable noble gases detected in the solar system.

Sun He (chromosphere)

He,Ne,Ar (corona)

Planets
Mercury He (atmosphere - Mariner 10)
Venus Hé,Ne,Ar (atmosphere - Venera 9412; Pioneer-Venus)
Earth He,Ne,Ar,Kr,Xe (atmosphere)
He,Ne,Ar,Kr,Xe (surface samples)
Moon He,Ne,Ar (atmosphere - Apollo)
He,Ne,Ar,Kr,Xe (surface samples - Apollo)
Mars Ne,Ar,Kr,Xe (atmosphere - Viking)
Jupiter He (atmosphere - Pioneer 10)
Meteorites He,Né,Ar,Kr,Xe

Interplanetary Medium

Dust He,Ne,Ar
Solar Wind He,Ne,Ar (Apollo; spacecraft)
Solar Cosmic Rays - He,Ne (spacecraft)

Galactic Cosmic Rays He,Ne,Ar (spacecraft)



' abundances of

and in other galaxies. Average, or so-called "cosmic,'
He, Ne, and Ar determined from these astronomical objects are listed in
Table 1-3. The light noble gases are comparatively abundant in the
cosmos. He is the second most common element, while Ne is the sixth,
following H, He, C, N, and 0. Although the cosmic abundance pattern

of Table 1-3 is not typical of all astronomical bodies (cf. Trimble,
1975), it does present a surprisingly good picture of the noble gas
abundances in many objects, and is a useful reference composition.

To avold any possible confusion, it is useful to define
explicitly several terms dealing with isotopic compositions. A
preferred isotopic composition is an empirically defined composition
found to recur frequently in various samples. A preferred composition
may be an experimental artifact, and need not correspond to any actual
reservoir of gas in a sample. An isotopic component does correspond to
an actual or potential reservoir of gas within a geological or
astronomical object. A component is characterized either by a single
isotopic composition or possibly by a limited range of compositions. A
component is often the product of a single, well-defined process or
source. An end-member is an extreme composition of a series of mixtures.
An end-member composition may be observed, but not surpassed, in nature.
The term endpoint dis used to refer to the graphed point corresponding
to an end-member composition.

Noble gases in the solar system arise from a number of sources.
A large fraction of the solar system noble gases undoubtedly accompanied
the interstellar dust and gas from which the solar system formed some
4.5 billion years ago. The term Erimdrdial is used to designate these

initial gases. Other noble gases may be generated by nuclear reactions



Table 1-3. Cosmic abundances of noble gases; by number.

He/H(l) 0.1

Ne/u(? 1.2 x 1074

ar/u® 3.6 x 1070

e /(W 2x 10 @1.5x 107%®
xe/u®) &z 10709 .7 5 357196
He/Ne 800

Ne/Ar 32(3)

At/Kr (1800) ) (2400) (®

Kr/Xe G (9)®

D rrimble, 1975.

(Z)Ne/H is calculated from Ne/O = 0.23 (Aller and Czyzak, 1973; Kaler,
1978) together with O/H = 5 x 10_4 (Aller and Czyzak, 1973; Trimble,
1975) .

(3)Ar/H is calculated from Ne/H and Ne/Ar = 3243 (Kaler, 1978).

(4)

These values are derived by interpolation from neighboring element
abundances based on meteorites. Strictly speaking, therefore, these
are solar system abundances, but the general agreement of cosmic and
solar abundances (Trimble, 1975) suggests the interpolated values

should be representative of cosmic Kr and Xe abundances.

(5)
(6)

Marti et al., 1972.

Cameron, 1973.



within the solar system as it forms or during its subsequent evolution.
Isotopes arising from the spontaneous decay of radioactive parent
nuclei are called radiogenic. Important radiogenic noble gases are

4He from decay of U and Th, 40Ar from decay of K, 129Xe from decay of

short—-lived 1291 (t% =17 m.y.), énd 131*136Xe from spontaneous fission

of 238U or short-lived 244Pu (t% = 82 m.y.). In some instances,
radiogenic gases may become separated from their parent nuclides during
thermal metamorphism, phase changes, etc. If these gases are then
incorporated in a new host where they are not supported by in situ
decay, they are termed excess radiogenic gases. Isotopes produced in
other nuclear reactions may be grouped under the general label of
nucleogenic noble gases. An important example in extraterrestrial
samples are the spallogenic noble gases. These are the products of
spallation reactions (cf. Friedlander et al., 1964, Chap. 10) caused

by the exposure of the samples to high energy (~ 1-10 MeV) galactic

cosmic~ray protons. The contributions of spallogenic noble gases are

s anq s . 3. 21,. 38, 7 3
most visible at the rarer isotopes “He, Ne, Ar, and the lighter
isotopes of Kr and Xe. Additional noble gas isotopes including 36Ar,
80 82

Kr, Kr, and l28Xe may be produced by neutron capture from the
substantial flux of secondary neutrons generated by the cosmic ray
bombardment. Since spallation reactlons are properly only a subset of
the reactions induced by the cosmic rays, the term cosmogenic is used
to refer to the total spectrum of noble gases generated by the
bombardment.

A different source of nucleogenic noble gases are reactions of
the a-particles and neutrons emitted during the radioactive decay of

U and Th with the elements surrounding the active nuclei. For example,
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3He may be generated by 6Li(n,a)3H E 3He, neon isotopes by

20 21 B 22 38 3

17O(a,n) Ne, 180(a,n) Ne, 19F(a,n)zzNa > ““Ne, Ar by 5Cl(a,p)38Ar,

and 129Xe and 131

Xe by neutron capture on Te isotopes (Wetherill, 1954;
Cherdyntsev, 1961).

Noble gases may be subjected to a varlety of transport
processes that can result in systematic abundance changes among the

different gases or isotopes. Such changes are identified under the

general heading of fractionation effects, and are to be distinguished

from chemical or isotopic changes due to nuclear reactions or mixing
of components of different composition. Fractionation may be either
elemental, affecting the elemental abundances of the noble gases, or
isotopic. Examples of elemental fractionation processes include
adsorption, solution, and other processes depending on elemental
properties such as ionization potential, strength of Van de Waals
interactions, atomic radius, etc. Isotopic fractionation effects
arise predominantly through the differences in mass between isotopes.
Thermally~activated diffusion is an important process leading to
isotopic mass~fractionation of noble gases.

In meteorites, the expected isotopic compositions of both the
radiogenic and cosmogenic components of the noble gases can be fairly
accurately calculated given the chemical composition of the sample.
Thus it is often possible to subtract from the total noble gas content
the contributions made by these components--or to ilgnore the few
isotcpes where a correction cannot be safely made. In this way we
obtain information about the remaining noble gases in meteorites. The
isotopes of those noble gases which are not due to radiogenic or

cosmogenic processes are conventionally referred to by the neutral
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term "trapped" to avoid genetic implications of terms such as
primordial or fractionated. The term trapped can be extended to
describe the noble gases in any sample that have not arisen through
in situ processes.

In the terrestrial environment, noble gases may be classified

as either atmospheric or juvenile. The term juvenile is reserved for

gases that have never been cycled through the atmosphere. Juvenile
gases are further subdivided into primary juvenile and secondary
juvenile gases. Primary juvenile gases include those not now being
generated in the Earth, for example primordial gases, 129Xe from the

1291, and fission xenon from 244Pu. Secondary

decay of short-lived
juvenile gases include nucleogenic and radiogenic species formed by

the ongoing decay of U, Th, and K and other nuclear reactions.

The discovery of the noble gases was foreshadowed by
experiments performed in about 1785 by Henry Cavendish, in which he
removed the chemically active species from air and cbtained a gaseous
residue of about 0.837 of the whole (Holloway, 1968, and references
therein). We know now that this residue corresponds closely to the
fraction of argon in the atmosphere (0.93%), but Cavendish made no
attempt to characterize it further. Spectroscopic evidence for the
existence of a new element, helium, in the solar chromosphere was
obtained during the solar eclipse of August 18, 1868. The chemical and
physical characteristics of helium were, however, to remain unknown'for
about thirty years, until its discovery on the Earth. Not helium, but
argon was the first of the noble gases to be identified on the Earth

(Holloway, 1968; Rayleigh, 1968; Hiebert, 1963). Its chemical and
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physical characterization by Lord Rayleigh and Sir William Ramsay

(1895) led to the addition of Group O té the periodic table. The work
leading to the discovery of argon was initiated when Lord Rayleigh found
that nitrogen prepared from ammonia and other chemicals was consistently
about 0.57 less dense than nitrogen prepared from samples of air by
removal of oxygen, carbon dioxide, and water. Subsequent removal of

the nitrogen from the alr samples left a dense residue which Rayleigh
and Ramsay showed to be a previously unrecognized constituent of the
atmosphere, and which they named argon. Shortly after this discovery,
Ramsay (1895) found helium in the mineral cleveite (hydrated oxide of

U, Fe, and REE). Experiments soon showed that helium too was a
chemically inert gas (Ramsay and Collie, 1896). The remaining stable
noble gases neon, krypton, and xenon were discovered in rapid

succession in 1898 by Ramsay and Travers, using a technique of fractional
distillation of liquid air (Holloway, 1968). In 1904, Rayleigh was

awarded the Nobel prize in physics and Ramsay the prize in chemistry

h
)
{
‘]
)
3
D
3
X

he dilscovery of argon and the o
stable noble gases (Rayleigh, 1968, p. 313). Isotopes of the radioactive
noble gas radon were discovered in 1900, during investigation of the
radioactive decay of thorium and radium (Holloway, 1968).

An important theme underlying thils thesis is the information
obtained from the isotopic abundances of the noble gases in different
samples. The theory of isotopes originated in the early part of this
century during the study of the radioactive elements. It was developed
in response to the findings that several elements from different
radioactive series which differed in atomic weight were nevertheless

chemically and spectroscopically indistinguishable (Aston 1924, 1933,
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and references therein). The existence of isotopes among the stable
elements was first indicated during J. J. Thomson's positive ray
analysis of air in 1912. Thomson detected a weak signal at mass 22,
that varied in intensity in parallel with the neon line at mass 20
(Aston, 1924, Chap. III). In 1919, under the impetus of the question
of the complexity of neon, Aston devised a new method of positive ray
analysis, the mass-spectrograph, capable of much higher resolution and
accurate mass determination, with which he confirmed the existence of
2ONe and 22Ne. Measurement of the isotopes of the remaining noble gases
and other stable elements proceeded rapidly. By the end of 1922, all
the major isotopes of the noble gases were known (Aston, 1933, Chap. 1).
The most important exéeption was 3He, which because of its very low
abundance in air, about ].O-.6 that of 4He, was not discovered until 1939
(Alvarez and Cornog, 1939).

Little studied by chemists after the initial period following
their discovery, the noble gases have provided physicists many avenues
of fruitful research (Smith, 1971). A particularly important example
is the phenomenoﬁ of superfluidity exhibited by 4He. To the delight
of chemists, it has been discovered relatively recently that the noble
gases do form chemical compounds, typically involving fluorine
(Holloway, 1968; Hyman, 1963). Geologists have for many years taken
a rather proprietary interest in two selected isotopes of the noble
gases, 4He and AOAr, ever since the recognition that these products of
the radioactive decay of uranium, thorium, and potassium could be used
to date geological samples. Perhaps one of the first practical uses

|
found for helium, other than for inflating balloons, was as ammunition

in the dispute between,geologiéts and physicists over the age of the
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Earth (Holmes, 1913).

Following their discovery on the Earth, the noble gases were
sought in extraterrestrial objects. As indicated, helium had
previously been found in the flash spectrum of the solar chromosphere
seen during eclipse. The presence of helium outside the solar system

was shown by an observation of its yellow D, spectral line (5876 R) in

3
the visible spectrum of the Great Nebula in Orion (Copeland, 1886).
Neon was first identified in astrophysical objects in 1933, in the
forbidden line spectra of gaseous nebulae and novae (Boyce et al.,
1933) and in hot young O and B stars (Menzel and Marshall, 1933).
Spectral lines of argon were identified in nebular spectra by Swings
and Edlén and Boyce et al. in 1934, and in the spectrum pf the star

Y Pegasi by Underhill (1948). The presence of argon and neon in our
own sun was confirmed comparatively recently. Lines of highly

iénized argon were identified in the optical spectrum of the corona

by Edlén in 1942. The first lines of neon identified from the sun
were coronal ultraviolet resonance lines photographed by a rocket-born
spectrograph (Detwiler et al., 1961). Because of thelr comparatively
low abundances and high excitation potentials, krypton and xenon have
yet to be measured reliably in the spectra of astronomical objects

(Trimble, 1975).
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CHAPTER 2. COMPILATION OF SOLAR SYSTEM
NOBLE GAS ABUNDANCES



18

Data on the abundances and isotopic compositions of noble
gases in solar system materials have been collected from the literature,
and are summarized in this chapter. For convenience, all tables are
placed together at the end of the chapter.

Solar abundance determinations are listed in Table 2-1. Data
are available for the chromosphere, corona, solar wind, and solar cosmic
rays. The photospheric abundances cannot be measured spectroscopically.
The high first excitation potentials of the noble gas atoms preclude
them from radiating below chromospheric or coronal temperatures.

Present uncertainties in the solar noble gas abundances are about a
factor of two. The cosmic abundances for He, Ne, and Ar (Table 1-3)
are listed in the last column. The solar noble gas abundances are
not significantly different from the cosmic values.

In Table 2-2, noble gas abundances are given for the
atmospheres of terrestrial planmets, lunar samples, meteorites, and
interplanetary dust collected in the Earth's atmosphere. For the
planets, the values represent the abundances of each gas in the
atmosphere divided by the mass of the planet. Small concentrations
of He, and of He, Ne, and Ar have also been detected in the exospheric
atmospheres of Mercury (Broadfoot et al., 1974) and the moon (Hoffman
et al., 1973) respectively. Helium in roughly solar proportion to
hydrogen has been found in the atmosphere of Jupiter (Carlson and
Judge, 1976; Larson, 1977). Cosmic abundances are given at the bottom
of the table for comparison. In the first entry, "Total," the cosmic
noble gasrabundances are normalized to the total mass of all elements
including hydrogen. For the second entry, "Ice and Rock," only

elements heavier than helium were used for normalization. These
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comprise about 27 of the total cosmic- mass abundance. This second
normalization provides a more accurate comparison for the meteorite
and planet data, since these objects contain almost none of their
cosmic complement of hydrogen.

The tabulated noble gas data are most easily compared using
Fig. 2-1. The logarithm of the total elemental abundance is plotted
versus atomic charge Z. The observed abundances range over many orders
of magnitude. It can be seen that a dichotomy exists between the low
abundances of the noble gases on the Earth, the other terrestrial
planets, and meteorites, and the high cosmic abundances of these
elements in the sun, stars, and nebulae. Depletion factors for the
planets and meteorites range from roughly lO3 to 1013 for individual
noble gases,compared to the cosmic abundances normalized to the ice
and rock-forming elements.

The scarcity of the noble gases in the smaller planetary
objects is one of the main features of the distribution of noble gases
in the solar system. Even without reference to astronomical observations,
Aston (1924) realized that the terrestrial abundances of the noble
gases were unusually low. When compared to the average level of
abundances of the elements on the Earth, the noble gases appeared to be
deficient by at least six orders of magnitude. Aston attributed this
to their inability to form chemical compounds, rather than an inherently
low abundance in the cosmos. The first quantitative analysis of neon
and argon abundances in a planetary nebula (Page, 1936) confirmed that
the noble gases in the nebula were much more abundant relative to

oxygen than on the Earth.

A second important feature of solar system noble gases is that
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Figure 2-1. Noble gas abundances in solar system materials. Cosmic
abundance curve labeled "TOTAL" represents noble gas abundances
normalized to the sum of all elements including hydrogen. Curve
labeled "ICE + ROCK" reflects normalization to the sum of all
elements more massive than helium. Abundances for the planets
are obtained by dividing the atmospheric abundance of each gas
by the total mass of the planet. Noble gas abundances in the
planets, lunar samples, and meteorites are at least three orders
of magnitude lower than the cosmic "ICE + ROCK" abundances.
Detailed comparison of the curves shows that, compared to the
cosmic abundance pattern, the light noble gases are
systematically more depleted than the heavy noble gases in the

gas—-poor objects of the solar system.
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a dichotomy exists in the relative abundances of the gases as well as
in the absolute abundances. Ratios of the noble gas abundances are
tabulated in Table 2-3, using 4He, 20Ne, 36Ar, 84Kr, and 132Xe as
representative isotopes. It can be’seen for example that the relative
abundances among the gases in the Earth's atmosphere differ greatly
from the cosmic abundance pattern. The most diagnostic ratios are

8 :
36Ar/ 4Kr. Both ratios in the atmosphere are 60 to 70

20Ne/36Ar and
times lower tham the cosmic values. The lighter noble gases are
systematically depleted relative té the heavier. The comparatively low
helium abundance in the atmosphere is not significant, since helium is
not gravitationally bound to the Earth. Fractionated noble gas
abundance pétterns similar to the terrestrial one are also found for
the atmosphere of Mars, possibly for the atmosphere of Venus, and for

a component of the noble gases trapped in meteorites. Lunar soils and
some gas-rich meteorites show abundances intermediate between the
fractionated and cosmic values. As previously indicated, noble gases
in the solar wind and solar corona resemble the cosmic abundances
derived from other stars and nebulae. Signer and Suess (1963)
distinguished the two general abundance patterns, and proposed the
terms "solar'" and "planetary" for the unfractionated and fractionated
components respectively. Typical examples of each pattern are given

in Table 2-4. Here the abundances are normalized to 36Ar = 1

The atmospheric composition in the last row is seen to be close to

the planetary pattern as defined from meteorite samples.

The third important characteristic of noble gases in the solar

system is their wide range of isotopic composition. Isotopic data are
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summarized in Table 2-5. We have included primarily compositions for
trapped noble gases. The presence of cosmogenic and radiogenic
components causes very large additional isotopic variations in some
samples. The isotopic composifion of trapped helium varies by a factor
of about four. The low 3He/4He ratio in the Earth's atmosphere reflects
the addition of radiogenic 4He. Trapped neon compositions are highly

20

variable, especially in meteorites, where Ne/zzNe varies by a factor

36

of about 30. In contrast, trapped Ar/38Ar ratios differ only by

about 10%. The variations in 40Ar/36Ar are caused by the presence of

40 4

radiogenic AOAr. The primordial Ar/36Ar ratio is very low, < 5 x 10 7,
as determined from ureilite meteorites. Krypton isotopic variations
are relatively minor and have not been studied in detail. Trapped
xenon is more complex. Particularly notable is the difference between
xenon in the Earth's atmosphere and the average trapped xenon composition
in meteorites. The difference is approximately that of a 37 to 47 per
mass unit fractionation, but its origin is not understood.

Trapped noble gases of both the planetary and solar types
discussed above are present in meteorites. It has been found that
each is characterized by a distinct isotopic signature (Signer and
Suess, 1963). The differences are most striking for helium and neon

3He/l‘He varies by a factor of about three or four from

(Table 2-6).
planetary to solar gases, and neon by about 70%. In contrast, the
isotopic compositions of planetary and solar argon are indistinguishable.
More recently it has been discovered that the planetary trapped gases
are themselves isotopically complex (cf. Black and Pepin, 1969; Black,

1972b). The complexity is most marked for neon and xenon. The trapped

gases in meteorites are interpreted as comprising a sulte of
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isotopically distinct components. The number and possible origins of

these components will be discussed in Chapter 3.
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Table 2-1. Noble gases in the sun.(l)
Trimble
Ross & Aller (1975) Cameron (2) Cosmic
(1976) (Corona) (1973) Solar Wind (Table 1-3)

He/H 0.063 (CH,W) 0.080 0.070 (SCR) ~o.65 0.1
Ne/H 3.7x10° (C,W) 6.8x10 ° 1.1x10 % (SCR) 9.4x107° 1.2x10"’
ar/E 1x107% (c,w) 3x107®  3.7x107% (InT) 3.8%107° 3., 6x10™°
Kr/H - . 1.5x107° (INT) 2.5x10 > "
Xe/H . - 1.7x10 0 znry)  6.3x10710 -
D)

best.

cosmic rays

Ratios by number of atoms.

Uncertainty is about a factor of two at

CH = chromosphere W = solar wind C = corona SCR = solar

INT = interpolated.

(Z)He, Ne, Ar from Geiss (1973). He/H can be quite variable.

Kr,Xe estimated from lunar soil and gas-rich meteorites (Marti et al.,

1972).
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Table 2~2. (continued)

n.d. = not detected p = present

(1)

The number of atoms of each gas in the terrestrial atmosphere has

been divided by a) 5.98x1027

is 5.29x1021g, with a mean molecular weight of 28.97. Atmospheric He

g, b) 4.1x1027g. The mass of the atmosphere

and 40Ar are radiogenic gases outgassed by the planet (same for Mars and
Venus). The atmospheric composition is taken from the CRC Handbook of
Chemistry and Physics, 54th edition.

(z)Owen et al. (1977). Ne abundance from observed 22Ne concentration,
0.25 ppm volume, and assumed 20Ne/zzNe ratio of 10+3. Atmospheric mass
taken as 3.0x1019g, mean molecular weight 43.4.

(B)Preliminary Pioneer-Venus data. MS data from Hoffman et al. (1979)
and McElroy (priv. comm.). GC data from Oyama et al. (1979). Atmospheric
mass 4.7x1023g, mean molecular weight 43.4. Differences are unexplained
at present.

(A)Eberhardt et al. (1972). Soil data are averages of several size
fractions. Ilmenite data are for a 10 micron grain-size fractionm.
Lunar samples typically contain excess 4OAr implanted from the lunar

40

atmosphere with Ar/36Ar varying from about 0.1 to 10.

(S)Mazor et al. (1970), Black (1972b), Smith et al. (1978).

(6)gsbel et al. (1978), Mazor et al. (1970).
(7)

(8)

Black (1972a), Pepin and Signer (1965).

Heyrann (1971). He is predominantly radiogenic, as is 4OAr. Neon is

Predominantly cosmogenic.
(9)He measured by Rajan et al. (1977). Merrihue (1964) and Tilles (1966)

detected He, Ne, and Ar in magnetic concentrates from pelagic sediments.
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Table 2-2. (continued)
(lo)Noble gas abundances from Table 1-3. Abundances for other elements
used for mass normalization taken as solar, from Ross and Aller (1976)

and Cameron (1973).
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Table 2-3. Elemental ratios for trapped noble gases in solar system

materials
AHe/ZONe‘ ZONe/36Ar 36Ar/84Kr 84Kr/132Xe
TERRESTRIAL (1)

ATMOSPHERE (0.319) 0.523 48.6 27.6
MARS ATMOSPHERE ‘%) Bl ~ 0.5 ~ 31 41
VENUS ATMOSPHERE'®)  (~ 2) (~ 0.5-1) > 40 et
LUNAR SAMPLES(A)

12001 (soil) 49-87 5.180.7 1370490 6.24+0.3
12001 (Ilmenite) 253410 2745 15904150 7.940.7
METEORITES(A)
Carbonaceous 200 to 400 0.3 to 15 50 to 200 1.340.4
chondrites
(bulk)
Ureilites < 50 0.01 to 0.002 100 to 300 0.9 to 3
Other gas-rich 80 to 500 10 to 25 200 to 2300 2 to 8
meteorites
Ordinary n.d. <1 ~ 80 ~1.3
chondrites
SOLAR WIND(3) 570470 28149 n.d. n.d.
cosmrc ) 800 29 3700 17
(l)ZONe = 0.905 Ne; 84Kr = 0.57 Kr; 132Xe = 0.27 Xe. 4He in the

atmosphere is largely radiogenic.

(2)132Xe =~ (0,19 Xe based on 129Xe/l32X

e = 2.5 and otherwise normal
xenon similar to Earth atmosphere.
Geiss (1973).

For references, see notes to Table 2-2.

(3)
(4)
(5)

Isotopic compositions of Ne, Kr, Xe presumed similar to solar wind

or Earth atmosphere wvalues.



Table 2-4. Planetary, solar,
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and atmospheric noble gas components.

3He 2ONe 36Ar 84Kr l32Xe
"Planetary"
1 -3 _ -2 -2
CII 7x10 0.28 =1 1.25x10 1.04x%10
carbon T 0.21 21 .93x10”2  1.09x1072
"Solar"
solar wind3 6.8 28 = 1 = =
cosmic 1.9 40 =1 4.0x10—4 4.0)(10“5
- -2 -4
"Atmospheric" 2.33x10 7 0.523 =1 2.06x10 7.47x10

1Mazor et al. (1970), p. 811. CII chondrites.

2Phinney et al. (1976). '"Carbon" residues from carbonaceous

chondrites.
3Geiss (1973).

4Marti et al.

(1972) .

3He/l‘He assumed 1.2x10

4
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Table 2-5. (continued)

(l)Mamyrin et al. (1970) (He); Eberhardt et al. (1965) (Ne);

Nier (1950a) (Ar); Nier (1950b) (Kr, Xe); Podosek et al. (1971)
(Xe).
(Z)Phinney et al. (1976); Reynolds et al. (1978) (''Carbon," average for
3 meteorites); Srinivasan et al. (1977) ("1Cl," average for 4

meteorites); Eberhardt et al. (1979); Niederer and Eberhardt

(1977).
(3)

(4)

Podosek et al. (1971).

References as in Tables 2-2, 2-3.
(S)Frick and Moniot (1977).
(6)Krummenacher et al. (1961); Eugster et al. (1967).
(7)Pepin and Phinney (1979).

(8)40Ar in planetary atmospheres and lunar soils is almost entirely
radiogenic argon outgassed from the planets. The primordial

abundance of AOAr is very low, as can be seen from the ureilite

data.
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Table 2-6. Isotopic signatures of planetary and

solar noble gases.l

3He/AHe 20Ne/zzNe 36Ar/38Ar
planetary 1.2 x 10_4 8 L5 |
solar e 12.5 ko 13.7 5.3

lFor references, see Table 2-4.



41

CHAPTER 3. ORIGIN AND DISTRIBUTION
OF NEON IN THE SOLAR SYSTEM
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3.1 INTRODUCTION

In this chapter we examine the problem of the origin and
distribution of neon in the solar system. The composition of neon is
marked by large isotopic variations that cannot be readily explained by
isotopic mass fractionation, or by in situ nuclear proceéses. We assume
here that these variations reflect isotopic inhomogeneities in the-
primordial matter that formed the solar system. We take as a starting
point a simple model of the formation of the solar system from a
mixture of interstellar dust and gas. These two phases are presumed
to have been independent reservoirs of neon with distinct isotopic
compositions. Neon isotopic variations observed today are taken to be
the end result of mixing processes that combined different amounts of
neon from the gas and dust. Neon in the gas is assumed to have been a
single, homogeneous isotopic component. We will also assume that the
dust contained only one primordial neon component. In this case, the
model for primordial neon is a simple, two-component mixing model. We
use the terms '"gas-phase neon" and "dust-phase neon'" to distinguish
between the two primordial neon components. Our purpose in this
chapter is to determine the compositions of the primordial neon components,
and to try to deduce the nature of some of the mixing processes responsible
for the observed isotopic variability. During our investigation, we will
also attempt to determine if the simplest two-component model for
primordial neon can successfully explain the observed data. To accomplish
these aims, we will compare measured neon concentrations and isotopic
compositions to values predicted from simple mixtures of gas and dust
formed in various ways.

Evidence of the composition of primordial gas-phase neon may be
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found today in the sun. The sun is generally believed to be a
representative sample of the primordial gas and dust. The composition
of neon in the sun is thought not to have been changed by nuclear
reactions during or after the sun's formation. Based on the cosmic
abundances of condensable heavy elements in the sun, the average dust
to gas ratio in the starting material can have been no higher than
about 0.02 by mass. Unless the primordial neon content of the dust was
remarkably high, the isotopic composition of neon in the sun will have
been determined almost entirely by the composition of neon in the gas
alone. Most of the neon in the sun is 2ONe; about 107 is 22Ne. These
proportions represent the average primordial composition of the solar
mixture of dust and gas. The most economical way that addition of
neon from the dust to the gas could have changed the bulk 20Ne/zzNe
ratio of the mixture is for the added neon to have been pure 22Ne. If
half the 22Ne now in the sun came originally from dust grains, then
the average initial 22Ne content of the dust must have been roughly
1020 atoms per gram. This is several tenths of a percent by number of
all the atoms in the grains. We regard this high initial neon content
as extremely unlikely. For comparison,such a value is some 105 to 106
times higher than the highest 22Ne content found in gas-rich minerals
from primitive meteorites (Srinivasan et al., 1977). We therefore
presume that the present solar neon isotopic composition directly
reflects the composition of neon in the primordial gas. fhere is some
uncertainty about the actual isotopic composition of solar neon. We
will discuss this question in more detail later. For now we simply

state that the composition of neon in the solar wind appears to be the

best estimate for solar neon and hence for the primordial gas-phase.
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This isotopic composition is 20Ne/zzNe = 13.740.3 and 21Ne/zzNe =
0.03340.004 (Geiss, 1973).

Evidence of primordial dust-phase neon is most likely to be
found today in solid objects. In order for dust-phase neon to have
maintained its isotopic identity throughout the formation of the solar
system, it almost certainly must have remained trapped in the original
dust grains. Dust-phase neon outgassed into the primitive solar nebula
very likely will have been diluted beyond recognition by the abundant
gas—-phase neon. Neon outgassed after dispersal of the bulk of the
original nebula would not be as severely diluted. The density of neon
atoms in the residual nebula will be very much lower, however, and it
seems unlikely that noble gases could be retrapped at this late stage.
The most favorable scenario for survival of dust-phase neon is for
undegassed grains to be incorporated directly into primitive solids,
such as meteorite parent bodies, cometary nuclei, or protoplanets.
Subsequent metamorphism may modify the gas contents of these objects.
Dust-phase neon may be mobilized and retrapped in phases other than
the original carrier grains. If gas-phase neon were also trapped
during formation of the body, it could mix with the dust-phase neon.
Outgassing of neon into an atmosphere may occur, or even complete gas
loss to space. We expect that primitive, unaltered meteorites are the
most likely materials presently available in which to find traces of
relatively pristine dust—-phase neon, perhaps still trapped in original
interstellar grains.

Neon in meteorites is a mixture of trapped and cosmogenic
components. As we will show later, the cosmogenic component usually

can be subtracted from the data. The remaining trapped component
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exhibits a wide range of neon isotopic compositions. Trapped neon
compositions extend from near solar to much heavier compositions

20NE/22Ne ratios less than one. In line

characterized by very low
with the simple two-component model, we attribute this variation to

vthe presence of both gas-phase and dust-phase neon in meteorites. The
isotopically heavy component must correspond to dust—phase neon. This
heavy component was discovered and named neon-E by Black (1972b), who
was the first to suggest that it might represent primordial neon in
undegassed interstellar grains. We will review in section 3.4 data that
require the dust-phase component E to be nearly pure 22Ne, with

21Ne/zzNe close to zero.

20Ne/22Ne and
Unraveling the neon components in meteorites and the mixing

processes that combined them will be the focus of much of the

discussion in following sections of this chapter. We first outline

the graphical tools used to display and interpret neon data. Some

simple models for mixing gas-phase and dust-phase neon will then be

examined. This will be followed by a review of observed neon composition

and concentration data for the sun, planets, and meteorites. We will

summarize the results of neon measurements made as a part of this

thesis to investigate the isotopic end-members of meteoritic neon

mixtures. Comparison of tﬁe neon observations with the characteristics

of the mixing models will be used to infer the nature of some of the

processes responsible for the distribution of neon in the solar system.

3.2 GRAPHICAL TOOLS FOR NEON ANALYSIS
The characteristics of two graphs are described in this

20N /ZZN
section. The first is the neon three-isotope diagram, Where e 8



46

’ 2 2
is plotted versus 1Ne/ 2Ne. The second is a composition-concentration

diagram, where 20Ne/zzNe is plotted versus 1/22Ne.

3:241 The neon three-isotope diagram

Neon isotopic data are most conveniently represented on the
three-isotope correlation diagram (Reynolds and Turner, 1964). 1In
Figure 3-1, we plot the observed isotopic compositions of neon in the
modern solar wind and the Earth's atmosphere. These compositions are
characterized by high amounts of 20Ne (> 90% of total neon) and very

low 21Ne (£ 0.3% of total neon). In the lower right part of the

2ONe/ZzNe < 1, are shown compositions of galactic cosmic

figure, with
ray spallation neon produced in the most common rock-forming target
elements (Bochsler et al., 1969; Smith and Huneke, 1975). 1In
chondritic meteorites the most important target is Mg, so bulk meteorite
spallation 21Ne/22Ne ratios tend to be close to 0.9. Bulk meteorite
spallation 21Ne/zzNe ratios can vary by about *10% due to differences
in target composition and target thickness (shielding).

The three-isotope graph has the property that any simple
mixture M of two distinct endpoint isotopic compositions X and Y will
plot on the straight line segment joining X to Y (Fig. 3-1). The
proportions of the two endpoint compositions in the mixture can be
obtained from the graph by an inverse-lever rule; the fraction f;z of
the 22Ne contributed from X is the length of segment'§ﬁ divided by the
length‘§§. If all possible mixtures of two distinct endpoints exist
in nature, then we would expect a random sample of neon compositions

to populate uniformly the line segment joining the two endpoints. If

a third component Z is introduced, then all possible mixtures of X, Y,
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Figure 3-1. Neon three-isotope diagram. The isotopic compositions
of solar wind and the atmosphere are shown in the upper left.
The compositions of galactic cosmic ray spallation neon produced
in different targets are indicated near the abscissa. A mixture
M of two components X and Y lies on the straight line joining
the endpoints. All mixtures N of three or more components lie
within the largest polygon constructed by joining all the
endpoints. Shifté caused by addition of mono-isotopic components
are indicated. Pure 22Ne plots at the origin in this figure.
The contribution of component Z to mixture N can be removed
graphically by projecting the dashed mixing line to Z* which
contains only X and Y. The fraction of 22Ne in N contributed by

-
Z is given by the inverse lever rule and is NZ /ZZ .
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and Z will lie in the triangle outlined by the three endpoints. For
any number of components, all mixtures will lie within the largest
polygon that can be constructed by connecting the individual component
compositions with straight mixing lines. Given a neon composition M,
addition of mono-isotopic components will produce shifts in the
directions indicated by the arrows in Fig. 3-1. 1In particular, since
pure 22Ne plots at the origin of Fig. 3-1, addition of 22Ne to any
isotopic composition will displace it toward the origin.

Consider a mixture N of components X, Y, and Z. We can
subtract the Z-component from the mixture using the following graphical
projection technique. On Fig. 3-1, construct a mixing line (dashed
line) from the endpoint Z, through N, to the opposite X-Y tie line.
The intersection of the projected segment and the tie line defines a
point Z*. Subtraction of the Z-component from the mixture is
equivalent to moving N along the dashed line directly away from Z.

At the en&poiﬁt Z*, all the Z-component has been subtracted from the
original mixture, and only X and Y remain. The inverse lever rule
applied to the segmentlzﬁz* gives f;z, the fraction of the total 22Ne
in the mixture from Z. The rémaining 22Ne from Z* c;n be partitioned
between X and Y by a second application of the inverse lever rule to
segment i;;;. For neon in meteorites, which typically consists of a
mixture of spallation neon and trapped neon, this projection technique
is commonly used to subtract the contribution of the spallation
component from the mixture.

If the actual concentration of Z in a mixture N is independently
known, it can be compared to the formal concentration deduced by the

projection technique. This comparison provides a test of the validity
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of the X,Y,Z three-component model for the mixture N. If the actual
and formal concentrations of Z are not the same, X and Y cannot be
the proper end-members to describe the mixture N. In Fig. 3-1, this
disagreement corresponds graphically to Z* plotting off the XY tie
line, either inside or outside the XYZ triangle. For this example we
have redefined Z* as the projection of N when the known concentration
of Z is subtracted from the mixture, not as the point of intersection of
the dashed line and XY as was done before. If X, Y, and Z are
independently known to be valid components in the neon system, then a
mismatch of the sort described may provide evidence of an additional
component. If X, Y, and Z are the only components present, complete
subtraction of Z from various mixtures N must result in an array of
points falling along the X~Y mixing line. If a non-linear field of
points results, an additional component must be present.

Any field of measured neon isotopic compositions limits the
possible compositions of neon end-members. One of the tasks of the
experimenter is to test the compositions of proposed end-members to
see if new limits for their compositions can be obtained. This can be
done by random measurement of nmew samples, searching for compositions
falling outside the field outlined by the end-members. A more
directed technique is to select samples with known compositions close
to the end-member being tested. Mineral separation or step-wise
heating techniques are then used to look for extreme isotopic
compositions. Since one is not guaranteed of finding new compositions
more extreme than the old, it is necessary to ask what criteria could
be used to identify a gilven preferred composition as a true end-member.

We suggest the following criterion. A candidate for an endpoint should
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lie at the intersection of the extrapolated trends of two or more
independent correlation lines. A single composition lying at the
intersection of several lines is an allowed end-member for all the
samples. Additional strong support for interpreting an intersection
as an endpoint is provided if the point of intersection coincides with

the composition of a known component or reservoir of solar-system neon.

3.2.2 The neon composition-concentration diagram

A second useful diagram is a plot of 20Ne/zzNe vs.l/zzNe,

isotopic composition against inverse concentration (Fig. 3-2). This
diagram supplements the three—~isotope diagram which contains no
information about the neon concentrations of samples. Since we plot
1/22Ne on the abscissa, concentration increases toward the left. Shown
in Fig. 3-2 are points representing neon in the sun and the Earth's
atmosphere, and limits on points for neon in the atmospheres of Mars
and Venus. For the sun and solar wind, the high cosmic abundance of
neon ensures that this point plots essentially on the y—-axis. Solar
1/22Ne is about 3x10_19 (atoms/gram)_l.

Consider creating mixtures by combining different masses of
two materials, each characterized by a constant neon isotopic composition
and concentration. These mixtures will fall on a straight line if no
neon or host material is lost from the system during mixing. If
matﬁer is lost during the mixing process, the mixing curves need not
be straight. The fraction of 22Ne contributed to a particular mixture

by one of the end-members can be obtalned graphically using the inverse
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Figure 3-2. Neon concentration-composition diagram. Data shown are
for the solar wind and the atmospheres of the terrestrial planets.
Isotopic compositions are not yet known for neon in the Venus or
Mars atmospheres. A mixture M of end-members S and E will plot
on the straight line joining S and E if no material is lost
during the mixing process. Dilution of a reservoir with matter
containing no neon will shift the point representing the reservoir
to the right. With the scale shown for the abscissa, pure 22Ne

plots at the origin.
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lever rule as for the three-isotope plot. In Fig. 3-2, we show a
mixing line drawn arbitrarily between a reservoir S with 2ONelzzNeS =

13.7 and a reservoir E with 20Ne/zzNeE assumed to be 0. If we take

a given mixture M and add material containing no neon, 20Ne/zzNe will

be unchanged, but 1/22Ne will increase. In Fig. 3-2 this dilution

corresponds to generation of a horizontal mixing line extending to the

right of point M, toward infinite l/zzNe at infinite dilution. Mixing
; . 20 22

lines are also shown for the addition of pure ~"Ne or pure ~"Ne to

mixture M, for example by nuclear processes. The 22Ne concentration

in pure 22Ne is about 3x1022 atoms/gram, about 4xlO~ll in the units of

Fig. 3-2, so pure 2ZNe plots virtually at the origin.

3.3 MODELS FOR MIXING GAS-PHASE AND DUST-PHASE NEON

3.3.1 Models with no gas-loss during mixing

The simplest mixing model is a box in which we put a known
mass of gas and a known mass of dust. We can imagine this as a
simple model of the accretion of a planet with a primordial atmosphere.
On the concentration-composition diagram, 1/22Ne vs.zoNe/zzNe, the
average composition of the mixture in the box will plot on the straight
mixing line joining the pure gas and pure dust endpoints. Different
boxes (planets) with different proportions of dust and gas will all
fall at various points on the same mixing line.

We can complicate the model slightly by making the plausible
aésumption that the dust consists of two types of grains, one of
which is the carrier of dust-phase neon, while the second contains no
neon at all; All mixtures of gas with average dust samples will again

fall on a single mixing line. In Fig. 3-3, we have labeled the pure
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Figure 3-3. Dust-gas mixing with no gas loss. The dust is assumed to

consist of neon carriers plotting at E. and gas-free grains

0
plotting to the right at infinity. The average composition of
the dust is E. Mixtures of different amounts of gas with
average dust samples plot on the heavy line between E and S.
Mixtures where the proportion of neon carrier grains to gas—free

grains is different than average will plot in the shaded area

outlined by the light mixing lines.
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gas-phase as reservoir S and the average dust-phase as E. EO represents
the concentration of dust-phase neon in the pure carrier grains. It
may be possible to separate the two types of dust grains before mixing
with the gas phase. If so, limiting cases are (1) gas plus carrier
grains giving the mixing line S—EO, and (2) gas plus neon—-free grains,
giving the horizontal dilution line extending to the right of S. All
other intermediate mixtures would lie in the shaded area in Fig. 3-3.

The presence of both dust-phase neon and gas-phase neon in
meteorites is required by the variability of trapped neon compositions.
This implies that neon from the gas has been somehow implanted into
the solid grains. The specific implantation mechanism might be
adsorption and occlusion of gas by a growing grain, diffusion,
injection of accelerated ions from a solar wind or solar flares, etc.
Here we consider some general features of mixing by implantation
without designating a specific mechanism. For now we assume that the
implantation of gas-phase neon into a grain does not cause loss of
any dust-phase neon from the grain. In Fig. 3-4 we summarize the
graphical behavior of mixtures due to this general implantation. In
panel (a) at the upper left are given the starting materials; gas S,
and dust containing neon carriers plotting at EO' We also show a point
E for a hypothetical reservoir of pure dust-phase neon isolated from
its carrier. We now take dust grains and implant gas into them. If
we allow all possible degrees of implantation, then neon composiltions
in individual carrier grains will populate the entire line segment
between S and E0 as shown in panel (b). Note that this line can also

be viewed as the trajectory followed by a single grain starting at EO’

and experiencing continued implantation of gas-phase neon. Eventually
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Figure 3-4. Mixing caused by implantation of gas-phase neon into
dust grains. (a) Starting reservoirs, including gas (S), neon
carriers in the dust (EO) and a hypothetical reservoir of pure
dust-phase neon (E). Grains containing no neon plot to the right
at infinity. (b) Implantation of S in carrier grains populates

the segment between S and E No limit is placed on the amount

0
of S that can be added to a grain. (c) The concentration of
gas—-phase neon implanted in a grain is limited to a maximum
saturation value Neoee Carrier grains originally containing
dust-phase neon plot at M when saturated with gas—-phase neon.
Initially gas—-free grains plot at N after saturation. (d) Grains
with different initial neon concentrations, or different mixtures
of neon carriers and gas-free grains will plot on the heavy arrow

to the right of the maximum concentration at E E'represents

0°
an average parcel of dust. Saturation of all grains or mixtures
will result in points plotting on the segment between M and N.
Unsaturated samples of dust may plot anywhere to the right of

MN and ME. (e) Outgassing after implantation. Equal fractional
loss of gas—phasé neon (S) and dust-phase neon (E) moves points
horizontally to the right. 1In the limit where only gas-phase or
dust-phase neon is lost, points move along straight lines to EO
or S, respectively. Intermediate cases sketched may give rise to
curved paths if the relative rates of loss of the two components
change with time. (f) The field accessible to gas-dust mixtures

by implantation or outgassing as described in previous panels

is shaded.
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the implanted neon dominates the original neon, and the grain
composition becomes the composition of the gas-phase at S.

We would not normally expect implantation of gas-phase neon
to continue without limit. Iﬁstead, the implanted 22Ne in the grain
will saturate at a value Mo A grain initially containing no neon,
then saturated with gas-phase neon will plot at point N in panel (c).
If we were to add dust-phase neon (E) to this grain, the resulting
mixture must lie on the dotted mixing line EN. Therefore, a grain at
E0 which is subsequently saturated with gas—-phase neon will plot at
point M, the intersection of mixing lines‘gﬁb and EN. This assumes
that the saturation concentration of gas-phase neon is the same in
both grains.

Implantation into populations of grains is summarized in
panel (d). The starting population is signified by the heavy arrow

extending to the right of E The initial points may represent

0°
different mixtures of carriers (EO) and inert diluting grains, or
alternatively, individual grains containing different initial
concentrations of dust-phase neon. As before, we take E to represent
the average dust-phase. Saturation of all grains to the same
concentration L . of gas-phase neon will populate the segment between
M and N. The effects of averaging may be important if samples studied
consist of large numbers of grains. The neon compositions of
unsaturated average samples of grains will plot along the mixing line
extending upward from the point'f. For saturated dust, measurements
on large samples will tend to cluster around the single solid point

shown on ﬁﬁ, although compositions of individual grains within the

sample can cover the entire range from M to N.
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Another process that can lead to dispersion of points on the
concentration-composition diagram is outgassing. In panel (e) of
Fig. 3-4 we sketch some of the possible results of gas loss from
grains that have undergone prior implantation of gas-phase neon. We
start with a grain plotting at point M. If gas-phase neon (S) and
dust-phase neon (E) are not fractionated during outgassing, the
isotopic composition of neon will stay the same. The decrease in 22Ne
will shift outgassed grains horizontally to the right on the diagram.
On the other hand, if loss of dust-phase neon proceeds more rapidly
than loss of gas—phase neon, points will shift upward away from the
original point M. In the limit where only dust-phase neon is lost,
outgassed grains will plot along ﬁﬁ, reaching N when all the dust-
phase neon has been outgassed. Analogous paths for preferential loss
of gas—-phase neon are sketched below point M in the figure.

In the final panel (f) of Fig. 3-4 we show the field of
compositions accessible by implantation and outgassing in a simple
gas-dust system. Varying degrees of incomplete implantation and
outgassing can yield grains whose neon compositions plot anywhere in
the shaded region of panel (f). The accessible region extends toward
the right to infinity tc include completely outgassed grains.

The simple mixtures we have discussed above will all plot on
a single trapped neon mixing line in the three-isotope plot. The
mixing line will connect the composition of pure gas-phase neon (S) to

that of dust-phase neon (E).

3.3.2 Solar wind implantation

To this point it has been assumed that no dust-phase neon is
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lost as a result of the implantation of gas-phase neon into the
grains. If the dust-phase neon is displaced by the implanted gas, then
there is no a priori reason to expect implantation to result in
straight mixing lines on the neon composition-concentration diagram.
Implantation of solar wind ions in grains is an important mechanism
for introducing gas-~phase neon into solids in the present solar system,
and is likely to have‘been important in the past. Gas loss by
sputtering may occur during solar wind implantation. A simple model of
this process will be examined below to investigate the degree of
departure from linear mixing that might be expected for this implantation
mechanism.

The energies of ions in the present solar wind are fairly low,
about 0.5 to 1 KeV per nucleon. As a result,the ions are directly
implanted only in a thin layer on the surfaces of grains. This layer

6 cm) for solar wind protons,

varies in thickness from roughly 100 R o™
to about 500 & for neon, and somewhat thicker for more massive ions

with greater energies. We consider a simplified picture of a grain
consisting of two distinct regions, a rim of constant thickness into
which the solar wind ions are implanted, and an undisturbed core. The
average concentration of solar wind neon in the rim is a function of

time depending on the rates of implantation and gas loss. Gas loss

can occur either by direct sputtering of individual gas atoms in the rim,
or by sputter erosion of the entire surface of the grain. We separate
the two loss processes since sputtering of neon atoms may proceed

even in the absence of measurable surface erosion from sputtering of

the major lattice-forming elements. This is because the gas atoms are

less tightly bound in the solid than the major elements, and many
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interstitial gas atoms may be sputtered by an implanted ion that is
relatively ineffective at removing the lattice atoms (Carter and
Colligan, 1968).

The grain is modeled as a plane slab (Fig. 3-5) with a
uniform initial neon content iNe(o) atoms/cm3, where i = 20, 21, or 22.
The slab is of thickness x(t), and is irradiated on one side by a
total flux of F solar wind ions/cmz/second. The surface of the slab is
assumed to be removed by sputter erosion at a constant rate A cm/second.
The thickness of the rim is constant at a value L which is determined
by the range of the incident solar wind ions. The thickness of the
core will necessarily decrease by A cm/second. For this model we will
ignore the effects of diffusion of gas in the grain. The neon
concentrations in the core (c¢) and rim (r) as a function of time are
labeled iNec(t) and iNer(t), respectively. Since no implantation takes
place in the core, iNec(t) is constant, and equal to the initial
concentration in the grain, iNe(o).

For simplicity we assume iNer(t) is uniform throughout the
rim at any given time. There is evidence that collisional cascades
associated with the slowing down of the implanted solar wind can cause
mixing on the scale of the penetration depth of the ions (Haff et al.,
1977). The concentration increase per unit time due to the implanted
flux of solar wind neon ions is aiF/L, where ay is the fractional
abundance of iNe in the total incoming flux F. Because of the erosioh
of the grain, the rim continually encroaches upon the core of the slab.
Neon is lost from the rim in the material eroded, but is also gained
across the moving boundary between the inner edge of rim and the core.

The loss at the surface due to erosion is XlNer(t)/L. The gain from



64

Figure 3-5. Implantation of gas-phase neon into dust grains by the
solar wind. The grain is modeled as a semi-infinite slab of
thickness x(t). Solar wind ions are implanted in a rim of
constant thickness L. Erosion of the surface of the grain occurs
by sputtering of the major, lattice-forming elements, and causes
the surface to recede at a rate A cm/sec. Neon is lost from the
rim both as it is uncovered by erosion and by direct sputtering

of neon atoms out of the rim.
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the core through the inner edge of the rim is hiNe(o)/L. The rate of
loss of neon from the rim due to direct sputtering of neon atoms is
taken to be ciF iNer(t). The rate of sputtering of a single neon atom
in the rim volume is assumed to be directly proportional to the total
flux F of solar wind iomns; 9y is an empirical sputtering cross-section
for a single neon atom in the rim that is exposed to a flux of 1 ion
per cmz. The total rate of change of the neon concentration in the rim
is therefore

i
d Ner(t) a.F %

S i A Ad
7 = cik Ner(t) L Ner(t) + T Ne (o) (Eq.3-1)

This equation may be integrated to give

~(o FrA/L)E | 1

L oiF+A/L

i
a.F+A"Ne(o)
iNer(t) = iNe(o)e - [1

- e-(ciF+x/L)ﬂ (Eq.3-2)

By multiplying 1Ner(t) and iNec(t) = 1Ne(o) with the fractional
volumes of the rim and core, and adding the two terms, we obtain the

average concentration of “Ne in the entire slab:
A

: x -L - At -(o0,F + )t
"Ne(t) = {—"x—_—)\—t-—} Aelo) # {;——I:“T} {iNe(o)e vk (Eq.3-3)
(o] (o]

+

aiF + XiNe(o) I, _ —(oiF +-%)t
L(o,F + /L) ©

where X is the initial thickness of the slab.
Using equation 3-3, 20Ne/zzNe as a function of 1/22Ne can be

calculated for different relative rates of gas implantation and loss.

Note that the curves to be discussed can equally well represent the
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trajectory of a single grain that undergoes implantation, or the locus
of compositions of a population of grains with the same initial dust-
phase neon concentration that have been irradiated to different extents.
It can be shown that the second derivative of 20Ne/zzNe with respect to
l/zzNe is equal to zero for all cases where o,, = O,y- With this
condition, the mixing lines for solar wind implantation will be
straight, even where we allow gas loss by sputtering. For the model
under study, any curvature of the mixing lines must therefore originate
from differences in the sputtering rates for the different neon
isotopes. Haff et al. (1977) suggest the relative sputtering
probabilities should be proportional to the fourth root of the inverse
mass ratio of the two sputtered species. For neon, this gives
020/022 = (22/20);n = 1.024. For the sake of illustration, we will

generally assume O

20/022 = 1.1 to magnify the isotopic effects of

sputtering on the shapes of the 20Ne/zzNe vs. 1/2%ye trajectories. We
will take the initial dust-phase neon in the grain to consist of neon-E,
which we will assume to be pure 22Ne. 1/22Ne(0) is arbitrarily set equal
to 1. The measured solar wind neon composition (Geiss, 1973) is
assumed for the implanted neon.

The three competing rates that determine the general form of
each mixing curve are implantation (the first term on the right in
Eq. 3-1), sputtering (second term), and erosion (third and fourth
terms). We consider first the case where erosion is negligible and
A = 0. The thickness of the grain is constant. Neon composition-
concentration curves calculated for A = 0 are shown in Fig. 3-6. In

all cases, the initial dust-phase neon concentration in the rim

decays exponentially due to sputtering (first term, Eq. 3-2).
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Figure 3-6. Solar wind implantation for A = 0, no erosion of the grain
surface. The dotted reference curve A is a straight mixing line
between the solar wind composition and the initial dust-phase
neon-E on the x-axis. In all cases, the concentration of neon in
the rim builds up to a constant saturation concentration. Curve I
is for rapid implantation compared to the rate of sputtering.

Since very little dust-phase neon is lost during the early stages
of implantation, the lower part of curve I is close to curve A.

As saturation is approached, the rate of sputtering becomes
significant. Since 20Ne is sputtered more rapidly than 22Ne, the
curve turns down away from curve A. The upper endpoint for curve I
occurs when saturation of the rim with solar wind neon is complete.
Curve II is calculated for a reduced isotopic dependence of oy

020/022 = 1.024. The deviation of curve II from curve A is much

smaller than for curve I. Curve III is for a slow implantation

rate compared to sputtering. Because of the high sputtering rate,
the 22Ne concentration in the rim decreases below the initial
22Ne(o). The overall 22Ne concentration in the grain also decreases,

so the curve III has a positive slope. Curve IV represents an

intermediate case.
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The implanted solar wind neon builds up to a saturation concentration
ai/Lci (second term, Eq. 3-2). The characteristic time needed to
approach saturation is-h-l/ciF. Curves are computed for the values of
the parameters shown in the upper right in Fig. 3-6. The dotted curve
labeled A-REFERENCE represents a straight mixing line between the
initial dust-phase plotted on the x-axis and the solar wind composition
at the upper left.

It is convenient to discuss the results in terms of the ratio
322/022 which is a measure of the relative importances of the
implantation and sputtering rates. Curve I is for a relatively high

value of a22/0 10. The initial implantation rate a22F/L is much

22 ©
greater than the initial sputtering rate.zzNe(o)gzzF. In essence,
the grain at first gains only solar-wind neon, so the beginning
portion of curve I is close to the straight mixing line given by the

2oNe is lost faster than 22Ne as sputtering

reference curve A.
becomes important, so curve I drops below the reference cufve. The
upper endpoint of curve I occurs when the neon concentration reaches

the constant saturation value ai/ciL in the rim. Since a22/c22 is

large for this exampie, the saturation concentration is relatively

high, and the final average concentration and composition of neon in

the grain are relatively close to the solar endpoint. Curve II in-

Fig. 3-6 is calculated for the smaller relative sputtering rate of
0'20/022 = 1.024,with all other parameters the same as for curve I. It
can be seen that the deviation of this curve from the straight reference
line is much less than for curve I. Curve III is for a low value of

a22/022 = 0.1. In this case, sputtering is dominant in the rim.

Dust-phase 22Ne is lost more rapidly than it is replaced by solar-wind
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Ne. The average Ne concentration in the grain decreases, so
curve III in Fig. 3-6 has a positive slope. Because of the intense
sputtering, the saturation concentration of solar wind neon in the rim
is very small. The final overall 20Ne/zzNe ratio in the grain 1is very
low because it 1is dominated by the dust-phase neon remaining in the
core of the grain. The final curve IV illustrates an intermediate

case with a 1. The lower portion of the curve is nearly

22792 =
straight, but with a slightly more positive slope than curve I,
reflecting the increased importance of gas-loss by sputtering. The
final 20Ne/22Ne ratio of a saturated grain in this particular example
is half the solar-wind value.

We now turn to examples where erosion is significant, A # O.
The thickness of the grain continually decreases and a point is reached
when the core containing only dust-phase neon disappears. We terminate
the model calculations at this point when only the rim remains. If further
erosion takes place, some solar wind ions and sputtered atoms may be lost
through both faces of the grain, a situation which we have not modeled.

In the case where o, = 0, the only mechanism of gas-loss is

erosion.. This is an example where © 022, so all curves for

20 ©
different a; and A will be straight lines. Furthermore, all curves will
lie along the reference curve A. This is because the concentration of
dust-phase neon averaged over the entire grain remains constant at
1/22Ne(o). Addition of solar-wind neon to such a grain is equivalent

to the simple models discussed earlier of mixing dust with gas, each
with constant concentfations. Each curve for different a; and A will

extend from the initial point at 1/22Ne(o) on the x—-axis, to an end-

point determined by the saturation concentration in the rim,
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(aiF/A) + iNe(o).

In the more general case, neither A nor o is zero. 1In Fig. 3-7
we plot three curves for increasingly rapid erosion rates. In addition
we include the usual reference curve A. Only the upper portions of
the curves with 20Ne/zzNe 7 8 are shown. Curve I is for no erosion,
and is the same as curve I in the previous Fig. 3-6. Curves II and
ITII in Fig. 3-7 are calculated for the same parameters as curve I, with
the exception of A. For curve II, A is relatively small. The
characteristic erosion time is L/A, the time required to erode the
original rim of thickness L. For curve II, this time is much greatér
than the characteristic sputtering time, l/ciF. Neon implanted in the
rim will saturate due to sputtering gas loss before significant erosion
takes place. This behavior is close to that expected for the case of
no erosion, given by curve I in Fig. 3-7. Thus, the dashed curve II is

20Ne/22Ne less than about 11.5.

coincident with curve I for values of
As saturation of the rim occurs at 1/22Ne ~ 0.1, the dashed curve II
bends sharply down away from the reference curve and is still very
similar to curve I. Now, however, erosion comes into play, and curve

IT turns up again, 20Ne/22Ne increasing to a final value of about 12.5.
The final portion of curve II is essentially a straight line. This is
because after saturation, the rim contains only implanted solar-wind
neon, and the core only dust-phase neon. The relative proportions of
rim and core change as erosion proceeds, but the concentrations in the
two regions are constant. We have previously shown that for reservoirs
with constant concentrations, mixtures lie on straight lines. Curve III

is an example for relatively rapid erosion. The grain is eroded before

significant sputtering and isotopic fractionation of the neon in the
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Figure 3-7. Solar wind implantation into dust grains. Curves computed

'

for varying erosion rates A. The values of other parameters are
the same as for curve I in Fig. 3-6, which is repeated in this
figure, also as curve I (no erosion). For curve II, the erosion
rate is slow compared to sputtering, and the beginning portion of
the curve is quite similar to curve I. The sharp downturn in
curve II signifies the development of a saturated rim. The
subsequent linear trend upward occurs as erosion gradually causes
the core containing neon-E to shrink. The result of rapid
erosion rate is shown in curve III. The grain erodes and the
curve terminates before significant isotopic fractionation due

to sputtering takes place. Therefore, curve III does not deviate

markedly from the reference mixing line A.
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rim can occur. The curve is essentially linear, and coincident with
curve A. The deviations from the reference curve A shown by curves I
and II occur because of the isotopic dependence of the sputtering rate.
Since sputtering is of minimal importance for curve III, it does not
deviate noticeably from the reference curve.

The parameters used above to construct the curves in Figs. 3-6
to 3-7 have been rather arbitrary. In Fig. 3-8 are shown several curves
calculated with the plane-slab model, but using estimated values of the
parameters in Eq. 3-3 that are appropriate for solar wind implantation
in grains at about 1 A.U. distance from the sun. These include a
total flux F of about 108/cm2—sec (Taylor, 1975; p. 93) with solar

abundances of neon, 3y, = 10—5 and a = 13.7. An erosion rate of

207222
about 0.1 & per year (Haff et al., 1977) is used, with a rim thickness
of 500 & corresponding to the approximate range of solar-wind neon in
silicates. Imnitial 22Ne concentrations are taken to be similar to

those in meteorites. The most difficult parameter to estimate is the

16 2

effective sputtering cross section o A value of about 10 "~ cm” is

22°
gotten from experimental data on ion implantation rates and saturation
concentrations in various substances (Carter and Colligan, 1968). It
is assumed that in those experiments saturation occurs when the known
rate of implantation is balanced by the rate of sputtering. Target
erosion is presumed to be minimal. If gas loss by target erosion was
in fact important in these experiments, then the estimate of 10—l6cm2
could be too high.
Curve I in Fig. 3-8 is for a 1 micron thick grain with an initial

22 13 3 ; ; ,

Ne content of 10 atoms/cm~. The sputtering saturation time 1/022F

is rapid, ~'108 seconds, compared to the erosion time, L/A ~ 10ll
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Figure 3-8. Solar wind implantation into dust grains. Curves are
computed for realistic irradiation parameters at about the
Earth's orbital radius from the sun. All curves are calculated

for = 1.1 for clarity. Use of the preferred value 1.024

%0/%22
will reduce by about 3/4 the magnitude of deviations from the
neon-E to solar neon mixing Jine. Curve I is

for a 1 u thick grain with initial 22Ne(o) = 1013 atoms/cmB.
Curve II is for a 10 p grain, otherwise the same as curve I. In
curve III, the initial neon content of a 1 u thick grain is
lOls/cm3. Finally, in curve 1V, 99 is reduced to lo—zocm2 to
allow for possible overestimation of the value derived from
experiments described in Carter and Colligan (1968). Under all
conditions, the saturation concentration of neon in the rim is
much higher than the initial neon content of the core, and the
average compositions of the grains are rapidly dominated by the
implanted solar wind. None of the curves show large deviations
from a straight mixing line, particularly since the isotopic

dependence of the sputtering cross sections is probably over-

estimated.
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seconds. The saturation concentration of 22Ne is high, about 1018/0m3.
As the saturated rim develops on the grain, curve I shows the resultant
abrupt downturn from the straight reference line.
Curve II (dashed) is similar to curve I except
that it is for a 10 micron thick grain. Saturation due to sputtering
in the rim is again rapid, so curve II also hooks down away from the
straight mixing line. Because of the larger core of the grain in case'
II, the overall concentration of 22Ne in the grain is lower at the
time the rim becomes saturated. Curve III is calculated using the
curve I parameters, but with an increased initial neon content in the
core. This larger proportion of dust-phase neon again causes the
downturn due to rim saturation to occur at a lower overall 20Ne/zzNe.
The downturn is followed in curve III by a long, linear portion
corresponding to a slowly eroding grain with a constantly
saturated rim. For curve IV the value of 9,y Was reduced to lngocm2
in case the curve I estimate is too high. As expected, the reduced
importance of sputtering and its attendant isotopic fractionation
causes curve IV to be closer to a straight mixing line than curve I.

For clarity, all curves in Fig. 3-8 have been calculated using
020/022 = 1.1. The more plausible value of 1.024 (Haff et al., 1977)
results in much smaller isotopic shifts from the straight mixing line
between the solar point and the initial neon concentration on the
abscissa. We conclude that for the model of solar wind implantation
developed here, deviations from a linear mixing relationship on the
neon concentration-composition diagram will be small. It also seems

unlikely that this conclusion would be significantly changed by

constructing a more detailed model including more realistic irradiation



79
geometries, depth dependences of implanted species, diffusion, etc.
For example, Huneke (1973) modeled the effects of gas loss by diffusion
during implantation, and showed that the isotopic composition of neon
in a saturated grain might be expected to be fractionated from
2oNe/ZZNe of 13.7 to about 12.5. The effects of this fractionation on
the 2ONe/zzNe vs 1/22Ne trajectories discussed above should be similar
to the effects caused by preferential sputtering of the lighter neon
isotopes. No major differences in the form of the trajectories would
be expected.

The implantation of solar-wind neon is restricted to surfaces
of grains. Measured data from lunar samples and the models calculated
above suggest grains typically develop a rim of thickness L saturated
with solar-wind neon before substantial erosion occurs. This suggests
we construct the following simple model. A spherical grain of total
radius R is composed of a core of radius R-L surrounded by a rim of
constant thickness L (Fig. 3-9). The rim is saturated with solar-wind
neon, 22Ner =N and all dust-phase neon in the rim has been
sputtered away during implantation. The core contains only dust-phase
neon, 22Nec = 22Ne(o). The average neon isotopic composition in the
grain will depend on the grain radius. The grain can be regarded as a
mixture of two neon reservoirs, the rim and core, with constant
concentrations in both. For different proportions of rim to core--
i.e., for varying radius--a straight mixing line is generated, curve A
in Fig. 3-9. For infinite radius the neon in the rim is unimportant,
and the endpoint is (20Ne/22Ne = 0, 1/22Ne = 1/22Ne(o)). For a very
small radius =L, no core exists and the endpoint is at N, (20Ne/22Ne =

0, 1/22Ne = l/nSa ). For a given grain radius R, increase or decrease

|
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Figure 3-9. Implantation of gas-phase neon into the rims of dust
grains. A spherical grain is modeled as a core containing neon-E
and a rim of thickness L containing a constant concentration of
only dust-phase neon. This is appropriate for example for
solar-wind implantation that has reached saturation, where all
neon-E has been lost from the rim by sputtering. Variations in
the initial radii and/or initial neon-E contents result in
variations in the average composition/concentration of neon in
the composite grains. Variations in the radius are equivalent
to mixing different proportions of two reservoirs with constant
neon concentrations. This results in grains plotting on a
straight mixing line such as curve A. Grains of the same radius,
but different initial neon-E contents plot on a mixing line like
B which corresponds to the addition of pure neoﬁ—E (near the

origin). All grains of a popuiation with radii between Rmin and

R and initial neon—-E contents between 22NeE. and 22NeE will
max min max

plot in the shaded region. If curves A and B represent the
average neon—E content and grain size, then representative

samples of large numbers of grains will all fall near the

intersection of the two curves, despite the wide variation of

individual grain compositions.
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of the dust-phase neon-E content of the core will cause points to move
along a mixing line emanating from the origin (curve B, Fig. 3-9). The
lower endpoint corresponds to very high neon-E content in the core,

2

2Ne(o) > noee The upper endpoint corresponds to no neon-E in the

t
core. The concentration of 22Ne in the grain at this upper endpoint is

n (1 —-%)3. For this model, all possible neon concentrations and

sat 'sat
isotopic compositions of individual grains from a population characterized
by a range of sizes Rmin to Rmax and of neon-E contents 22Neﬁin to

22Ne£ax will lie in the shaded region in Fig. 3-9. All samples consisting
of a number of grains from the population will also fall within this
region. Large samples of many grains that comprise representative
averages over the distribution of sizes and neon-E contents will all

tend to plot near a single point, although the compositions of individual
grains may vary widely.

A different mechanism for adding gas-phase neon to pre-existing
grains is condensation or overgrowth of new material. The added matter
traps neon adsorbed on the growing surface from a surrounding atmosphere.
If the concentration of gas-phase neon trapped in the overgrowth is

constant, the mixing systematics describing populations of these

composite grains will be similar to those described in Fig. 3-9.

3.4 OBSERVED NEON ISOTOPIC COMPOSITIONS IN THE SOLAR SYSTEM

In this section we review known neon isotopic compositions in
various solar system objects. Theée data provide the foundation on
which we can construct plausible mixing models for solar system neon.
Since with a few exceptions, noble gases are typically determined in

solid samples, we first outline some of the techniques used to measure
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neon in meteorites and other solids. We next summarize the measure-
ments of solar neon which allow us to infer the composition of
primordial gas-phase neon. We then discuss neon in the Earth's
atmosphere and in meteorites from which the composition of dust-phase

neon is inferred.

3.4.1 Measurement techniques

Almost all individual procedures used for measuring neon in
meteorites or other solids are based on extracting the gas from the
solid by heating the sample in a vacuum. The gas driven off is purified
of chemically-reactive species, generally by exposing it to a reactive
metal surface. Isotopic compositions are measured mass-spectrometrically,
with concentrations determined by isotope dilution, or peak-height
comparison to a standard of known pressure. Differences among
individual experiments arise from differences either in the sample
preparation or in the heating procedure used to extract the gas. The
simplest procedure used is to heat a bulk sample of the meteorite until
it melts or evaporates, typically at about 1500°C. All the neon in the
sample is extracted in a single step. A technique pioneered by
Zahringer (1962) and Reynolds and Turner (1964) that has proven
especially fruitful is to heat a meteorite sample in stages to successively
higher temperatures. This procedure is commonly called stepwise-
release or stepwise-heating. The sample is maintained at a constant
temperature for typically one half to one hour for each step. At the end
of the step, the gas driven off is removed from the extraction vessel and
analyzed. The temperature is then increased for the next step. The

rationale behind the use of this technique is that neon and other gases
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held in chemically or physically different sites within the sample may
be driven off preferentially at different temperatures depending on

the nature of the sites. This may therefore provide a method for partial
separation of different components of neon within the sample. A
complementary technique to aid in the resolution of different gas
components is chemically or mechanically to separate the bulk sample into
various fractions before analysis. Single-step or multi-step thermal
degassing can then be used to measure the neon in each separated fraction
of the original material. A variety of different properties have been
used to prepare separates, including mineralogy, grain size, magnetic
susceptibility, density, and resistance to chemical attack (etching) by

a variety of chemical agents. In addition, well-defined sub-regions of

a sample--inclusions such as chondrules, crystal fragments, xenoliths,

etc.--can be mechanically separated and analyzed.

3.4.2 The isotopic composition of neon in the sun

At present two different neon isotopic compositions have been
measured in particle fluxes from the sun. In the solar wind, average
values of 20Ne/zzNe and 21Ne/22Ne are 13.740.3 and 0.033+0.004, as
measured in Al foils exposed to the wind during the Apollo missions

(Geiss, 1973). Very recently, Simpson (private communication) has

2.3
1.8

The difference between these two compositions can not be ascribed to

20 22 .
measured an average - Ne/ “Ne ratio of 7.7 in seven solar flares.
mass fractionation, since both determinations are made on material with
essentially unfractionated elemental abundances similar to the solar
photospheric values. The discrepancy is probably due to nuclear reactions

taking place in the solar atmosphere. It seems more plausible that such
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reactions would be associated with the comparatively high-energy

(~ MeV per nucleon) flare particles, than with the much slower (~ KeV
per nucleon)solar wind. For example, spallation reactions are known

to take place in the solar flare region. These reactions appear to
produce Na and Al atoms in abundances comparable to that needed for
22Ne production to convert solar wind composition neon into the heavier
composition measured for the flare particles (Dietrich and Simpson,
1978) . At present we suggest that the solar wind neon isotopic
composition is more likely to represent the photospheric neon composition.
As discussed in the Introduction to this chapter, we take the
photospheric composition to equal the composition of the primordial gas

phase.

3.4.3 The isotopic compositionvof neon in the Earth's atmosphere

The isotopic composition of neon in the Earth's atmosphere is
at present the only measured neon isotopic composition for a planetary-
size object in the solar system. The measured atmospheric composition

is 2O%e/2%Ne = 9.800.08 and 2t

Ne/??Ne = 0.0290£0.0003 (Eberhardt et al.,
1965). The possible change with time of this composition due to
outgassing of nucleogenic 21Ne and 22Ne formed from (a,n) reactions in
the Earth is thought to be small. Estimates are that less than about

5% of the 21Ne in the present atmosphere could be frem this source
(Wetherill, 1954; Shukolyukov et al., 1973; Heymann et al., 1976), and
less than about 4% of the 22Ne (Shukolyukov et al., 1973). Heymann

et al. (1976) suggested that up to 20% of the atmospheric 21Ne could be

spallation neon inherited from planetesimals out of which the Earth

formed. This amount of spallation neon would contribute less than 0.6%
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of the 22Ne and less than 0.06% of the 2oNe, so would have negligible
effect on the total 20Ne/zzNe ratio of the atmosphere. There is
presently no evidence of a significant flux of isotopically distinctive
primordial neon into the Earth's atmosphere.

The present 20Ne/zzNe ratio in the atmosphere should therefore
accurately reflect the average composition of terrestrial neon following
planetary formation. The atmospheric 20Ne/zzNe of 9.8 is lower than
the solar wind value of 13.7, which we have taken to be the primordial
gas-phase composition. If we presume the difference in composition is
caused by the presence of dust-phase neon on the Earth, then we infer
that primordial neon in the dust phase was substantially heavier than
gas—-phase neon. We can obtain further limits on the composition of

dust~phase neon from meteorite noble gas data.

3.4.4 The isotopic composition of neon in meteorites

In Figure 3-10, literature data for total neon isotopic
compositions are plotted for bulk meteorite samples. Measurements made
as a part of this thesis research and reported in the papers in
Appendix A are included in the figure. Each point is the result of a
single step extraction of neon from a sample, or represents an
“integrated total neon composition from a stepwise-release experiment.
The data cover a very wide range of compositions. The approximately
triangular field of data requires the presence of at least three
components of neon to explain the observed compositions by mixing.

The component in the lower right with near-equal abundances of
the three neon isotopes is galactic cosmic ray spallation neon. The

spread in 21Ne/22Ne values from about 0.8 to 1 for this end-member can
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Figure 3-10. Neon isotopic compositions in bulk meteorite samples.

The data are consistent with mixtures of spallation neon in the
21 22 i

lower right and trapped neon having Ne/""Ne « 0.03. Spallation

neon can be subtracted approximately by projection of points

onto a mixing line drawn through the solar and Earth atmosphere

points. The resulting trapped neon compositions are variable and

require the presence of two components. The isotopically-light

component must have 20Ne/22

Ne 2 13 and is called neon-S. This
component is most easily interpreted as gas-phase neon with the
same composition as the solar wind. The second, dust-phase

: ; : 20 2.2
component is considerably heavier, with " "Ne/""Ne £ 8. On the
basis of data similar to those plotted here, Pepin (1967) defined
a component neon-A with 20Ne/22Ne = 8.2 and 21Ne/zzNe = 0.025.

(For references see Figure 3-11.)
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be explained by variations in target chemistry and shielding conditions.
The cosmogenic neon content of a meteorite or meteorite mineral

separate is proportional to the length of time the meteorite was exposed
to galactic cosmic rays in space. This time is known as the cosmic ray
exposure age of the sample. The exposure age properly refers only to
the time the meteorite spent as a small, meter-sized body, since the
effective penetration depth of primary and secondary cosmic radiation

is only one or two meters in rocky material. For stony meteorites
containing little or no trapped gases, cosmic ray exposure ages are
generally less than about 40 million years, with most ages less than

20 m.y. (cfﬂ Wasson, 1974, p. 128). Such ages are roughly in agreement
with the dynamical lifetimes against capture of meteorites in Earth-
crossing orbits (Opik, 1951; Arnold, 1965). The agreement is consistent
with the general picture that most meteorites are stored at depths .
greater than a few meters in parent objects during most of their ~ 4.5 AE
history. Recent disruptive events caused break-up of the parent body,
and injection of the small meteorite fragments into Earth-crossing
orbit, at the same time starting the cosmic-ray exposure clock.

In Fig. 3-10 the trend of the data toward the lower right is
consistent with addition of cosmogenic neon to trapped neon which plots
on the left of the diagram with 21Ne/zzNe € 0.03. The trapped neon
cannot have a single isotopic composition. Projection of points in the
middle of the field away from the spallation endpoint and onto a line
extending through the solar and atmospheric points defines a range of
trapped 20Ne/22Ne values from about 7 to 13. We recall from previous

discussion that this graphical projection corresponds numerically to
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subtraction of a certain amount of spallation neon from the measured
composition. If we calculate these spallation contributions for all
the data in Fig. 3-10, we obtain a range of values from which model
cosmic ray exposure ages can be calculated. Average spallation neon
production rates are used for different classes of meteorites (e.g.,
Bogard and Cressy, 1973). A range of model exposure ages from roughly
0.5 to 50 million years is found for the meteorites represented in

Fig. 3-10. The distribution of ages is similar to that obtained for
meteorites containing no trapped neon. This agreemenf means that in

a general sense all the excess 21Ne in meteorites implied by the trend
of data toward the right in Fig. 3-10 can be attributed to galactic
cosmic ray spallation reactions. There is no evidence of any
additional 21Ne—rich trabped neon component. For the remaining
discussion of neon in this thesis, we will therefore assume that neon
compositions lying to the right of the SOLAR-ATM line can be projected
back to that line by subtraction of spallation neon. To check the
validity of this assumption in detail would require accurate independent
determinations of the spallation neon contents of meteorites containing
trapped neon. These data do not exist in sufficient quantity.

The range of trapped neon compositions obtained after subtraction
of spallation neon implies that meteorites contain at least two
components of trapped neon. From the data in Fig. 3-10, the isotopically
light component must have 20Ne/zzNe > 13. We call this component
neon-S. Solar wind neon or primordial gas-phase neon with 20Ne/zzNe =
13.7 are likely candidates for the composition of the neon-S end-member.

Pepin (1967) suggested that the cutoff of observed trapped 20Ne/22Net
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ratios at about 8 corresponded to a distinct neon component in
meteorites. He labeled this component neon-A, and assigned it a
composition 20Ne/zzNeA = 8.2+0.4 and 21Ne/zzNeA = 0.025+0.003. We
attribute the isotopic difference between neon-S and neon-A to the
relative enrichment of dust-phase neon in the meteorites. Therefore,
the bulk meteorite data imply that the dust-phase component must have
20Ne/zzNe < 8.

In Figure 3-11, the data base is expanded to include neon
compositions measured for various chemical and mechanical separates
using both single-step extraction and stepwise-heating techniques. Data
for lunar 'soil samples are included in the figure. It should be
remembered that the density of points at any point on the graph may be
largely an artifact of sampling. For example, the dense cluster of

21Ne/zzNe ~ 0.04 is a reflection of the

points at ZONe/zzNe,a,IZ.S,
large number of analyzed lunar soil samples, whose neon contents are
dominated by solar-wind neon.

Compared with the bulk meteorite data, the field in Fig. 3-11
is significantly enlarged. The most striking difference is the addition
of points in the lower left of the graph, with 21Ne/zzNe € 0.15, and
20Ne/22Ne between about 0.5 and 8. This requires a much heavier |
isotopic composition for the trapped component attributed to dust-phase
neon. The dust-phase component must be extremely enriched in 22Ne,
lying nearly or exactly at the origin in Fig. 3—11.7 This is the
isotopically-heavy component named neon-E by Black (1972b). Other
smaller portions of the graph have also become populated by data. One

is a region from 21Ne/zzNe = 0.6 to 0.8 in the lower right near the
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Figure 3-11. Measured neon isotopic compositions in solar system
materials. Samples include meteorites, lunar samples, the solar
wind, and Earth's atmosphere. Data include compositions obtained
by stepwise-heating of both bulk samples and various mineral
separates. The major difference from Fig. 3-10 is in the
substantial number of points with 20Ne/zzNe < 8 and 21Ne/zzNe < 0,15,
These imply the existence of an isotopically-heavy trapped neon
component that is nearly pure 22Ne. This is the neon-E component
described by Black (1972b) and first attributed by him to the
presence of undegassed interstellar dust in meteorites.
Isotopically-light compositions plotted in this figure imply that

20Ne/ZZNe of the trapped neon-S component is 2 13.7, the solar

wind value. Some additional points near the spallation endpoint
with 21Ne/22Ne 2 0.6 reflect measurements of cosmogenic noble géses
in sqdium~rich mineral separates (Smith et al., 1977). References
for data plotted in Figs. 3-10 and 3-11 are preceded by an asterisk

in the list at the end of this chapter.
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bulk meteorite spallation neon compositions. These points represent
spéllation neon measured in targets of unusual chemical composition, and
in particular, enriched in sodium (Smith et al., 1977). Another

newly populated region is the small apex of the triangle extending to

the solar wind composition at 20Ne/22Ne = 13.7. The data imply that

20Ne/zzNe of the neon-S component in meteorites and other samples must
be greater than or equal to the solar wind valué.

At the left side of Fig. 3-11, the data show a well~-defined
limit. There is a small but finite concentration of 21Ne in all
samples, meteorites as well as the solar wind and the Earth's atmosphere.
This limit is consistent with a mixing line passing through the solar

wind composition at 20Ne/zzNe =13.7, 21

Ne/zzNe = 0.033, and the neon-E
composition at or near the origin. For future reference we call this
line the trapped neon mixing line. The single point lying to the left
of this line at about 2ONe/ZzNe = 8 represents a very small neon fraction
extracted during stepwise heating of a meteoritic sample (Herzog and
Anders, 1975). If this composition could be reproduced in future
experiments it would require recognition of a neon component other than
the three identified ffom the bulk of the data.

Striking isotopic variations can occur for neon within a single
meteorite. This is illustrated in Figure 3-12 (after Niederer and
Eberhardt, 1977). The points on this graph represent successive
fractions of neon extracted by stepwise-heating from two acid-resistant
graphite~rich residues}from the ordinary (H3,4) chondrite Dimmitt.

Extraction temperatures run from 500°C or 600°C to 1850°C. The stepwise

heating technique has resulted in a nearly complete separation between
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Figure 3-12. Isotopic variations in neon from the ordinary chondrite
meteorite Dimmitt (after Niederer and Eberhardt, 1977). Stepwise
heating of graphite-rich separates from this meteorite reveal
spectacular isotopic variations. Observed compositions range
systematically from nearly pure solar neon to nearly pure neon-E.
The numbers next to certain points represent the beginning and
ending temperatures (in °C) of the extraction sequences. Both
patterns show evidence of two neon-E-bearing phases. At lower
temperatures, the points trend toward the origin. A reversal occurs
at intermediate temperatures, with 20Ne/Z?’Ne increasing
significantly. This is followed at higher temperatures by
another reversal toward neon-E. Finally, the compositions trend

toward nearly pure solar-like trapped neon.
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neon-E and neon-S. For the sample represented by the solid points,
neon released initially was close to solar in composition. With

, 20 22 .
increasing temperatures the ~ Ne/ "Ne ratio in the gas extracted
dropped by a factor of 10 to about 1.2. With further increasing

20 22 —_

temperature, the Ne/""Ne ratio increases for one step to about 4.5,
then decreases again to about 2.7 before increasing once again to
nearly the solar value at the highest temperatures. A similar complex
pattern is seen for the second sample, except that the low-temperature
20 22 . ; ;
Ne/"“Ne ratios are much smaller, and cosmogenic neon is enriched
compared with the first sample. From these data the composition of
neon-E is restricted to the outlined region near the origin. More
recent experiments have provided even more stringent lo limits on the

21Ne/zzNeE < 0.005

composition of neon-E, 20Ne/22NeE £ 0.6 and
(Eberhardt et al., 1979).

The complex release patterns in Fig.3-12 suggest the material
analyzed is releasing neon from at least three separate phases
containing trapped neon of different compositions. Stepwise thermal
extraction of neon from bulk meteorite samples yields similar complex
release patterns (Black and Pépin, 1969; Black, 1972b; Smith et al.,
1978) . Lewis et al. (1975) have discovered that a large portioﬁ of the
meteoritic trapped noble gases--in particular, most of the planetary-
type gases--reside in gas-rich trace phases that comprise roughly a
percent or less of the mass of the meteorite. The gas-rich phases are
initially separated from bulk meteorite samples by dissolving most of
the material in concentrated, non-oxidizing acids. The resulting

. 20 22
residues from carbonaceous chondrites are characterized by Ne/ Net
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between about 8 and 9, with 22Ne contents of about 3 x lO13 atoms/gram.
The noble gas elemental abundances show typically planetary patterns
with the lighter noble gases preferentially depleted compared to the
cosmic abundances. 20Ne/36Ar ratios are roughly equal or less than
0.3, compared to the solar value of about 30. Further study of the
residues by etching with various reagents, density separation, colloid
extraction, stepwise thermal heating, etc., reveals that they consist
of several different gas-bearing phases. These phases can tentatively
be divided into three loose groups, labeled chromite/carbon, "Q," and
E-carrier. In general, these phases do not have the same isotopic

and elemental noble gas signatures, so that the characteristic
planetary pattern of the total gas-rich separate is a composite pattern.
A discussion of the possible origins of the gases in these phases is
complicated by the general lack of specific mineral identification, and
also by incomplete separation of the different phases in most of the
experiments carried out to date.

Chromite/carbon is probably mineralogically complex, comprising
one or more forms of carbon, plus chromite (Lewis et al., 1975; Lewis
et al., 1979a). It seems to Be characterized by a fairly constant
20Ne/zzNe_ratio of about 8.5 (Lewis et al., 1975; Srinivasan et al.,
1977; Frick and Moniot, 1977; Lewis et al., 1979a; Alaerts et al.,
1979). In the Allende and Murchison carbonaceous chondrites this
material contains roughly 2/3 or more of the neon in the residues. The
typical 20Ne/22Ne ratio of ~ 8 to 9 in the bulk separates from
carbonaceous chondrites is probably controlled largely by chromite/

20 6

carbon. The Ne/3 Ar ratio of this reservoir in Allende (~ 5) and
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Murchison (~ 0.3-0.7) is somewhat higher than the typical planetary
ratio 0.3 and apparently varies from meteorite to meteorite
(Srinivasan et al., 1977).

"Q" is operationally defined as a phase that is destroyed when
a bulk gas-rich separate is exposed to a strongly oxidizing reagent
such as HNO3 or H202. In Allende and some unequilibrated ordinary
chondrites of petrologic class 3 or 4, Q appears to be characterized by
20Ne/zzNe about 10 to 11 (Lewis et al., 1975; Smith et al., 1977;
Alaerts et al., 1977; Moniot, 1978). Q in Murchison has neon with a
lower 20Ne/zzNe ratio of about 6.8, but it is not clear if this might
not be due to the addition of a nitric-acid-soluble neon-E phase. Q
is a major carrier of the heavy noble gases Ar, Kr, and Xe in the
meteorites studied. 20Ne/36Ar ratios associated with Q in carbonaceous
chondrites and unequilibrated ordinary chondrites are low, about 0.01
to O.l,.and therefore complement the higher ratios seen in chromite/
carbon. In ordinary chondrites, Q seems to be the major neon carrier
(Alaerts et al., 1977; Moniot, 1978). Chromite/carbon neon in these
meteorites is much less abundant than in the carbonaceous chondrites.
As a result, bulk gas-rich separates from these chondrites tend to have
lower Ne/Ar ratios and higher 20Ne/zzNe ratios than the separates from
carbonaceous chondrites.

Neon-E-rich phases have been separafed from the carbonaceous
chondrites Orgueil (Eberhardt, 1974; Eberhardt et al., 1979; Lewis
et al., 1979b) and Murchison (Alaerts et al., 1979) and the H3,4

chondrite Dimmitt (Niederer and Eberhardt, 1977). Recent investigation

of neon-E-rich material from Orgueil by Eberhardt et al. (1979) using
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density separation and stepwise heating provides convincing evidence
of the existence of at least two distinct neon-E carriers. Stepwise
heating experiments suggest both phases are present also in Murchison
and Dimmitt. One, called E({) has a density < 2.3 g/cm3, outgasses at
relatively low temperatures (= 700°C), and has tentatively been
identified as carbon (Alaerts et al., 1979). The second, E(h), has a
density ~ 3.5 g/cm3, outgasses between 1000-1400°C, and is possibly
spinel (Eberhardt et al., 1979). The most stringent lo limits on the

21ne/%%Ne = 0.0047.

composition of neon-E are 20Ne/zzNe = 0.62 and
The highest neon-E concentration measured is ~ 1.3 x 1013 atoms/g in a
mineral separate from Orgueil (Lewis et al., 1979b). Since we have
identified neon-E as primordial dust-phase neon, the two carriers

discovered by Eberhardt et al. may represent original interstellar

grains.

3.4.5 Helium

At this point we digress momentarily to discuss the isotopic
composition of helium, which can provide an important tool for
understanding the neon isotopic data. It was argued that solar neon
is dominated by neon from the interstellar gas. The same arguments
apply to helium. However, while the isotopic composition of solar
neon should be the same as the original interstellar neon, the 3He/aHe
ratio in the sun has been modified by nuclear reactions. Primordial
deuterium was converted to 3He during the early, pre-main-sequence
evolution of the sun. The D/H ratio has recently been measured to be
2.3%1.1 % 10-'5 in the atmosphere of Jupiter (Combes et al., 1978).

Assuming this as the primordial solar-system value and a He/H abundance
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ratio of.~ 0.1 (by number), we calculate a 3He/4He contribution of
about 2.3 x l()—4 which must be subtracted from solar helium to obtain
an estimate of the interstellar gas-phase helium composition. Geiss

(1972) has estimated a solar photospheric 3He/4He ratio of 3.9 x 10-4,

Correcting for the deuterium contribution leaves a value 1.6+1.1 x 10__4
for an estimated 3He/éHe composition of primordial gas-phase helium.
For the simple two-component model of trapped noble gases being
considered, we would expect gas-phase neon-S with 20Ne/zzNe = 13.7 to
be associated with helium having 3He/[#He ~ 4 x 1O~4 if derived from
post—deuterium-burning solar wind, and with helium having 3He/4He =

1.6 x 10—4 if derived from a very early solar wind or directly from the

interstellar gas.

3.5 EXPERIMENTAL RESULTS ON THE ISOTOPIC COMPOSITION OF NEON IN
METEORITES

Neon was measured in six meteorites for this thesis. A
combination of mineral separation and stepwise heating techniques was
used. Individudal experiments were designed to examine aspects of the
isotopic compositions of the three neon end-members, cosmogenic neon,
neon-S, and neon-E.

Cosmogenic neon in sodium-rich minerals was investigated using
stepwise heating to extract neon from plagioclase mineral separates and
whole-rock samples from two ordinary chondrites, Guaredia and St.
Severin (Paper 1, Appendix A). A mew, high-resolution stepwise-heating
technique was employed to examine the trapped neon-S and E end-members
in bulk samples of three carbonaceous chondrites, Mokoia, Cold Bokkeveld,

and Murchison (Paper 2, Appendix A). Neon was extracted using 30 to 50
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temperature steps for each sample, in contrast to the conventional

5 to 10. Comﬁlex variations in the isotopic composition of neon
emitfed from the samples were followed in great detail. Trapped and
cosmogenic neon were studied in a variety of inclusions and matrix
samples from the Allende carbonaceous chondrite (Paper 3, Appendix A).
Inclusions examined included pyroxene and olivine chondrules, and
coarse-grained and fine-grained Ca, Al-rich inclusions. Neon was

extracted using both single-step and multiple-step heating cycles.

3.5.1 Compositional variation of the cosmogenic neon end-member

An important source of isotopic variation in spallation neon is
differences in the chemical composition of the target materials
bombardea by cosmic rays. These variations are large enough in some
cases so that they must be taken into account when trapped neon
compositions are deduced by subtraction of a cosmogenic component from
a measured neon composition.

The compositionsof spallation neon produced the target elements
Mg, Si, Al, S, and Fe have been studied previously in some detail (cf.
Bieri and Rutsch, 1962; Stauffer, 1962; Bochsler et al., 1969; Signer
and Nier, 1962). For this thesis a measurement was made of the |
production rate and isotopic composition of spallation neon in sodium.
Spallation neon was meaéured in high-purity mineral separates of Na-rich
meteoritic plagioclase (oligoclase). Plagioclase was obtained from two
ordinary chondrites, Guarefia and St. Severin, which are free of trapped
neon. The details of this experiment are reported by Smith and Huneke
(1975), Paper 1 in Appendix A. It was found by comparing the compositions

of spallation neon in the feldspar separates and in the bulk samples
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that galactic cosmic ray irradiation of sodium under meteoritic

Sred : ’ < 21 22
conditions yields spallation neon with Ne/““Ne = 0.34%0.04. It was
also determined that the spallation 21Ne production rate per gram of
sodium is about one quarter the production rate for magnesium.

- 21 22 . : : : sy
Spallation Ne/"“Ne ratios produced in magnesium, aluminum, silicon,
sulfur, calcium, and iron range from about 0.8 to 1.

S 21 22 , . .

The variation of ""Ne/""Ne in spallation neon produced because
of chemical variations in the compositions of meteoritic silicate
minerals is represented in Fig. 3-13. This figure is a ternary diagram
of weight percent sodium, aluminum, and magnesium abundance in the
target silicate. The sum Mg + Na + Al is taken as 100%. The silicon
abundance is fairly uniform in common silicates, and has been assumed

21Ne/zzNe due to

constant ét Si/(Si+Mg+Na+Al) = 0.4. Variation in
differences in this value are not large, since the production cross
section for neon from silicon is relatively low. The graph is contoured
with isopleths representing the spallation 21Ne/zzNe ratios calculated
from the relative elemental abundances and literature values of the
relative production cross sections. In bulk samples of stony
meteorites, magnesium in olivine and pyroxene is the dominant target
element, leading to typical spallation neon compositions with 21Ne/zzNe
about 0.9. The important role of sodium in determining the spallation
neon composition for the minerals sodalite, nepheline, albite, and
oligoclase is clear from Fig. 3-13. Calculated 21Ne/zzNe ratios for
these phases range from about 0.55 to 0.65, much below typical bulk

meteorite values. The calculated spallation neon compositions for the

various minerals are represented on a three-isotope diagram in Fig. 3-14.
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Figure 3-13. Ternary diagram of relative Al, Na, and Mg contents
showing the composition of galactic cosmic ray spallation neon
produced in various meteoritic minerals. The sum Al+Nat+Mg = 1007%.
Silicon contents of the minerals are approximated by
Si/(Si+Al+Na+Mg) = 0.4. The contours shown are isopleths of the
calculated spallation 21Ne/zzNe ratios for variable target
composition. Values range from ZlNe/zzﬁevaoo.BS in pure Na to
about 0.92 in pure Mg. The sodium-rich minerals sodalite, albite,
nepheline, and oligoclase have calculated 21Ne/zzNeC ratios of
0.55 to 0.65, much lower than the common meteoritic Mg-rich
minerals olivine and enstatite. Fassaite, melilite, and anorthite

are Ca, Al-rich minerals typical of the light-colored inclusions

found in the Allende meteorite.
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Figure 3-14. Neon three-isotope diagram showing the composition of
galactic cosmic ray spallation neon produced in different
minerals. The approximate field occupied by bulk meteorite data
is outlined. The spallation neon compositions in pure sodium and
in sodium-rich minerals are much richer in 22Ne than those from
the other Ca, Al-rich and Mg-rich minerals. Addition of Na-
spallation neon to meteorites containing relatively little
trapped neon results in isotopic shifts that are difficult to

distinguish from those arising from the addition of neon-E.
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Here the 20Ne/ZlNe ratio in spallation neon has been taken to be

about 0.9 for all elements, a value consistent with all experimental
data available to date. The composition of sodium spallation neon is
also shown. It is evident that spallation neon compositions can cover
quite a wide range. It is also apparent that the effects of increased
Na and Na-spallation neon in some samples can mimic the addition of
neon-E. Therefore, the interpretation of unusual neon isotopic
compositions in material of unusual chemistry as due to addition of
anomalous neon components such as neon-E must be made with caution, and
with a complete understanding of the possible effects of chemistry on

the spallation neon composition in the sample.

3.5.2 The neon-S end-member

From the bulk meteorite data it could be concluded that the
20Ne/zzNe ratio of the isotopically-light component of meteoritic trapped
neon, neon-S, must be greater than 13. Evidence was sought whether the
neon-S end-member in meteorites could be identified with the solar-wind/
gas-phase neon composition, 20Ne/zzNe = 13.7. For this purpose, a
sample of the gas-rich carbonaceous chondrite Mokoia was invéstigated
using the high-resolution stepwise release technique. Bulk samples of
Mokoia were known to yield trapped 20Ne/zzNe ratios as high as 13.1,
the highest value found in bulk meteorite samples. The results of this
experiment are described in detail by Smith et al. (1978), Paper 2 inv
Appendix A. The major finding was that at temperatures less than about
1100°C, 35 temperature fractions out of a total of 45 plot within 20

experimental uncertainty on a single correlation line. The extrapolation

' 22
of this trend intersects the trapped neon mixing line at 20Ne/ Ne = 13.7,
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precisely the composition of the present solar wind. The 35 points
defining the correlation line comprise about 707% of the neon in the
sample. This data from Mokoia strongly support a model where the
isotopically light neon-S end-member is assigned a composition

21Ne/zzNe = 0.03, the same as the measured solar wind

204 /22y = 13.7,
composition. This is the first meteorite for which such agreement has
been demonstrated.

Previous measurements (Mazor et al., 1970) showed that the

20Ne/36Ar ratios in Mokoia are also close to the solér

3He/4He and
wind values. Together with the neon data, these results suggest that
the source of the neon-S in Mokoia is implanted solar wind ions. If
we accep; solar wind as the soufce of neon-S, then the Mokoia results
imply that the 2ONe/zzNe ratio of the solar wind has not changed

substantially since the time of compaction of this primitive

carbonaceous chondrite.

3.5.3 The neon-E end-member

Two experiments were done to investigate the nature of the
neon-E component in meteorites. In the first, neon was extracted from
bulk samples of two carbonaceous chondrites, Cold Bokkeveld and
Murchison, using the high-resolution stepwise release technique. Black
and Pepin (1969) and Black (1972b) had shown that during conventional
stepwise release experiments on carbonaceous chondrites, the two or
three neon fractions in the 900°C to 1100°C interval were typically
greatly enriched in neon-E. The detailed high—resolutioh experiments
were undertaken to confirm this release pattern, and to attempt to set

more stringent limits on .the composition of neon-E. The results of this
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experiment are given at length in Paper 2 in Appendix A. Neon-E was
identified in Murchison. In eight temperature fractions from about
850°C to 1050°C, the trapped 20Ne/zzNe ratio dropped from about 10 to
6.9 and then returned to about 10. The minimum ratio is well below
the lowest values observed in bulk meteorite samﬁles, implying the
presence of neon-E. Over the same temperature intérval, a trapped
20Ne/zzNe decrease was observed for Cold Bokkeveld as well, from 10.7
to 9.7 and -then back to 10.7. The higher values overall in Cold
Bokkeveld are due to an unexpectedly high concentration of neon-S in
the particular sample analyzed. The pattern of the neon isotopic
variations in Cold Bokkeveld suggests that the decrease noted was also
due to the release of neon-E, although the ratios observed are not
lower than bulk meteorite values, which would be conclusive. Because
of the relatively high neon-S concentrations in both meteorites, new
limits on the isotopic composition of neon-E were not obtained.

In the second experiment,neon and argon were measured in a
variety of inclusions and in b@lk samples from the Allende carbonaceous
chondrite. Allende in particular was chosen for detailed study, since
anomalous isotopic variaﬁions in oxygen (Clayton et al., 1973) and
magnesium (Lee and Papanastassiou, 1974; Gray and Compston, 1974) had
been recently found iﬁ Ca, Al-rich inclusions within this meteorite.
Allende thus presented an opportunity to investigate the possible
relationship between ghe highly unusual neon-E component found in other
carbonaceous chondrites with the newly-discovered oxygen and magnesium
anomalies. The findings from this study are discussed fully by Smith
et al. (1977), Paper 3 in Appendix A. In summary, large enrichments

of 22Ne and 36Ar were found in noble gases extracted at low temperatures
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(< 700°C) from several of the inclusions. The most pronounced effects
were found in fine-grained inclusions rich in Na and Cl contained in
the minerals sodalite and nepheline. As discussed in an earlier
section, cosmogenic neon produced in Na-rich material would be expected
to be greatly enriched in 22Ne compared to bulk meteorite values.
Agreement is good between the observed neon concentrations and
compositions, and the expected spallation neon component calculated
taking into account the unusual target chemistry of the inclusions
studied. The 36Ar enrichments can also be understood as due to capture
on 35Cl of secondary neutrons generated by the cosmic-ray bombardment
of the meteorite. It was concluded that the low-temperature 22Ne and
36Ar enrichments observed in the Ca, Al-rich inclusions should be
attributed to cosmic-ray-induced nuclear reactions during the recent
exposure history of the meteorite, and not to the presence of exotic
trapped gas such as neon-E. It was not possible to identify neon-E in
Allende, neither in inclusions with known oxygen and magnesium
anomalies nor from stepwise-release experiments on bulk samples.
Therefore no correlation between neon-E and the isotopic anomalies in

the other elements could be established.

3.6 COMPARISON OF OBSERVED NEON DATA WITH THE CHARACTERISTICS OF

SIMPLE MIXING MODELS

3.6.1 Neon in meteorites

In Figure 3-15 we plot neon concentration and composition data
for trapped neon in samples from carbonaceous chondrites. The solid

dots represent measurements on bulk samples of Cl and C2 meteorites.
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Figure 3-15. Neon composition vs. concentration diagram for trapped
(t) neon in Cl and C2 carbonaceous chondrites and bulk gas-rich
separates from carbonaceous chondrites. Solid dots represent

whole-rock meteorite samples; the uncertainty in 20Ne/ZZNet is

roughly *107%. The crosses are bulk gas-rich separates that have
not been treated to remove or isolate individual phases. Because
of the high neon-contents of the separates, 2ONe/ZZNet ratios for
these samples are accurate‘to within 1 or 2%. The whole-rock
data do not lie on a single straight mixing line, so are not
compatible with the simplest gas-dust mixing model. Data used to

construct this figure were drawn from the references indicated by

an asterisk in the list at the end of this chapter.
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Spallation neon contributions have been subtracted from the data using
projection onto thé trapped neon mixing-line as described earlier.
Shown as crosses are neon compositions for bulk gas-rich separates from
carbonaceous chondrites. These have not been etched in oxidizing
reagents to remove Q.

The gas-rich separates occupy a quite restricted range in
Fig. 3-15. The bulk meteorite points define a general concave—upward
trend which emanates from the solar point. For samples with 1/22Net

2

less than about 1.5 x 10“l , the data show increasing 20Ne/zzNet with

decreasing l/ZZNet, from about 8 to nearly the solar composition. For

20Ne/zzNet ratio is roughly constant at

higher values of 1/22Net, the
about 8, with a few exceptions tending toward higher ratios. This
constant value of ~ 8 corresponds to the neon-A composition defined

from the.meteorite data plotted on the three-isotope diagram.

Can we explain the distribution of points in Fig. 3-15 in terms
of the models described earlier for mixing gas-phase neon (S) with dust-
phase neon (E)? For simple random mixtufes we would expect to see
samples with 20Ne/zzNe raﬁging all the way from ~ 13.7 to ~ O.
Instead,.we never find meteorites containing only neon-E as the trapped
neon component. In no case can more than about half the 22Ne in any
given sample be attributed to neon-E. Most of the bulk meteorite data
fall to the right of a line joining the solar composition to the point
(zoNe/zzNe =0, 1/22Net ~ 2 x 10-12) in Fig. 3-15. For simple mixing
or implantation this sets an approximate upper limit of about 5 x 10ll

22
atoms = Ne/gram for the average initial neon-E content of the dust.

Certain simple models are incompatible with the bulk meteorite
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data. The simplest model of a homogeneous initial dust reservoir into
which a uniform amount of neon-S was implanted can be ruled out, since

it would result in all samples falling near a single point in Fig. 3-15.
Also generally unsatisfactory are models in which varying amounts of
neon-S were implanted in dust with a uniform initial neon-E concentration.
Mixing curves calculated for implantation, both general and

solar-wind irradiation, typically are straight, or nearly so. The
concave-upward trend for bulk sample data in Fig. 3-15 is unlike

the curves generated by these simple models.

An important clue to the interpretation of the bulk meteorite
trend is provided by helium isotope data. Anders et al. (1970) have
shown that as 20Ne/ZZNet increases from 8 to 13 in carbonaceous meteorite
samples, 3He/l‘He increases from about 1.3 x 10—4 to about 4.5 x 10_4.
As discussed previously, the high 3He/AHe ratios are good evidence that

20

the addition of neon-S giving the high Ne/zzNe ratios was due to solar

wind irradiation of the samples. This is supported by the elemental
abundances of the noble gases. In meteorites of high 20Ne/ZZNet ratio,
abundances typically are much closer to solar (cosmic) values than

those in samples of lower 20Ne/zzNet, in which abundances are typically

planetary. Thus in Fig. 3-15, the trend toward higher 20Ne/zzNe ratios
is explained by the addition of solar wind neon-S to preexisting
material.

Solar wind implantation in dust should generate nearly straight
mixing lines. Random implantation and sahpling of parcels of dust

should provide points all along the mixing line. The rather uniform

run of points above 20Ne/zzNet ~ 8 strongly suggests that the dust into
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2oNe/zzNet of

which the solar wind was implanted was characterized by
8, and not ~ 0 as would be expected for dust containing pure neon-E.
This requires at least two distinct episodes of mixing. One produced
a rather uniform neon-A composition in the dust. Another added
variable amounts of solar wind neon to different parcels of the dust.

This general picture can be clarified by considering the
gas-rich separates extracted from meteorites. The separates are the
primary reservoir of planetary noble gases and neon-A in meteorites.
The mixing episode that resulted in a uniform distribution of neon-A
in the dust can therefore be identified as a process or series of
processes that generated the planetary noble gas contents of the bulk
gas-rich separates. In meteorites, this gas-rich material has been
diluted by a factor of about fifty or more by initially gas-free
silicate minerals. The dilution factor corresponds to the gap in
Fig. 3-15 between the crosses representing the gas-rich separates,
and the bulk-meteorite points with the same 20Ne/zzNet ratio of 8 to 9.
The minimum degree of dilution is probably controlled by the maximum
chemical abundance of the gas-rich host phases--particularly carbon--
normally available to bg incorporated into meteoritic material. The
factor of roughly fifty is consistent with the abundance of carboﬁ in
Cl and C2 metéorites, typically 2-3 wt % (Vdovykin and Moore, 1971).

In Figure 3-16 we sketch a possible model for the whole-rock
carbonaceous chondrite neon abundances. Gas-rich carbonaceous material
is diluted yielding a reservoir of material with ZONe/ZzNet ~ 8 to 9
labeled '"primitive'" meteorite material in Fig. 3-16. Following the

dilution, parcels of the primitive material are irradilated to varying
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Figure 3-16. A model for neon in bulk carbonaceous chondrite
samples. All planetary neon (neon-A) is held in the gas-rich
phases. In bulk samples the gas-rich phases are diluted by a
factor of about fifty or more by silicate minerals containing
no neon-E. The minimum degree of dilution is determined by the
maximum chemical abundance of the host phases of the gases.
Carbon in particular appears to be the controlling element, with
an abundance of 2-3 wt.7Z in Cl and C2 meteorites. The mixture.
of carbonaceous gas-rich matefial and inert silicate is labeled
"primitive'" meteorite material. Variable amounts of solar wind
are implanted in different parcels of the '"primitive'" meteorite
material, resulting in compositions plotting on the large open
arrow pointing to the upper left. Larger degrees of dilution
and/or gas-loss are responsible for points lying to the right
of the "primitive" reservoir. Solar-wind implantation will move

these points along the solid arrows toward the solar endpoint.
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degrees by the solar wind. Some parcels may experience additional
dilution or possibly gas-loss before or after irradiation, resulting in
points falling to the right of the primitive material.

The sequence of events suggested in Fig. 3-16 is not the only
one that can lead to the observed bulk meteorite trend. For example,
solar-wind implantation need not follow dilution of the gas-rich
phases. Portions of a parent-body regolith could be irradiated first
to varying degrees by the solar wind. Subseéuently, gas-rich phases
are added to the regolith. The addition of neon-A-rich material
must be widespread on a scale larger than the inhomogeneity of the
solar-wind irradiation. This requirement is to ensure formation of
mixtures with all possible proportions of neon from the two reservoirs.

Bulk meteorite samples can be understood simply as mechanical
mixtures of gas-rich phases and inert diluting material which have been
irradiated by the solar wind. The origins of the neon mixtures in
the gas-rich phases are‘less clear. At least four chemically or
physically distinct noble-gas carriers have been extracted from bulk
gas-rich separates. The carriers are E(h), E(L), chromite/carbon,
and Q. All contain trapped neon with 20Ne/zzNe substantially lower
than the éolar/gas—phase value. All must therefore contain dust-phase
neon which we have identified as neon—E. In the simplest case, this
implies that there were four or more diverse phases in the primordial
dust, all of which initially contained some neon-E. Subsequent
implantation of neon-S raised initial 20Ne/22Net ratios of some of the
phases from about zero to various intermediate values depending on the

degree of irradiation. This model is outlined in Figure 3-17. Since
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Figure 3-17. A model for neon in the various gas-rich phases in
meteorites. A variety of physically and chemically distinct

neon carriers El’ EZ’ etc., exist in the interstellar dust;

20

initially all contain neon-E with Ne/zzNe ~ 0. Gas-phase

neon-S is added to some of the phases giving rise to higher

20Ne/zzNe ratios as observed in some of the phases. One initial

- carrier such as E2 might serve as a precursor for two or more
gas-rich phases, e.g., E(%) and C, if neon-S is added to only

part of the E, reservoir.

2
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two distinct carriers, E(h) and E(L), containing essentially pure
nebn—E are known to exist, there is no a priori reason not to believe
that several more could have initially been present. The requirement
of one E-bearing phase per presently-observed gas-rich phase could be
relaxed if neon-S were implanted in only a part of any given reservoir

of carrier grains. For example, E, in Fig. 3-17 could give rise to

2
both E(%) and C, with E(2) representing original carrier grains that
escaped implantation, and C the grains containing both neon-E and
neon-S.  For this particular example, a genetic relationship may in

fact exist. Alaerts et al. (1979) have tentatively identified E(2) as
carbon, so E(£) and the carbon in chromite/carbon might share a common
ancestral neon-E carrier. More information on the mineralogy and on the
isotopic composition of neon associated with each gas-rich phase is
needed to investigate this simple model further.

A potential problem with the simple mixing model is the
observation that two separate phases, carbon and chromite, seem to
contain neon with the same composition (Lewis et al., 1975; Lewis et al.,
1979a). This would tend to imply that the neon was obtained from an
external reservoir of the intermediate neon-A composition. It is not-
clear where such a reservoir could exist in a solar system dominated
by neon-S in the gas and neon-E in the dust. It is perhaps possible
that the neon in chromite is actually trapped in carbon inclusions, in
which case carbon might be the only phase containing neon with
20Ne/zzNe_a‘S.S.

The high abundances of the heavy noble gases in both chromite/

carbon and Q are incompatible with simple solar-wind implantation as
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their source (Lewis et al., 1975). The planetary noble gas abundance
patterns associated with these phases are most likely the result of
adsorption or differential solubility. The 3He/AHe ratio of ~ 1.2 x 10—4
in these planetary gases in chromite/carbon (Frick and Moniot, 1977;
Mazor et al., 1970) is consistent also with gas sorbed from the main
interstellar gas reservoir. This evidence suggests that the gas-phase

neon-S in these minerals was implanted by similar processes, and not by

the solar wind.

3.6.2 Xenon data

Xenon, with nine stable isotopes, should allow unambiguous
recognition of many more components than neon. Thus xenon data can
provide additional information on the number of primordial noble gas:
components in the solar system. Pepin and Phinney (1979) have presented
a detailed analysis of the isotopic variations in xenon from bulk
meteorite samples, meteoritic mineral éeparates, and lunar soils. These
authors define five components, U', DME(L), DME(H), Sp, and Pu, which
can be uéed to describe most of the data. Of the five components
described by Pepin and Phinney, U' is the most abundant, and corresponds
to a primitive form of ordinary trapped meteoritic xenon (AVCC).
DME(L) comprises the light proton-rich isotopes of xenon (124, 126, 128,
1297, 131), while DME(H) comprises the heavy neutron-rich isotopes (1297,
131, 132, 134, 136). The remaining two components, Sp and Pu,
correspond to galactic cosmic ray spallation xenon and 244Pu fission
xenon. Radiogenic 129Xe is also a common constituent of meteoritic
xenon. In addition, an extraordinary xenon component has been discovered

in gas-rich separates from Murchison (Srinivasan and Anders, 1978) and
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Orgueil (Lewis et al., 1979b). This cémponent, provisionally labeled
EX (Smith, 1979; Paper 4 in Appendix A), is apparently strongly
enriched in s-process xenon isotopes compared to ordinary trapped
xenon (Srinivasan and Anders, 1978; Smith, 1979). The heavy isotopes
comprising DME(H) xenon have been suggested to be the products of a
fissioning superheavy nucleus (Lewis et al., 1975 and references
therein) or to be a primordial nucleosynthetic component (Manuel

et al., 1972). DME(L) is probably a primordial nucleosynthetic
component (Pepin and Phinney, 1979). Thus solar system xenon appears
to contain at least three independent primordial components, U', EX,
and DME(L), and possibly four, including DME(H). One of these
probably represents xenon from the gas-phase, and the rest are from
dust grains.

Arguing from the xenon results, it is conceivable that at least
three and perhaps four primordial neon components should exist as well.
It is possible to make some tentative associations between the xenon
and neon components. Anders and coworkers (Srinivasan and Anders, 1978;
Lewis et al., 1979b; Alaerts et al., 1979) have shown that dust-phase
neon-E and the s-process-enriched xenon-EX occur together in meteorite
mineral separates. U' xenon appears to be a principal constituent of
solar wind xenon (Pepin and Phinney, 1979). Therefore, we tentatively
identify U' xenon with the neon-S from the interstellar gas. So-called
CCFX xenon, consisting largely of a mixture of DME(L) and DME(H) xenon,
is enriched in the chromite/carbon separates where it is associated
with neon having 20Ne/zzNe ~ 8.5. This might suggest that the neon-A

in chromite/carbon is a primary component associated with one of the
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two xenon components. Since the CCFX xenon is however a mixture, it

is not unlikely that the neon in chromite/carbon is also. Future
detailed study of neon-xenon correlations and of the interrelationships
of the xenon components should provide much information about the
origins and evolution of various noble gas components in the solar

system.

3.6.3 The question of the isotopic composition of solar (and nebular)

neon N

The agreement between the isotopic composition of solar flare
neon (Siﬁpson, priv. comm.) and neon-A in chromite/carbon separates from
carbonaceous meteorites suggests an alternative model of solar system
neon. It is conceivable that neon in the interstellar gas was neon-A,
not neon-S as has been assumed up to this point. This would alleviate
the problem of two phases, carbon and chromite, containing the same
neon composition, since in this model they both have just sampled the
ambient nebular gas. Neon in the original dust grains is still
represented by neon-E occurring in two or more different carriers.
Now, however, the neon-S composition must be a special attribute of the
solar wind acceleration mechanism.

2

Observed 20Ne/2 Ne ratios greater than about 8.5 (neon-A) in

this model signal the presence of implanted solar wind neon. This is

the case for Q, with an observed 20Ne/zzNe ratio of 10-11. Because

of the very low 20Ne/36Ar ratio associated with this phase (< 0.1),

the neon composition is very sensitive to addition of small amounts of

solar wind neon. Therefore, it is possible that Q derives from material

20

initially like chromite/carbon with Ne/zzNet ~ 8.5 to which a
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comparatively small amount of solar wind (< 50% of the total neon)

was added.

3.6.4 Noble gases in the planets

The two-component neon mixing model embodies specific
predictions for the isotopic compositions of neon associated with the
planets. Cameron and coworkers (e.g., Cameron and Pollack, 1976;
Cameron, 1975) have suggested that the formation of the gas-giant
planets Jupiter, Saturn, Uranus, and Neptune occurs by accretion of
an atmosphere of volatiles, mainly H and the noble gases, to a core of
ices and rocky material, i.e., dust. Within the two reservoirs,
atmosphere and core, the elements occur in roughly their solar proprotions,
but the mass ratio of the two reservoirs can be different among the
various planets. This model for gaseous protoplanet formation is the
same as the simplest two-component dust/gas mixing model considered
earlier. On the neon composition-inverse concentration diagram, such
a series éf objects accreted with varying proportions of dust and gas
will plot along a straight line between the solar point and the point
representing the primordial neon in dust, here taken as neon-E.

Podolak and Cameron (Cameron, 1975) have inferred that the
gas-phase (principally hydrogen and helium) comprises about 80%, 67%,
15%, and 25% of the masses Jupiter, Saturn, Uranus, and Neptune
respectively. With remainder assumed to have been dust, then dust to
gas ratios for the four planets are about 0.25, 0.5, 6, Bnd 3, compared
to a ratio of about 0.02 for ices and rocky material in the solar
composition. In Figure 3-18 several curves of 20Ne/zzNe vs. dust/gas

ratio are plotted for simple mixtures. The neon in the dust will
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Figure 3-18. The isotopic composition of simple mixtures of dust
and gas plotted as a function of dust/gas ratio. The different
curves correspond to different relétive neon concentrations in
bthe gas(S) and dust(E). Dust/gas ratios for the giant planets
are indicated by the vertical bars. Measurable differences
would be expected in the atmospheres of the four giant planets -

for 22NeE/zzNeS 2 0.01. No shifts would be detected for dust-

13 22

phase neon concentrations of about 10 Ne/g, similar to the

concentrations in meteoritic gas-rich minerals.
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cause significant isotopic variations in the atmospheres of the giant

planets if 22NeE/22NeS 2 0.01, i.e., for 22

NeE 2 3.3 x 1016 atoms/gram
in the dust. On the other hand, if the 22Ne content of the dust were

as low as ~o1013 atoms/gram, the highest neon-E concentration measured
in gas-rich separates from meteorites, then 20Ne/zzNe in the atmospheres
of all the giant planets should be equal to the solar ratio. If the
20Ne/22Ne ratio in the gas was 8.5 instead of 13.7, then the curves
would originate at the lower value. Next to the sun, the composition of
Jupiter's atmosphere should be least changed from the gas-phase value
by the addition of its complement of dust. Therefore, measurement of
the isotopic compositionkof neon and the other noble gases in

Jupiter's atmosphere should provide an invaluable check on the validity
of the gas-phase compositions estimated from the solar wind.

In Figure 3-19, available neon data for the atmospheres of the
terrestrial planets are represented. The 22Ne concentrations are
obtained by dividing the amount of neon in each planet's atmosphere by
the planet's mass. Isotopic compositions are not known for the
atmospheres of Mars and Venus. Assuming 20Ne/zzNe to lie between 0 and
13.7 for each, a vertical dashed line is drawn at the appropriate
concentration. Regardless of the isotopic composition of the Martian
atmosphere, it cannot lie on a single mixing line with the solar and
terrestrial points. Therefore, assuming all the planets' neon to be in
their atmospheres, the atmospheres of the terrestrial planets cannot
fit into a simple two-component gas-dust mixing model. In other words,

it would be impossible to start with Mars-like material, add neon-S,

and obtain the terrestrial atmosphere. The same conclusion may be
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Figure 3-19. Neon in the atmospheres of the terrestrial planets.
Concentrations are obtained by dividing the atmospheric 22Ne
content by the total mass of each planet. Isotopic compositions
are not kﬁown for Mars and Venus but are assumed to lie between
13.7 and 0. It is not possible for all three planets to plot
on a single straight mixing line. Assuming degassing of the
planetary interiors is reasonably complete, their noble gases
cannot have been derived by simple mixing of dust and gas in

different proportions.
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obtained from the 20Ne/36Ar ratios for the three planets which are
the same within experimental uncertainties (Chap. 2). It is impossible
to explain the apparent increase in neon and argon concentration from
Mars to the Earth to Venus by the addition of solar wind which has
a much higher 20Ne/36Ar ratio.

Within the limits of present knowledge, the elemental abundance

patterns for the noble gases (22Ne, 36Ar, 84Kr, 132Xe) are very

20Ne/36Ar ratio very similar

similar on the Earth and Mars, and the
between Earth and Venus. All patterns are planetary, in the sense that
Ne/36Ar ratios are a factor of 30 to 60 lower than the cosmic or

solar ratio, and Kr/36Ar about 50 to 100 times higher. The similarities
among the three atmospheres, despite some 3 to 4 decades of difference

in concentration, appear to argue conclusively against the rare gases

in the atmospheres being residues of the independent loss from each planet
of a maséive primordial atmosphere starting with esseﬁtially coémic
abundances. Instead, the rare gases are probably of secondary origin
arising from outgassing’'of the planets, as was concluded for the major
atmospheric constituents water, nitrogen, oxygen, and carbon dioxide

by Brown (1952). The similar elemental abundance patterns for all

three planets suggest that their atmospheric noble gases could have

been obtained from the same source. Isotopic compositions, particularly
of neon and xenon, are needed to confirm or deny such a possibility.

Since meteorites also contain planetary noble gases, it has been

argued that the source of the noble gases (and also the other

volatiles) in the terrestrial planets was meteoritic, in particular,

material similar to carbonaceous chondrites (Turekian and Clark, 1975;
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Anders and Owen, 1977). Cometary material is also a possible source.
The concentrations of the atmospheric noble gases on the
terrestrial planets decrease systematically with increasing distance
from the sun (Chap. 2). This could be due to real initial differences
in volatile contents of the planets (Hoffman et al., 1979). On the
other hand, the trend seems to run counter to our preconceived notions.
Venus, the most noble-gas-rich, is the closest to the sun, and
presumably formed at the highest temperature. Since the atmospheres
probably result from outgassing, some of the differences might be due
to different degrees of outgassing. Venus would have to have outgassed
primordial neon some ten to one hundred times more effectively than
the Earth, and Mars some hundred times less thoroughly. The 4OAr
contents of the planets' atmospheres can be used to make some inferences
about planetary degassing. We presume all three planets had the same

36Ar/K ratio. For the sake of argument we assume

the K content is approximately chondritic, about 800 ppm. The 4OAr :

initial K content and

presently in the atmospheres of Mars, Earth, and Venus corresponds to
about 0.5%, 10%, and 6% of the total planetary 40Ar generated over

4.6 billion years. It is generally assumed that 36Ar should be degassed
as thoroughly or more so than 4OAr, since 4OAr is continually
replenished by decay. With this assumption, at least 0.5%, 10%, and 6%
of the primordial planetary noble gases should be in the atmospheres

of Mars, Earth, and Venus. If Venus experienced a complete

catastrophic outgassing before significant decay of 4OK to 40Ar took

place, then as much as 100% of its primordial noble gases could reside

in its atmosphere. We assume little or no early release of primordial

/
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gas on Mars and the Earth. With such a scenario, 22Ne and 36Ar

concentration differences of a factor of 20 between Mars and Earth,
and 10 between Earth and Venus could be explained solely on the basis
of different outgassing histories. This is marginally compatible with

the data for Venus, but the Mars atmosphere contains 200 times less

22Ne and 36Ar than the terrestrial, rather than 20 times. This

difference is not compatible with outgassing alone, unless 36Ar is for

some reason lost from the interior of the planet much less easily than

4OAr. The simplest explanation is that the initial 36Ar/K ratio on

Mars was roughly 10 times or more lower than on the Earth. The
limited xenon data available for the Martian atmosphere can be used to

support the idea that initial noble gas contents on Mars were low

129, ;132

compared with the Earth. On Mars,”  ~Xe/ ~“Xe is about 2.5,but on the

Earth it is close to 1. The difference is due to radiogenic l29Xe

from the decay of 1291. Compared to primitive trapped xenon in

meteorites, the ratios of primordial 132Xe to excess radiogenic 129Xe

in the Mars atmosphere and the terrestrial can be inferred to be

roughly 0.7 and 10 respectively. Assuming both planets had the same

1291/1271 ratio at formation, then this could be interpreted

as evidence that the initial 132Xe/I ratio on Mars was 10 to 20 times

initial

lower than the Earth, in good agreement with the 2> 10 times lower
36Ar/K ratio inferred above. Thus the variations in atmospheric
noble gas contents of the terrestrial planets may have been determined

by a combination of differences in initial noble gas abundance and

differences in subsequent degassing history.
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CHAPTER 4. STUDIES OF TERRESTRIAL
NOBLE GASES
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4.1 INTRODUCTION

The principal topic of this chapter is the present-day
distribution of noble gases on the Earth. We divide the Earth into
two main noble gas reservoirs, the atmosphere and the solid body of
the planet. The research of this chapter addresses two broad questions
about these reservoirs. First, what is the present noble gas content
of the solid Earth, and second, is there significant cycling of noble
gases from one reservoir to the other?

The general approach taken here to study these questions has
béen to make mass—-spectrometric measurements of the concentrations
and isotopic compositions of noble gases in rocks from a variety of
geological settings. Direct comparison of the amounts of gas in
these rocks with the amounts in the atmosphere is used as one way to
assess the relative importance of the solid Earth as a reservoir of
noble gases. To test the possibility that atmospheric gases are cycled
into the crust, we have examined deep-seated plutonic rocks for
evidence of an atmospheric noble gas component. Juvenile noble gas
components have been sought in all samples using isotopic composition
measurements.

Most of the measgrements of noble gases reported in this
chapter were made on whole-rock samples or large, single crystals.
The gases in the samples dsually were extracted by fusing the material
in vacuum in a single step at high-temperature. This procedure was
adopted because in almost all cases there was no prior information
available about the total amount of gas in the sample, or about the
phases in which gases might possibly be concentrated.

The noble gas contents of most terrestrial rocks are generally
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quite low and difficult to measure. It is useful therefore to identify
classes of terrestrial material where the concentrations of dissolved
gases can be expected to be higher than average. Since the noble gas
solubilities should obey Henry's law, rocks that crystallize or are
metamorphosed at high fluid pressures should generally contain larger
concentrations of trapped ambient gases than rocks formed at the
Earth's surface. For example,'it is not unusual to find excess
radiogenic 4OAr trapped in high-grade metamorphic rocks (e.g., Kaneoka,
1975). Among magmas erupted at the surface, dissolved juvenile gases
should bebretained best in thosevcooling most rapidly. A noteworthy
example of unusually rapid cooling is the quenched glassy rim commonly
found on submarine pillow-basalt flows. Certain classes of minerals
with open crystal structures may have comparatively high solubilities
for noble gases. Such phases would show much higher ﬁoble gas

contents than other minerals formed under the same conditions.

Examples are ring-silicates such as beryl (Damon and Kulp, 1958) and
amphiboles (Saito et al., 1978). Among the samples studied in this
work are examples of‘all these types of material, including plutonic
rocks from the upper ﬁantle and crust, basalt glass from mid-ocean
ridge lavas, and a suite of beryl crystals.

It is essential for proper sample selection and interpretation
of noble gas measurements fo place terrestrial noble gas reservoirs
and transport cycles into a geologic framework. Fig. 4-1 is a cartoon
cross--section of the Earth fepresenting the atmospheric and solid-
Earth noble gas reservoirs, and some of the major structural elements
of the planet. The body of the planet has been subdivided into

several smaller reservoirs, including the continental crust, oceanic
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Figure 4-1. Terrestrial noble gas reservoirs, sources, and fluxes.
The Earth comprises two main reservoirs, the atmosphere and the
body of the planet. The latter is conveniently subdivided into.
continental crust, oceanic crust, mantle, and core. The arrows
loosely represent the cycling of noble gases between reservoirs.
Helium is continually lost from the atmosphere to space. Infalling
interplanetary dust may provide a small flux of noble gases to |
the atmosphere or the Earth's surface. Some 3He is generated by
cosmic-ray spallation in the atmosphere. Juvenile noble gases
from the crust and mantle may be outgassed into the atmosphere by
volcanoes on the continents or at oceanic spreading ridges.
Sources of juvenile gases include a variety of nuclear reactions
taking place in the Ea;th. Primordial gases from undegassed
regions of the mantlg may also be emitted; Atmospheric gases are
diséolved in surface water. The water can carry the gases into
the crust where they may become trapped in rocks. Subduction of
altered oceanic crust may provide a mechanism for injecting

atmospheric noble gases into the upper mantle.
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crust, mantle, and core. The arrows suggest possible noble gas flows

to and from different reservoirs. One of the important reasons for
undertaking the present measurements of noble gases in rocks is to
decipher the actual patterns of these fluxes in the Earth. The boxes
labeled "source'" indicate generation of noble gases by nuclear reactions
in the atmosphere and solid Earth.

Transport of noble gases from the atmosphere into the crust is
probably accomplished most effectively by water. Water carrying
dissolved atmospheric gases seeps into the crust. Within the crust,
the gases may become fixed in the rock during alteration, or may
eventually return to the surface in natural gases, hot springs, etc.
Exchange of noble gases between the atmosphere and deeper portions of
the Earth probably involves the tectonic elements sketched in Fig. 4-1.
On the right is pictured an oceanic spreading ridge, where material
upwells from the mantle. In the center is a subduction zone, where
crustal material sinks back into the mantle. On the left is shown a
region of continental igneous activity, where deep-seated material may
be intruded into the crust, and possibly erupted ét the surface. 1In
each case, the’;ass—transfer of solid or molten rock may be accompanied
by the transport of noble gases into or out of the crust and mantle.
Although not indicated exblicitly in Fig; 4-1, erosion and metamorphism !
of the continental érust ﬁay also lead to outgassing of noble gases
into the atmosphere. |

The simple picture pfesented in Fig. 4-1 raises important
questions concerning the cycling of atmospheric noble gases into the

solid Earth. How significant is transport by subduction of noble

gases into the mantle? Are the transport loops from the subduction
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zones to the spreading ridges and other sites of upwelling closed?
Are some gases observed in deep-seated magmas and inclusions
atmospheric gases that were subducted during an earlier epoch? 1In a
similar, but more speculative vein, can infalling interplanetary dust
that collects the ocean sediments be subducted, and if so, can it
provide a significant input of juvenile noble gases to the mantle?
Could some of the apparently primary juvenile noble gases such as 3He
observed in mantle samples have arisen through this mechanism, rather
than by outgassing of primitive mantle material? These questions will
be considered in more detail near the end of this chapter.
Before_turning to the experimental results, we briefly discuss
the atmosphere. The atmosphere provides us with an extremely valuable
touchstone, since it is the only terrestrial noble gas reservoir for
which we accurately know the total noble gas content and isotopic
composition. As discussed at the end of Chapter 3, the atmospheres of
the Earth and other terrestrial planets were probably generated by
outgassing from the interiors of the planets. Therefore, if we divide
the atmospheric content of each gas by the mass of the planet, the
resulting concentration is a minimum estimate for the initial gas
content of the material out of which the planet formed. This is trﬁe
only for isotopes not geqerated by nuclear reactions in Fhe planet
after its formation. These minimum concentrations for the Earth are
listed in Table 4-1 (see also Chap. 2). Also given in Table 4-1 are
the mcst important sources for the different atmospheric noble gas
isotopes. qur from radioactive decay of K is by far the most abundant
noble gas isotope in the atmosphere. However, its high cohcentration

reflects continuing production, not an initially high concentration.
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Table 4-1. Minimum whole-Earth concentrations of noble gases

calculated from their atmospheric abundances.l

Concentration1
Isotope (10-16 mole/gram) Origin
3He 0.00224 primordial (nucleogenic; cosmogenic)
.4He (1600)3 radiogenic (primordial?)
20Ne 5020 primordial
21Ne 14.9 primordial (nucleogenic?)
22Ne 513 primordial (nucleogenic?)
36ar 9610 primordial
38Ar 1810 primordial
40Ar (2.84x106)3 radiogenic (primordial?)
T8y 1.21 primordial
8OKr 7.86 primordial
82Kr 40.1 primordial
83Kr 40.0 primordial (fissiogenic?)
84Kr 198 primordial (fissiogenic?)
86Kr 60.6 primordial (fissiogenic?)
124Xe 0.0254 primordial
126Xe 0.0237 primordial
188 0.511 primordial
129Xe (7.06)3 primordial (radiogenic)
130Xe 1.08 primordial
131Xe (5.67)3 primordial (fissiogenic)
132Xe (7.18)3 primordial (fissiogenic)
134Xe (2.79)3 primordial (fissiogenic)
136Xe (2.37)3 primordial (fissiogenic)
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Table 4-1. (continued)

1Concentrations obtained by dividing the atmospheric abundance of
each isotope by the mass of the Earth, 5.98x1027 grams.

2First column gives the principal source of each isotope in the
atmosphere. Minor sources are enclosed in parentheses. Queried
contributions are probable, but not positively identified.

3Values in parentheses are too high because of generation by nuclear
reactions subsequent to the Earth's formation. This is a dominant

effect for 4He and 4OAr, but only a few percent for the xenon isotopes.
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36Ar is the most abundant primordial isotope, followed by 20N

e. At
the other end of the scale, 3He is the least abundant. The helium
content of the atmosphere represents a balance between its loss to
space and its replenishment, primarily by outgassing of juvenile helium
from the solid Earth. Loss of the heavier noble gases 1is not thought
to have been significant.

.The minimum whole-Earth concentrations in Table 4-1 also
provide a convenient reference against which to compare concentrations
measured in rocks. For example, in order for 50% of the overall
terrestrial noble gas budget to still reside in the solid portions of
the planet, the Earth on the average must consist of rocks with the
same gas contents as the values in Table 4-1. If we were to find that
all measured concentrations in rocks are far lower, then we would have
reason to argue that the Earth was thoroughly degassed.

The content of the noble gases in the atmosphere can also
provide a measure of the average net flux of each gas (except helium)
into the atmosphere. We define this average flux‘E; as the present
atmospheric abundance of a gas divided by 4.5 billion years. In
Table 4-2 we list 3; for representative isotopes for each noble gas.
For helium, the values listed are estimated values of the present
fluxes, not average values, since helium is continuously lost to
space. The value for 3He is a calculated flux (Johnson and Axford,
1969), which primarily reflects thermal escape from the exosphere.

For 4He, the escape mechanism is non-thermal. The value given is a

typical estimate based on the current production rate of 4He by U and

Th decay (cf. Naughton et al., 1973). Also shown in Table 4-2 are
136

values for a spontaneous fission xenon component, XeSF’ and an



Table 4-2. Atmospheric Average Fluxes 3;

(Atmospheric content + 4.5 billion years; in moles/year)

3He

4He

ZONe

36Ar

40Ar

84Kr

132Xe

136Xe

129Xe

SF

rad

(1900) 1
(8x108)2

6.7x10°

1.3x10°

3.8x10%

2.6x10%
9.5x102
15

64

lPresent flux escaping from atmosphere, "~ 7 atoms/cm2 sec (Johnson

and Axford, 1969).

2Present flux escaping from atmosphere, " 3x106 atoms/cm2 sec

(Naughton et al., 1973).
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12
excess radiogenic 9Xerad component in the atmosphere. These are

based on the difference between the present atmospheric composition and
estimates of the initial primordial xenon composition of the Earth
(Pepin and Phinney, 1979). The excess l29Xe

rad
6.87% of the total l29Xe in the atmosphere. Ideally, comparison of the

is estimated to be

present fluxes of the noble gases from the solid Earth with the average
3; values could be used to obtain information about the degassing history
of the Earth. This is not easy in practice because of the difficulty

of obtaining reliable estimates of the present fluxes. This problem

will be discussed briefly in section 4.3.3.

4.2 EXPERIMENTAL RESULTS

Within the broad framework established in Fig. 4-1, the
analyzed samples come mainly from two geologic settings. The first is
centers of intrusive and extrusive igneous activity on the continents.
The second is the regions of magma upwelling at oceanic ridges.
Fig. 4-2 is a summary of some of the noble gas sources and generalized
transport processes that may be associated with igneous activity.
During magma generation by partial melting, we ‘expect noble gases in
the source region to be incorporated by the magma. Some sources of
magmatic gases are listed in the boxes in Fig. 4-2. The two upper
boxes on the left represent secondary juvenile gases generated by
radioactive decay of U, Th, and K and by other ongoing nuclear
reactions. At the bottom of the figure are shown two potential sources
of primary juvenile gé%es, xenon isotopes from the decay of short-lived

129 244

I and Pu, and primordial noble gases. In addition to dissolved

gases, the ascending magma may carry gas-bearing xenoliths from the
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Figure 4-2. Noble gases in igneous rocks and magmas. Noble gases in
the source region will be incorporated into the magma during
partial melting. These magmatic gases may include primordial

gases, radiogenic Xe isotopes from the decay of shortlived 1291

or 244Pu, radiogenic He, Ar, and Xe from the ongoing decay of U,
Th, and K, and the products of a variety of other nuclear
reactions. As the magma ascends toward the surface from the
source region it may incorporate other noble gases. Atmospheric
gases may be added through interaction with meteoric ground

water. Crustal gases may be added by assimilation of xenoliths

and host rock.
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source region. As the magma rises, the confining pressure will drop,
and the magma and any xenoliths it carries may outgas. Absolute
concentration levels in xenoliths and quenched magmas sampled near
the Earth's surface will therefore not necessarily be representative
of the concentrations in the source region.

As the magma migrates out of its source region, it may
incorporate additional noble gases by assimilation of host rock or
interaction with ground water carrying dissolved atmospheric gases.
Lava erupted on the continents may incorporate atmospheric gases
directly by diffusion from the air. By the time the magma cools and
ceases to exchange noble gases with its environment, it may therefore
contaiq a complex mixture of original magmatic gases and contaminant
gases. In general we might expect the original magmatlic gases from
the source region to be more homogeneously distributed throughout the

magma than later contaminants.

4.2.1 Samples from igneous intrusions in continental crust

In Fig. 4-3, we examine the environment of a shallow igneous
intrusion in more detail. A magma body injected into the upper crust
provides a heat source which can initiate a wide-scale meteoric
hydrothermal circulation system. Meteoric ground water circulating
through fractures and permeable country rock may introduce
atmospheric gases into the cooling intrusion. Taylor and coworkers
(Taylor, 1968; Taylor and Forester, 1971; Taylor, 1974; Taylor and
Forester, 1979) have documented fossil examples of these circulation

systems around intrusions presently exposed by erosion. In a young

intrusion, juvenile magmatic gases may be trapped in minerals during
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Figure 4-3. Cycling of noble gases near a crustal igneous intrusion.
Injection of magma into the crust provides a localized heat source
that can initiate a hydrothermal circulation system. At the level
of the intrusion, convecting meteoric water may interact directly
with the magma or cooling rock. Additional geothermal circulation
may take place in aquifers and fractures above the intrusion.
Juvenile magmatic gases may be concentrated in fluid-rich
pegmatites during the late stages of crystallization, or may be
lost to the surrounding hydrothermal clrculation system. The
meteoric ground water may carry atmospheric gases into the
intrusion. Dissolved gases originally present in a geothermal
reservoir may be lost by steam separation. Recharge <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>