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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 

. 20 22 represented in meteorites by neon-E, with Ne/ Ne 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. 

Neon in meteorites consists of galactic cosmic ray spallation neon 

and at least two primordial components, neon-E and neon-S . Neon was mea-

sured in several meteorites 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 no t to 

confuse this source of 
22

Ne with neon-E, which is also rich in 22Ne. 

Neon data for the carbonaceous chondrite Mokoia show that the end-

20 22 
member composition of neon-Sin meteorites is Ne/ Ne= 13.7, the same as 

the present solar wind. The solar wind compos i tion 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 ~e 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 

characteris tic suite of magmatic gases including nucleogenic 
21

Ne and 22Ne 

40 . 131-136 from (a,n) reactions, radiogenic Ar, and fissiogenic Xe 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 fot.md in rocks from 

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

of 4°K) correlates with o18o in plagioclase. Atmospheric argon has been 

introduced into samples that have experienced oxygen-isotope e xchange with 

circulating meteoric hydrothermal fluids. Unexchanged samples contain 

40 36 juvenile argon with Ar/ Ar greater than 6000 that was trapped from the 

Skaergaard magma. 

Juvenile and atmospheric gases have been measured in the glassy 

rims of mid-ocean ridge (MOR) pillow basalts. Evidence is presented that 

h 1 · d. i 129Xe d fi i i ddi i t ree sarnp es contain excess ra 1ogen c an ss on xenon, · n a t on 

40 to the excess radiogenic Ar 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 folllld here for juvenile primordi al 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 seawater. 

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 of ten assumed. 
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CHAPTER 1. INTRODUCTION 
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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 least several percent by number. In dominantly solid objects 

such as the terrestrial planets and meteorites, the noble gases are 

very rare, constituting roughly one part per billion. As a result of 

their 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 elements because . of the extremely low 

concentrations of the reaction products. A good example is cosmic ray 

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 is a compilation 
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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 fran the crust and upper mantle. Appendices A 

and B contain copies 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 isotopes (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 gases have been identified in the solar atmosphere 

by both ground-based spectroscopy and rocket or satellite-based 

measurements. Except fo r 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 0 and B stars, novae, planetary 

nebulae, and HII regions (ionized interstellar gas) both in our galaxy 
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Table 1-1. The noble gases in nature. 

Noble Atomic 
Gas Number 

He Z=2 

Ne Z=lO 

Ar Z=l8 

Kr Z=36 

Xe Z=54 ·· 

Kr Z=36 

Rn Z=86 

Stable 
Isotopes 

3 4 He, He 

20N 21N 22N e, e, e 

36A 38A.. 40A r, r, r 

78K SOK 82K 83K 84K 86K r, r, r, r, r, r 

· 124x 126x 128x 129x 130x 131x 132x 134x 136x e, e, e, e, e, e, e, e, e 

Radioactive 
Isotopesl 

81Kr(2xl05y) 2 

219Rn(3.9s) 3 220Rn(55s) 4 222Rn(3.8d) 5 

~alf-life in parentheses. 

2Found in meteorites and lunar samples; product of cosmic-ray irradiation. 

3Also known as actinon. Produced d . 235u uring decay chain. 

4 known thoron . Produced during 232rh decay chain. Also as 

5 d . 238u decay chain. Produced uring 
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Table 1-2. Stable noble gases detected in the solar system. 

~ He (chromosphere) 

He,Ne,Ar (corona) 

Planets 

Mercury 

Venus 

Earth 

Moon 

Mars 

Jupiter 

Meteorites 

Interplanetary Medium 

Dust 

Solar Wind 

Solar Cosmic Rays 

He (atmosphere - Mariner 10) 

He,Ne,Ar (atmosphere - Venera 9-12; Pioneer-Venus) 

He,Ne,Ar,Kr,Xe (atmosphere) 

He,Ne,Ar,Kr,Xe (surface samples) 

He,Ne,Ar (atmosphere - Apollo) 

He,Ne,Ar,Kr,Xe (surface samples - Apollo) 

Ne,Ar,Kr,Xe (atmosphere - Viking) 

He (atmosphere - Pioneer 10) 

He,Ne,Ar,Kr,Xe 

He,Ne,Ar 

He,Ne,Ar (Apollo; spacecraft) 

He,Ne (spacecraft) 

Galactic Cosmic Rays He,Ne,Ar (spacecraft) 
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and in other galaxies. Average, or so-called "cosmic," abundances of 

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 O. Although the cosmic abundance pattern 

of Table 1-3 is not typ ical of all astronomical bodies (cf. Trimble, 

1975), it does present a surprisingly good picture of the nob l e gas 

abundances in many objects, and is a useful reference composition . 

To avoid any possible confusion, it is useful to de.fine 

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 is used to ref er 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 accompan:t ed 

the interstellar dust and gas from which the solar system formed some 

4.5 billion years ago. The term £rimordial is used to designate these 

initial gases. Other noble gases may be generated by nuclear reactions 
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Table 1-3. Cosmic abundances of noble gases; by number. 

He/H(l) 0.1 

Ne/H( 2) 1. 2 x 10-4 

Ar/H(3) 3.6 x 10-6 

Kr/H( 4) (2 x 10-9)(5) (1. 5 x 10-9) (6) 

Xe/H(4) (3 x 10-10) (5) (1. 7 x 10-10) (6) 

He/Ne 800 

Ne/Ar 32(3) 

Ar/Kr (1800)(5) (2400)( 6) 

Kr/Xe (7) (5) (9)(6) 

(!)Trimble, 1975. 

( 2)Ne/H is calculated from Ne/O 0.23 (Aller and Czyzak, 1973; Kaler, 

1978) together with 0/H = 5 x 10-4 (Aller and Czyzak, 1973; Trimble, 

1975). 

C3)Ar/H is calculated from Ne/Hand Ne/Ar= 32±3 (Kaler, 1978). 

C4)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. 

(S)Marti et al., 1972. 

(6)cameron, 1973. 
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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 

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

h 1 . d 129I < 17 ) d 131-136x f fi i s ort- 1ve t~ m.y. , an e rom spontaneous ss on 

of 
238u or short-lived 244Pu (t1 = 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 

i ibl h . 3H 21N 38. . h li . most v s e at t e rarer isotopes e, e, ar, ana t e .gnter 

isotopes of Kr and Xe. 
36 Additional noble gas isotopes including Ar, 

BOK r, 82K r, 128 and Xe may be produced by neutron capture from the 

substantial flux of secondary neutrons generated by the cosmic ray 

bombardment. Since spallation reactions 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 surround.ing the active nuclei. For example, 
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3 6 3 e 3 He may be generated by Li(n,a) H ~ He, neon isotopes by 

17o(a,n) 20Ne, 18o(a,n) 21Ne, 19F(a,n) 22Na ~ 22Ne, 38Ar by 35Cl(a,p) 38Ar, 

and 129xe and 131xe by neutron capture on Te isotopes (Wetherill, 1954; 

Cherdyntsev, 1961). 

Noble gases may be subjected to a variety 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 ignore 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 conventionall~ ref erred 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 

129 generated in the Earth, for example primordial gases, Xe from the 

decay of short-lived 129r, and fission xenon from 244Pu. Secondary 

juvenile gases include nucleogenic and radiogenic species formed by 

the ongoing decay of U, Th, and Kand 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 obtained a gaseous 

residue of about 0.83% 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 0 to 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 0.5% less dense than nitrogen prepared from samples of air by 

removal of oxygen, carbon dioxide, and water. Subsequent removal of 

the nitrogen from the air 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 

largely for their work leadir~ to the discovery of argon and the other 

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 this 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 

20 22 Ne and Ne. 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). 

3 The most important exception was He, which because of its very low 

-6 4 abundance in air, about 10 that of He, 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 

4 is the phenomenon of superfluidity exhibited by He. 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 

4 40 gases, He and Ar , ever since the recogni tion 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 
l 

found for helium, other than for inflating balloons, was as alillilunition 

in the dispute between 1\eologists and physicists over the age of the 
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Earth (Holmes , 1913) . 

Following their dis covery 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 

0 

was shown by an observation of its yellow n
3 

spectral line (5876 A) in 

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 0 and B stars (Menzel and Marshall, 1933). 

Spectral lines of argon were identified in nebular spectra by Swings 

and Edlen and Boyce et al. in 1934, and in the spectrum of the star 

Y Pegasi by Underhill (1948). The presence of argon and neon in our 

own sun was confirmed comparatively recently. Lines of highly 

ionized argon were identified in the optical spectrum of the corona 

by Edlen 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 their 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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Data on the abundances and isotopic compositions of noble 

gases iri solar system materials have been collected from the literature, 

and are sunnnarized 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 planets, 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 gas abundances 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 2% 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 

3 13 . 
planets and meteorites range from roughly 10 to 10 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 fea ture of solar system noble gases is that 
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Figure 2-1. Noble gas abtmdances 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 Slllll of all 

elements IDDre 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" abtmdances. 

Detailed comparison of the curves shows that, compared to the 

cosmic abtmdance 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 

b 1 d . T bl 2 3 i 4H 20N 36A 84 d 13L_ ta u ate in a e - , us ng e, e, r, Kr, an -Xe 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 

20
Ne/36Ar and 

36
Ar/

84
Kr. Both ratios in the atmosphere are 60 to 70 

times lower thart the cosmic values. The lighter noble gases are 

systematically depleted relative to 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 patterns 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 
36

Ar = 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 

canponents causes very large additional isotopic variations in some 

samples. The isotopic composition of trapped helium varies by a factor 

of about four. The low 3He/ 4He ratio in the Earth's atmosphere reflects 

4 the addition of radiogenic He. Trapped neon compositions are highly 

variable, especially in meteorites, where 20Ne/ 22Ne varies by a factor 

of about 30. In contrast, trapped 36Ar/ 38Ar ratios differ only by 

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

radiogenic 
40

Ar. The primordial 40Ar/36Ar ratio is very low, < 5 x 10-4 , 

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 3% to 4% 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 

(Table 2-6). 3He/4He varies by a factor of about three or four from 

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 suite 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 

Solar Wind (2) 
Cosmic 

(1976) (Corona) (1973) (Table 1-3) 

He/H 0.063 (CH,W) 0.080 0.070 (SCR) ,..., 0.05 0 . 1 

Ne/H 3 . 7xl0 -5 (C,W) 6. 8x10 
-5 

1.lxlO -4 (SCR) 9.4x10 -5 1.2x10 -4 

Ar/H -6 lxlO (C,W) 3xl0-6 3.7xl0 -6 (INT) 
. -6 

3.8x10 3.6x10 -6 

Kr/H 1.5x10 -9 (INT) 2. 5x10 -9 

Xe/H 1.7x10-lO(INT) 6 . 3x10-lO 

(l)Ratios by number of atoms. Uncertainty is about a factor of two at 

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

cosmic rays INT = interpolated. 

(2)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 

(l)The number of atoms of each gas in the terrestrial atmosphere has 

been divided by a) 5.98xl027g, b) 4.lxl0 27g. The mass of the atmosphere 

21 is 5.29xl0 g, with a mean molecular weight of 28.97. Atmospheric He 

40 and Ar 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. 

(2)owen et al. (1977). Ne abundance from observed 2~e concentration, 

20 22 0 . 25 ppm volume, and assumed Ne/ Ne ratio of 10±3. Atmospheric mass 

19 taken as 3.0xlO ·g, mean molecular weight 43.4. 

(3)Preliminary Pioneer-Venus data. MS data from Hoffman et al. (1979) 

and McElroy (priv. comm.). GC data from Oyama et al. (1979) . Atmospheric 

23 mass 4.7xl0 g, mean molecular weight 43.4. Differences are unexplained 

at present. 

(4)Eberhardt et al. (1972). Soil data are averages of several size 

fractions. Ilmenite data are for a 10 micron grain-size fraction. 

40 Lunar samples typically contain excess Ar implanted from the lunar 

40 36 atmosphere with Ar/ Ar varying from about 0.1 to 10 . 

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

(6)Gobel et al. (1978), Mazor et al. (1970). 

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

(8) 40 
Heymann (1971). He is predominantly radiogenic, as is Ar. Neon is 

predominantly cosmogenic. 

(9)H d b . ( 977) e measure y Rajan et al. 1 . 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 

TERRESTRIAL (l) 
ATMOSPHERE (0 .. 319) o. 523 48.6 27.6 

MARS ATMOSPHERE(Z) n.d. ,...., 0.5 ,..., 31 ,...., 11 

VENUS ATMOSPHERE(4) ("' 2) (,..., 0.5-1) "' 40 n.d. 

LUNAR SAMPLES(4) 

12001 (soil) 49-87 5.1±0.7 1370±90 6.2±0.3 

12001 (Ilmenite) 253±10 27±5 1590±150 7.9±0.7 

METEORITES( 4) 

Carbonaceous 200 to 400 0.3 to 15 50 to 200 1. 3±0 .4 
chondrites 
(bulk) 

Ureilites ~ 50 0.01 to 0.002 100 to 300 0.9 to 

Other gas-rich 80 to 500 10 to 25 200 to 2300 2 to 
meteorites 

Ordinary n.d. ~ 1 ,..., 80 ,...., 1.3 
chondrites 

SOLAR WIND(3) 570±70 28±9 n.d. n.d. 

COSMIC(5) 800 29 3700 17 

(l)ZONe = 0.905 Ne; 84Kr = 0.57 Kr; 132Xe = 0.27 Xe. 4He in the 

atmosphere is largely radiogenic. 

(Z)l32xe Qo<0.19 Xe based on 129xe/132xe = 2.5 and otherwise normal 

xenon similar to Earth atmosphere. 

(3)Geiss (1973). 

(4)For references, see notes to Table 2-2. 

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

or Earth atmosphere values. 

3 

8 
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Table 2-4. Planetary, s:ola:r:, and atmospheric noble gas components . 

"Planetary" 

C!Il 
2 carbon 

"Solar" 

solar wind3 

. 4 cosmic 

"Atmospheric" 

6.8 

1.9 

-7 2.33xl0 

0.28 

0.21 

28 

40 

0.523 

- 1 

- 1 

- 1 

- 1 

- 1 

-2 l.25xl0 
-2 .93xl0 

-4 4.0xlO 

-2 
2.06xl0 

-2 l.04xl0 
-2 l.09xl0 

-5 4.0xlO 

-4 7.47xl0 

~azor et al. (1970), p. 811. CII chondrites. 

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

chondrites. 

3Geiss (1973). 

4 3 4 -4 Marti et al. (1972). He/ He assumed l.2xl0 • 
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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). 

( 2)Phinney et al. (1976); Reynolds et al. (1978) ("Carbon," average for 

3 meteorites); Srinivasan et al. (1977) ("lCl," average for 4 

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

(1977). 

(J)Podosek et al. (1971). 

<4)References as in Tables 2-2, 2-3. 

(5)Frick and Moniot (1977). 

(6)Krunnnenacher et al. 1 (1961); Eugster et al. (1967). 

C7)Pepin and Phinney (1979). 

(S) 4oAr in planetary atmospheres and lunar soils is almost entirely 

radiogenic argon outgassed from the planets. The primordial 

b d f 
4oA · 1 b f h il. a un ance o r is very ow, as can e seen rom t e ure ite 

data. 
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Table 2-6. Isotopic signatures of planetary and 
1 solar noble gases. 

3He/4He 20Ne/22Ne 36Ar/38Ar 

planetary 1.2 x 10-4 8 5 . 3 

solar 4 x 10-4 12 . 5 to 13.7 5.3 

1 For references, see Table 2-4. 
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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 processes . 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 process.es 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 composltions 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 20Ne; about 10% is 22Ne. These 

proportions represent the average primordial composition of the solar 

mixture of dust and gas. The most economical way that addition of 

20 22 
neon from the dust to the gas could have changed the bulk Ne/ Ne 

22 
ratio of the mixture is for the added neon to have been pure Ne. If 

22 half the Ne now in the sun came originally from dust grains, then 

the average initial 22Ne content of the dust must have been roughly 

20 
10 . 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. 
5 6 

For comparison,such a value is some 10 to 10 

22 times higher than the highest Ne 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. There 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/ 22Ne 

0.033±0.004 (Geiss, 1973) . 

21 22 13 . 7:±0 . 3 and Ne/ Ne 

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 

20 22 characterized by very low Ne/ Ne ratios less than one. In line 

with the simple two-component model, we attribute this variation to 

the 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-Eby 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 

' h d h 
22

N i h require t e ust-p ase component E to be nearly pure e, w t 

20Ne/ 22Ne and 21Ne/ 22Ne close to zero. 

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. V.Te 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 me~surements made as a part of this 

thesis to investigate the isotopic end-members of meteoritic neon 

mixtures. Comparison of the 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 
20 22 

section. The first is the neon three-isotope diagratn, where Ne/ Ne 
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21 22 
is plotted versus Ne/ Ne. The second is a composition-concentration 

diagram, where 
20

Ne/ 22Ne is plotted versus l/ 22Ne. 

3.2.1 The neon three-isotope diagram 

Neon isotopic data are most conveniently represented on the 

three-isotope correlation diagram (Reynolds and Turner, 1964). In 

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 

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

. 20 22 figure, with Ne/ Ne < 1, are shown compositions of galactic cosmic 

ray spallation neon produced in the most connnon rock-forming target 

elements (Bochsler et al., 1969; Smith and Huneke, 1975). In 

chondritic meteorites the most important target is Mg, so bulk meteorite 

spallation 
21

Ne/
22

Ne ratios tend to be close to 0.9. Bulk meteorite 

spallation 
21

Ne/
22

Ne ratios can vary by abbut ±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 fi
2 

of 

the 22Ne contributed from X is the length of segment YM divided by the 

length XY. 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. Shifts caused by addition of mono-isotopic components 

are indicated. 22 Pure Ne 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. In 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 endpoint 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 segment ZNZ 

in the mixture from z. The 

22 gives f 2 , the 

. 22 
remaining Ne 

22 
fraction of the total Ne 

* from Z can be partitioned 

between X and Y by a second application of the inverse lever rule to 

* segment XZ Y. For neon in meteorites, which typically consists of a 

mixture of spallation neon and trapped neon, this projection technique 

is connnonly 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 new 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 given 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 

20 22 22 A second useful diagram is a plot of Ne/ Ne vs. 1/ Ne, 

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 

22 1/ Ne 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 e,ssentially on the y-axis. Solar 

l/ 22Ne is about 3xl0-19 (atoms/gram)-1 . 

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 

matter is lost during the mixing process, the mixing curves need not 

be straight. 22 The fraction of Ne contributed to a particular mixture 

by one of the end-members can be obtained graphically using the inverse 



52 

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. 
22 

With the scale shown for the abscissa, pure Ne 

plots at the origin. 
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lever rule as for the three-isotope plot. In Fig. 3-2, we show a 

· · l" d bi il b i S with 
20

Ne/
22

Nes mixing ine rawn ar trar y etween a reservo r 

. 20 22 
13.7 and a reservoir E with Ne/ NeE assumed to be 0. If we take 

20 22 . 
a given mixture M and add material containing no neon, Ne/ Ne will 

22 
be unchanged, but 1/ Ne 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/
22

Ne at infinite dilution. Mixing 

lines are also shown for the addition of pure 
20

Ne or pure 
22

Ne to 

mixture M, for example by nuclear processes. The 
22

Ne concentration 

in pure 22Ne is about 3xlo22 atoms/gram, about 4xl0-ll in the units of 

22 
Fig. 3-2, so pure Ne 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, l/
22

Ne vs.
20

Ne/
22

Ne, 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 

assumption 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 plott i ng at E
0 

and gas-free grains 

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 ~ 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. E0 r epresents 

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-E0 , 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- pha se 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 

i mplantation of gas-phase neon into a grain does not cause loss of 

any dust-phase neon from the grain . In Fig. 3-4 we sunnnarize 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 E0 • 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 compositions 

i n individual carrier grains will populate the entire line segment 

between Sand E0 as shown in panel (b). Note that this line can also 

be viewed as the trajectory followed by a single grain starting at E0 , 

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 (E0 ) 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 E0 . No limit is placed on the amount 

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 n • Carrier grains originally containing sat 

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 ne?n 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
0

• E represents 

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-phase neon (S) and dust-phase neon (E) moves points 

horizontally to the right. In the limit where only gas-phase or 

dust-phase neon is lost, points move along straight lines to E0 

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. 



s 
@ Startin9 

reservoirs 

E.-~~-------~ 
Eo 

59 

s 
@Unlimited 

implantation 

E-----~-----~ 
Eo 

S No• (E=O) s ' : ' : ' :" © .Implantation 

. . . . . . . . 

' :" i with saJuration M. 

E-· ---------
1/nsot Eo 

s 

. . . . . . . . . . . . . . . 
E-·------

Eo 

M_. . . . . 
: . . . . . . . . . . . . . 

@ Implantation 
into a population 
of grains 

E------------.-..~ 
Eo E 

s 

M 

E.__~~~~~~~< 

Eo 
1/22 Ne 

Figure 3-4 



60 

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. 22 
Instead, the implanted Ne in the grain 

will saturate at a value n . A grain initially containing no neon, 
sat 

then saturated with gas-phase neon will plot at point Nin 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 SE
0 

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
0

. The initial points may represent 

different mixtures of carriers (E
0

) 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 nsat of gas-phase neon will populate the segment between 

Mand 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 

extencing upward from the point E. For saturated dust, measurements 

on large samples will tend to cluster around the single solid point 

shown on MN, 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. 
22 

The decrease in Ne 

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 MN, 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 to 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 

mi xing 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 

varies in thickness from roughly 100 A (10-6 cm) for solar wind protons, 

to about 500 A 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 

th e two loss processes since sputtering of neon atoms may proceed 

even in the absence of measurable surf ace 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 

unifonn initial neon content iNe(o) atoms/crn3 , 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/cm2/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 

i i 
labeled Ne (t) and Ne (t), respectively. Since no implantation takes 

c r 

place in the core, iNe (t) is constant, and equal to the initial 
c 

concentration in the grain, iNe(o). 

For simplicity we assume iNe (t) is uniform throughout the 
r 

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 ai is the fractional 

abundance of iNe in the total incoming flux F. Because of the erosion 

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 AiNe (t)/L. The gain from 
r 
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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. 



M
O

D
E

L:
 P

L
A

N
E

 S
L

A
B

 

C
O

R
E 

x 

IM
P

LA
N

TA
TI

O
N

 

S
P

U
TT

E
R

IN
G

 

E
R

O
S

IO
N

 
(A

cm
/s

ec
) 

F
ig

u
re

 
3

-5
 

°' lJl 



66 

the core through the inner edge of the rim is AiNe(o)/L. The rate of 

loss of neon from the rim due to direct sputtering of neon atoms is 

i taken to be cr.F Ne (t). The rate of sputtering of a single neon atom 
1 r 

in the rim volume is assumed to be directly proportional to the total 

flux F of solar wind ions; o. is an empirical sputtering cross-section 
1 

for a single neon atom in the rim that is exposed to a flux of 1 ion 

2 per cm . The total rate of change of the neon concentration in the rim 

is therefore 

dt 

a.F 
1 

L 

This equation may be integrated to give 

~e (t) 
r 

(Eq.3-1) 

By multiplying iNe (t) and iNe (t) = iNe(o) with the fractional 
r c 

volumes of the rim and core, and adding the two terms, we obtain the 

average concentration of iNe in the entire slab: 

iNe(t) = 

+ 

{
x0 - L - Atl 

x - At 
0 

i Ne(o) l L } li -(oiF +~)t 
+ A Ne(o)e x - t 

0 

where x is the initial thickness of the slab. 
0 

(Eq. 3-3) 

. 20 22 22 Using equation 3-3, Ne/ Ne as a function of 1/ Ne 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-

phas e neon concentration that have been irradiated to different extents . 

It can be shown that the second derivative of 20Ne/ 22Ne with respect to 

11 22Ne i s equal to zero for all cases where 0 22 = 0 20 . 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 

~ o20 /cr22 = (22/20) = 1.024. For the sake of illustration, we will 

generally assume cr20 Jcr22 = 1.1 to magnify the isotopic effects of 

sputtering on the shapes of the 20Ne/ 22 Ne vs. l/ 22 Ne trajectories. We 

will take the initial dust-phase neon in the grain to consist of neon-E, 

22 which we will assume to be pure Ne. l/22Ne(o) 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 tenn), and erosion (third and fourth 

terms ) . We consider first the case where erosion is negligible and 

A = O. 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 = O, 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-Eon 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 

. "f' s· 20N . d idl h 22N h s1gn1 icant. ince e is sputtere more rap y t an e, t e 

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 oi, 

o20 /o22 = 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, 

22 the Ne 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/Loi (second term, Eq. 3-2). The characteristic time needed to 

approach saturation is"" l/oiF. 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 

a22 /o22 which is a measure of the relative importances of the 

implantation and sputtering rates. Curve I is for a relatively high 

value of a22 Jo22 = 10. The initial implantation rate a22F/L is much 

22 greater than the initial sputtering rate .. Ne(o)o
22

F. 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 

reference curve A. 20Ne is lost faster than 22Ne as sputtering 

becomes important, so curve I drops below the reference curve. The 

upper endpoint of curve I occurs when the neon concentration reaches 

the constant saturation value ai/oiL in the rim. Since a22 /o22 is 

large for this example, the saturation concentration is relatively 

high, and the final a¥erage 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 

o20/o22 = 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 /o22 = 0.1. In this case, sputtering is dominant in the rim. 

22 Dust-phase Ne is lost more rapidly than it is replaced by solar-wind 



71 

22Ne. The average 22 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 s~~ll. The final overall 20Ne/ 22 Ne ratio in the grain is very 

low because it is dominated by the dust-phase neon remaining in the 

core of the grain. The final curve IV illustrates an intermediate 

case with a22 Jo22 = 1. The lower portion of the curve is nearly 

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 ~ 0. 

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 oi = 0, the only mechanism of gas-loss is 

erosion. This is an example where a
20 

= 0 22 , so all curves for 

different a. and A will be straight lines. Furthermore, all curves will 
1. 

lie along the reference curve A. This is because the concentration of 

dust-phase neon averaged over the entire grain remains constant at 

22 1/ Ne(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 concentrations. Each curve for different a. and A will 
1. 

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

point determined by the saturation concentration in the rim, 



(a.F/A) + iNe(o). 
1 
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In the more general case, neither A nor cri is zero . In Fi g. 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/ 22Ne ~ 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 

III 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 greater 

than the characteristic sputtering time, l/criF. 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 

coincident with curve I for values of 20Ne/ 22Ne less than about 11. 5 . 

22 
As saturation of the rim occurs at 1/ Ne ~ 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 

20 22 . II turns up again, Ne/ Ne 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 

wi th 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 wi~d 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 Ill, 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 impl antation 

in grains at about 1 A.U. distance from the sun. These include a 

8 2 
total flux F of about 10 /cm -sec (Taylor, 1975; p. 93) with solar 

-5 abtll1dances of neon, a22 = 10 and a
20

ta
22 

= 13.7. An erosion rate of 

about 0.1 A per year (Haff et al., 1977) is used, with a rim thickness 

of 500 .l\. corresponding to the approximate range of solar-wind neon in 

silicates. Initial 
22

Ne concentrations are taken to be similar to 

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

effective sputtering cross section cr22 . 
-16 2 A value of about 10 cm is 

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 

- 16 2 
in fact important in these experiments, then the estimate of 10 cm 

could be too high. 

Curve I in Fig. 3-8 is for a 1 micron thick grain with an initial 

22
Ne content of 1013 atoms/cm3 . The sputtering saturation time l/o

22
F 

8 11 is rapid, ,..., 10 seconds, compared to the erosion time, L/"A"' 10 
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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 o
20

/o
22 

= 1.1 for clarity. Use of the preferred value 1.024 

will reduce by about 3/ 4 the magnitude of deviations from the 

neon-E to solar neon mixing line. Curve I is 

for a 1 µ thick grain with initial 22 Ne(o) = 1013 atoms/cm3. 

Curve II is for a 10 µ grain, otherwise the same as curve I. In 

curve III, the initial neon content of a 1 µ thick grain is 

-20 2 
Finally, in curve IV, 0

22 
is reduced to 10 cm 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 
22

Ne is high, about lo18 /cm3. 

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 
22

Ne 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 

20 22 
downturn due to rim saturation to occur at a lower overall Ne/ Ne. 

The downturn is followed in curve III by a long, linear portion 

corresponding to a slowly eroding grain with a constantly 

saturated rim. 
-20 2 

For curve IV the value of 0 22 was reduced to 10 cm 

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 cur ve I. 

For clarity, all curves in Fig. 3-8 have been calculated using 

cr20 /o22 = 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 
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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 

20Ne/ 22Ne of 13.7 to about 12.5. The effects of this fractionation on 

the 20Ne/
22

Ne vs l/
22

Ne 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 r adius R-L surrounded by a rim of 

constant thickness L (Fig. 3-9). The rim is saturated with solar-wind 

22 neon, Ne = n , and all dust-phase neon in the rim has been 
r sat 

sputtered away during implantation. The core contains only dust-phase 

neon, 22Ne = 
22

Ne(o). 
c 

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 co re--

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, 

. 20 22 22 22 
and the endpoint is ( Ne/ Ne= 0, 1/ Ne= 1/ Ne(o)). For a very 

small radius . ~ L, no core exists and the endpoint is at N, (
20

Ne/
22

Ne 

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

sat 
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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 conta:Lning neon-E 

and a rim of thickness L containing a constant concentration of 

only dust-phase neon. 1his 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 neon-E (near the 

origin). All grains of a population with radii between R i 
m n 

R 
max 

22 E 
and initial neon-E contents between Ne . min d 22N E an e 

max 

plot in the shaded region. If curves A and B repres ent 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 compos i tions. 

and 
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of the dust--phase neon-E content of the core will cause points to move 

along a mixing line e.manating from the origin (curve B, Fig. 3-9). The 

lower endpoint corresponds to very high neon-E content in the core, 

22 Ne(o) ~ n t' The upper endpoint corresponds to no neon-E in the sa 

core. '!be concentration of 22 Ne in the grain at this upper endpoint is 

L 3 n -n (1 - -) . For this model, all possible neon concentrations and 
sat sat R 

isotopic compositions of individual grains from a population characterized 

by a range of sizes R . to R and of neon-E contents 22 NeE to .nun max min 
22NeE will lie in the shaded region in Fig. 3-9. All samples consisting 

max 

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. 'lbese 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 

Zabringer (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 connnonly 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 di fferent 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 

20 22 21 22 values of Ne/ Ne and Ne/ Ne are 13.7±0.3 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 

20 22 . 2 3 measured an average Ne/ Ne ratio of 7.7±1 : 5 in seven solar flares. 

The difference between these two compositions can not be ascribed to 

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) so l ar 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 

22N d . 1 i d . h h i e pro uction to convert so ar w n composition neon into t e eav er 

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 composition of 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 20Ne/ 22Ne = 9.80±0.08 and 21 Ne/ 22Ne = 0.0290±0 . 0003 (Eberhardt et al., 

1965). The possible change with time of this composition due to 

outgassing of nucleogenic 21 Ne 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 fr<il·m 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 

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

spallation neon inherited from planetesimals out of which the Earth 

formed. This amount of spalla tion neon would contribute less than 0.6% 
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of the 22Ne and less than 0.06% of the 20Ne, so would have negligible 

20 22 . effect on the total Ne/ Ne ratio of the atmosphere. There is 

presently no evidence of a significant flux of isotopically distinctive 

primordial neon into the Earth's atmosphere. 

Th ZON / 22N · . h h h ld h f e present e e ratio in t e atmosp ere s ou t ere ore 

accurately reflect the average composition of terrestrial neon following 

planetary formation. The atmospheric 20Ne/ 22Ne 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 repres ents 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 
21

Ne/ 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 

lower right and trapped neon having 21Ne/
22

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 
20

Ne /
22

Ne ~ 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 

component is considerably heavier, with 
20

Ne/
22

Ne ~ 8. On the 

basis of data similar to those plotted here, Pepin (1967) defined 

20 22 21 22 
a component neon-A with Ne/ Ne = 8.2 and Ne/ Ne = 0.025. 

(For references see Figure 3-11.) 

.. 



88 

0 
• 

• 
J 

• .. ... 
• ro • • 

• 0 0 
•• • • • • 

• • • • 
• 
• I tD . 

• 0 Q) 

• ' z 0 

C\J ....... 

• I 

• C\J C'i 

• '-.... (l) ,.. 
Q) :l 

• z 00 • 'H • ~ 

~C\J . 
• • Cf) 0 

w 
• I-• 

• 0::: 
0 
w 

• I-
• w C\J 

• 2 ci 
•• • • • 
ft . :. • 

0:: • ~ 
<! • • • • _J 
_J '· • • 
0 •••• ::J 

• ;;t • •• CD (f) J._,. • • 
* ~e· 

<! 
00 ~ (\J 0 ro tD (\J 

Q) Q) 

z z 
0 C\J 
(\J N 



89 

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 rtrapped gases, cosmic ray exposure ages are 

generally less than about 40 million years , with most ages less than 

20 m.y. (cf. Wasson, 19 74' P· 128). Such ages are roughly in agreement 

with the dynamical lifetimes against capture of meteor ites 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 o f 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 

consisten t with addition of cosmogenic neon to trapped neon which plots 

on the left of the diagram with 21Ne/
22

Ne ~ 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 

20 22 
trapped Ne/ Ne 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 the se 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., 

Bogarid 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 agreement 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 
21

Ne-rich trapped 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 accurat e 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 

. 20 22 light component must have Ne/ Ne > 13 . We call this component 

neon-S. h . h 20N /22N Solar wind neon or primordial gas-p ase neon wit e e 

13.7 are likely candidates for the composition of the neon-S end-member. 

Pepin (1967) suggested that the cutoff of observed trapped 
20

Ne/
22

Net 
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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 

' ' 
20

Ne/
22

NeA 8 2 0 4 d 
21 

; 22 02 0 03 composition = . ± . an Ne NeA = 0. 5± .0 . 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 

20
Ne/

22
Ne .s;; 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 

. 20 22 21 22 points at Ne/ Ne,.., 12.5, Ne/ Ne,.., 0.04 is a reflection of the 

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 addit i on 

. 21 22 
of points in the lower left of the graph, with Ne/ Ne 6; 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 
22

Ne 

lying nearly or exactly at the origin in Fig. 3-11. This is the 

isotopi.cally-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/ 22N'e = 0 .6 to 0. 8 in the lower right near th e 
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Figure 3-11. Measured neon isotop i c compo s itions in solar system 

materials. Samples include meteorites, lunar samples, the solap 

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 
20

Ne/ 22Ne < 8 and 21Ne/
22

Ne < 0 .15 . 

These imply the existence of an isotopically-heavy trapped neon 

22 
component that is nearly pure Ne. This is the neon-E component 

described by Black {1972b) and .first attrib.uted by him to the 

presence of undegassed interstellar dust in meteorites . 

Isotopically-light compositions plotted in this figure imply that 

20
Ne/

22
Ne of the trapped neon-S component is . ~ 13.7, the solar 

wind value. Some additional points near the spa1lation endpoint 

21 22 
with Ne/ Ne ~ 0.6 reflect measurements of cosmogenic noble gases 

in sodium-rich mineral separates (Smith et al., 1977). Reference s 

for data plotted in Figs. 3-10 and 3-11 are preceded b y an asterisk 

in the list at the end of this chapter . 



93 

' .. ·• •• . , .. 
,!~ .. :~ z 

Q(f) •t .... 
wz ••• • • zO ...... ·-- ., .. 
or- • • t' 
W(f) ••• • •• • • 0::: 0 
::J 0... . ·I • • ..• ' (j)~ 
<(Q • ..... 
WU • • 
~ • • • • •• • 

• • • •••• i' • 

• 

... 
• ~ ••• . ·', • • • •• ' .. ·' ..... • 

• 
•• flfl• • .rl, .. : ,. : .. , . ... . . ·-

• 

.. 
• 

• 

a • : •• , ...... 
• ~.I _, I .•• • 

•• • 

N 0 

.. , . 
'-!' • • ...... .. 

co 

<l> <l> zz 
0 N 
C\J N 

• • 

• 
• • 

' • •• ••• •• 
~ 

• • 

• 
• 

• • 
• • .. . ., 
" ' 

C\J 

0 . 

co 
• 

0 

<..O . 
0 <l> z ....... 

....... 
C\J I 

C\J 
("°) 

" 
al ,... 
:l 

<l> bO 

z ·.-l 
µ. 

~ C\J 
• 

0 

N . 
0 

00 



94 

bulk meteorite spallation neon compositions. These points represent 

spallation 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 
20

Ne/
22

Ne = 13.7. The data imply that 

20
Ne/

22
Ne of the neon-S component in meteorites and other samples must 

be greater than or equal to the solar wind value. 

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 

. d . . 20N /22N win composition at e e 21 22 
13.7, Ne/ Ne= 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 
20

Ne/
22

Ne = 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 from 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 

. d' . . h 20N /22N . . at interme iate temperatures, wit e e 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 

h 20N /22N . . b 4 temperature, t e e e ratio increases for one step to a out .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 

· · f E 
2

0N ;
22

N ~ 0 6 d 21Ne/ 22NeE. < 0.005 composition o neon- , e eE ~ . an . ~ 

(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 Pepin, 1969; Black, 1972b; Smith et al., 

1978). Lewis et al. (1975) have discovered that a large portion 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 

residues from carbonaceous chondrites are characterized by 
20

Ne/
22

Ne 
t 
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between about 8 and 9, with 22Ne contents of about 3 x 1013 atoms/gram. 

The noble gas elemental abundances show typically planetary patterns 

with the lighter noble gases preferentially depleted compared to the 

cosmic abundances. 20 36 . 
Ne/ Ar 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/ 22Ne 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 

typica] 20Ne/ 22Ne ratio of ,..., 8 to 9 in the bulk separates from 

carbonaceous chondrites is probably controlled largely by chromite/ 

carbon. The 20Ne/ 36Ar 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 HN03 or H2o2 . In Allende and some unequilibrated ordinary 

chondrites of petrologic class 3 or 4, Q appears to be characterized by 

20
Ne/

22
Ne about 10 to 11 (Lewis et al., 1975; Smith et al., 1977; 

Alaerts et al., 1977; Moniot, 1978). Qin Murchison has neon with a 

20 22 
lower Ne/ Ne 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. 20 36 . Ne/ Ar ratios associated with Q in carbonaceous 

chondrites and unequilibrated ordinary chondrites are low, about 0.01 

to 0.1, 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 resul.t, bulk gas-rich separates from these chondrites tend to have 

20 22 . lower Ne/Ar ratios and higher Ne/ Ne ratios than the separates from 

carbonaceous chondrites. 

Neon-E-rich phases have been separated 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. 3 One, called E(l) has a density< 2.3 g/cm , outgasses at 

relatively low temperatures (~ 700°C), and has tentatively been 

identified as carbon (Alaerts et al., 1979). The second, E(h), has a 

3 density,.., 3.5 g/cm , outgasses between 1000-1400°C, and is possibly 

spinel (Eberhardt et al., 1979). The most stringent lo limits on the 

composition of neon-E are 20Ne/ 22Ne ~ 0.62 and 21Ne/ 22Ne ~ 0.0047. 

The highest neon-E concentration measured is 13 1.3 x 10 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 
3
He/

4
He 

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 

-5 2.3±1.1x10 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 10-4 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 3ne/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/
4

He composition of primordial gas-phase helium. 

For the simple two-component model of trapped noble gases being 

. 20 22 
considered, we would expect gas-phase neon-S with Ne/ Ne= 13.7 to 

be associated with helium having 3He/ 4He ""'4 x 10-4 if derived from 

post-deuterium-burning solar wind, and with helium having 3He/
4

He ""' 

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. Individual 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, Guarena and St. 

Severin (Paper 1, Appendix A). A new, 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 ?Oto 50 
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temperature steps for each sample, in contrast to the conventional 

5 to 10. Complex variations in the isotopic composition of neon 

emitted from the samples were follow~d 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 

bombarded 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 measured in high-purity mineral separates of Na-rich 

meteoritic plagioclase (oligoclase). Plagioclase was obtained from two 

ordinary chondrites, Guarena 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 

conditions yields spallation neon with 21 Ne/ 22Ne = 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 
Spallation Ne/ Ne ratios produced in magnesium, aluminum, silicon, 

sulfur, calcium, and iron range from about 0. 8 to 1. 

Th · · f 2lN J22N· . . 11 . d d b e variation o e e in spa ation neon pro uce ecause 

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 

constant at Si/(Si+Mg+Na+Al) = 0.4. 
. 21 22 Variation in Ne/ Ne due to 

differences in this value are not large, since the production cross 

section for neon from silicon is relatively low. The graph is contoured 

21 22 . 
with isopleths representing the spallation Ne/ Ne 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 
21

Ne/
22

Ne 

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. 
21 . 22 . 

Calculated Ne/ Ne 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+Na+Mg = 100%. 

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/ 22Ne ratios for variable target 

composition. Values range from 21Ne/ 22Ne,.., 0.35 in pure Na to 

about 0.92 in pure Mg. The sodium-rich minerals socialite, albite, 

. 21 22 nepheline, and oligoclase have calculated Ne/ Ne ratios of 
c 

0.55 to 0.65, much lower than the common meteoritic Mg-rich 

minerals olivine and enstatite. Fassaite, melilite, and anorthite 

are Ca, Al-r:i,ch 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 
22

Ne 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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20 21 . . 
Here the Ne/ Ne 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 

20 22 . 
Ne/ Ne 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/ 

. 20 22 gas-phase neon composition, Ne/ Ne= 13.7. For this purpose, a 

sample of the gas-rich carbonaceous chondrite Mokoia was investigated 

using the high-resolution stepwise release technique. Bulk samples of 

20 22 . Mokoia were known to yield trapped Ne/ Ne 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 in 

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 2cr 

experimental uncertainty on a single correlation line. The extrapolation 

. 20 22 
of this trend intersects the trapped neon mixing line at Ne/ Ne= 13.7, 
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precisely the composition of the present solar wind. The 35 points 

defining the correlation line comprise about 70% 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 

20
Ne/

22
Ne -- 13.7, 21Ne/ 22Ne -- 0.03, the h d 1 i d same as t e measure so ar w n 

composition. This is the first meteorite for which such agreement has 

been demonstrated. 

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

3He/ 4He and 20Ne/ 36Ar ratios in Mokoia are also close to the solar 

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 accept solar wind as the source of neon-S, then the Mokoia results 

imply that the 20Ne/ 22Ne 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-resolution 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 

20 22 . 
850°C to 1050°C, the trapped Ne/ Ne 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 samples, implying the 

presence of neon-E. Over the same temperature interval, a trapped 

20 22 Ne/ Ne 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 bul k samples from the Allende carbonaceous 

chondrite. Allende in particular was chosen for detailed study, since 

anomalous isotopic variations in oxygen (Clayton et al., 1973) and 

magnesium (Lee and Papanastassiou, 1974; Gray and Compston, 1974) had 

been recently found in Ca, Al-rich inclusions within this meteorite. 

Allende thus presented an opportunity to investigate the possible 

relationship between the 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 

22 36 of Ne and Ar 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 nepheiine. As discussed in an earlier 

section, cosmogenic neon produced in Na-rich material would be expected 

22 to be greatly enriched in Ne 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 

36 studied. The Ar enrichments can also be understood as due to capture 

35 on Cl of secondary neutrons generated by the cosmic-ray bombardment 

of the meteorite. 
22 

It was concluded that the low-temperature Ne 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 M)DELS 

3.6.1 Neon in meteorites 

In Figure 3-15 we plot neon concentration and composition data 

for trapped n~on 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 

. . 20 22 whole-rock meteorite samples; the uncertainty in Ne/ Net is 

roughly ±10%. The crosses are bulk gas-rich separates that have 

not been treated to remove or isolate individual phases. Because 

. 20 22 of the high neon-contents of the separates, Ne/ Net 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 the 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 l/
22

Net 

less than about 1.5 x l0-12 , the data show increasing 20Ne/ 22Net with 

decreas,ing l/ 22Net, from about 8 to nearly the solar composition. For 

22 20 22 
higher values of 1/ Net, the Ne/ Net ratio is roughly constant at 

about 8, with a few except ions 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 mixtures we would expect to see 

. 20 22 samples with Ne/ Ne ranging all the way from,.., 13.7 to,.., 0. 

Instead, we never find meteorites containing only neon-E as the trapped 

neon component. In no case can more than about half the 
22

Ne in any 

given sample be attributed tb neon-E. Most of the bulk meteorite data 

fall to the right of a line joining the solar composition to the poin t 

2 x l0-12) in Fig. 3-15. For simple mixing 

or implantation this s,ets an approximate upper limit of about 5 x 1011 

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 unsatisf~ctory 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 

20 22 
shown that as Ne/ Net increases from 8 to 13 in carbonaceous meteorite 

samples, 3He/ 4He increases from about 1.3 x 10-4 to about 4.5 x 10-4 .: 

As discussed previously, the high 3He/ 4He ratios are good evidence that 

the addition of neon-S giving the high 20Ne/ 22Ne ratios was due to solar 

wind irradiation of the samples. This is supported by the elemental 

abundances of the noble gases. 
. 20 22 

I n meteorites of high Ne/ Net ratio, 

abundances typically are much closer to solar (cosmic) values than 

20 22 those in samples of lower Ne/ Net, in which abundances are typically 

planetary. 
. 20 22 

Thus in Fig. 3-15, the t~end toward higher Ne/ Ne 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 sampling of parcels of dust 

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

run of points above 20Ne/ 22Ne ,.., 8 strongly suggests that the dust into 
t 
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which the solar wind was implanted was characterized by 20Ne/ 22Ne of 
t 

8, and not ..... Q 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, 

. 20 22 and the bulk-meteorite points with the same Ne/ Net 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 be incorporated into meteoritic material. The 

factor of roughly fifty is consistent with the abundance of carbon in 

Cl and C2 meteorites, 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 

. d "l d . ld" . f . 1 . h 20N / 22N 8 9 is i ute yie ing a reservoir o materia wit e et ,.., to 

labeled "primitive" meteorite material in Fig. 3-16. Following the 

dilution, parcels of the primitive material are irradiated 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 ab\llldance of 2-3 wt.% in Cl and C2 meteorites. The mixture 

of carbonaceous gas-rich material 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. Subsequently, 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(R.), chromite/carbon, 

and Q. All contain trapped neon with 20Ne/ 22Ne substantially lower 

than the solar/ gas-phase value. All must th1Hefore 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 

. 1 . f S . d . . . 1 20N / 22N . f f h imp antation o neon- raise initia e et ratios o some o t e 

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 E1 , E2 , etc., exist in the interstellar dust; 

20 22_ 
initially all contain neon-E with Ne/ ~e ,.., 0. Gas-phase 

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

20Ne/ 22Ne 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 E2 reservoir. 
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two distinct carriers, E(h) and E(£), containing essentially pure 

neon-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
2 

in Fig. 3-17 could give rise to 

both EU) and C, with EU) 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(£) 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 

20
Ne/ 22Ne :::.. 8. 5. 

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 3tte/ 4He 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 present ed 

a detailed analysis of the isotopic variations in xenon from bulk 

meteorite samples, meteoritic mineral separates, and lunar soils. These 

authors define five components, U', DME(L), DME(H), Sp, and Pu, which 

can be used 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, 

129?, 131), while DME(H) comprises the heavy neutron- rich isotopes (129?, 

131, 132, 134, 136). The remaining two components, Sp and Pu, 

d 1 i 11 d 244p f" i correspon to ga actic cosm c ray spa ation xenon an u 1ss on 

xenon. Rad . . 129 x . 1 . t f t . t . 1ogen1c e 1s a so a common const1tuen o me eor1 1c 

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 component, 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 we l l. 

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., 19.79) 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 

. 20 22 with neon having Ne/ Ne,.., 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 

The agreement between the isotopic composition of solar flare 

neon (Simpson, 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. 

20 22 . Observed Ne/ 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/ 22Ne 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 

initially like chromite/ carbon with 
20

Ne/
22

Net 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 of 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, and 3, compared 

to a ratio of about 0.02 for ices and rocky material in the solar 

composition. 
20 22 

In Figure 3-18 several curves of Ne/ Ne 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 relative neon concentrations in 

the 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 

22 22 
for NeE/ Ne

8 
~ 0.01. No shifts would be detected for dust-

h t t · f about 1013 22Ne/g, · 'l th p ase neon concen ra ions o s1m1 ar to e 

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

planets if 
22

NeE/
22

Ne
8 
~ 0.01, i.e., for 22NeE ~ 3.3 x 1016 atoms/gram 

in the dust. On the other hand, if the 22Ne content of the dust were 

as low as -1013 atoms/gram, the highest neon-E concentration measured 

in gas-rich separates from meteorites, then 
20

Ne/ 22 Ne in the atmospheres 

of all the giant planets should be equal to the solar ratio. If the 

20
Ne/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 c9mplement of dust . Therefore, measurement of 

the isotopic composition iof 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 
22

Ne 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/
22

Ne 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. 

. 22 
Concentrations are obtained by dividing the atmospheric Ne 

content by the total mass of each planet. Isotopic compositions 

are not known 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. 



12
 

IO
ti 

2
0

N
e

 
s"

~E
AR
TH
 

2
2

N
e

 
6 

V
E

N
U

S
 

4 2 0 
10

00
 

2
0

0
0

 
3

0
0

0
 

4
0

0
0

 
5

0
0

0
 

1
/2

2
N

e
 a

tm
o

sp
h

e
re

 (
u

n
it

=
 1

0-
12

 g
/a

to
m

) 

F
ig

u
re

 
3

-1
9

 

6
0

0
0

 

t-
' 

w
 

t-
' 



132 

obtained from the 
20

Ne/ 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 

h h . h 20N /36A . a muc 1g er e r ratio. 

Within the limits of present knowledge, the elemental abundance 

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

20 36 similar on the Earth and Mars, and the Ne/ Ar ratio very similar 

between Earth and Venus. All patterns are planetary, in the sense that 

Ne/
36

Ar ratios are a factor of 30 to 60 lower than the cosmic or 

solar ratio, and Kr/
36 

Ar about 50 to 100 times higher . The similarit;ies 

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 massive primordial atmosphere starting with essentially cosmic 

abundances. Instead, the rare gases are probably of secondary origin 

arising from outgassing l 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 
40

Ar 

contents of the planets' atmospheres can be used to make some inferences 

about planetary degassing. We presume all three planets had the same 

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

the K content is approximately chondritic, about 800 ppm. The 
40

Ar 
) 

presently in the atmospheres of Mars, Earth, and Venus corresponds to 

40 
about 0.5%, 10%, and 6% of the total planetary Ar generated over 

4.6 billion years. 
36 It is generally assumed that Ar should be degassed 

as thoroughly or more so than 
40

Ar, since 
40

Ar 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 

, h · · b f · · f · d of 4°K to 40Ar took catastrop ic outgassing e ore signi icant ecay 

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 

I 
\ 
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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 

22
Ne and 

36
Ar 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 

40
Ar. 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 

compared with the Earth. On 
129 132 . Mars, Xe/ Xe is about 2 .5, but on the 

Earth it is close to 1. The difference is due to radiogenic 129Xe 

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

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

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

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

. . . 1 1291112 71 . f . h hi ld b . d initia ratio at ormation, t en t s cou e interprete 

as evidence that the initial 132xe/l ratio on Mars was 10 to 20 times 

lower than the Earth, in good agreement with the ~ 10 times lower 

36
Ar/K ratio inferred above. Thus the variations in atmospheric 

noble gas contents of the terrestrial planets may have been determined 

by a conibination 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 

been 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 nob l e gas 

' components have been sought in all samples using isotopic composition 

measurements. 

Most of the meas urements of noble gases reported in this 

chapter- were made on whole-rock samples or large , single crystals. 

The gases in the samples usually were extracted by fusing the mater i al 

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 

40 radiogenic Ar trapped in high-grade metamorphic rocks (e . g., Kaneoka, 

1975). Among magmas erupted at the surface, dissolved juvenil e gases 

should be retained best in those cooling 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 noble 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 thi s 

work are examples of all these types of material, including plutonic 

rocks from the upper mantle 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 to place terrestrial noble gas reservoirs 

and transport cycles into a geologic framework. Fig. 4-1 is a cartoon 

cross··section of the Earth representing 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 atmospher e by 

volcanoes on the continents or at oceanic spreading ridges. 

Sources of juvenile gases include a variety of nuclear reactions 

taking place in the Earth. Primordial gases from undegassed 

regions of the mantle may also be emitted. Atmospheric gases a r e 

dissolved 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 
\ 
I 

be intruded into the crust, and possibly erupted ~t the surface. In 

each case, the mass-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 explicitly in Fig. 4-1, erosion and metamorphism ' 

of the continental crust may also lead to outgassing of noble gases 

into the atmosphere. 

The simple picture presented 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? In 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? 

3 Could some of the apparently primary juvenile noble gases such as He 

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 true 

only for isotopes not generated by nuclear reactions in ( he 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 most important sources for the different atmospheric noble gas 

isotopes. 
40 Ar from radioactive decay of K is by far the most abundant 

\ 

noble gas isotope in the atmosphere. However, its high concentration 

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

1 calculated from their atmospheric abundances. 

C 
. 1 oncentration 

Isotope (10-16 mole/gram) 0 
. . 2 rigin 

3
He 

4
He 

20Ne 

21Ne 

22Ne 

36Ar 

38Ar 

40Ar 

78Kr 

80Kr 

82Kr 

83Kr 

84Kr 

86Kr 

124Xe 

126 Xe 
128Xe 

129Xe 

130Xe 

131Xe 

132 Xe 

134Xe 

136Xe 

0.00224 

<( 1600) 3 

5020 

14.9 

513 

9610 

1810 

(2. 84x106) 3 

1.21 

7.86 

40.1 

40.0 

198 

60.6 

0 .0254 

0.0237 

0.5ll 

(7.06) 3 

1.08 

(5.67) 3 

(7.18) 3 

( 2. 79) 3 

(2.37) 3 

primordial 

radiogenic 

primordial 

primordial 

primordial 

primordial 

primordial 

radiogenic 

primordial 

primordial 

primordial 

primordial 

primordial 

primordial 

primordial 

primordial 

primordial 

primordial 

primordial 

primordial 

primordial 

primordial 

primordial 

(nucleogenic; cosmogenic) 

(primordial?) 

(nucleogenic?) 

(nuc l eogenic?) 

(primordial?) 

( f is siogenic?) 

(fissiogenic?) 

(fissiogenic?) 
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( fissiogenic) 

(fissiogenic) 

( 



150 

Table 4-1. (continued) 

1concentrations obtained by dividing the atmospheric abundance of 

27 each isotope by the mass of the Earth, 5.98xl0 grams. 

2First column gives the principal source of each isotope in the 

atmosphere. Minor sources a re 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 40Ar, but only a few percent for the xenon isotopes. 
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36 20 Ar is the most abundant primordial isotope, followed by Ne. At 

3 the other end of the scale, He 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 is 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 t o 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 J as the present a 

atmospheric abundance of a gas divided by 4.5 billion years. In 

Table 4-2 we list J for representative isotopes for each noble gas. a 

For helium, the values listed are estimated values of the present 

fluxes, not aver age values, since helium is continuously lost to 

space. The value for 3He is a calculated flux (Johnson and Axford, 

1969), which primarily reflects thermal e s cape from the exosphere. 

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

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

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

values for a spontaneous fission xenon component, 
136 

XeSF' and an 
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Table 4-2. Atmospheric Average Fluxes J a 

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

3He (1900) 1 

4He ( 8x108) 2 

20 Ne 6. 7xl0 5 

36Ar l.3x10 6 

40Ar 3.8xl0 8 

84Kr 2.6xl0 4 

132Xe 9 .5xl0 2 

136x 
eSF 15 

129Xe 
rad 64 

1 2 Present flux escaping from atmosphere, ~ 7 atoms/cm sec (Johnson 

and Axford, 1969). 

2 . 6 2 
Present flux escaping from atmosphere, ~ 3xl0 atoms/cm sec 

(Naughton et al., 1973). 
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129 
excess radiogenic Xe d component in the atmosphere. These are ra 

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 129xe d is estimated to be ra 

6 8% f h 1 129x . h h .• o t e tota e in t e atmosp ere. Ideally , comparison of the 

present fluxes of the noble gases from the solid Earth with the average 

J values could be used to obtain information about the degassing history 
a 

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 gases, xenon isotopes from the decay of short-lived 

129I d 244p an u, 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 
244P d' · H A d X f h i d f U u, ra 1ogen1c e, r, an e rom t e ongo ng ecay o , 

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 

contain a complex mixture of original magmatic gases and contaminant 

gases. In general we might expect the original magmatic 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 crus t 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 circulation 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 of the 

geothermal aquifer by cold ground water will introduce atmospheric 

gases into the system. 
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crystallization or may escape into the surrounding hydrothermal 

circulation system. In the late stages of solidification, magmatic 

volatiles and incompatible elements often concentrate in pegmatite 

segregations. Minerals crystallizing in these fluid-rich bodies 

might incorporate high concentrations of magmatic noble gases in 

their lattices or perhaps in fluid inclusions. 

Above the intrusion, the rising heat may establish geothermal 

circulation systems in fractures and sufficiently porous reservoir 

rocks. Recharge of the reservoir by cold ground water will introduce 

atmospheric noble gases into the system. Juvenile magmatic gases such 

as 3He may also escape into the geothermal system. The noble gases 

will tend to remain dissolved in the ground water during transport 

unless a steam phase is formed. In the presence of vapor bubbles, 

the noble gases will partition very efficiently into the gas-phase, 

leaving a depleted water behind (e.g., Zartman et al., 1961). 

Measurements of the isotopic and elemental compositions of noble gases 

in thermal waters and steam at the surface can be used to probe a 

geothermal system (cf. Mazor, 1977). 

Two suites of samples have been measured to investigate the 

noble gases associated with plutonic igneous intrusions. The first 

is a group of beryl crystals from pegmatites. In these samples we 

study gases trapped during the latest stages of solidification of a 

granitic magma. The second is a suite of samples from different levels 

within the Skaergaard layered igneous intrusion. Here we measure 

gases trapped at different horizons and times in the main body of a 

basaltic pluton. The results of these studies are sununarized below. 

Detailed discussions of the individual experiments are found in the 
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manuscripts included as Appendix B. 

Beryls. Beryl is a mineral with an unusually large capacity 

for noble gases. Previous work has shown that beryls characteristically 

contain large excesses of radiogenic 4He and 40Ar (Strutt, 1908; Damon 

0 

and Kulp, 1958). The gases are thought to be trapped in the 4 to 5 A 

diameter channels which pierce the beryl crystal lattice . 

In the present study , neon, argon, krypton, and xenon were 

measured in beryls from eleven world-wide localities. The samples all 

derive from continental crust and range in age from < 70 m. y. to about 

2500 m.y. old. The results extend the previous work in two ways. 

First, beryls are shown typically to contain excess nucleogenic 
21

Ne 

22 238 and Ne from (a,n) reactions, and xenon from U spontaneous 

fission. The amounts of these nucleogenic isotopes correlate with 

40 the excess radiogenic Ar contents. Second, beryl may also contain 

significant amounts of non-nucleogenic noble gases. The concentrations 

of the non-nucleogenic gases do not correlate with excess radiogenic 

40Ar. The non-nucleogenic gases are probably of atmospheric origi n . 

No isotopic evidence for a primary juvenile component in beryls is 

found from the present data. 

The isotopic composition of nucleogenic neon in the beryls 

is seen to be variable. The most/ extreme compositions measured were 

21 22 in two samples where Ne/ Ne ratios were respect i vely twenty and 

thirty-ni ne times greater than the atmospheric value. Virtually all 

the 21Ne is these beryls in nucleogenic. 
20 22 

In both samples, Ne/ Ne 

was less than one- sixth the atmospheric ratio, indicating that at 

most about 15% of the 22Ne in these samples is atmospheric. The 

factor of two difference in 21Ne/ 22Ne probably reflects local 
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variations in the source region abundances of oxygen and fluorine 

targets for the (a,n) reactions producing neon. 

The observed concentration of nucleogenic neon to radiogenic 

argon are found to agree with the expected production ratio in 

4 ordinary crustal rock with K/U ~ 10 by weight. However, the fission 

xenon typically appears to be a factor of ten underabundant compared 

with the nucleogenic neon or argon. Comparison of the abundance 

patterns for the non-radiogenic noble gases trapped in the beryls 

with gases found in other plutonic igneous rocks suggests that the 

non-radiogenic xenon is also depleted. The most likely explanation of 

this elemental fractionation is thought to be discrimination against 

the xenon atoms by the beryl crystals as they grew and trapped 

magmatic noble gases. The lattice channels in beryl consist of 

alternating sites of about 1.9 A and 2.8 X radius. The Van de Waals 

radius of xenon is about 2.2 A. The periodic constriction of the 

channel to 1.9 A radius may effectively prevent diffusion of xenon 

atoms into the trapping sites of a growing crystal. Diffusion of 

the smaller He, Ne, and Ar atoms with radii ~ 1.9 A should not be 

similarly restricted. Typically a large fraction of the 2.8 A sites 

may be filled with water molecules (e.g., Hawthorne and ~erny, 1977). 

This preferential occupancy of /the larger sites by the abundant 

water molecules may also reduce the relative xenon content of the 

crystal, since the xenon atoms can be trapped only in the larger sites. 

The dominant suite of noble gases trapped in beryl are the 

. 4 21N 22N 40A d f " . nucleogenic noble gases, including He, e, e, r, an 1ss1on 

xenon. Mixed with these isotopes are smaller amounts of non-nucelogenic 

gases, probably of atmospheric origin. Wasserburg and coworkers 
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(Wasserburg et al., 1957, 1963; Zartman et al., 1961; Wasserburg and 

Mazor, 1965) have shown that the noble gases in crustal natural gas 

pools also consist of radiogenic He, Ar, and Xe mixed with atmospheric 

noble gases probably carried into the crust by meteoric water. This 

suite of gases appears to be characteristic of the continental crustal 

environment, where high abundances of the radioactive elements U, Th, 

and K produce abundant noble gas daughters that can be trapped at 

depth in minerals like beryl, or accumulated in natural gas deposits. 

Samples from the Skaergaard igneous intrusion. The Skaergaard 

is a layered igneous intrusion that was emplaced several kilometers 

deep in the crust in Greenland during lower Eocene time (Wager and 

Brown, 1967). A simplified, reconstructed cross-section of the 

intrusion is shown in Fig. 4-4. The intrusion is roughly funnel

shaped, and has been divided by previous workers into several zones, 

as shown schematically in the figure. Samples from the lower, middle, 

and upper zones of the layered series, and from the sandwich horizon 

were studied here. The sandwich horizon is the region of final 

crystallization lying between the downward solidifying upper border 

group, and the upward solidifying layered series. Taylor (1974) and 

Taylor and Forester (1979) have shown with oxygen isotope data that 

the upper part of the Skaergaard underwent extensive subsolidus 

exchange with meteoric water in a hydrothermal circulation system 

established around the cooling intrusion. If the meteoric water 

carried dissolved atmospheric noble gases into the upper part of the 

intrusion, then we might expect to find some relationship between the 

noble gas content of a sample and its degree of oxygen isotope 

exchange. 
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Figure 4-4. Noble gases in the Skaergaard igneous intrusion. The 

Skaergaard is a layered igneous intrusion that was emplaced into 

the upper crust in East Greenland about 60 m.y. ago (Wager and 

Brown, 1967). Taylor (1974) and Taylor and Forester (1979) have 

shown using oxygen isotopes that meteoric water circulating in 

the porous basalt interacted with parts of the intrusion. Noble 

gas measurements show that atmospheric gases were introduced into 

the rocks during the processes leading to oxygen isotope exchange. 

Samples with low (exchanged) o18o contain trapped plagioclase 
40 36 argon with Ar/ Ar close to atmospheric. Samples with high 

(magmatic) o18o contain trapped juvenile argon with plag 
40Ar/ 36Ar ~ 6000. 
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The most striking result of the measurements is the great 

variability of the argon isotopic composition. After correction for 

in situ decay of K during the last 60 m.y., 40Ar/ 36Ar ratios of argon 

in the samples range from about 700 to greater than 5000. This 

variation requires the presence of at least two trapped noble gas 

components in the samples. The first component is most likely 

. 40 36 atmospheric argon, with Ar/ Ar = 296 . The second component is 

juvenile argon characterized by a large excess of radiogenic 40Ar. 

Small amounts of juvenile fission xenon accompany the excess 40Ar. 

The ratio of fission xenon to radiogenic argon is comparable to the 

expected production ratio in crustal rocks. The relative elemental 

abundances of the non-radiogenic noble gases associated with the two 

argon components appear to differ. Gases accompanying the argon 

of atmospheric isotopic composition show a strongly fractionated 

pattern relative to atmospheric abundances. The 20Ne/ 36Ar ratio is 

severai times lower than atmospheric, while 132xe/ 36Ar is an order 

of magnitude h i gher. The noble gases accompanying the juvenile argon 

1 bl h i b d The 20Ne/ 36Ar ratio is more near y resem e atmosp er c a un ances. 

equal or slightly greater than atmospheric, while 132xe/ 36Ar is only 

a factor of two or thre e above the air ratio. 

Comparison of oxygen isotope data with the noble gas results 

shows that the occurrence of the two noble gas components can be 

related to the degree of oxygen isotope exchange. In Fig. 4-5, 

40
Ar/

36
Ar (corrected for in situ decay) is plotted against o18

oplagioclase 

(data from Taylor and Forester, 1979). Rocks with o18
o ~ 6%0 have plag 

undergone little or no exchange with meteoric water, while rocks with 

lower values have experienced alteration. The argon isotope data 
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Figure 4-5. Correlation of 40Ar ; 36Ar with o18o in 
excess plagioclase 

Skaergaard samples. LZ = lower zone, MZ middle zone, UZ 

upper zone, SH = sandwich horizon. 40Ar is the total 40Ar 
excess 

content less a contribution for in situ decay of K over 60 m.y . 

10 Unaltered plagioclase contains magmatic oxygen with o 0 
1 

~ 6%o. 
P ag 

D . ~18o . d' . . f h i h ecreasing v 
1 

in icates increasing degree o exc ange w t p ag 

meteoric water. The variations in argon isotopic composition are 

reasonably well-correlated with the oxygen isotope shifts. The 

freshest samples contain juvenile argon characterized by large 

amounts of excess radiogenic 40Ar, regardless of the original 

stratigraphic position of the sample in the intrusion. With 

40 36 increasing exchange, Ar / Ar drops rapidly, approaching the excess 

atmospheric composition. It is concluded that atmospheric gases 

from the meteoric water have been incorporated into the altered 

rocks of the Skaergaard intrusion. 



AR 

6 

- 5 0 

~ 0 -

2 

16 7 

!JUVENILE I 
4312 + ( UZ) 

G83(LZ) I., __ _ . ~ --- + ++ ++ I 

~KR8(M2:J s'KR7~LZl 
/, 
I G263 (UZ) 

I 
I 
f SKR 12 (SH) 

I ~II (LZ) 

IMETEORICj 

2000 4000 

40 /36 Ar excess Ar 

Figure 4-5 

6000 



168 

show a good correlation with the oxygen data. Juvenile argon with 

40
Ar/ 36Ar ~ 6000 is dominant in unexchanged samples that have high 

180 o plag values. With increasing meteoric water exchange, as 

indicated by the lower o18o values, the 40Ar/ 36Ar ratios drop rapidly 

toward the atmospheric value. Samples containing fresh magmatic 

oxygen contain juvenile argon .regardless of the zone of their 

. . Th d . 40A J36A . i 1 origin. e ecrease in r r is not related to the vert ca 

stratigraphic position of the sample in the intrusion. For example, 

we point out rocks 4312+ from the upper zone and SKR-7 from the 

lower zone that both contain dominantly juvenile argon and unexchanged 

oxygen. Interaction with meteoric water has occurred in several 

different zones. Samples SKR-12 (sandwich horizon) and GHll (lower 

zone) have both experienced oxygen isotope exchange, and both contain 

substantial atmospheric argon contributions. 

These results indicate that the Skaergaard intrusion was 

originally emplaced containing a dissolved magmatic component of noble 

gases characterized by a large excess of radiogenic 40Ar. During 

solidification, some of the magmatic gases were trapped in the rocks. 

The exact site of these trapped magmatic gases is not known at present. 

Meteoric water containing dissolved atmospheric noble gases then 

interacted with part of the cooling intrusion. Oxygen isotopes were 

exchanged, and a second noble gas component with atmospheric isotopic 

composition added to some rocks. 

The source of the magmatic noble gas component injected with 

the magma is not known. It could be either the source region of the 

basaltic melt, probably the upper mantle, or possibly the ancient 

crust through which the magma ascended. No convincing evidence of 
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primary juvenile gases indicative of a mantle source was found in 

the Skaergaard samples. All measured neon isotopic compositions were 

atmospheric within errors. Xenon isotopic compositions were also 

atmospheric, with the exception of very small 134xe and 136xe 

enrichments attributed to secondary juvenile 238u spontaneous fission 

xenon. The first sample of SKR-7 measured showed a noticeable 

1 129x 'bl d . d' . 129x anoma y at e, possi y ue to primary juvenile ra 1ogen1c e 

(Smith, 1978). However, subsequent measurements on four additional 

samples from the same rock failed to confirm the initial result. The 

first measurement is here withdrawn as a probable experimental 

artifact. The presence of secondary juvenile 40Ar and fission xenon 

in the rocks does not distinguish between possible mantle or crustal 

sources for the magmatic noble gas component. 

4.2.2 Samples of igneous rock from the oceanic crust and upper mantle 

Another example of a hydrothermal circulation system that may 

involve transport of noble gases is found at an active mid-ocean 

spreading ridge (Fig. 4-6). The heat of freshly-intruded magma drives 

a hydrothermal circulation system that is recharged by percolation of 

seawater down through fractures along the flank of the ridge. The 

heated water in the center of the ridge rises, and is emitted along 

the axis of the ridge in hydrothermal plumes (Weiss et al., 1977). 

The seawater will carry dissolved atmospheric noble gases into the 

oceanic crust. A portion of the dissolved gas may become fixed in 

the crust during hydrothermal alteration of the rock. During 

crystallization of the magma, juvenile gas components may be lost 

into the circulating water and injected into the ocean in the heated 
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Figure 4-6. Noble gases in the oceanic crust and mantle. 

Hydrothermal circulation of seawater into the oceanic crust 

occurs at an active spreading ridge. Juvenile gases from the 

magma may be emitted into the heated water of a rising hydrothermal 

plume. Dissolved atmospheric gases in the circulating seawater 

may become fixed in the crust. These gases will be carried away 

from the ridge by seafloor spreading, and eventually subducted. 

Gases trapped in sediments may also be subducted. An unknown 

fraction of the subducted gases may be outgassed during shallow 

metamorphism of the down-going slab. If this fraction is not 

large, significant contamination of the upper mantle by 

atmospheric noble gases can be expected. Mantle convection may 

eventually bring these gases to the ridge axis, where they may be 

returned to the atmosphere. 
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discharge plumes . 

Atmospheric gases trapped in the crust will be carried away 

from the ridge by seafloor spreading, and eventually will be 

subducted. If the gases are not lost from the slab by heating at 

shallow depths (arrow with question mark), then subduction of altered 

oc.eanic crust could provide a means for transporting atmospheric noble 

gases into the upper few hundred kilometers of the mantle. Subduction 

of gases trapped in sediments might provide additional input to the 

mantle, although these gases would seem more likely to be lost by 

shallow-level metamorphism. The subducted atmospheric gas could 

eventually be returned to the spreading axis by mantle convection. 

Here it could be cycled back into the atmosphere along with juvenile 

magmatic gases. 

The samples studied here include several very fresh, young 

basalt glasses dredged from mid-ocean ridges (MOR) . These glasses 

were measured particularly to search for juvenile magmatic noble 

gases from the man t l e. Two samples of gabbro from oceanic crust were 

measured to obtain additional information about the general noble gas 

content of the oceanic crust. We also studied two upper mantle 

peridotitenodules erupted as xenoliths in magmas from Hawaii and from 

Baja, California. Neon, argon, krypton, and xenon concentrations and 

isotopic compositions were determined. 

In agreement with previous work (Funkhouser et al., 1968; 

Funkhouser and Naughton, 1968), the MOR basalts glass and peridotite 

samples were found typically to contain excess radiogenic 40Ar 

indicating the presence of juvenile gases from the upper mantle. We 

report here the probable fi r st detection of juvenile 129xe and fission 
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xenon in MOR basalt glass . A glass sample dredged from the Juan de 

Fuca ridge in the northeastern Pacific contains xenon with 

136 132 1.016±0.027 (2cr; air = 0.9835) and Xe/ Xe 

0.350±0.007 (2cr; air= 0.3299). These isotopic enrichments correspond 

-18 129 to concentrations of 2.4±1.4 x 10 moles Xe d/gram and 
ra 

-18 136 l.6::iD.7 x 10 moles Xe8F/g. Smaller contributions of these 

juvenile xenon components appear to be present in two other basalt 

samples at about the 95% confidence level. In Paper 3 of Appendix B 

we discuss the problems involved in measuring these slight isotopic 

effects in samples containing relatively little xenon. We did not 

obtain sufficiently precise measurements of- the xenon isotopic 

composition in the two peridotites to allow juvenile xenon components 

to be identified. Upper limits obtained for these samples are 

several times l0-18 moles radiogenic 129xe and fissiogenic 136xe. 

These limits are consistent with the concentrations of juvenile xenon 

observed in Hawaiian dunite by Hennecke and Manuel (1975) and Kaneoka 

et al. (1978) . 

Neither juvenile radiogenic argon nor juvenile xenon was fo und 

in a rhyodacite glass from the Galapagos ridge. However, this sample 

was remarkably enriched in neon with a distinctly non-atmospheric 

ZONe/ 22Ne ratio of 10.1±0.1 (2cr). 20 36 Measured Ne/ Ar ratios greater 

than 100 in this sample are higher than in any primordial noble gas 

component known in the solar system. This fact coupled with the lack 

of any significant juvenile 40Ar in the rhyodacite lead to the 

conclusion that the neon enrichment is not due to addition of primary 

juvenile neon. Rather, it is thought to reflect a fractionation 

process such as diffusion that strongly enriched originally atmospheric 
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neon relative to argon and also fractionated 20Ne from 22Ne by 

about 3%. 

No evidence of juvenile noble gas was found in the two 

oceanic crust gabbros studied. The xenon content of the samples was 

several times higher than typical of the basalt glass samples, and 

the xenon was of atmospheric composition. Dymond and Hogan (1973) 

attributed increased atmospheric noble gas contents in holocrystaline 

MOR diabase samples to subsolidus interaction with seawater. Gregory 

and Taylor (1979) have shown from oxygen isotope data on the Oman 

ophiolite that at least three-quarters of the oceanic crust may have 

undergone exchange with circulating seawater. From the limi ted data 

on crystalline oceanic rocks, and by analogy to the Skaergaard noble 

gas data discussed earlier, we infer that significant amounts of 

atmospheric noble gases have probably been added to the oceanic crust 

by hydrothermal circulation of seawater. 

Additional evidence for the addition of atmospheric noble 

gases to oceanic crustal rock comes from several repeat analyses of 

fragments from a single basalt glass from the Sheba ridge in the Gul f 

of Aden. The concentration of juvenile excess 40Ar remained constant 

to better than ::il0% in four samples studied, as would be expected for 

a dissolved magmatic component. 36 In contrast, the non-radiogenic Ar, 

84Kr, and 132xe concentrations in these samples varied by a factor of 

about seven. A very similar situation was found in two samples of a 

basalt from the Galapagos ridge. If the non-radiogenic noble gases 

were juvenile magmatic gases, their concentrations should be 

homogeneous, just as is the observed concentration of juvenile radiogenic 

argon. The remarkable variations must be due to relatively late 
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addition of atmospheric gases to the magma. The distribution of these 

gases appears to be very uneven on a very small scale (~ 1 cm). The 

MOR glasses typically are slightly vesicular. Possibly the added 

atmospheric noble gases reside in occasional unbroached vesicles in 

the samples studied. The vesicles might have formed from steam injected 

into the lava as it was erupted onto the ocean bottom. Regardless of 

the details of the injection, these results imply that most of the 

non-radiogenic gases in the basalt glasses are atmospheric. The lowest 

concentrations of non-radiogenic noble gases in MOR basalt glasses 

should therefore be closest to the immediate pre-eruption gas contents 

of the magma. These values are approximate upper limits for the 

primordial noble gas contents of the MOR lavas if we assume that 

degassing of the magma before its eruption was negligible. The 

numerical values for the limits are about 20Ne ~ 100, 36Ar ~ 40, 

84 132 all i'n l0-16 I Kr ~ 1, and Xe ~ 0. 2, moles gram. In addition, the 

40 36 Ar/ Ar ratio of the mantle source of the MOR basalts must be 

4 greater than or equal to the largest measured values, about 10 for 

the present samples, and 1.5 x 104 for samples reported in the 

literature (Fisher, 1975; Dymond and Hogan, 1978). This conclusion 

should not be sensitive to the degassing history of the magma. 

4.2.3 Noble gases in additional crustal samples 

Data given in this section are for samples not included among 

the groups discussed above or in Appendix B. The material studied 

consists of six whole-rock samples of igneous and metamorphic crustal 

rock, six samples from carbonatites, two samples of serpentinized 

kimberlite, and three samples of biotite separates from lamprophyre 
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dikes. The carbonatites and kimberlite are co
2
-rich samples, 

probably of upper mantle origin. The biotites were known beforehand 

· d" . 40A (Z i ' . ) to contain excess ra 1ogen1c r artman, pr vate communication • 

The results of neon, argon, krypton, and xenon concentration 

measurements are listed in Table 4-3, in units of lo-16 moles/g . The 

concentrations of radiogenic 40Ar in the first six whole-rock samples 

are generally consistent with production from in situ decay of 4°K, 

based on approximately known geological ages and reasonable estimates 

of K contents. The range of concentrations of non-radiogenic noble 

gases are similar to the values measured for the rocks from the 

Skaergaard intrusion. 20 36 Ne/ Ar ratios range from a factor of about 

four lower than the atmospheric ratio up to the atmospheric value. 

132xe/ 36Ar ratios are about three to thirty times higher than 

atmospheric. These fractionated abundance patterns are similar to 

the ones seen for the Skaergaard samples, particularly those showing 

evidence of addition of atmospheric noble gases and oxygen isotope 

exchange due to interact i on with meteoric water. 

The 36Ar and Kr contents of the carbonatite samples tend to be 

somewhat higher than the typical crustal igneous or metamorphic rocks 

studied here. Xenon concentrations are roughly similar. Again 

132xe/ 36Ar ratios tend to be higher than atmospheric. The results 

tabulated for the carbonatites are probably accurate only to a factor 

of about two. To avoid contamination of the extraction system with 

co
2

, only very small samples were analyzed, about 0.01 gram instead of 

the more typical ,..., 1 gram. As a result, the absolute amounts of gas 

measured were generally small, close to the average system blank levels. 

The estimated uncertainty in the blanks is taken to be about ± 50%. 
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Table 4-3. Noble gases in terrestrial igneous and metamorphic samples 

Sample Identification 20Ne 36Ar 40Ar 84Kr 132xe 

(10-16 mole/gram) 

Whole-Rock Sameles 

SCB4 Southern California 85 190 5 .0xlO 5 7. 7 1.3 
Batholith: San Marcos 
Gab bro 

SCB13 Southern California 100 320 l.03xl0 
6 19 .5 6.1 

Batholith: Bonsall 
Tonalite 

SGAN-2 San Gabriel 100 830 4.14xl0 6 89 10.8 
Anorthosite;California: 
Ilmenite, Pyroxene, 
Plagioclase Cumul a te 

OG33A
1 

Lang~ Isl., w. 4 70 610 2 .07xl0 7 15.1 2.4 
Greenland: Sea polite-
Bearing Gneiss 

STW2x Stillwater Complex , 120 450 1. 32xl0 7 
"' 30 2.9 

Montana: Gab bro 

PEA-3 Karoo Basal t 670 3800 3 .0xlO 6 80 7.6 

Carbonatite 

OKA-26 Oka, Quebec; 400 4.7xl0 6 17 3 
Monticellite Sovite 

AL-6 Alno, Sweden; 1600 2.4xl0 7 110 13 
Carbonatite Dike 

FEN-6 FEN, Norway; (2000) 1200 1. 7xl0 7 450 5 
Domkjernite Breccia 

P7-721 Chilwa Isl., Malawi; (1000) 4400 2.0xlO 6 130 6 
Sovite 

PG158 Kaiserstuhl: 2800 8.0xlO 5 90 5 
Forsterite-Carbonatite 

MC-17 Magnet Cove,Arkansas; 1400 6.7xl0 5 50 1 
Massive Carbonate 
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Table 4-3. (continued) 

Sample Identification 

(lo-16 mole/gram) 

Kimber lite 

A Mule Ear Diatreme, 96000 3 .9xl0 7 5200 260 
Utah; (Highly 
Serpentinized) ~ 

B (same) (360) 105000 5.4x10 7 2800 320 

Biotite
2

from Lamprophyre Dikes 

190 Ithaca, N.Y. 6900 7.3x10 7 180 7.7 

193 Manheim, N.Y. 3900 4.8xl0 
7 

91 8.4 

H67-28F-l Phillips Co. ,Montana; 5800 6 .5x10 
7 120 7.6 

Williams Dike 

AtmosEhere 5020 9610 198 7.2 

1 Sample from R. F. Dymek. 

2 Samples from R. E. Zartman. 
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36 The Ar, Kr, and Xe concentrations in the two serpentinized 

kimberlite samples from the Mule Ear diatreme are the highest measured 

in all the samples studied for this thesis. The observed 40Ar/ 36Ar 

ratios are 400±40 and 510±20. These values suggest that a substantial 

portion of the argon in the samples is atmospheric. If we assume all 

the 36Ar to be atmospheric, the inferred radiogenic 40Ar contents of 

-9 40 -9 40 the two samples are 1.0 x 10 moles Ar/g and 2.3 x 10 moles Ar/g. 

The diatreme contains blocks of upper Cretaceous Mancos shale, so must 

be less than 100 million years old. Unreasonably high K contents of at 

least ' "" 6% and 13% would be required to explain the radiogenic 40Ar by 

in situ decay. For comparison, the K contents of similar kimberlite 

from the Moses Rock diatreme located 10 km south of the Mule Ear 

diatreme is less than or about 0.1% (McGetchin, 1968). This implies 

that most of the radiogenic argon in the two samples studied is excess. 

Interpretation of the data is complicated by the presence of abundant 

xenoliths in the diatremes, including fragments from the Precambrian 1 

basement. It is possible that the excess argon in the samples reflects 

the presence of old xenolith material, and therefore may not be derived 

from the kimberlite source region. 

The three biotite samples had been found previously to contain 

excess radiogenic argon. From the data in Table 4-3, it can be seen 

that they also contain relatively high concentrations of 36Ar, Kr, and 

Xe, similar to the range of values found for carbonatite samples, and 

higher than in most of the crustal whole-rock samples analyzed. 

132xe/ 36Ar ratios in the biotites are roughly twice the atmospheric 

value. 

Xenon isotopic data obtained for the samples are given in 
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Table 4-4. For the crustal whole-rock samples, all compositions are 

essentially atmospheric, with the exception of OG33A. This ancient 

gneiss from West Greenland contains a measurable amount of fission 

xenon, probably from in situ spontaneous fission of 238u. Of the 

carbonatite samples, only P7-721 (Chilwa) contained xenon of 

demonstrably non-atmospheric composition. The data for the remaining 

carbonatites are not included because of the large uncertainties ("" 10%) 

in the measured ratios. The Chilwa carbonatite sample contains 
238u 

spontaneous fission xenon. The observed concentration of 136xe 8F is 

-16 about 1.8 x 10 moles/g. The age of the Chilwa Islands complex is 

about 130 m.y. (Tuttle and Gittins, 1966, p. 51). If from in situ 

decay,the measured fission xenon content corresponds to a uranium 

concentration of about 75 ppm, which is not unreasonable (cf. Tuttle 

and Gittins, p. 406). 

The xenon composition of the Mule Ear kimberlite samples is 

predominantly atmospheric. Marginal enrichments of 134xe and 136xe 

may indicate a slight component of fission xenon in sample A. The 

overall atmospheric composition supports the suggestion from the argon 

data that the large amounts of non-radiogenic noble gases in this 

material are from the atmosphere. It is plausible that the gases were 

introduced during the serpentinization of the kimberlite. 

Atmospheric composition xenon is also found in the three 

lamprophyre biotites. No significant excess radiogenic 
129

xe is 

present. Upper limits on the fission 136xe contents are ""0.1 x lo-
16 

136 40 -9 
mole/gram, corresponding to Xe8F/ Arrad ~ 2 x 10 . This is a 

factor of 2 to 4 below the expected production ratio in crustal rockG 

with K/U of 104 by weight. The source of the gases could be slightl)' 
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Table 4-4. Xenon isotopes in terrestrial samples 

Sample 124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 134Xe 136Xe 

(132Xe :: 1000) 

SCB4 3.3 3.3 70 985 151 790 397 336 
± 1.0 .8 3 13 4 10 7 6 

SCB13 4.5 4.0 72 1002 151 790 389 326 
± .4 1.3 4 13 3 6 8 5 

SGAN2 4.0 3.6 71.1 989 152 792 390 333 
± .3 .3 .7 5 2 5 3 J 

OG33A 3.9 4.3 71 968 148 775 415 365 
± .5 .5 2 23 4 17 8 7 

S1W2x 3.9 4.1 71 984 153 789 391 331 
± . 7 .8 3 6 5 10 5 5 

PEA3 60 1000 155 790 400 351 
± 12 69 11 50 43 26 

P7-721 46 815 103 664 605 604 
(Carbonatite) ± 38 74 38 56 48 48 

A (Kimberlite) 3.9 3.4 71.9 988 152 791 391 333 
± . 3 . 3 .8 4 2 3 2 2 

B(Kimberlite) 3.6 3.3 70 .9 988 150 787 392 332 
± .3 .3 1.1 10 3 5 3 4 

190(Biotite) 4.4 3.1 76 976 155 812 380 327 
± .2 .2 5 31 7 25 20 14 

193(Biotite) 4.7 3.3 73 995 15 7 802 392 331 
± 1.0 .9 2 12 4 10 10 10 

H67-28F-l(Biotite) 3.5 70 994 148 774 392 335 
± 5.3 12 26 10 22 7 7 

AtmosEhere 3.5 3.3 71.2 984 151 790 388 330 . 
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enriched in K, but the difference could have also originated during 

transport of the gases. 

Neon and krypton isotopic compositions were found to be 

atmospheric when measured; the data have not been included in the 

tables. Errors on the neon compositions obtained were generally quite 

large because of the small gas amounts analyzed. 

In sum, most or all of the non-radiogenic noble gases reported 

in this section for crustal samples appear to be atmospheric in 

isotopic composition. 20 36 There is a general tendency for Ne/ Ar ratios 

to be less than, and 132xe/ 36Ar ratios to be greater than, the 

atmospheric values. Varying amounts of radiogenic argon, and 

occasionally fissiogenic xenon, are present in the samples. In some 

cases, such as the kimberlite and biotites, the radiogenic argon is in 

excess over expected in situ production from K. 

4.3 DISCUSSION OF RESULTS 

In this section we examine three topics. First is the quest i on 

of the overall noble gas content of the solid Earth. Second is the 

evidence for the transport of atmospheric noble gases into the crust . 

Finally, we will estimate the magnitudes of the noble gas fluxes 

associated with MOR volcanism and with subduction. 

4.3.1 Average noble gas concentrations in the solid Earth 

In Fig. 4-7 , we summarize measured non-radiogenic noble gas 

contents for whole-rofk samples from the continental crust, oceanic 

crust, and upper mantle. Only new data measured for this thesis are 

20 plotted, with the exception of a point for Ne (triangle) that 

represents the average neon concentration in rocks measured by Lord 
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Figure 4-7. Concentrations of non-radiogenic noble gases in 

terrestrial rocks. The atmospheric reference concentration 

(large encircled cross) represents the minimum initial noble gas 

concentration of the solid Earth. Except for xenon, measured 

noble gas concentrations are generally much lower than the 

reference value. This suggests that in general at least the 

outer portions of the Earth are substantially outgassed of their 

primordial noble gases. 
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Rayleigh (1939). Compared with the more recent results, Lord Rayleigh's 

measurements appear to have been systematically too high by a factor of 

20 about ten to one hundred. The three very high Ne points shown for 

MOR glasses are the data from the unusual rhyodacite glass from the 

Galapagos ridge. As discussed above, this neon enrichment is thought 

to be the result of a near-surface fractionation. The Ar, Kr, and Xe 

concentrations in most of the other oceanic glasses and upper mantle 

samples are lower than in the continental crust samples. Neon 

concentrations are about the same. The concentrations of the heavier 

noble gases in oceanic gabbros appear from the limited data to be 

higher than in the MOR glasses, and similar to the values in continental 

rocks. 

The noble gas contents of the rocks should be compared to the 

atmospheric reference concentrations indicated in Fig. 4-7 by the large 

encircled crosses. For the solid Earth currently to be an important 

reservoir of non-radiogenic noble gases, it must consist of rock with 

average noble gas contents close to or greater than the reference 

value. With the exception of a few points for neon, and some of the 

xenon data, the noble gas contents measured in a wide variety of rocks 

tend to fall substantially below the atmospheric reference. Therefore, 

if the rocks studied are representative of the entire Earth, then 

essentially all the non-radiogenic noble gases on the planet are in the 

atmosphere. A possible exception is xenon. A number of crustal rocks 

have concentrations equal to the reference atmospheric value. Also, 

previous investigations have shown that a large fraction, up to about 

90%, of the Earth's atmospheric xenon inventory could be trapped in 

fine-grained sedimentary rocks (Canalas et al., 1968; Phinney, 1972; 

Fanale and Cannon, 1971). 
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The assumption that the rocks sampled are representative of 

the whole Earth cannot, however, be justified. The samples from the 

crust represent only about 0.5% of the Earth's mass. The mantle 

peridotites may have sampled gases from the upper few hundred 

kilometers of the mantle (cf. Kaneoka et al., 1978). However, only 

about 10% of the Earth's mass lies above a depth of 400 km. If we 

instead assume that the rocks measured are representative of the outer 

few hundred kilometers, then the consistently low noble gas contents 

of the rocks suggest that the outer portions of the Earth, including 

the portions of the upper mantle sampled by the MOR lavas and peridotite 

nodules, are thoroughly outgassed. However, we must reiterate an 

earlier caveat. Gas loss from samples during their transport to the 

surface may be important. For example, Gramlich and Naughton (1972) 

suggest that initial concentrations of radiogenic 4He and 40Ar in some 

Hawaiian ultramafic nodules could have been roughly 100 and 5 times 

greater respectively than their measured concentrations. It has also 

been pointed out that about 90% of the juvenile 3He in MOR basalts may 

have been lost before quenching (Lupton and Craig, 1975). More 

convincing evidence that the non-radiogenic gases have been thoroughly 

40 36 4 outgassed from the upper mantle is the high Ar/ Ar ratio of ~ 10 

inferred for the MOR basalt source region (§4.2.2). As discussed by 

Bernatowicz and Podosek (1978) or Hamano and Ozima (1978), such a high 

value compared to the low atmospheric ratio of 296 strongly implies 

nearly complete loss of primordial 36Ar from the upper part of the 

mantle. 

To the best of present knowledge, the remaining ...., 90% of the 

Earth below a few hundred kilometers in depth could be completely 



187 

undegassed. Observations of primary juvenile 3He and 129xe in some 
rad 

mantle-derived samples certainly appear to imply that the mantle as a 

whole has not completely lost its primordial gases (Butler et al., 1963; 

Mamyrin et al., 1969; Clarke et al., 1969; Tolstikhin et al., 1974; 

Krylov et al., 1974; Lupton and Craig, 1975; Hennecke and Manuel, 1975). 

It is instructive to con~ider briefly a simple two box model for noble 

gases in the interior of the Earth. We assume that the Earth was 

initially homogeneous. One box (....;,the upper mantle) is taken to be now 

nearly completely degassed of both radiogenic and non-radiogenic gases, 

while the second (""' the lower mantle) is assumed to be largely 

undegassed. Let the mass fraction of the Earth represented by the 

first box be X. 

This two box model has the following simple characteristics. 

First, essentially all the atmospheric noble gases derive from the 

outgassed box. Therefore the initial non-radiogenic noble gas contents 

of the planet and the current contents of the undegassed second box 

must be greater than the atmospheric reference concentrations (Table 

4-1) by a factor of l/X. However, gas loss during transport to the 

surface may render unrecognizable such concentration enrichment in 

deep-seated samples from the undegassed reservoir. Second, the 

40Ar/ 36Ar and 129xe/132xe ratios in the undegassed lower mantle must be 

nearly the same as the atmospheric values. Unfortunately, this makes 

samples carrying gases from the undegassed reservoir difficult to 

distinguish from samples contaminated at shallow levels by atmospheric 

gases. Third, 40Ar/ 36~r and possibly 
129

xe/132xe in any residual gases 

in the upper mantle will be greater than the atmospheric values. This 

is assuming that the non-radiogenic isotopes are more thoroughly 
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outgassed than the radiogenic isotopes, which may in part be replaced 

by decay. Fourth, the average K contents of the outgassed reservoir 

must be about 85/X ppm. The limit of 85 ppm for X = 1 corresponds to 

the minimum K contents needed for the whole Earth to generate the 

40 present Ar content of the atmosphere over 4.5 billion years. If we 

assume that the total K content of the Earth is not likely to be 

significantly greater than the chondritic value of about 850 ppm, then 

X must be greater than or equal to 0.1. In other words, at least 10% 

of the mass of the Earth must be degassed. 

The two box model predicts that pristine samples from the mantle 

. 40 36 129 132 could show widely different Ar/ Ar and possibly also Xe/ Xe 

ratio.s, depending on the' degree of out gassing of their source regions. 

Furthermore, we would expect variations in the ratios to be correlated. 

40 36 129 132 High Ar/ Ar ratios should accompany enhanced Xe/ Xe ratios, 

and vice versa. Similar correlations should extend to the helium 

isotopes. 
40 36 . 

Observed Ar/ Ar ratios in samples presumed to be from 

the mantle indeed vary from near atmospheric in amphibole xenocrysts 

4 and josephinite (Saito et al., 1978; Bochsler et al., 1978) to~ 10 in 

MOR basalts (Fisher, 1975; this work). However, it is not clear that 

atmospheric contamination of the sources of some of these samples can 

be ruled out. Excessed of 129xe of up to about 5% over atmospheric rad 

have been observed in some samples (Hennecke and Manuel, 1975; 

Kaneoka et al., 1978; Rison and Kyser, 1977; Downing et al., 1977). 

The data available at present are too sparse to define reliable 

correlations--or lack of correlations--among the different isotopic 

effects. In particular, the number of samples in which the 

compositions are known for all the noble gases from helium to xenon is 
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still very small. 

4. 3. 2 Transport of , atmosph,eric noble gases into the . outer crust 

The identification of atmospheric gases in natural gas samples 

from deep wells (Zartman et al., 1961) showed that ground water 

could carry dissolved noble gases several kilometers into the crust. 

The new results presented here for the Skaergaard intrusion show 

convincingly that it is possible to transfer the dissolved gases from 

the water into the rocks. The detailed mechanism by which the 

transfer takes place cannot be properly addressed from the present 

whole-rock measurements. Some possibilities include diffusion into 

major or minor phases in the rocks, or trapping during growth of 

secondary alteration phases. Trapping might take place by occlusion 

of an adsorbed layer of gases, or perhaps by the incorporation of 

fluid inclusions. 

The processes involved in transport of the noble gases into 

the crust can lead to elemental fractionations among the different 

gases. Both the solution of gases in ground water and the unknown 

trapping processes may contribute to fractionation. Without knowing 

the exact processes involved, we can take the relative elemental 

abundance patterns observed for the altered Skaergaard samples as an 

indication of the elemental fractionations that may be associated with 

the incorporation of atmospheric noble gases into the crust. 

Elemental abundance patterns for different samples are 

conveniently compared using a fractionation factor Fm, 

(4-1) 
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where~ is any one of the noble gas isotopes. Fm for 36Ar is 1 for 

all samples, and for a sample of air, Fm is 1 for all isotopes . In 

4 8 ( _m) 20 36 84 132Xe Fig. - , we plot log10 ~· versus m for Ne, Ar, Kr, and 

in samples from the Skaergaard (solid dots), continental crust (open 

dots), and oceanic crust (crosses). Shown as the light solid and dotted 

lines are the patterns for air dissolved in fresh water at 28°C ("W") 

and in molten enstatite silicate ("E") (Kirsten, 1968). Both represent 

equilibrium solution from an infinite reservoir of air composition. 

20 36 For the Skaergaard data, the lowest Ne/ Ar ratios, i.e., points 

furthest below the horizontal "AIR" line in Fig. 4-8, correlate with 

the highest 132xe; 36Ar ratios, and vice versa. The steeply fractionated 

pattern is characteristic of the samples showing evidence of oxygen-

isotope exchange and gas-trapping from ground water. The flatter 

patterns are associated with high juvenile 40Ar/ 36Ar ratios, and 

appear to represent the magmatic noble gas component in the Skaergaard 

samples. We assume that the meteoric water was initially saturated 

with dissolved atmospheric noble gases with abundances on curve "W" 

in Fig. 4-8. The abundance patterns in the altered Skaergaard samples 

are steeper than the "W" curve. The combined transport and alteration 

processes that led to the trapping of atmospheric gases in these rocks have 

enhanced the relative abundances of the heavy noble gases. Xenon in 

particular has been enriched by about an order of magnitude. 

The relatively flat pattern of the non-radiogenic gases in the 

unaltered Skaergaard samples may reflect solution of atmospheric gases 

in the silicate magma. We consider re-equilibration of noble gases 

dissolved in water (curve "W" in Fig. 4-8) with molten enstatite. The 

abundances of the gases absorbed by the melt will be shifted from curve 
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Figure 4-8. Relative elemental abundances of the noble gases in 

terrestrial rocks. The fractionation factor is 

Fm = (nx,/ 36 Ar) / (nx_/ 36 Ar) . Curves "W" and "E" show the 
sample air 

abundance patterns of air dissolved in water and molten enstatite. 

m The ranges in F for the different gases from the Skaergaard and 

continental crust samples reflect the operation of a variety of 

elemental fractionation processes. These processes may possibly 

include solution of gases in ground water, gas loss during 

percolation of water into the crust, adsorption, trapping, and 

solution of gases in magma. The characteristic neon enrichments 

in the MOR basalt glass samples appear to reflect a fractionation 

process operating commonly in the ocean crust environment. 



E
 

LL
 0 t9
 

0 _
J
 

2 0 -I
 

x x 

••
••

 •
•X

 x··.
 

• 
S

K
A

E
R

G
A

A
R

D
 

o 
C

O
N

T
IN

E
N

T
A

L 
C

R
U

S
T 

O
C

E
A

N
IC

 
C

R
U

S
T 

x 
B

A
S

A
LT

 
G

LA
S

S
 

• 
G

A
B

B
R

O
 

0 0 

. 
0 

• • 0
 0 

I 
a 

G
 

• 
0

. 

• 
0 

...
 

• 
• 

x 
••

• 
0 

.•
 

0 
••

 
• 

0 
• 

• •
 • 

• •
 • 

• 

0 

x 
. . 

. 
. ...

.. .
 . . 

.. .
 . . .

 . . .
 . . .

 . . . .
 . . .

 . . .
 

A
IR

 

4.
..o

 
••

••
••

••
••

• 

. . .
. .. 

. .. 
. ..

 
E

 
0 • 

w
-

A
IR

 D
IS

S
O

LV
E

D
 

IN
 W

A
TE

R
 

28
°C

 

E
 .

...
...

. 
A

IR
 

D
IS

S
O

LV
E

D
 

IN
 E

N
S

T
A

T
IT

E
 

15
00

°C
 

l 
l 

I 
_

l
 

2
0

N
e

 
3

6
A

r 
8

4
K

r 
13

2X
e 

mx
 

F
ig

u
re

 
4

-8
 

.....
 

l.O
 

N
 



193 

"W" toward the enstatite solubility curve "E." The largest shift 

possible corresponds numerically to the difference between the "AIR" 

and "E" curves in Fig. 4-8, and occurs for an irtfinite reservoir of 

gas. Because of the complementary shapes of the water and enstatite 

solubility curves, this limit is a nearly flat pattern, very like the 

unfractionated "AIR" pattern and similar to the flattest abundance 

patterns among the Skaergaard samples. 

We conclude that the different noble gas abundance patterns 

in the Skaergaard samples probably reflect the action of a spectrum 

of transport and trapping processes associated with the transfer of 

atmospheric gases into the crust. Relative abundance patterns in 

Fig. 4-8 for the other rocks from the continental crust are very 

similar to the Skaergaard data. Absolute concentration levels and 

isotopic abundances are also generally similar. We suggest that the 

non-radiogenic noble gases in these samples are likely to have been 

incorporated through the same processes involving transport and fixing 

of atmospheric gases in the crust as documented for the Skaergaard 

samples. 

Gregory and Taylor (1979) present oxygen isotope data for 

extensive hydrothermal alteration of nearly the whole oceanic crust 

by circulating seawater. By direct analogy with the Skaergaard 

results, we would expect that atmospheric noble gases have been added 

to the oceanic crust during this process. As discussed in section 4 . 2.2~ 

significant concentrations of atmospheric noble gases were measured in 

two oceanic gabbros, K9Gl from the Oman ophiolite (circled cross, 

Fig. 4-8) and 110753/82 from the Romanche fracture zone . Additional 

measurements on materials of this sort are needed to confirm the 
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widescale addition of atmospheric gases to the oceanic crust predicted 

from the oxygen isotope results. 

In Fig. 4-8, the argon, krypton, and xenon abundances in the 

MOR glass samples are generally similar to the pattern for atmospheric 

gases dissolved in water. This is consistent with the addition to the 

melt of atmospheric gases originally dissolved in seawater. Such a 

conclusion was reached earlier from the observed variability of 36Ar 

concentration and 40Ar/ 36Ar ratio in single glass samples. The neon 

enrichments of MOR samples are not consistent with simple addition of 

gases from seawater. An additional, unknown fractionation process 

is indicated that appears to be characteristic of the oceanic crustal 

environment, but not the continental. 

4.3.3 Evaluation of noble gas fluxes 

The average net atmospheric flux J was defined earlier in this 
a 

chapter as X /T, where X is the atmospheric content of a noble gas, 
a a 

and T the age of the Earth. The present net flux J can be regarded 
a 

as the sum of partial fluxes associated with different geologic 

processes and environments. Partial fluxes into the atmosphere include 

outgassing accompaning MOR volcanism, sub-aerial eruptions on continents 

and oceanic islands, or regional and local metamorphism and ground 

water circulation. Noble gases leave the atmosphere through loss to 

space, transport and fixing in the crust by ground water, and subduction 

of gas-bearing material. 

The fluxes of noble gases in practice could be used to 

constrain degassing models of the Earth. We feel that estimates that 

can be made at present are too uncertain to warrent any further 
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elaboration of models in this thesis. Discussion of a variety of 

degassing models is available in the literature (for example, 

Bernatowicz and Podosek, 1978; Hamano and Ozima, 1978; Hart and Dymond, 

1978). Here we will only attempt to estimate the partial fluxes 

associated with MOR volcanism and with subduction of altered oceanic 

crust. 

We can estimate these noble gas fluxes by multiplying the 

oceanic crust formation rate times the noble gas concentrations of the 

MOR magma and the altered oceanic crust respectively. The rate of 

crust formation used is 5 x 1016 g/yr, estimated from an areal formation 

rate of 2.5 km
2
/yr, an average thickness of about 7 km, and a density 

3 of 2.8 g/cm . For non-nucleogenic isotopes of neon and heavier gases, 

the MOR magmatic gas contents were taken as the limits given in 

section 4.2.2 for MOR basalt glasses least contaminated with 

atmospheric argon. The 40Ar content of the magma is taken from 

-10 Dymond and Hogan (1978) to be about 10 moles/gram. Very approximate 

1 . . f h . fl f d. . 12 9 x d upper 1m1ts or t e outgass1ng uxes o ra 1ogen1c e d an ra 
136 129 fissiogenic Xe were calculated from the observed excess Xe d ra 

136 
and XeSF concentrations in MOR glass 111240 ( §4. 2. 2) . Helium 

outgassing fluxes are taken from Craig et al. (1975) and Lupton and 

Craig (1975). Comparison of the 3He flux obtained from measurements 

of excess helium in seawater with the 3He flux calculated from the 

helium concentrations in basalts reveals a factor of ten discrepancy. 

At face value, too little 3He is injected into the oceans by the magma 

to explain the observed concentrations in seawater. This situation 

3 
may be resolved either by assuming the measured He contents of MOR 

gas samples are only about 10% of the initial magmatic concentrations, 
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or by assuming that not 7 km but rather 50 to 70 km of the surface is 

degassed during formation of new crust (Lupton and Craig, 1975). The 

3
ne outgassing flux discrepancy suggests that the nominal calculated 

values for the other noble gases may be an order of magnitude too low 

as well. 

The calculated subduction fluxes correspond to the range of 

observed noble gas contents in gab bro K9Gl (this work) and diabase 

samples TW4-118 and TWl0-3 (Dymond and Hogan, 1973). These estimated 

fluxes are only very tentative values since it is not known how 

representative these few samples are of the entire oceanic crust. For 

4oA .b . d d f K . h ' ( 0 26 r, a contr1 ution ue to ecay o in t e oceanic crust ,..., . wt. 

% K2o; Melson et al., 1968) has been included. The average age of 

subducted crust is taken to be 200 million years. This added radiogenic 

component corresponds to roughly half the 40Ar in the subducted material. 

A subduction flux for 3He is calculated from the estimated rate of 

inf all of interplanetary dust. Merrihue (1964) and Tilles (1966) s howed 

that oceanic sediments contained a detectable noble gas contribution 

from interplanetary dust. Recently Rajan ~t al. (1977) have found 

average 4He contents of ,..,, 4 x 10-6 moles/g in several particles collected 

in the upper atmosphere. The gas is interpreted as implanted solar 

wind. A 3He/ 4He ratio of about 3 x 10-4 is assumed, along with an 

10 infall rate of ,..,, 10 g/yr (Brownlee, priv. comm . ) to calculate the 

possible 3He flux. 

The results of these estimates are summarized in Fig. 4-9. 

Except for helium, the data are presented as relative fluxes normalized 

to the average atmospheric fluxes J from Table 4-2 (filled circles). a 

For helium, the normalizing fluxes (half-filled circles) are the 
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Figure 4-9. Relative fluxes of noble gases into and out of the oceanic 

crust and mantle. Fluxes are normalized to the average net 

atmospheric values (atmospheric gas content ; 4.5 AE), except 

for He which is normalized to present atmospheric loss rates. 

The higher He outgassing fluxes from Craig et al . (1975) are 

calculated from excess He concentration profiles observed in 

ocean water. These values are about ten times the fluxes deduced 

from the He concentrations in MOR basalt glasses (Lupton and 

Craig, 1975). The Ne, Ar, Kr, and Xe outgassing fluxes are 

calculated from the observed noble gas concentrations in MOR 

basalt glasses. The lower points represent the nominal 

calculated values. The upper points have been increased by a 

3 
factor of ten in accord with the apparent discrepancy in the He 

fluxes. The subduction fluxes are based on very limited data 

for the range of atmospheric noble gas contents of crystalline 

oceanic crustal rocks. The 3He subduction flux is a speculative 

value calculated assuming all infalling interplanetary dust 

trapped in sediments is transported into the upper mantle. From 

these tentative tesults, the rate of subduction of noble gases 

may balance or even surpass the flux outgassed at the mid-ocean 

spreading ridges. 



x 
~ 
_J 
LL 

w 
> 
I-
<I: 
_J 

w 
0:: 

0 -
t? 
0 
_J 

0 () 

~ 

-I 

~ 

-2 

+ 

-3 

-4 

() 

~ 

198 

• • • • • 

+ 

+ 
+ I 

~· Lf + 
~ 

+ + 
I + + !;:> 

Lf 

e ATMOSPHERIC AVERAGE 

lf MOR OUTGASSI NG 

+ SUBDUCTION 

• • 

Lf 



199 

calculated values for the current escape rates of helium from the 

atmosphere (see Table 4-2). Outgassing fluxes are indicated by the 

open, upward-pointing arrows, subduction fluxes by the solid, 

downward-pointing arrows. For helium, the upper open triangles 

correspond to the outgassing flux deduced from the seawater helium 

measurements. The lower value represents the ten times smaller fluxe s 

deduced from MOR basalt glass measurements. For the other noble gases 

the nominal outgassing fluxes calculated from the MOR basalt glass 

data are the lower open triangles. The upper limits are a factor of 

ten higher, corresponding to the uncertai.nty suggested by the helium 

data. This factor of ten is also incorporated in the upper limits 

136 129x -
shown for XeSF and erad· If Ja for xenon is a factor of ten 

higher than the value in Table 4-2 because of trapping of atmospheric 

xenon in sediments, then the relative xenon fluxes in Fig. 4-9 will be 

decreased by the same factor. 

3 The He flux from the oceans is within error the same as the 

calculated total atmospheric loss rate for this gas. 4 The He flux i s 

much lower. 
4 Most of the He in the atmosphere is outgassed from the 

U, Th-rich continents rather than the oceans. The relative out gassing 

fluxes for the other noble gases are substantially lower than the 

atmospheric average values. This is consistent with, but not necessarily 

indicative of, a source region that is thoroughly outgassed. It should 

be remembered that the MOR outgassing fluxes are only partial fluxes . 

For example, we have no way at present of estimating the fluxes of 

noble gases that may be outgassed through the continents. 

A rather unexpected feature of the data shown in Fig. 4-9 is 

that the potential fluxes of suhducted gases arc about equal or even 
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larger than the estimated outgassing fluxes for ZONe, 36Ar, 84Kr, and 

132
xe. Such a situation is not incompatible with some degassing models. 

In an extreme case, one could imagine an early catastrophic outgassing 

of noble gases followed by no further release, only gradual subduction 

of atmospheric gases trapped in the oceanic crust. The comparatively 

high subduction fluxes suggest that subduction of atmospheric noble 

gases could be an important source for non-radiogenic gases in the 

upper mantle. If we simply multiply the present subduction flu~ by 

9 4 x 10 years, and dis tribute the gas uniformly over the upper 10% of 

the Earth (the outer 400 km), we obtain the concentrations given in 

the first column in Table 4-5. The 3He concentration reflects the 

speculative influx from interplanetary dust, while the other data 

reflect the average noble gas contents of the altered oceanic crustal 

gabbro and diabase samples. For comparison, the second column includes 

average measured noble gas contents for minerals from the Hawaiian 

3 peridotite nodule studied here, plus average He contents of several 

nodules given by Tolstikhin et al. (1974). For argon, krypton, and 

xenon, the potential concentrations due to subduction are four or five 

times the measured concentrations in the peridotite. For \1e and neon 

the concentrations are similar. Thus it is possible tha t the non-

radiogenic noble gases in the peridotite samples could largely have 

arisen through contamination of the upper mantle by subducted 

atmospheric noble gases. If the upper mantle does contain significant 

amounts of subducted gases, then the non-radiogenic noble gases measured 

in mantle-derived samples cannot necessarily be assumed to be juvenile 

gases. 
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Table 4-5. Integrated contribution of atmospheric gases to the 

upper mantle by subduction1 

3He 

20Ne 

36Ar 

40Ar 

84Kr 

132Xe 

1c · · 1 I oncentrat1ons in mo es gram. 

Subduction 
over 4 AE2 

(6xl0-17) 3 

1. 2xlo-14 

l .Ox10-l3 

-11 2.9xl0 (atm) 
-11 2. 7xl0 (rad) 

5xl0-15 

4xlo-16 

P .d . 4 er1 ot1te 

(-v 5xl0-17 ) 3 

2xl0-14 

2xl0-14 

2xl0-ll 

10-15 

10-16 

2Gases distributed over the outer 10% of the Earth's mass. Present 

flux assumed constant over past 4 AE. Values shown are obtained from 

average fluxes calculated from K9Gl and 110753/82 gabbros (this work) 

plus TW4 and TWlO diabases (Dymond and Hogan, 1973). 

3rnflux calculated by assuming all 3He carried in interplanetary dust 

falling into oceanic sediments is subducted. Peridotite datum from 

Tolstikhin et al. (1974). 

4nata for Hawaiian peridotite measured in this work. CSQ35-1A 

peridotite from Baja, California, contains 3 to 10 times less gas. 
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CHAPTER 5. SUMMARY 
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The isotopic and elemental abundances of the noble gases in the 

solar system are highly variable. In the sun and giant planets the noble 

gases are abundant, and occur in cosmic proportions. In the rocky terres

trial planets and meteorites the noble gases are depleted from the cosmic 

or solar abundances by many orders of magnitude. The depletions characteris

tic of the planetary gases are most severe for the lighter gases. Coupled 

to the abundance variat i ons are major differences in the isotopic composi

tions of the noble gases. The ratio of 3He to 4He is a factor of three 

to four lower in the planetary component than in the solar. The average 

20
Ne/

22
Ne ratio in planetary gases is about 50% lower than in the solar 

component, and the total range in trapped neon compositions is nearly a 

factor of thirty. Nuclear reactions occurring in meteorites and the planets 

can lead to additional isotopic variation in all the noble gases. In this 

thesis we have investigated the isotopic variability of primordial noble 

gases using a simple two-component mixing model for primordial neon. Neon 

was measured in several meteorites to study the composition and occurrence 

of the cosmogenic and trapped primordial end-members. ~~as urements of ter-

restrial noble gases have been used to determine the concentrations and 

isotopic compositions of gases in rocks and minerals from different geologic 

setting$, and to examine the cycling of noble gases between different parts 

of the Earth. 

To model neon isotopic variations we have assumed that the solar 

system formed from a mixture of interstellar gas and dust, each with a dif

ferent neon isotopic composition. The neon content of the dust is unli kely 

to have been high enough to significantly affect the average composition of 

a mixture of gas and dust in cosmic proportions. Solar neon can therefore 

be identified with the composition of neon in the interstellar gas. We have 
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taken the neon composition of the so1ar wind, 20Ne/22Ne = 13. 7, 
2~e/22Ne = 

0.033, to represent solar and therefore gas-phase neon. Evidence that dust-

phase neon is isotopically heavy compared to solar neon is found from the 

neon in meteorites and the Earth's atmosphere. The heaviest component of 

trapped meteoritic neon is neon-E, with 
20

Ne/ 22Ne ~ 0 . 6 and 
21

Ne/ 22Ne ~ 0.005 . 

This component is taken to be pure dust-phase neon. Intermediate composi-

tions observed in meteorites and planets are presumed to reflect mixing 

between gas and dust. Simple mixtures of gas and dust involving no neon 

loss during mixing result in linear correlation lines on the neon three-

20 22 21 22 
isotope diagram ( Ne/ Ne vs. Ne/ Ne) and the neon composition-concen-

tration diagram (
20

Ne/
22

Ne vs. l/
22

Ne). Some scatter about the correlation 

lines may arise if the dust consists of a mixture of neon-carrying grains 

and inert, gas-free grains that can be separated before gas-phase neon is 

admixed. A simple model was constructed for the solar wind implantation of 

gas-phase neon into dust grains. Neon is asstlllled to be implanted into a 

thin surface layer of constant thickness in which the isotopes ar~ well-

mixed. Neon is lost from the layer both by sputtering of individual neon 

atoms, and as a result of the overall erosion of the grain surface by sputter-

ing and other processes. This model predicts solar wind implantation into 

neon-E-bearing grains can give rise to non-linear correlations on the neon 

composition-concentration diagram. The non-linearity arises as a result 

of preferential sputtering of the lighter neon isotopes. The predicted 

. 20 22 
deviations from linearity are not large, only a few percent in Ne/ Ne, 

compared to the order 01 magnitude difference between the compositions of 

I ' 

the implanted solar neon and the primordial neon in the solids. We conclude 

that simple mixing processes that combine dust and gas will yield essentially 

linear mixing lines on the diagrams used to interpret neon abt.llldance data. 
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Literature data show that neon in bulk meteorite samples consists 

of galactic cosmic ray spallation neon and trapped neon. The trapped neon 

20 22 is a mixture of isotopically-light neon with Ne/ Ne about 13 (neon-S) and 

20 22 planetary gas with Ne/ Ne about 8 (neon-A). The planetary neon-A corn-

position has been found to reside in gas-rich, carbon-rich separates that 

make up less than a few percent of the meteorite. The gas-rich separates 

themselves consist of several distinct phases with different neon compositions, 

ranging from pure neon-E to values intermediate between neon-A and neon-S. 

We have reported the results of several experiments to measure the 

abundance and isotopic composition of neon end-members in meteorites . . 

Comparison of cosmogenic neon compositions in bulk meteorite samples and 

plagioclase separates has been used to deduce the. composition of cosmic-ray 

spallation neon produced from sodium. Na-spallation neon with 
21

Ne/
22

Ne = 

0.34 and 20Ne/22Ne ,..., 0.3 is strongly enriched in 22Ne compared to spallation 

neon produced in other target elements. In samples enriched in sodium, care 

must be taken not to misinterpret 22Ne enrichments from Na-spallation neon 

as trapped neon-E. 

A new, high-resolution stepwise heating technique was used to 

examine the neon isotopic variations in great detail in three carbonaceous 

chondrites. The isotopically-light neon-S end-member of meteoritic neon 

was shown to have 20Ne/ 22Ne = 13. 7 in Mokoia. This is the same composition 

as the modern solar wind. Available literature data on helium, neon, and 

argon in Mokoia identify this neon-S as implanted solar wind. We therefore 

infer that the neon composition of the solar wind has been constant since 

before Mokoia was compacted into its present form. High-resolution neon-

release patterns for samples of Murchison and Cold Bokkeveld are very complex. 

Large isotopic variations and multiple neon release peaks are interpreted as 
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reflecting the extraction of different mixtures of dust-phase and gas-phase 

neon from several distinct sites in the meteorites. 

A detailed study of neon in inclusions and bulk samples from the 

Allende meteorite was carried out to search for correlation between neon-E 

and oxygen or magnesium isotopic anomalies found in the inclusions. 
22

Ne 

and 
36

Ar enrichments were found in several inclusions, but these isotopic 

effects are explained as cosmogenic noble gases produced by cosmic-ray 

bombardment of Na, Cl-rich minerals in the inclusions. No evidence of an 

enhanced neon-E content was found in any of the samples containing oxygen 

or magnesium isotopic anomalies. 

We have compared the observed neon compositions and concentrations 

in meteorites with the simple mixing models constructed here. The compar

ison leads to the conclusion that at least two separate episodes of mixing 

are required to explain the bulk meteorite data. One episode resulted in 

the addition of neon-S to the gas-rich mineral separates in meteorites. It 

established the average neon-A composition characteristic of bulk gas-rich 

separates from carbonaceous chondrites. Several different phases ori gi nally 

containing neon-E are needed to account for the observation today of at least 

two phases, E(h) and E(i), containing pure neon-E and at least two, chromite/ 

carbon and Q , containing neon of intermediate compositions between neon-E 

and neon-S. During the mixing process, neon-S was added to some phases, 

possibly by adsorption or a related process, but not to all. · The neon-A 

composition in bulk carbonaceous meteorite samples is determined largely 

by the composition of neon in chromite/carbon, 
20

Ne/
22

Ne = 8. 7. In ordinary 

chondrites where chromite/carbon is less abundant, the trapped neon composi

tions are determined by neon in Q with 
20

Ne/
22

Ne about 10 to 11. The 

amounts of neon-E in the pure E-bearing phases apparently are ordinarily 
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too small to have a major effect of the bulk meteorite neon compositions. 

In a different episode, mixtures of the gas-rich phases and other 

diluting phases containing no dust-phase neon were exposed to the solar wind. 

During this exposure, possibly in meteorite parent-body regoliths, varying 

f h S · 1 As a result, 20Ne/
22

Ne rati• os amounts o gas-p ase neon- were imp anted. 

observed today in bulk samples of carbonaceous chondrites range from about 

thirteen in meteorites dominated by implanted solar wind, to about eight in 

samples dominated by neon in the gas-rich phases. In ordinary chondrites, 

where the principal gas-rich phase appears to be Q with 
20 22 Ne/ Ne of about 

ten to eleven, bulk sample ratios are expected to range between the solar 

composition and this somewhat higher value. 

We conclude that a two-component mixing model for primordial neon 

is adequate, given present knowledge. The alternative is that one or more 

of the intermediate trapped neon compositions observed in the gas-rich 

phases such as chromite/carbon qr Q represents another primordial component, 

not a mixture of neon-E and neon-S. Xenon isotopic compositions in meteorites 

probably require the existence of more than two primordial components . In 

this case, it may be possible to argue that more primordial neon components 

should also be present. Future detailed neon measurements and correlation 

of neon and xenon data from the gas-rich phases will be needed to shed 

light on this problem. 

The relative abundances of the noble gases in the Earth's atmosphere 

are an example of the planetary pattern, showing a systematic depletion of 

the lighter gases relative to their cosmic abundances. The average terres-

trial concentrations of noble gases determined by dividing their atmospheric 

abundances by the mass of the Earth are roughly similar to average meteoritic 

noble gas contents. The noble gases in the present atmosphere have most 
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likely originated by outgassing of the solid body of the planet. Noble gas 

contents of volcanic and plutonic igneous rocks reported here are generally 

substantially lower than the averaged atmospheric abundances. This obser-

vation can be interpreted to show that the outer portions of the Earth 

(roughly 10% of its mass) are substantially outgassed. Insufficient data 

are available to extend this inference to the entire planet, however. 

We have reported the results of measurements on several groups of 

terrestrial rocks and minerals. Beryl crystals have been found to contain 

a characteristic suite of noble gases including excess nucleogenic 
2 ~e 

and 22Ne from (a,n) reactions, excess radiogenic 40Ar from the decay of 

and f . . 131-136Xe f 238u f. . 1ss1on rom spontaneous 1ss1on. In addition, 

varying amounts of atmospheric noble gases may be present. Comparisons 

with expected crustal production ratios and noble gas contents of other 

plutonic rocks and minerals suggest that xenon in beryls is depleted by 

an order of magnitude. This fractionation is thought to have occurred 

during trapping of magmatic gases by growing beryl crystals. The lattice 

channels where the gases are held in beryl are probably too small to accom-

odate xenon as easily as the other noble gases. The suite of dominantly 

radiogenic gases sampled by the beryl crystals is very similar to that 

found in natural gas deposits, and is characteristic of the U, Th, and K-rich 

continental crust. 

Neon, argon, krypton, and xenon were measured in a group of samples 

from the tertiary Skaergaard igneous intrusion in East Greenland. Rocks 

from different stratigraphic levels were studied, and also samples known 

to have undergone different degrees of oxygen-isotope exchange with meteoric 

hydrothermal fluids. The samples are found to contain mixtures of atmospheric 

noble gases and trapped juvenile magmatic gases. 40 36 Ar/ Ar ratios corrected 
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40 18 
for in situ decay of K correlate with o 0 isotope shifts in plagioclase . 

18 
Samples showing unexchanged magmatic o 0 

1 
values of 6 %o or greater con

p ag 

tain juvenile excess argon with 
40

Ar/
36

Ar greater than 6000. Samples with 

low o18o 
1 

values indicating oxygen-isotope exchange are characterized by 
p ag . 

40 36 . much lower Ar/ Ar ratios due to the presence of significant atmospheric 

argon. These data imply that the circulating meteoric grotmd water responsi-

ble for the oxygen isotope effects has also introduced atmospheric argon into 

the cooling intrusion. 

The Skaergaard results demonstrate that atmospheric gases dissolved 

in grotmd water can be transferred into crustal rocks. Active hydrothermal 

circulation systems are set up in the oceanic crust at mid-ocean ridges 

where fresh magma is injected. We expect atmospheric gases dissolved in 

seawater to be fixed in the oceanic crust during this circulation. Subdue-

tion of the altered oceanic crust can provide a means of transporting atmo-

spheric gases into the upper mantle. We have estimated the possible amotmts 

transferred,based on the very limited noble gas data available for altered 

oceanic crustal rock, with the assumption that the subduction rate has been 

uniform over the past four billion years. The injected atmospheric gas 

averaged over the upper several hundred kilometers of the mantle is suf-

ficient to explain all the non-radiogenic neon, argon, krypton, and xenon 

observed in upper-mantle-derived peridotite nodules . Assignment of the 

heavier noble gases in these samples to a primordial component must be 

made with caution unless the gases are isotopically distinct from the 

a tmospheric compositions. 

To investigate the question of juvenile primordial noble gases 

outgassing from the Earth, gases were measured in quenched glass rims of 

MOR basalt flows. The samples contain juvenile gases extracted from their 
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source regions, as demonstrated by the presence of excess radiogenic 
40

Ar. 

Evidence has been presented that several MOR basalt glass samples also con-

t · 11 · f · · 1 d · i 129x d f · · ain sma excesses o Juveni e ra iogen c e an ission xenon. If 

derived from in situ decay of short-lived 129 1 in the upper mantle, the 

excess 
129x · 1 d MOR b h e in recent y-erupte asalts would indicate t e source 

region has not been completely outgassed since the early history of the 

Earth. Alternatively, the 
129

xe could be leaking into an outgassed upper 

mantle from a deeper portion of the Earth that still retains some primary 

juvenile gases. However, no isotopic evidence for juvenile primordial 

neon, argon, krypton, or xenon was found in the MOR samples studied. Large 

· · · h 4oA / 36A . d . d"ff 1 f variations in t e r r ratio were measure in i erent samp es o . 

a single MOR glass specimen. These data provide clear evidence of the 

late-stage addition of atmospheric noble gases to MOR magma, probably 

by injection of small amounts of seawater. A large fraction or all of the 

non-radiogenic neon, argon, krypton, and xenon found in MOR glass samples 

appears to represent atmospheric contamination, not primordial noble gas 

from the mantle. 
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Cosmogenic neon in sodium-rich oligoclase feldspar from the ordinary chondrites St. Severin and Guareiia is char
acterized by an unusually high 22 Ne/21 Ne = 1.50 ± 0.02. This high ratio is due to the cosmogenic 22 Ne/21Ne produc
tion ratio in sodium which is 2 .9 ± 0.3, two to three times the production ratio in any other target element. The rela
tive production rate of 21 Ne per gram sodium is one quarter the production rate per gram magnesium . The striking 
enrichment of 22 Ne relative to 21 Ne in sodium arises from enhanced indirect production from 23 Na via 22 Na. 

The unusual composition of cosmogenic neon in sodium and sodium-rich minerals explains the high 22 Ne/21 Ne 
ratios observed in inclusions of the Allende carbonaceous chondrite, and observed during low-temperature extraction 
of neon from ordinary chondrites. The isotopic composition of cosmogenic neon released during the stepwise heating 
of a trapped gas-rich meteorite containing sodium-rich phases can be expected to vary, and use of a constant cosmo
genic neon composition to derive the composition of the trapped gas may not be justified. Preferential loss of this 
;;Ne-enriched cosmogenic neon from meteoritic feldspar can result in a 2-3% drop in the measured cosmogenic 

Ne/21 Ne ratio in a bulk meteorite sample. This apparent change in composition can lead to overestimation of the 
minimu.m pre-atmospheric mass of the meteorite by a factor of two. 

I. Introduction 

Neon in stony meteorites and lunar samples con
sists of a mixture of trapped neon with cosmogenic 
neon generated by cosmic-ray-induced reactions on 
various target elements, principally sodium, magnesium, 
aluminum, and silicon. It is conventional when calcu
lating the isotopic composition of neon in trapped 
neon-rich samples (meteoritic or lunar) to use an 
average cosmogenic composition to correct for the 
sample's galactic cosmic-ray irradiation history. Such 
a procedure is justified because, for the majority of 
such samples, 70-80% of the cosmogenic neon is pro
duced from magnesium in olivine and pyroxene, and 
dominates the isotopic composition of the total cos
mogenic neon ; therefore cosmogenic 22 Ne/21 Ne in 
bulk samples of most meteorites and lunar samples is 

• Contribution No. 2606, Division of Geological and Planetary 
Sciences, California Institute of Technology, Pasadena, 
California 91125. 

reasonably constant (22 Ne/21 Ne ~ 1.1 ). 
There is, however, significant variation in the ob

served composition of cosmogenic neon. Correlated 
variation of 22 Ne/ 21 Ne and 3 He/21 Ne in meteorites has 
been ascribed to differences in shielding from galactic 
cosmic rays [ 1,20]. Reynolds and Turner [2] suggested 
that some of the variability of the neon isotopic com
position obtained during stepwise thermai release ex
periments on the carbonaceous chondrite Renazzo 
could be due to variation in the compositiOn of cos
mogenic neon in response to variations in target chem
istry . Subsequent measurements of cosmogenic neon 
compositions in mineral separates from the ordinary 
chondrite Elenovka [3] confirmed that the 22 Ne/21 Ne 
ratio varied with bulk composition of the various sep
arates. In particular, it was noted that the highest ratio 
was observed in a feldspar separate (2 2Ne/21 Ne = 1.25 
compared to 1.1 in mafic minerals). Recently, Huneke 
et al. [4] observed neon enriched in 22 Ne (2 2 Ne/21 Ne 
as high as 1.67) in inclusions from the C3 chondrite 
Pueblito d' Allende, and suggested that this unusual gas 
might be attributable to cosmic-ray-induced reactions 
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on the sodium-rich target minerals. In addition, neon 
of rather unusual composition (2 2 Ne/21 Ne ;;:: 1.3) was 
observed in a low-temperature extraction of the chon
drite San Juan Capistrano [SJ . Walton et al. [6,7] have 
demonstrated that cosmogenic neon produced in alu
minum-rich targets by solar cosmic-ray protons($ I 00 
MeV) should exhibit a higher 22 Ne/21 Ne ratio than that 
produced by the higher energy (-1 GeV) galactic cos
mic rays. However, ordinary chondrites (excluding 
gas-rich objects) have been shielded from solar cosmic 
rays which produce effects only in about the outer 
centimeter of the sample. Variation in isotopic com
position of cosmogenic neon in mineral separates of 
ordinary chondrites should thus reflect primarily the 
variation in target chemistry (with some variation from 
meteorite to meteorite due to the effect on galactic 
cosmic-ray-produced neon of variable shielding [ 1] ). 

To investigate further the effect of sodium content 
on cosmogenic neon production, we have measured 
the neon in bulk samples and in high purity, sodium
rich feldspar separates from two ordinary chondrites, 
St. Severin and Guare?la. Following a description of the 
samples and experimental procedure, we present the 
data in subsection 4 .1. The data are then used to de
termine the production of cosmogenic neon in sodi-
um relative to magnesium (subsection 4.2). The iso
topic compositions of cosmogenic neon in both sodi
um-rich plagioclase from ordinary chondrites and sodi
um-poor plagioclase from achondrites are estimated 
(subsection 4.3) using the present data and data avail
able in the literature. These results enable a calculation 
of the isotopic composition of neon produced from 
sodium alone (subsection 4.4). Finally we discuss some 
of the implications for rare gas studies of meteorites. 

2. Samples 

2.1. St. Severin 

Neon was measured in 0.0262 g of whole-rock chips 
and 0.0240 g of a previously prepared 25-125 µm 
feldspar-rich density separate. The magnesium content 
of the feldspar separate is 0.62% by weight and implies 
a contamination of between 3.5 and 4 .5 wt.% mafic 
minerals (pyroxene Fs23 , olivine Fa29 [8]). The cal
cium content of the separate (1.69 wt.% [9]) is due 
almost entirely to the plagioclase, implying no signi· 

ficant contamination from phosphates. Si02 is not 
known to occur in the meteorite (8,10]. Thus the sep
arate is estimated to contain 95 ± 4 wt.% plagioclase. 
Microprobe analysis indicates the composition of the 
plagioclase is about An 12 [ 11], in reasonable agreement 
with the composition Ab 79 An 150r6 calculated from a 
bulk chemical analysis of the meteorite [12]. From the 
purity estimate and the feldspar composition we cal
culate a sodium content of-6.5 wt.% for the separate. 

2.2. Guarei'ia 

Neon was measured in 0.0227 g of whole-rock chips 
and 0.0256 g of a previously prepared 62-125 µm 
feldspar separate . Microprobe analysis of 243 grains of 
the feldspar separate indicates -5% impurities, primarily 
mafic minerals, again leading to an estimate of 95 ± 4 
wt.% plagioclase in the separate. The composition of 
the feldspar determined by microprobe analysis is Ab 76• 

An200r4 • The calculated sodium content of the sep
arate is -6.2 wt.%. 

3. Experimental procedure 

Neon was extracted from the samples in a resistance
heated tantalum crucible and analyzed statically in a 
6-inch radius all-metal mass spectrometer. Aluminum 
foil-wrapped samples were heated successively to 500, 
700 and l 500°C for an hour at each temperature. Each 
sample was re-extracted at l 575°C at the end of the 
heating cycle to verify complete degassing. The rare 
gases were purified using a hot Ti-Zr getter and a pair 
of Sorb-Ac Zr-Al chemisorption getters. Neon was ad
mitted to the spectrometer an<l exposed to charcoal at 
liquid nitrogen temperature during analysis to mini
mize Ar2+ and COf contamination. Ne blanks, assumed 
to have air composition, at 500 and 700°C were (0.34 
± 0.06) X 10-10 cm3 STP 20 Ne and at I 500°C, (0.43 
± 0.13) X 10-10 cm3 STP 20 Ne. Additional corrections 
were made at mass 20 for H2

180+ and 40 Ar2 + (gen
erally <10% but up to 40% for steps with little gas), at 
mass 21 for 20NeH+ (<0.1%) and at mass 22 for C02

2+ 
(<4%). Discrimination was (0.2 ± 0.2)%/amu favoring 
mass 20. The sensitivity was monitored using a standard 
volumetric pipette. To recalibrate the pipette, we ran a 
sample of the chondrite Leedy for which the neon con
tent had been previously obtained using isotope dilu-
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tion [14). The sensitivity was (0.376 ± 0.009) X 10-10 

cm3 20Ne/V, where the error reflects the relative varia
tion of individual determinations. Systematic error in 
the final calibration is probably less than I 0%. 

4. Results and discussion 

4.1. Results 

Our results are presented in Table 1 and Fig. 1. In 
fig. 1 the data are plotted on a three-isotope correla
tion diagram (2°Ne/22 Ne vs. 21 Ne/22 Ne). The full range 
of trapped and cosmogenic neon compositions are in
dicated in the inset. Cosmogenic compositions typically 
observed in bulk meteorites are shown by the near-

TABLE 1 

Ne content and isotopic composition 

22Ne* 20Ne/22Ne•• 
(X 10--8 cm3 STP/g) 

St. Severin 
Total rock (0.0262 g) 

500°c 0.342 ± 0.009 0.566 ± 0.004 
100°c 0.226 ± 0.006 0.711 ± 0.008 

1500°c 5.38 ± 0.13 0.848 ± 0.003 
Sum 5.95 ± 0.13 0.827 ± 0.005 

Plagioclase (0.0240 g) 
500°c 3.43 ± 0.08 0.6 71 ± 0.002 
100°c 0.581 ± 0.015 0.572 ± 0.005 

1500°C 0.322 ± 0.013 1.068 ± 0.052 
Sum 4.33 ± 0.09 0.645 ± 0.006 

Guarerfu 
Total rock (0.0227 g) 

500°c O.Dl 5 ± 0~003 0.034 ± 0.07 
100°c 0.056 ± 0.003 0.543 ± 0.030 

1500°c 1.81 ± 0.04 0.857 ± 0.003 
Sum 1.88 ± 0.04 0.841 ± 0.004 

Plagioclasc (0.0256 g) 
50o0 c (lost) 
100°c 0.080 ± 0.003 0.48 ± 0.07 

1500°C 0.164 ± 0.006 0.62 ± 0.03 
Sum 

horizontal line in the lower-right portion of the inset. 
Errors in the neon isotopic ratios (Table 1) include the 
1 a statistical deviation in the zero-time extrapolation 
of the multiple (generally 15) ratios taken during anal
ysis, and errors due to statistically independent blank 
corrections (40 Ar2• ~ C02 2•, 20 Ne~i+}. Correlated un
certainties due to error in the air blank are represented 
by [ 22

, the fraction of the total 22 Ne corresponding to 
the blank uncertainty. On the three-isotope plot (Fig. I) 
this error is represented by a line segment whose length 
is f2 2 of the total length between th'e po in ts represcn t
ing air and the measured composition , ·and lies along the 
line joining the two. Combination of this error with 
the statistically independent errors leads to the error 
envelopes shown. The errors in the absolute amounts 
of 22 Ne content contain blank errors and the statistical 

21Ne/22Ne• • f1.u 

0.707 ± 0.006 0.006 
0.839 ± 0.009 0.009 
0.91 7 ± 0.003 0.0008 
0.902 ± 0.005 0.0009 1 

0.670 ± 0.002 O.OOQ6 
0.669 ± 0.006 0.004 
0.859 ± 0,03 J 0.014 
0.684 ± 0.005 0.0013 1 

0.84 ± 0.07 0.085 
0.882 ± 0.021 0.035 
0.882 ± 0.004 0.003 
0.882 ± 0.005 0.003 1 

0.682 ± 0.008 0.024 
0.884 ± 0.010 0.025 

• Error includes statistical and blank uncertainties. Systematic error :SJ 0%. 
H Error statistical only; air blank uncertainty represented by [ 22 , the fraction of the 22Ne attributed to blank uncertainty (see text). 

1 Calculated from (l:i[22//2f} 112 (22T)-1 where 22T is total 22 Ne, 22if/2 is the uncertainty in 22; due to blank. 
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Fig. 1. Correlation of 20Ne/22Ne with 21 Ne/22 Ne in the thermal release of neon from feldspar and total-rock samples of the St. 
Severin and Guarcfia chondrites. Note that the figure is constructed using 21 Nc/22 Ne in contrast to the discussion in the text where 
22 Ne/21 Ne is employed. This results from a tradition of treating cosmogenic neon d;ita in terms of 22Ne/21 Nc based on case of 
computation and the fact that cosmogenic neon production rates are usually given in terms of 21 Ne, and a contlicting tradition of 
plotting neon isotopic data on a correlation plot normalized to 22Ne when discussing trapped Ne. The numbers beside the data 
points indicate extraction temperature in hundreds of degrees centigrade; "t" indicates total rock samples. Errors arc discussed 
in subsection 4.1. The 500°C point for the Guareiia total-rock sample has not been plotted because of its large error. TI1e inset 
shows the relation of these measured neon compositions to the compositions of neon in different solar system reservoirs (SOLAR 
= solar wind ( 21), SUCOR = surface correlated lunar, TERRESTRIAL = terrestrial atmosphere. A VCC = average carbonaceous 
chondrite), and to the very different neon-"E" component observed by Black in carbonaceous chondrites [ 19). The range in cos
mic-ray spallation neon observed in bulk meteorite samples is also indicated. Meteoritic neon normally falls within the polygon 
shown, indicating a mixture of cosmogenic neon with trapped neon intermediate in composition to SOLAR and A VCC. The 
lowest-temperature releases lie well outside the polygon and show an enhancement in cosmic-ray-produced 22 Ne in the sodium
rich oligoclase. 

uncertainty in the determination of the sensitivity, but 
not the 10% systematic uncertainty in the final calibra
tion. 

It can be seen from Fig. 1 that there is no evidence 
for the presence of any significant amount of trapped 
neon (2°Nr/ 22 Ne ~ 8-14), but that there are strong 
systematic variations in the cosmogenic neon com
position. Cosmogenic 22Ne/21 Ne ratios are consistently 
high in the low-temperature steps. ln St. Severin, the 
great bulk of the neon from the 95% pure feldspar 

separate is characterized by (2 2 Ne/21 Ne )c = 1.49--1.50, 
suggesting that 22 Ne/21 Ne in the pure St. Severin feld
spar is most probably -1.50. Although the 500°C step 
for the Guarei'la feldspar was lost, the 700°C step also 
is characterized by (2 2Ne/21 Ne )c = 1.49 suggesting that 
the cosmogenic neon composition in the Guarefia plag
ioclase is identical to that in the St. Severin material. 
The St. Severin total rock sample was broken from the 
center of a slab sawn from the upper half of stone H 
[25]. When compared with depth profiles of cosmogen-
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ic rare gases measured in stone A of St. Severin I 23], 
both the 21 Ne content and 22 Ne/21 Ne ratio of our sam· 
ple indicate it came from a depth of - I 0 cm within 
stone H. The feldspar separate was taken from I 00 g 
of the same slab adjacent to and within at most 3- 4 cm 
of .the location of the total-rock sample. 

4.2. Production of cosmogenic 21Ne from sodium 

Assuming that the 5% contamination of the feldspar 
separate from St. Severin is similar in bulk chemical 
composition to the total rock minus the feldspar. and 
estimating the plagioclase content of the St. Severin 
total rock as l 0% (from a bulk chemical analysis I 12) ), 
we can calculate the concentration of 21 Ne in pure feld
spar and in total rock minus feldspar. We find Cr= 2.82 
± 0.15 cm 3 STP 21 Ne/g pure feldspar(!) and Cr= 5.68 
± 0.15 cm3 STP 21 Ne/g residual (r) material and CJCr 
= 0.50 ± 0.03. 

Sodium, which is substantially enriched in the high· 
purity feldspar separate is an important target for pro· 
duction of 21 Ne for which an observationally based 
production rate has not previously been available. Using 
previously determined relative production rates for 21 Ne 
for target elements other than sodium (Mg= 1, Si = 
0.19, Al= 0.27, Ca= 0.019, Fe= 0.006, S = 0.14 (3,16]), 
together with the chemical composition of the feldspar 
(Ab80) and whole rock (12], we can calculate from 
CrfCr a relative production rate of 21 Ne in sodium. The 
resuiting calculated ratio of the production of 21 Ne 
from 1 g of sodium to the production in l g of mag
nesium is 0.22. The calculated value of this ratio is 
sensitive to the amount of gas loss in the sample. We 
have assumed no gas loss in deriving the above value; 
the calculated ratio rises to about l if the feldspar has 
lost -40% of its neon. 40 Ar-39 Ar dating of the feldspar 
fraction yields a good plateau with a plateau age about 
4.5 b.y. indicating the mineral has not lost 40 Ar [9) . 
The 3 He content of the feldspar is 35- 40% lower than 
that in the whole rock [9], suggesting some loss of 
helium from feldspar has occurred. The amount of neon 
loss should be intermediate, less than 40%; hence we 
can state with confidence that 1 is an upper limit to 
the ratio of 21 Ne production in sodium relative to mag
nesium. If the neon diffusion coefficient in feldspar is 
about 100 times less than the helium diffusion coeffi
cient, as is the case in olivine and pyroxene [I 5], loss 
of neon would be negligible. Thus it seems probable that 

the 2.'Ne production per gram in sodium is about one 
quarter the production in magnesium. 

4. 3. Isotopic composition of cosmogenic neon in 
feldspar 

We suggested from the thermal release patterns 
that the ratio 22 Ne/ 21 Ne in the pure St. Severin feldspar 
is 1.49- 1.50. To confirm this initial conclusion am! 
compare the present data lo published data on other 
meteoritic feldspars we construct a plot of observed 
22 Ne/21 Ne versus weight percent feldspar in a sample. 
We assume that mineral separates from a given me
teorite are binary mixtures of pure feldspar (f) and a 
residual fraction (r) of constant composition. Front 
the relation : 

(m =measured , t =total sample) we obtain : 

= ~P(22 Ne/21 Ne)X_~~~)(2~__:~ 1 Ne~r 
l+w(P - 1) 

(2) 

where w is the weight fraction feldspar in a sample and 
P =Cr/Cr, the ratio of measured concentration of 21 Ne 
in the pure feldspar to that in the residual material. 
Variation of Pin different meteorites reflects primarily 
the amount of gas loss from feldspar which may vary 
for different stones. For the St. Severin feldspar sepa
rate (22 Ne/ 21 Ne)m = 1.463, w = 0.95 and P =Cr/Cr= 
0.50. Again assuming the composition of the 5% resid
ual is total rock less feldspar, we use (2 2 Ne/21 Ne )r = 
l . I, the high-temperature total-rock value. The re
sulting (2 2 Ne/ 21 Ne)r is 1.50; in exact agreement with 
the value inferred from the release pattern . Jn Fig. 2 
we plot measured 22 Ne/21 Ne versus weigh l percent 
feldspar for the present data and for mineral separates 
from the ordinary chondrites Elenovka [3] and Bruder· 
heim [ 16]. TI1e feldspar contents of the various frac
tions were calculated from the reported chemical analy
ses , assuming all aluminum, sodium, and potassium is 
in the feldspar. The solid curve is the fit using eq. 2 
to the St. Severin data, where P = 0.5, (2 2 Ne/21 Ne )r = 
1.50 and (2 2 Ne/21 Ne )r = I. I. The data are consistent 
with this curve, except for the most feldspar-rich Bru-
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Fig. 2. Variation of 22Ne/21 Ne with weight percent feldspar 
for St. Severin and Guarena total-rock and feldspar samples 
compared to measurements on mineral feparatcs from other 
ordinary chondrites 13, I 6). The neon composition in pure 
feldspar is determined by fitting the dat1~ with eq. 2: 

22 Ne wP<22 Ne/21 Nc)r+ (I - w)( 22 Ne/2 1Nc)r 

21 Ne m 1 + w(P - 1) 

where w is the weight percent feldspar in the sample and Pis 
the measured neon concentration in feldspar (f) relative to the 
measured neon concentration in the remainder (r) . Neon loss 
from the feldspar will lead to some variation in the inferred P 
value and thus some scatter about the best fit curve. Moderate 
neon loss does not affect the 22Ne/21 Ne of the feldspar. All but 
one point are fit using a single value of P indicating no, or at 
least comparable, neon losses from feldspar for these chondrites. 
A value of 22Ne/21 Ne =I.SO± 0 .02 for pure feld spar is indi· 
cated (S = St. Severin, G = Cuarei'!a, B = Bruderheim, E = 
Elenovka.) 

derheim fraction; however, this meteorite may have 
suffered loss of neon preferentially from the feldspar. 
If we reduce P from 0.5 to 0.2 (-60% loss of neon 
from Bruderheim feldspar), eq. 2 yields the dashed 
curve (fit to the Bruderheim feldspar-enriched sample 
datum). Considering the possible effects of gas loss, 
the previously published data are generally in agree
ment with the present result, that the cosmogenic 
22Ne/21 Ne ratio is I.SO± 0.02 in the oligoclase feld
spar (Ab 75 •80 ) characteristic of ordinary chondri tes. 

To calculate the isotopic composition of cosmogenic 
neon in sodium we need to know the composition of 
cosmogenic neon in a more calcic plagioclase; the 
feldspar in calcium-rich achondrites is quite suitable . 

with compositions about An90 ± 5 . Published neon 
contents and weight percent feldspar in mineral sepa
rates from four calcium-rich achondrites [ 17 I were 
used in eq. (2) to extrapolate (2 2Ne/21 Ne)r for pure 
feldspar of composition An 90 ~ 5 . The precision of the 
data is not high ; however, the data are consistent with 
a cosmogenic ratio 22 Ne/ 21 Ne = 1.22 ± 0.07 in this 
calcic plagioclase. 

4.4. Isotopic composition of cosmogenic neon in sodium 

The principal targets for the production of cosmo
genic neon in plagioclase are sodium , aluminum and 
silicon. With (2 2 Ne/21 Ne)c values for two distinct com
positions of feldspar (subsection 4.3 ), and relative 21 Ne 
production rates in the target elements (subsection 
4.2), we are in a position to calculate (2 2 Ne/21 Ne)c in 
sodium and aluminum from a knowledge of (22 Ne/11 Ne)c 
in silicon. From olivine and pyroxene separates from 
Elenovka 131 and Bruderheim [ 16], in which the prin
cipal targets are magnesium and silicon, we can calcu-
late {2 2 Nc/21 Ne)~g = 1.09 ± 0.03 and (2 2 Ne/11 Ne)~i 
= 1.2 ± 0.1. Using the limiting cases of 0.2 and 1.0 for 
the relative production of 21 Ne in sodium (subsection 
4.2) we calculate the (22 Ne/21 Ne )~a and (22 Ne/21 Ne )~I 
values listed in Table 2. The indicated error is due to 
the uncertainty in the (2 2 Ne/21 Ne)c value in the An90 

plagioclase. It is evident that despite the uncertainty 
in the 21 Ne production rate in sodium , we can con-
clude that (2 2 Ne/21 Ne)~I is about equal to {2 2 Ne/21 Ne)~i 
while (22 Ne/ 21 Ne )~a is significantly greater, ranging 
from values of 1.8 to 3 .8. If we use 0.25 as the probable 
value of the relative 21 Ne production rate in sodium, 
then we find that (22 Ne/21 Ne)~a = 2.9 ± 0.3 and (21 Ne/ 
21 Ne)tl= 1.17±0.15. ·· 

Values of(2 2 Ne/21 Ne)c and relative 21 Ne produc
tion rates for various target elements are summarized 
in Table 3. The (2 2 Ne/21 Ne)c ratio of-3 for sodium 
is distinct from the ratio in other targets. However, we 
find from thin-target reaction cross sections [ 18) that 
at about 1 GeV incident proton energy such a ratio is 
not unreasonable. The production cross sections of 
21 Ne and 22 Ne from magnesium are about 20 mb at 
1 GeV, with about 10 mb of 22 Ne production arising 
from direct production from magnesium and about 10 
mb indirectly from the decay of 22 Na. Cross sections 
for direct neon production from sodium are not avail
able ; assuming these cross sections are approximately 
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1ABLE 2 

<22Ne/21 Ne)c in Al and Na calculated from various values of (22Ne/21 Ne)~i and the relative production of 21 Ne in sodium (PRNa•) 

PR Na• (22Ne/21Ne)~i (22Ne/21Ne)~l 

0.2 (l.1-1.3) (1 .25 - 1.08) ± 0.15 
0.25 1.2 ± 0.1 1.17±0.15 
1.0 (1 .1-1.3) (1 .21-1.05) t 0.16 

* PRNa = 21 Ne produced per gram Na/21 Ne produced per gram Mg. 

equal or less than those for the direct neon production 
from magnesium, we adopt 20 mb for the direct pro
duction of 21 Ne in sodium and 10 mb for 22 Ne. The 
production cross section for 22 Na from 23 Na is -40 
mb, hence the net production cross section of 22 Ne 
from sodium is 50 mb. Thus the 22 Ne/21 Ne produc-
tion ratio in sodium at I GeV is predicted to be about 
2.5 . The 22 Na production cross section in sodium 
increases steadily at lower energies to ~ 80 mb at 50 
MeV. From the data of Walton et al. [6], the direct 
production cross section of 21 Ne from magnesium is 
about 3 mb at 41 MeV. If the production of 21 Ne from 
sodium is similarly low, then cosmogenic neon produced 
in sodium by solar cosmic-ray protons may be char
acterized by extremely high 22 Ne/21 Ne ratios (22 Ne/ 
21 Ne ~30 or 21 Ne/22Ne ::;o.03), similar to, or perhaps 
more extreme than, those measured in aluminum ir
radiated with low-energy protons [ 6] . Should the pro· 

TABLE 3 

Relative 21 Ne production rates and (22Ne/21 Ne)c in various 
target elements in ordinary chondrites 

Target 21Ne production rate (22Ne/21Ne)c 

Na 0.25 (0.2-1.0) 
. 3 

2.9 ± 0.3 (3 .8- 1.8) 
Mg 1.0 1.09 ± O.Q3 
Al 0.27 1 1.17±0.15 
Si 0.191 1.2 ± 0.1 
s 0.14 1 1.21 ± 0.04 1 

Ca 0.0191 

Fe 0.0061 1.05 t 0.152 

1 From Boschler et al. [ 3) . 
2 Nyquist et al. (20). 
3 Calculated using limiting values of 21 Ne production in sodium. 

(22Ne/21Ne)~a 

(3.56-3 .11) ± 0.30 
2.9 t 0.3 

(1.92-1.83) t 0.07 

duction cross section for 20Ne also be depressed, then 
the neon produced by low-energy proton bombardment 
of sodium would consist in essence of pure 22Ne. Even 
if the 20Ne production were comparable to the 22 Ne 
production, such low-energy proton-produced neon 
in sodium might provide an explanation for the com
position of neon-E (2°Ne/22 Ne $1.5, 21 Ne/22 Ne $0.02 
[24 ]), the unusual 22 Ne-rich component observed in 
carbonaceous chondrites [ 19]. This speculation can 
be tested by target irradiation experiments similar to 
those reported by Walton et al. [6] for magnesium, 
aluminum, and silicon. We conclude that high cosmo
genic 22 Ne/21 Ne ratio derived for meteoritic sodium 
and sodium-rich minerals can be explained by enhanced 
indirect production of 22 Ne through 22 Na compared 
with the direct production of neon from 23 Na. 

4.5. General comments 

In the preceding three subsections we have found 
that the production of 21 Ne from sodium is 0.25 rela
tive to magnesium, that the (22 Ne/21 Ne)c in sodium
rich feldspar is 1.50 ± 0.02, and most strikingly, that 
the (2 2Ne/21 Ne)c in pure sodium is approximately 3. 
We can now comment on the observations mentioned 
in the introduction. The high values of (22 Ne/21 Ne )c 
observed in low-temperature release from bulk samples 
of ordinary chondrites [e.g. (22 Ne/21 Ne)c = 1.43 at 
500°C in St. Severin whole rock) result from the low
temperature release (<700°C) of the 22 Ne-enriched 
cosmogenic neon from oligoclase. Such. an effect has 
now been observed in bulk samples of St. Severin and 
Guarena, as well as San Juan Capistrano [5]. 

In addition, the high (2 2 Ne/21 Ne)c ratio of-3 in 
sodium implies that cosmogenic neon of high 22 Ne/21 Ne 
ratio will also be generated in other sodium-rich min-



era!s. In particular, the cosmogenic neon produced 
in the sodium-rich phases of the Allende inclusions 
should be enriched in 22 Ne relative to 21 Ne, as is in 
fact the case (4,13]. The amounts, composition, and 
low-temperature release of the unusual cosmogenic 
neon in the aggregates are completely consonant with 
the hypothesis of in-situ generation by galactic cosmic 
ray interactions with sodium-rich targets [ 4, 13]. 
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It must be emphasized that the large variation with 
temperature of the apparent cosmogenic neon com
position during the stepwise thermal release experi
ments described here can be expected to occur in gen
eral in cases where sodium-rich phases are present in a 
sample. Sodium-rich minerals and glasses generally are 
much Jess refractory than other meteoritic minerals 
and tend to degas at lower temperatures. In particular, 
corrections made to trapped gas compositions for low
temperature steps of release from trapped neon-enriched 
samples (e.g., carbonaceous chondrites and gas-rich 
ordinary chondrites) cannot be blindly applied assum
ing a constant galactic cosmic-ray-produced neon com
position. As a rather extreme example, using a (2 2Ne/ 
21 Ne)c ratio of0.87, trapped neon in 95 and 200°C 
release steps from a sample of the C2 chondrite Cold 
Bokkeveld investigated by Black (19] would be cor
rected to a trapped 20 Ne/22 Ne -10. In contrast, using 
( 22 Ne/21 Ne )c = 0. 7 leads to a trapped composition of 
20 Ne/22 Ne -12 for the same temperature steps. 

Finally, we remark that the effect of the high {2 2 Ne/ 
21 Ne )c ratio in feldspar from ordinary chondrites must 
be considered in detailed models of the effects of shield
ing on cosmogenic rare gas composition and in the use 
of the bulk meteorite {2 2 Ne/ 21 Ne)c ratio as a monitor 
of irradiation conditions [ 1,20] . Preferential gas loss 
from feldspar can result in a 2-3% drop in the {2 2 Ne/ 
21 Ne)c ratio of a bulk sample containing about I 0% 
feldspar . Such gas loss can lead to overestimation of 
minimum pre-atmospheric masses calculated from bulk 
meteorite 3 He/21 Ne and 22 Ne/21 Ne ratios. With the 
model of Nyquist et al. [20], the degree of overesti· 
mation is about 20-40% for bodies with pre-atmo
spheric masses about 500 kg, and SO- I 00% or more 
for bodies with pre-atmospheric masses of 1000 or 
2000 kg. In addition, variation in the feldspar content 
of.samples in which rare gases are measured is a pos
sible source of some of the scatter of analyses about 
the empirical 3 He/21 Ne versus 22 Ne/21 Ne shielding 
curves derived by various investigators [ 1,20]. 

It is clear from the above examples that the isotopic 
composition of cosmogenic neon produced by galactic 
cosmic ray irradiation of meteoritic and lunar samples is 
a strong function of the concentration of sodium in a 
particular sample or separate . Walton et al. [22] have 
shown that tire isotopic composition of cosmogenic 
neon produced by solar cosmic-ray protons is strongly 
dependent on target chemistry, and hence that such 
cosmogenic neon cannot be represented by a single 
component. 

We have now shown that the same must be said of 
cosmogenic neon produced by galactic cosmic-ray ir· 
radiation. Walton et al. [22] point out that samples 
(such as unconsolidated lunar soils, or coherent regolith 
breccias of both lunar and meteoritic origin) which con· 
tain abundant implanted solar wind neon will most 
likely also contain solar cosmic-ray-produced neon, pos
sibly of unusual composition. However, galactic cos· 
mic-ray-produced neon will be independent of solar 
wind neon and hence large variation in the isotopic 
composition of cosmogenic neon can occur in gas-
poor meteorites as _well as gas-rich meteorites. 

S. Conclusion 

The enhanced production of cosmogenic 22 Ne in 
sodium leads to the high (22 Ne/ 21 Ne )c ratio observed 
in oligoclase feldspar from ordinary chondrites. The 
low temperature of release of this cosmogenic neon 
provides an explanation for the unusual neon isotopic 
compositions seen at low temperatures during stepwise 
thermal release experiments on bulk samples of ordi
nary chondrites. Unusual low-temperature neon com· 
positions observed in Allende inclusions are also due 
to the release of cosmogenic neon from sodium-rich 
phases. The temperature-dependent variation of the 
observed cosmogenic neon composition must be con· 
sidered in the interpretation of stepwise release ex
periments on samples containing abundant trapped 
neon. Neon loss from feldspar and variation in the 
feldspar content of bulk meteorite samples can affect 
the formulation and interpretation of detailed models 
of the effects of shielding on the production of cos· 
mogenic neon in meteorites. Finally, we emphasize 
that cosmogenic neon in meteorites and lunar samples 
must be regarded as a complex mixture of compositions 
produced in phases of differing chemical composition, 



both at the low energies of solar cosmic rays [6,7,22] 
and the higher energies of galactic cosmic rays. 
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High-resolution stepwise-release patterns of neon extracted from gas-rich whole-rock samples of the carbonace
ous chondrite meteorites Murchison, Cold Bokkeveld, and Mokoia are characteri1.ed by multiple release peaks and 
complex isotopic variations. Mokoia contains abundant ancient solar wind neon with 20Ne/22 Ne " 13. 7, identical in 
composition to the modern solar wind . For Murchison and Cold Bokkeveld, 20Ne/22 Ne ratios of low-temperature 
release fractions are about 11 and 12.4, respectively . In higher-temperature fractions 20Ne/22Ne of trapped neon 
migrates toward neon-E, reaching a minimum of 6.9 for Murchison . Features in the Murchison thermal release and 
isotopic variation patterns can be associated with the release of neon from the gas-rich trace phases chromite/carbon 
and "Q". The characteristic high-temperature release of neon-Eis closely related to the release of neon from "Q" in 
Murchison. 

For simplicity, in this paper we consider a model in which neon in the early solar system consisted originally of 
two components, one component in the gas phase and the second trapped in dust grains. Neon present in solar sys
tem reservoirs today is then described as a mix tu re of galactic cosmic ray spallation neon and two primary trapped 
components, neon with (20Ne/22Ne)1 = 13.7 and neon-E. The composition of neon in the gas phase is determined 
from the composition of neon in the sun. Intermediate neon compositions observed in condensed materials such as 
the earth and meteorites require mechanisms such as gravitational collection, ion implantation or adsorption to com· 
bine gas-phase neon with dust-phase neon. The present detailed release patterns show no clear evidence of preferred 
intermediate compositions such as neon-A. The apparently uniform composition of neon in gas-rich chromite/car
bon residues may represent a special mixture of gas-phase and dust-phase neon, but requires detailed investigation . 
The composition of neon in "Q" is variable and different from the composition in chromite/carbon . It is suggestl~d 
that the total neon composition in a solar system object will be determined by the relative proportions of various 
gas-rich trace phases accreted, plus the amounts incorporated of galactic cosmic ray spallation neon and pure gas
phase neon such as the solar wind . 

1. Introduction that trapped neon consisted of a number of iso
topically distinct components which they labeled A 
through E (Fig. 1 ). Recently, it has been discovered 
that a significant portion of the neon and other noble 
gases in carbonaceous chondrites reside in gas-rich 
trace phases (cf. [5,6]). The exact nature and origins 
of the neon components and of the gas-rich phases 
are presently uncertain . The connection between 
possible neon components and other isotopic anom
alies (e.g., in 0, Mg, Kr, and Xe) is still unknown. It 
has not yet been possible to obtain a clear detcrmina· 

The isotopic composition of spallation-free 
"trapped" neon in carbonaceous chondrites and un
metamorphosed chondrites has been found to be 
highly variable. Pepin (1,2] and Black [3,4] con
cluded from the preferred compositions observed 
during the extraction of neon by stepwise heating 
from carbonaceous chondrites and gas-rich meteorites 

Division Contribution No . 2893(239). 
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rig. 1. Correlation of 2°Ne/22Ne with 21 Ne/22Ne in stepwise-release fractions from Mokoia and Murchison . Trapped neon com
positions plot near the ordinate and include solar wind ( 17), neon-B (NeB) ( 4), terrestrial atmosphere (ATM) [ 32), and neon-A 
observed predominantly in carbonaceous chondrites (NeA) ( 1,2). Neon.C ((20Ne/22Ne)t "' I 0.5) and neon-D ((20Ne/22Ne)t "' 
14 .5) are not shown. The limits from Orgueil on the composition of neon-E (NeE) [ 33) are indicated; also the range of whole
rock meteorite spallation compositions. Whole-rock neon compositions of most carbonaceous chondrites [7) plot within the 
indicated polygon outlined by neon-A, solar wind, and whole-rock spallation. For Mokoia, neon fractions below l 100°C define a 
linear trend (dashed line) that can be interpreted as a mixing line between an isotopically light component identical to the modern 
solar wind and an isotopically heavy component P which can range in composition from P' to P". The complex neon release pat
tern for Murchison suggests the presence of at least.two trapped neon components in addit ion to spallation neon . The low (20Ne/ 
22Ne)t in the 950°C fraction indicates the presence of neon rich in neon-E. 

tion of the composition of the end-member neon 
components present in solar system materials and to 
assess the relative contributions of these components 
to the major neon reservoirs of the solar system , 

In this paper we report measurements by a refined 
stepwise thermal release procedure of neon in whole
rock samples of the carbonaceous chondrites Mokoia, 
Murchison and Cold Bokkeveld. The high concentra· 
tions of neon found in these samples allowed us to 
extract the gas in a great number of temperature steps 
yielding very high-resolution analyses of neon iso
topic variations. We used this high-resolution tech
nique to search for extremely light or heavy neon 
end-members in Mokoia and Cold Bokkeveld which 
have whole-rock trapped 20Ne/22Ne ratios among the 
highest and lowest previously measured. Total -rock 

20Ne/22 Ne ratios in Mokoia range up to 11.6 [7], 
yielding a trapped ratio of 13. I , which is the highest 
bulk value found both in carbonaceous chondrites · 
and in non-carbonaceous, gas-rich meteorites (cf. 
[8]). Measured 20Ne/22 Ne ratios of 12.7 and 13 .0 in 
two low-temperature fractions of a seven-step extrac· 
tion of gases from Mokoia by Manuel et al. [9] sug
gested the presence of spallation-free neon with 
20Ne/22 Ne greater than 13 .1 . The small number of 
temperature steps in that experiment limited the 
resolution of neon isotopic variations, and prevents 
precise characterization of this isotopically light 
neon. Previous analyses of Cold Bokkeveld yielded 
both bulk and spallation-free 20Ne/22Ne ratios close 
to 8 [4,7], among the lowest known in whole-rock 
samples of carbonaceous chondrites. Measurements 
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on two bulk samples of Murchison gave intermediate 
ratios 20 Ne/22 Ne = 11.0, 11.1 and' 21 Ne/22 Ne = 
0.090, 0.071 [IO]. The distribution of neon in trace 
phases of Murchison has been recently studied [ 5 ,6], 
and features in the stepwise-release pattern of our 
bulk sample will be associated with the release of 
neon from the gas-rich acid-resistant residues . 

We have used sequential gas-release fractions which 
showed a well-defined linear array on the neon three
isotope correlation diagram to extrapolate spallation· 
free neon compositions. Arrays were sought indicat
ing possible extreme end-member neon compositions 
as well as arrays yielding compositions corresponding 
to identifiable major solar system reservoirs . Data will 
be presented which demonstrates for the first time 
that neon is present in a carbonaceous choridrite with 
an isotopic composition identical to that found in the 
modern solar wind. We also will re-examine the multi
component model of solar system neon in the light 
of the data presented here. 

2. Samples 

Samples were 0.125-0.150 g whole-rock frag
ments consisting of heterogeneous mix tu res of coarse 
fragments embedded in very fine-grained black ma
trix. Among the inclusions commonly observed were 
spherical chondrules, fragments of euhedral olivine 
crystals, irregular fine-grained white aggregates, and 
fine-grained greenish aggregates. Murchison and Cold 
Bokkeveld are type CM2 carbonaceous chondrites 
(Mighei sub-type, petrologic type 2 [ 11]) character
ized by a fine-grained matrix primarily of hydrous 
phyllosilicates (cf. [ 12]). Mokoia has been classified 
as CV2 (Vigarano sub-type) on the basis of its con
tent of Ni-rich sulfides [ 11]. The matrix of Mokoia 
consists of fine-grained olivine, rather than phyllo
silicates [ 13]. Magnetite contents are 4.1 wt.% for 
Mokoia, ::>0.75 wt.% for Murchison, and :S:0.48 wt.% 
for Cold Bokkeveld [ 14] . 

The Mokoia sample, obtained from the University 
of California, Los Angeles, collection, was labeled 
"Haripura", but is here identified as Mokoia on the 
basis of its high spallation 21 Ne content and total 
neon content and isotopic composition (comparison 
data for Mokoia and Haripura are reported in Mazor 
et al. [7]). 

3. Procedures 

Experimental procedures were the same as pre
viously described [ 15, 16]. Neon was extracted from 
the samples by stepwise heating. Measured total neon 
contents and isotopic co111positions are listed in 
Table J. Data for individual release fractions are 
presented in the figures. Tabulated stepwise-release 
data may be obtained from the authors. These data 
have been corrected for extraction oven blanks, mass 
discrimination, and interfering species including H2 

180+, 
20 NeH+, 40 Ar2+, and CO~+. Total corrections for 

each isotope were generally less than 5% for indi-
vidual temperature fractions. In the table f 22 = Li/ 22 Ne 
is the fractional error in the 22 Ne due to~. the esti
mated error in the air blank ;/22 has been kept separ-
ate from the other errors as this uncertainty intro-
duces correlated errors in 20Ne/22 Ne and 21 Ne/22 Ne 
[ 16]. Extraction oven temperatures, estimated from 
optical pyrometry and a calibration using a W-Re 
thermocouple, should be accurate to 50°C. 

Bulk neon in the samples (Table l) was assumed 
to consist of a two-co111ponent mixture of spallation 
(s) and trapped (t) neon. For spallation neon, (2 1 Ne/ 
22 Ne)5 = 0 .89 was inferred from the high-temperature 
release fractions from Murchison and Mokoia (Fig . I) 
assuming (2°Ne/21 Ne)5 = 0.90 which is consistent 
with the composition of spallation neon in a variety 
of samples with very little trapped neon (7,15,16]. 
Spallation-free "trapped" neon compositions arc 
conventionally defined to lie on or near the tie-line 
connecting solar wind neon (2°Ne/22 Ne = 13.7 ± 0.3, 
21 Ne/22Ne = 0.033 ± 0.004) with atmospheric neon 
(2°Ne/22 Ne = 9 .80 ± 0.08, 21 Ne/ 22 Ne = 0.0290 ± 
0.0003). As recognized by previous workers, no reli
ably determined neon compositions lie significantly 
to the left of this line. For a limited number of me
teorites where spallation neon contributions can be 
estimated independently (e.g., obtaining 21 Nes from 
unsaturated 26 Al activities in carbonaceous chon
drites [7] or from 21 Ne5 in trapped-gas-free light· 
colored portions of gas-rich meteorites [2,8]) the 
spallation-free neon compositions are consistent with 
this left-limiting line. In the present case we have 
approximated this empirical limit by defining trapped 
neon to have (2 1 Ne/20Ne )t = 0 .0025, which' corre
sponds to a straight line in Fig. I, passing through the 
origin and between the compositions of solar wind 
and atmospheric neon. 
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4. Results 

The total neon contents and isotopic compositions 
for the three meteorites studied are summarized in 
Table 1. All three samples are very rich in trapped 
neon . The Mokoia and Cold Bokkeveld samples con
tain more trapped neon than any other carbonaceous 
chondrites except Nawapali (7]. The high trapped 
neon content of the Cold Bokkeveld sample was 
unexpected; several previous measurements of Cold 
Bokkeveld had shown less than 20 X 1 o-8 cm3 STP 
20Ne/g [ 4,7]. Measured total 20Ne/22 Ne ratios for 
Mokoia , Cold Bokkeveld and Murchison are 11.3, 
11.9 and 10.0, respectively. The measured 21 Ne/22 Ne 
ratios are greater than the 21 Ne/22Ne ratios of trapped 
neon presumably due to the addition of spallation 
neon. Therefore the trapped neon compositions are 
estimated by correcting for spallation using the 
assumption that (2 1Ne/20Ne)t = 0.0025. This yields 
(2°Ne/22Ne)t = 12.8, 12.0 and 10.5 for Mokoia,Cold 
Bokkeveld and Murchison respectively . Both the un
corrected and the corrected 20Ne/22Ne ratios are 
greater than ratios in the terrestrial atmosphere and 
neon-A and point to the presence of isotopically light 

TABLE I 

trapped neon such as solar wind neon. 
In Figs. 1 and 2 the measured neon isotopic com

positions of the stepwise-release fractions are plotted 
on a neon three-isotope correlation plot of 20Ne/12Ne 
vs. 21 Ne/22 Ne. None of the complete patterns can be 
interpreted as simple two-component mixing lines; 
each sample must contain three or more different 
end-member compositions that are released in varying 
proportions during the stepwise analyses. As well as 
exhibiting quite variable isotopic compositions, the 
neon release patterns of the three samples are char
acterized by multiple peaks in the neon release rate 
(Fig. 3} which we ascribe to the release of neon from 
more than one site or mineral. For each sample, the 
overall trend in the data with increasing temperature 
is a decrease in 20Ne/22Ne accompanied by an increase 
in 21 Ne/22 Ne . The general increase in 21 Ne/22Ne 
reflects an increasing relative contribution from 
spallation neon, as does in part the decrease in 20 Ne/ 
22Ne. With the assumed spallation contribution sub· 
tracted , trapped (2°Ne/22 Ne)1 ratios apparently also 
decrease in a general way with increasing tempera
ture. 

Total neon content and isotopic composition in gas·rich samples of carbonaceous chondrites (m =measured, t =trapped, s = 
spallation) 

22Nem * f2 ** 21 Nes *** 20Net *** (21Ne/22Ne)m (2 o Ne/2 2 Ne )rn c2°Ne/22 Ne)t *** 

Murchison 8.69 0.0006 0.39 86.8 0.o717 10.04 10.5 
:t 0.10 :t 0.03 :t 1.1 :t 0.0008 :t 0.10 :t 0.1 

Mokoia 31.7 0.0002 3.32 355 0.140 11.30 12.8 
:t 1.3 t :t 0.15 :t 15 :t 0.001 :t 0.12 :t 0.2 

Cold Bokkeveld 33.7 0.0002 0.30 399 0.0395 11.85 11.95 
:t 0.7 :t 0.05 :t 9 :I: 0.0008 :I: 0.17 :t 0.2 

Terrestrial 0.0290 9.80 
atmosphere ( 32] :t 0.0003 :t 0.08 

Modern solar 0.033 13.7 
wind (17) :t 0.004 :I: 0.3 

Neon-A (2) 0,025 8.2 
:t 0.003 :t 0.4 

* Amounts in 10-8 cm3 STP/g are corrected for extraction blank and interferences as indicated in text. Tabulated errors are 
approximately lo. Systematic error due to uncertainty in pipette volume is 4'10%. 

** / 2 2 is the fraction of 2 2 Nern corresponding to uncertainty in the subtracted air blank [ 16). 
***Trapped and spallation components calculated assuming (20 Ne/21 Ne)5 = 0.90, (21 Ne/22 Ne)s = 0.89, and (21 Ne/20 Ne)t = 

0.0025 . Literature data for 21 Ne1 (in 10-8 cm 3 /g) include: Murchison (0 .25, 0.33 (10)), Mokoia (2.1-4.4 (7)) and Cold Bok
keveld (0.1 (7), 0.3 (4)). 

t 22 Nem for Mokoia includes 1 ± 1 x 10-8 cm 3 STP/g estimated lost at 290° and 385°C. 
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Fig. 2. Correlation of 20Ne/22Ne with 21 Ne/22Ne in stepwise-release fractions from Mokoia, Murchison and Cold Bokkeveld. Total 
neon compositions obtained by summing over all release steps are also indicated. Release patterns for Murchison and Cold Bokkc
veld are very similar, but with the Cold Bokkeveld pattern shifted systematically to higher 20Ne/22Ne due to the much higher 
abundance of isotopically light neon in this sample . For Cold Bokkeveld, 75% of the neon is contained in the first eight release 
fractions with compositions forming a tight cluster on or near the trapped neon tie-line. The preferred composition indicated by 
the cluster, (20Ne/22Ne)1 about 12.4, is very close to neon-B which in lunar samples and gas-rich meteorites has been identified 
as solar wind neon [ 3), slightly modified during or after implantation. 
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Fig. 3. Neon released from Murchison, Cold Bokkcveld, and 
Mokoia plotted on a logarithmic scale as a function of tem
perature. The amount of 22 Ne in each release fraction is 
expressed as a percentage of the total neon extracted from 
the sample and normalized to AT, the number of degrees 
the temperature was increased from the previous step . Bars 
representing the gas released in a given step arc plotted be
tween the temperatures of that step and the preceding one. 
The cumulative amounts of neon extracted from each of the 
samples are indicated at several stages of the stepwise release. 
For Mokoia, shaded bars represent neon released during iso
thermal reextractions . The neon in these reextractions has 
been added to the neon released during the following increase 
in temperature. The release patterns are characterized by 
multiple peaks. For Murchison and Cold Bokkcveld a single 
major release peak occurs at about 300°C and a minor peak 
at about 650°C. For Mokoia a larger fraction of the neon 
is released at higher temperatures, with three substantial 
peaks occurring at about 385°C, 500°C, and 7 so·c. 
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Mokoia. Neon is released from Mokoia in a complex 
series of distinct peaks (Fig. 3). About 17% of the 
total 22Ne is released in the first peak at -350°C with 
an integrated composition 20 Ne/22Ne = 12.91, 21 Ne/ 
22 Ne = 0.074 (225°C through 410°C). It is apparent 
from Fig. 2 that any reasonable correction of this 
composite of eleven fractions to the trapped neon 
line results in a trapped composition which is within 
error equal to the composition of the present solar 
wind (17], confirming previous indications of very 
light neon in Mokoia (9]. Slightly more than 20% of 
the neon is released in a second peak at -535°C. The 
five fractions 440°C to 560°C encompassing the 
bulk of this peak plot slightly below and to the right 
of the ~10°C fractions (Fig. 2). With increasing 
temperatures, 20Ne/22Ne decreases and 21 Ne/22Ne 
increases abruptly to 0.147 in the 585°C fraction and 
0.157 in the 615°C fraction, which marks a minimum 
in the rate of neon release (Fig. 3). In the following 
two fractions the rate of neon release rises again as 
20 Ne/22 Ne continues to fall, but 21 Ne/22 Ne reverses 
sharply toward lower values. 20Ne/22 Ne reaches a 
local minimum at 665°C, and then increases sub
stantially while 21 Ne/22 Ne continues generally to 
decrease through the 770°C fraction. During this 
"loop" of isotopic compositions, the neon release 
rate remains high, forming a broad peak in Fig. 3. 
Above 770uC about 25% of the neon is released at a 
generally decreasing rate, and isotopic compositions 
fall on an essentially straight line leading to the 
1090°C fraction (Fig. 2). The proportion of spalla
tion neon increases rapidly in the last 5% of gas 
release, and the compositions in the final fractions are 
nearly pure spallation (Fig. 1 ). 

The neon compositions of the low-temperature 
fractions from Mokoia provide evidence of trapped 
neon much richer in 20Ne than any proposed plane
tary neon component (terrestrial or neon-A) and sub
stantially lighter than neon-B observed in gas-rich me
teorites and lunar regolith samples. Further definition 
of preferred trapped neon compositions can be ob
tained by seeking linear arrays of data that can be 
reasonably extrapolated to end-point compositions 
on the trapped neon tie -line, or clusters of points at 
a single composition on or very near the tie-line. Cri
teria are needed for recognizing significant linear 
trends and clusters. We suggest such a trend or cluster 
should be defined by a large number of points . It is 

preferable that a trend be uninterrupted by systema
tic deviations - any deviations present should be 
minor compared to the total extent of the trend . 
Also, to avoid experimental artifacts, the trend or 
cluster should encompass a major portion of the total 
neon in the sample. For Mokoia, the release fractions 
through the 1090°C step define a clear linear trend 
(dashed line in Fig. I) that we consider satisfies such 
criteria. Of the 45 fractions ~1090°C , 35 plot within 
2a of the dashed line in Fig. I and comprise about 
70% of the neon in the sample . The major systematic 
deviation from the trend is the small "loop" formed 
by the 640°C to 745°C fractions which indicates the 
evolution of an additional component in these steps . 
The isotopically light end point of the trend is con
strained to lie above and to the left of the low-tem
perature fractions, with 20 Ne/22 Ne ;:: 13 .2 and 21 Ne/ 
22 Ne :S 0.06. The dashed line intersects the trapped 
neon line at 20Ne/22 Ne = 13 .7, the same as the com
position of the present solar wind [ 17] . The second 
end point must lie on the dashed line below and to 
the right of the I 090°C fraction, at a point such as P. 
The possible isotopic compositions of the Pend point 
range from 20Ne/22 Ne = 9.4, 21 Ne/22 Ne = 0.22 (P') 
to 20Ne/22 Ne = 0, 21 Ne/22 Ne = 0.64 (P"). 

It is possible to identify preferred neon composi
tions in meteorites using the systematics of the threc
isotope diagram and criteria for significant trends. It 
is very difficult to decide whether such compositions 
represent fundamental solar system components, or 
preferred mixtures of other unidentified components. 
The only obvious criterion that could be used to 
argue that a meteoritic composition was also a sig· 
nificant solar system component is agreement with 
the composition of a previously known major reser· 
voir. Unfortunately, this argument is essentially cir· 
cular - no new components can be identified - and 
also restricted at present to compositions mat.ching 
the solar wind or earth's atmosphere . The fact that 
any reasonable fit to the trend of the Mokoia data 
passes through the composition of the modern solar 
wind, a well-<:haracterized component corresponding 
to a major solar system reservoir, does suggest that 
this end point trapped composition represents an 
actual neon component and not just a preferred 
mixture that would disappear with more detailed 
scrutiny. 

The "P" composition can not be immediately 
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identified with a major solar system reservoir. The 
isotopic composition of the postulated P component 
in Mokoia is characterized by an unusual, in tennedi
ate value of 21 Ne/22 Ne between 0.22 and 0.64. Iso
topically, P could represent neon produced by a low
energy proton irradiation; in a Mokoia-composition 
target, protons of solar flare energies (:S 200 Me V) 
will generate neon with 21 Ne /22 Ne:::::: 0.55 and 20 Ne / 
22 Ne:::::: 1.5 [ 18], near P" in Fig. I. In other meteor
ites for which similar "solar"-P mixing trends can be 
defined [2,8], the analogous Pend-members appear 
to have varying 21 Ne/22Ne ratios, which leads to the 
suggestion [2] that P could instead be a homogeneous 
mixture of ordinary galactic cosmic ray spallation 
neon with trapped neon, the proportions of each 
varying from meteorite to meteorite. 

Murchison . Three major features are seen in neon 
release and isotopic variation patterns from Murchi
son. First, neon with 20Ne/22 Ne about 11 is released 
in the initial fractions (Fig. 2) and corresponds to a 
large neon release peak comprising about 60% of the 
total neon (Fig. 3). Second, above ""'500°C 20Ne/ 
22 Ne decreases rapidly to a minimum of about 9 
at just above 650°C, the temperature corresponding 
to a second release peak encompassing -20% of the 
neon. Third, another rapid decrease in 20Ne/22 Ne 
leads to a second minimum of6.5 at 950°C, which 
yields a spallation-free trapped ratio of 6 .9. This 
(2°Ne/22 Ne)t ratio is substantially below the value 
of 8.2 for neon-A, indicating the presence of a com
ponent enriched in 22Ne or depleted in 20Ne. On the 
basis of isotopic composition and temperature of 
release, this component is probably neon-E which 
was released at about l000°C from the carbonaceous 
chondrites studied by Black and Pepin [8] and Black 
[4]. In spite of the relatively low total 20 Ne/22 Ne 
ratio in Murchison and the detailed stepwise release it 
was not possible to drive the neon composition closer 
to the neon-E region (Fig. 1). Above 950°C (2°Ne/ 
22Ne)t returns to values >IO, and above about 
l 100°C the proportion of spallation neon increases 
substantially and the data points plot progressively 
nearer the position of neon produced solely by spal
lation on Mg and Si. The complex pattern of isotopic 
variations for Murchison shows no extensive linear 
arrays of data points such as was found for Mokoia. 
No distinctive end point compositions can be recog-

nized; in particular, there is no indication of a well
defined neon-A composition. 

It is possible to associate two of the three major 
stepwise-release features with neon released from gas
rich residues identified in Murchison [5], chromite 
and carbon with (2°Ne/22 Ne)1 = 8.7 and "Q" with 
( 20Ne/ 22 Ne)1 = 6.8. The neon released in the large 
first release peak is too light to be due to the gas in 
chromite, carbon or "Q" and reflects a substantial 
admixture of solar-like neon. Solar wind irradiation 
as a source for this neon is consistent with the ob
servation of solar flare track-rich grains in Murchison 
[ 19]. The second and third features correspond to 
minima in (2°Ne/22 Ne)t at 9.3 and 6.9 which are sug· 
gestively close to the ratios 8.7 and 6.8 expected 
from degassing of pure chromite/carbon and "Q" in 
Murchison [5]. The minimum at 9.3 corresponds to a 
distinct trapped neon release peak at -650°C which 
we identify with the release of neon from chromite / 
carbon. We associate the deeper minimum at (2°Ne/ 
22 Ne)t = 6.9 with the release of neon from "Q". We 
noted above that this feature is completely analogous 
to the I 000°C neon-E release feature of Black and 
Pepin [8]. This result suggests the characteristic high 
temperature neon-E release pattern is closely related 
to the release of neon from "Q''. 

The composition of ' 'Q" neon defined by dissolu
tion experiments is not a measured value, but is 
inferred from the differences in neon composition 
measured for chromite/carbon and chromite /carbon 
plus "Q" samples [5]. "Q" neon in Murchison is 
reproducible but is not the same as in Allende [ 16] . 
In contrast, the composition of neon in chromite / 
carbon is the same. The ability to associate features 
in the neon thermal release and isotopic variation 
patterns with both gas-rich trace phases attests to the 
reality of a distinct "Q" neon reservoir in each of the 
meteorites. 

Cold Bokkeveld. About three fourths of the neon in 
Cold Bokkeveld is released in a low-temperature 
release peak at -350°C. The neon is nearly spallation
free with 20 Ne/22 Ne between 12.0 and 12.4, and 
21 Ne/22Ne between 0.03 and 0.04 . The 535°C frac 
tion actually plots to the left of the trapped neon line 
(Fig. 2) but the displacement is not significant. As 
was the case for Murchison, 20Ne/22 Ne in the Cold 
Bokkeveld data reaches a local minimum at 665°C 



at the height of a second, smaller release peak. An
other local minimum in 20 Ne/22 Ne occurs in the 
980°C fraction, corresponding by analogy with the 
Murchison pattern to the release of neon-E, although 
in Cold Bokkeveld the minimum trapped 20Ne/22 Ne 
is only about 9 .7. The pattern of isotopic variations 
of the Cold Bokkeveld sample is essentially the same 
as for the Murchison sample, but the pattern is 
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shifted to systematically higher 20Ne/ 22Ne ratios in 
the more gas-rich Cold Bokkeveld sample. The shift 
suggests that the overall patterns for Murchison and 
Cold Bokkeveld reflect the superposition of a release 
pattern associated with differing amounts of iso
topically light neon such as neon-B or solar wind over 
a second release pattern of trapped neon indigenous 
to the carbonaceous chondrite material (plus spalla
tion neon). As with Murchison, there are no signifi
cant linear arrays of points in the Cold Bokkeveld 
data, but the eight low-temperature fractions between 
225°C and 605"C form a well-defined cluster of 
points on the trapped neon tie-line representing about 
75% of the neon released from the sample . This sig
nificant cluster defines a preferred composition with 
(2°Ne/22Ne )t about 12 .4 which does not correspond 
to the composition of a known solar system reservoir, 
but does closely resemble neon-B (3) found in gas
rich meteorites and lunar regolith samples. Neon-B 
in lunar soils has been identified as implanted solar 
wind, although comparison with the composition of 
solar wind ions implanted in the Apollo Al-foil 
experiment shows that the composition in the soils 
has been modified during or after implantation. 
Neon-B occurs frequently in chondritic and achondri
tic meteorites (cf. [3)) and associated evidence of 
solar particle irradiation has led to the identification 
ofneon-B in these meteorites also as implanted solar 
wind [3). Similar evidence of track-rich grains in Cold 
Bokkeveld [ 19) suggests the isotopically-light neon in 
this sample is also predominantly solar wind neon. 

Comments on the high-resolution stepwise-release 
technique. The analyses of neon isotopic variations 
described above were obtained by extracting the neon 
in a far greater number of temperature steps than pre
vious studies. A fine-scale stepwise extraction has cer
tain advantages; we have been able to resolve release 
peaks from different sites (Fig. 3) that would overlap 
in a coarser-scale experiment (cf. [9]). Thi$ resolution 

allows us to deplete the neon in lower-temperature 
peaks before extracting neon from the subsequent 
higher-temperature peaks, possibly yielding a cleaner 
separation of components with different isotopic 
compositions. The detailed analyses reported here 
have revealed complex variations of the neon isotopic 
composition ; in general, precise linear arrays were not 
obtained. Experiments with a limited number of 
extraction steps can result in the artificial com· 
bination of several distinct compositions which may 
lead to erroneous extrapolation of end point com· 
positions. Analysis with a large number of extraction 
steps can also introduce isotopic artifacts into a 
release pattern, whereby the isotopic composition 
measured in a release fraction does not correspond to 
an actual composition of a gas component or mix
ture of components within the sample (28). For 
instance, volume diffusion of 95% of the neon from 
spherical grains will lead to about a 10% fractionation 
in 20Ne/22 Ne for the gas remaining in the grain. In 
natural samples, the magnitude of such a diffusive 
artifact will tend to be smaller, because of ranges in 
grain size, or release of gas by host-phase decom
position rather than diffusion . We do not believe that 
the major features of the release patterns in the 
present study can be explained by diffusive fraction
ation. The observed isotopic shifts are generally too 
large, or do not occur during final stages of neon 
release from individual reservoirs; for example, the 
minima in (2°Ne/22 Ne)1 observed in 66S°C release 
fractions occur at maxima in the neon release rates. 

S. Discussion 

The extremely wide range of observed neon com· 
positions in solar system materials has led many 
workers to suggest that neon in solar system reser
voirs consists of mixtures of components with dis
tinctive compositions [ 1-4 ,7 ,20,21,34]. We too will 
assume that neon in the solar system initially con
sisted of a restricted number of primary components 
from various nucleosynthetic sources. We include 
galactic cosmic ray spallation neon as a primary com· 
ponent. The compositions of all mixtures of these 
components will plot on the neon three-isotope dia
gram within the smallest polygon enclosing all the pri· 
mary components. Solar system processes such as 
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mixing, mass fractionation or fractionation due to 
plasma effects [36] may operate on the primary com
ponents and yield distinct components we call sec
ondary. The compositions of secondary components 
could plot outside the polygon defined by the pri
mary components, as well as in the interior or on tie
lines connecting primary components. Neon com
positions observed today will plot within the smallest 
polygon enclosing all primary and secondary com
ponents. 

At present, three components suffice for a formal 
explanation of reliably measured neon compositions; 
galactic cosmic ray spallation neon (with a range of 
compositions) and two trapped components, a light 
component with the 20Ne/22 Ne = 13 .7, the solar 
wind composition, and a heavy component with 
20Ne/22Ne ~ 1.5, neon-E [21,34]. As recognized by 
Geiss [21], because of the limited variation observed 
in 21 Ne/22Ne of spallation-free neon, all intermediate 
trapped 20Ne/22Ne compositions between solar and 
neon-E can be explained as special mixtures of these 
end-members. Similarly, any preferred composition 
with an intermediate 21 Ne/22Ne ratio such as the "P" 
composition in Mokoia can be explained as a special 
mixture of trapped and spallation neon. Identifica
tion of trapped neon with a much lower 21 Ne content 
(2 1Ne/22Ne << 0.0025) could provide evidence of an 
additional independent trapped neon component. 

As a heuristic device, we will describe a simple 
model of the solar nebula which embodies a mini
mum number of primary neon components. We rec
ognize that while this minimum model may success
fully describe the variations in neon isotopic composi
tion, it may - or may not - require some modifica
tion to reconcile isotopic variations in other elements 
such as xenon, oxygen or magnesium. Since all of the 
material of the solar system almost certainly initially 
existed in either a gas-phase or a dust-phase, it is sim
plest to assume only two primary components of 
trapped neon existed, one consisting of neon in a 
well-mixed gas which we will refer to as gas-phase 
neon, the second consisting of a single neon com
ponent in the dust, labeled dust-phase neon. We 
assume that the light and heavy trapped components 
required to explain present neon isotopic measure
ments can be identified with these two primary com
ponents, gas-phase neon and dust-phase neon. Other 
intermediate preferred compositions such as those 

identified by Black [3 ,4] will be assumed to be sec
ondary . 

Nebular gas-phase neon can be shown to corre
spond to the isotopically light trapped neon com
ponent. The sun represents a largely unfractionated 
mixture of dust and gas. For typical interstellar dust/ 
gas ratios ( 1 % by mass) and cosmic Ne/H in the gas
phase (-104 by number), the neon composition of 
such a mixture of dust and gas is determined solely 
by the composition of the gas, unless the 22Ne con
tent of the dust is five or more orders of magnitude 
greater than the 22 Ne content of the most gas-rich 
meteorite residue yet measured (I C59 from Murchi
son [SJ). Thus neon in the sun will be gas-phase neon, 
assuming the sun has never been hot enough to sus
tain nuclear reactions modifying neon. The com
position of the modern solar wind, although possibly 
fractionated by a few percent [21], indicates solar 
neon is light, and therefore that gas-phase neon is the 
light neon component with 20 Ne/22 Ne= 13.7 . By 
our model dust-phase neon must correspond to the 
heavy component, neon-E. Black [4,34] similarly 
associated neon-E with dust grains initially present in 
the solar nebula. 

Condensed materials in the present solar system 
contain neon of intermediate isotopic composition 
indicating the presence of both gas-phase and dust
phase neon . Therefore mechanisms are required to 
combine dust-phase and gas-phase neon in t.he same 
object. The planets are massive enough to have gravita
tionally collected gas-phase neon in addition to dust
phase neon, but carbonaceous chondrite parent bod
ies are unlikely to have been sufficiently massive to 
do the same. More likely mechanisms for incorporat
ing gas-phase neon into meteorites include ion im
plantation by a solar wind or similar charged-particle 
acceleration mechanism, or some process of direct 
occlusion or adsorption of gas-phase neon. The mech
anisms by which the gas-phase neon may have been 
incorporated into an object can not be distinguished 
using the neon isotopic composition. However, the 
3He/4He ratio in helium associated with the gas-phase 
neon can be used to distinguish relatively recent solar 
wind implantation from direct occlusion or adsorp· 
tion from the primitive solar nebula. The ratio 3He/ 
4He in the present solar wind, about 4.3 X 10- 4 

[ 17], has been augmented by the pre-main-sequence 
conversion in the sun of primordial deuterium to 3He 



(cf. [21,22]). The 3 He produced by deuterium burn· 
ing yields 3He/4He about 2 X 10-4 for D/H -2 X 
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10-5 (from the Jovian atmosphere [22]) and 4 He/H 
-0.1. Subtracting this contribution from a photo· 
spheric 3He/4He ratio about 3 .9 X 10-4 estimated from 
the solar wind [21] gives an estimate for the primor
dial 3 He/4He ratio of :i>;;l.9 X 10-4 depending on the 
degree to which 3 He has been added to the photo
sphere by mixing from the solar interior. Prior to 
solar deuterium burning, which probably occurred 
early in the pre-main-sequence history of the sun (cf. 
[23]), both the solar wind, if present, and the non· 
solar gas-phase should have 3 He/4He less than or 
about 1.9 X 10-4 and 20Ne/22Ne about 13.7 . Black 
[24] inferred similar helium and neon compositions 
for his D component based on unconfirmed literature 
data and speculated that the D component was a pre
deuterium-burning solar wind [3 ,34]. However, no 
convincing evidence of implantation of gas by a pre
deuterium-burning solar wind has yet been pre-
sented. After deuterium burning the solar wind 
should have 3He/4He about 4 X 10-4 and 20Ne/22 Ne 
= 13 .7, while the unmodified non-solar gas-phase will 
retain the lower primordial 3He/4He ratio. 

Mokoia contains abundant gas-phase neon with 
20Ne/22 Ne = 13.7. The bulk (3He/4He)t ratio in Mok
oia is about 4.5 X 10-4 [25], close to the high solar 
wind value, which is compatible with the gas-phase 
neon trapped in Mokoia having been implanted by a 
solar wind after deuterium burning in the sun. That 
the composition of this neon is indistinguishable from 
that of the modern solar wind suggests the composi· 
tion of neon in the solar wind has not changed since 
prior to the time of final compaction of Mokoia. A 
possible problem with this interpretation is that the 
20Ne/22 Ne of modern solar wind implanted in bulk 
lunar soils is about 9% lower than the value mea
sured directly in the solar wind Al-foil experiment 
(cf. [26,27]). This difference is possibly due to iso
topic fractionation accompanying diffusive loss of 
neon from the predominantly silicate soils during 
solar wind implantation or laboratory analysis [28): 
This explanation is supported by the observation of 
systematic1lly higher 20Ne/22 Ne ratios in ilmenite 
separates from bulk soils. The apparent fidelity of 
Mokoia to the solar wind ratio might be explained 
if much of the isotopically light neon is trapped in 
the abundant magnetite present [14], and if magne-

tite is less subject to diffusive gas loss and fractiona· 
tion, as seems to be the case for lunar ilmenite. 

We have presented a general model to explain 
neon isotopic variations by mixtures of two primary 
trapped neon components, gas-phase neon of solar 
wind composition and dust-phase neon with the com
position of neon-E. As indicated earlier, the system
atically higher 20Ne/22 Ne ratios in the release pattern 
for the Cold Bokkeveld sample compared with the 
otherwise similar Murchison pattern (Fig. 2) are com
patible with the addition of different amounts of 
light gas-phase neon to similar distributions of heavy 
neon. 

If variable amounts of gas-phase neon were added 
to dust with a constant neon-E content, a positive 
correlation between the amount of neon and 20Ne/ 
22 Ne in a sample would be expected. For bulk mete
orite samples with 22 Net contents greater than about 
3 X 10-s cm 3 STP/g an approximate correlation be
tween amount and composition exists [7] and is com
patible with the addition of gas-phase neon to ma
terial with 1-2 X 10-s cm 3 STP/g 22 Ne from neon-E. 
For example, the Cold Bokkeveld and Mokoia sam· 
pies investigated have both much higher 22 Net con
tents and total (2°Ne/22 Ne)t ratios than the Murchi· 
son sample {Table I). For meteorites with low neon 
contents, 20Ne/22 Ne should approach the composi
tion in the dust-phase, neon-E. However, this is not 
apparently the case, since in bulk meteorite samples 
with 22Net contents less than about 2 X 10-s cm 3 

STP/g, the (2°Ne/22Ne )t ratio remains roughly con
stant at about 8, the preferred composition among 
carbonaceous chondrites defined as neon-A. This 
composition requires a mechanism for mixing in rela
tively constant proportion gas-phase neon with grains 
containing neon-E. As recognized by Black [ 4] who 
suggested neon-A might be a mixture, the amount of 
gas-phase neon received by individual grains could 
vary widely, but the large number of grains in a bulk 
sample should ensure a representative sample of the 
parent population of grains with admixed gas-phase 
neon. The total neon compositions of bulk samples 
will be essentially constant, reflecting the mean com· 
position of the parent population of grains. The varia
tion in neon content of bulk samples with (2°Ne/ 
22 Ne )1 about 8 requires the presence of diluting ma
terial containing no trapped neon . This material has 
lost any neon-E initially present, possibly during heat-
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ing of the collapsing solar nebula. 
This picture is consistent with the results of step

wise heating experiments ([4]; this work) which 
generally show no clear evidence of a preferred neon
A composition, but rather a pattern of continuous 
variation in trapped 20Ne/22 Ne that, e.g. for Murchi
son (Fig. 2), starts well above neon-A at low temper
atures, and migrates in a complex fashion to well 
below neon-A at higher temperatures before once 
again returning to higher values. Such variations are 
suggestive of mixtures of the two primary compo
nents. 

The fact that complex variations in the trapped 
composition are seen requires the components to be 
mixed in various proportions in sites with differing 
gas-retention characteristics. A large fraction of the 
trapped neon of intermediate compositions in car
bonaceous chondrites is held in a restricted number 
of trace-mineral phases such as chromite, carbon, 
~d "Q" [5 ,29]. The composition of neon associ
ated with "Q" is variable, with 20Ne/22Ne = 6.8 in 
Murchison [5] and 10.4 in Allende [16]. Thus the 
composition of neon in "Q" is apparently com
patible with varying mixtures of gas-phase and dust
phase neon. 

In contrast, neon in chromite/carbon varies little 
in composition. Chromite and carbon residues from 
Allende [29,30], Murchison [5], Murray [6], Cold 
Bokkeveld [6] and Orgueil [31] all contain neon 
with essentially the same (2°Ne/22Ne)1 of about 
8.6. This value is close to that of neon-A and we sug
gest that the neon-A composition deduced from bulk 
meteorite analyses is due to a major portion of the 
neon in those meteorites being neon in chromite/car
bon with the above composition. The apparently uni
form composition of neon in chromite/carbon may 
again be attributed to the averaging effect of a large 
number of gas-bearing grains as discussed above. In 
this case, detailed stepwise-release experiments on 
samples containing relatively few grains might reveal 
isotopic variations. Alternatively, mixing could have 
occurred prior to the incorporation of gas into the 
residues, in which case neon in all the grains might 
have the o,ame composition. The 3He/4He ratio in 
chromite/carbon, about 1.3 X 10-4

, is too low to 
come from helium implanted by a post-Oeuterium
burning solar wind, which suggests that the gas-phase 
neon as well as the helium were incorporated into the 
chromite/carbon mixture by some other mechanism. 

6. Conclusions 

Neon in solar system reservoirs can be understood 
at present as mixtures of galactic cosmic ray spalla
tion neon and two primary components of trapped 
neon, dust-phase neon-E and gas-phase neon with 
20Ne/22 Ne = J 3 .7. Condensed materials in the solar 
system, such as the earth and meteorites, contain 
trapped neon of intermediate composition that 
requires mechanisms for combining gas-phase and 
dust-phase neon. Gas-phase neon implanted in grains 
by the solar wind after deuterium burning in the sun 
can be distinguished from gas-phase neon incorpo
rated by other mechanisms since associated solar 
wind helium will have a high 3 He/4He ratio about 
4 X 10-4 in contrast to unmodified gas-phase helium 
with an estimated 3He/4He ratio ..;;;J .9 X 10-4

• 

The high-resolution stepwise·release technique 
revealed complex patterns of release peaks and iso
topic variations in the neon extracted from Murchi
son, Cold Bokkeveld, and Mokoia. The isotopic pat
terns for Murchison and Cold Bokkeveld are compat
ible with the release of mixtures of gas-phase and 
dust-phase neon from various sites. Neon in low-tem
perature fractions is predominantly trapped neon of 
intermediate isotopic composition with 20Ne/22 Ne 
about 11 in Murchison and 12.4 in the more neon
rich Cold Bokkeveld. At higher temperatures, neon 
compositions migrate toward neon-E along the 
trapped neon line, with only minor amounts of spal
lation neon present. Minimum values of (2°Ne/22 Ne)1 

reached at about 950°C are 9.7 for Cold Bokkeveld 
and 6.9, well below the nominal composition of 
neon-A, for Murchison. 

In Mokoia a preferred neon isotopic composition 
is apparent. Both the neon compositions of Iow
temperature release fractions and a significant linear 
trend extending through high-temperature fractions 
point to the presence of essentially pure gas-phase 
neon with (2°Ne/22 Ne)1 = 13.7. The bulk (3He/4He)1 

of 4.5 X 10-4 in Mokoia identifies this gas-phase neon 
as implanted solar wind, which allows us to conclude 
that the 20Ne/22 Ne ratio in the solar wind has not 
changed significantly since the time of final com
paction of Mokoia. 

Some of the details in the neon release patterns 
of the samples can be associated with neon released 
from gas-rich trace-mineral phases. The release pat-
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terns for all three meteorites show a local minimum 
in (2°Ne/22Ne)1 at 665°C which for Murchison can be 
identified with the release of neon by chromite/car
bon. The Murchison and Cold Bokkeveld patterns 
also show minima at about 950°C which can be 
identified with the release of neon from neon-E-rich 
phases and, again for Murchison, with neon released 
by "Q". The composition of neon in "Q" is appar
ently variable and is compatible with mixtures of 
dust-phase and gas-phase neon. The total composi
tion of neon extracted from chromite/carbon sepa
rates from a number of meteorites appears to be con
stant. Detailed investigations are needed to determine 
if this is due to averaging over a large number of 
grains or to the presence of a special mixture of con
stant composition. 

A large fraction of the neon of intermediate iso
topic composition in meteorites is found in the gas
rich trace minerals. The composition of neon associ
ated with chromite/carbon, (2°Ne/22Ne)t ~ 8.6, is 
close to the composition assigned to neon-A, suggest
ing that the neon-A composition determined in bulk 
meteorite samples is largely controlled by neon in 
chromite/carbon. In an analogous fashion, we sug
gest the total isotopic composition of trapped neon 
in each solar system body is determined by the rela
tive amounts accreted of gas-phase and dust-phase 
neon. If much of the dust-phase neon is carried by 
various gas-rich trace phases containing different mix
tures of dust-phase and gas-phase neon, the final com
position of neon in an object will depend on the rela
tive proportions of the various trace phases accreted, 
as well as the amounts of galactic cosmic ray neon 
incorporated and pun~ gas-phase neon added by pro
cesses such as gravitational collection or solar wind 
implantation. For example, the composition of neon 
in the sun, which is thought to represent an unfrac
tionated mixture of nebular dust and gas, will be 
dominated by that of neon in the gas-phase unless 
the neon content of the dust is exceedingly high. 
Neon in Jupiter should also be dominated by 
gas-phase neon even though the planet was prob-
ably formed from material with an order of mag
nitude higher relative dust contribution than the sun 
(cf. [35]). In contrast, the earth and meteorites have 
intermediate neon compositions indicating approxi
mately equal contributions from gas-phase and dust
phase neon. 
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Neon and argon in the Allende meteorite 
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Abstract-Trapped and cosmogenic Ne and Ar were measured in Ca,Al-rich aggregates and chondrules, 
mafic chondrules, and bulk and matrix samples from the Allende C3V chondritic meteorite to investi
gate the possible occurrence of anomalous isotopic compositions of noble gases that would correlate 
with oxygen or magnesium isotopic anomalies previously found in this meteorite. 

Large enrichments of both 22Ne and 36Ar were observed in low-temperature release fractions from 
several Ca.Al-rich inclusions, but the enrichments are consistent with galactic cosmic-ray production 
of 22 Ne by spallation from sodium and ~16 Ar by neutron capture on chlorine. Trapped neon in matrix 
samples is comprised of two distinctive compositions, with (20 Ne/22 Ne), equal to 8. 7 ± 0.1 and 
10.4 ± 1.0, that appear to correlate with the two gas-rich trace phases chromite/carbon and 'Q' 
described by LEWIS et al. (1975). Several Ca.Al-rich aggregates which have high contents of the volatile 
elements Na, Cl, K, and Rb also contain trapped neon. However, no neon-E has been identified 
in any of the samples studied, including samples of several inclusions known to contain iso topically 
anomalous oxygen and magnesium. 

1. INTRODUCTION 

DISCOVERY of anomalies in the isotopic compositions 
of oxygen (CLAYTON et al., 1973) and magnesium (LEE 
and PAPANASTASSIOU, 1974; GRA y and COMPSTON, 
1974) in materials from carbonaceous chondrites has 
spurred the search for isotopic anomalies in other ele
ments in these meteorites. Prior to the observations 
of enrichments at 160 and 26Mg, BLACK and PEPIN 
(1969) had measured anomalous enrichments of 22Ne 
in neon extracted from total-rock samples of Cl and 
C2 carbonaceous chondrites during stepwise heating. 
However, neon measurements were not made on 
meteorites in which oxygen and magnesium anom
alies were later observed. An investigation of the cor
relation between the neon anomaly, labeled neon-E 
by BLACK (1972), and the oxygen and magnesium 
anomalies was needed. An obvious candidate for such 
a study was the C3 chondrite Allende, since Ca,Al
rich inclusions from this object had been shown to 
carry both oxygen and magnesium isotopic anom
alies. The pattern of neon isotopic compositions 
obtained by MANUEL et al. (1972) during a stepwise 
thermal extraction of rare gases from a total-rock 
sample of Allende suggested neon-E was released at 
-800°C. Preliminary investigations of separates from 
Allende by HUNEKE et al. (1974) showed that certain 
Ca,Al-rich aggregates did indeed contain neon en
riched in 22Ne, possibly neon-E. However, the 
amounts of 22Ne involved were not large compared 
to the amounts of spallation neon present, and the 
possibility that the excess 22Ne was spallogenic, aris-

•Present address : Department of Terrestrial Magnetism, 
Washington, D.C. 20015, U.S.A. 

t Division Contribution No. 2728. 

ing from variations in target element concentrations, 
particularly sodium, could not be eliminated. 

The present work is an extensive investigation of 
the effects first reported by HUNEKE et al. (1974). In 
addition to measuring the isotopic compositions of 
total neon, we have also used the stepwise thermal 
extraction technique in attempting to separate the 
various components or trapped and cosmogenic neon 
in selected materials from Allende. In order to investi
gate possible correlations between noble gases and 
oxygen and magnesi um anomalies, we measured 
noble gases in samples from several inclusions known 
to contain anomalous oxygen and magnesium. 

2. SAMPLES 

A number of the samples analyzed for noble gases were 
fragments of inclusions originally selected and analyzed for 
Rb/Sr by GRAY et al. (1973), who present chemical and 
mineralogical characteristics of these samples. The iso
topic compositions of magnesium and oxygen have been 
measured in a number of the inclusions investigated here, 
and anomalous isotopic components are present in several 
of the inclusions (Table 7). Samples weighed between 13 
and 230mg. 

Ca.Al-rich aggregates 
Ca,Al-rich aggregates are highly irregular in shape and 

are typically fine grained. In addition to refractory Ca.Al
silicates, these inclusions in some cases also contain abun
dant alkali-rich minera ls such as sodalite and nepheline. 
Ca.Al-rich aggregates are often visibly zoned parallel to 
irregular matrix/aggregate contacts. 

829, CS, and 832 are high-Rb aggrega tes (GRAY et al., 
1973; LEE and PAPANASTASSIOU, 1974) with Rb contents 
ranging from about 8 to 12 ppm (GRAY et al., 1973). Na 
and K have been measured in 832 and 829 and are 
enriched relative to the matrix, but quite inhomogeneously 
distributed. Jn 832, Na ranges from about 0.5 to 3% by 
weight and K from <0.1 to 0.25%. In 829 measured Nu 
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Table I. Total neon content ancl isotopic compo~ition in samples of the C3V chondri te Allende. 
Neon contents in 10- 8 cm" ST P/g 

Sample Description Weight 22Ne* 20 Net22Ne* 21Ne/22N0 ! f22* 

NWT bulk meteorite (.0584 g) 2.86 ±0. 15 2. 270 t 0.013 0. 761 ± o.oos o .ouoJ 

SWB bulk meteorite (,0846 g) 2.89•0.15 2. 168 1 0.013 o . 773 ± 0.004 O.OOOJ 

B29 aggregate: high alkali (. 0329 g) 2. 73 ± 0.15 1.977 1 0.011 0,664 ± 0.004 0 . 0005 

B29 t matrix (. 2311 g) 2.48 ± 0.04 2.438 ± 0.029 o . 764 ± 0.008 0.0001 

cs t aggregate: high alkali (.0817 g) 2. 40 ± 0.05 2,086 ± 0.027 o. 700 :t 0.009 0 .0012 

cs t matrix (. 1339 g) 2.41 t 0 ; 09 2.463 ± 0.059 o . 760. ± o.ot 7 0 .0008 

B6HS t aggregate: grey rim (. 1204 g) 2.43 ± 0.02 0.858 ± 0.008 0.800 1: 0.006 0.0009 

B6HS t aggregtte: pink core ( . 0328 g) 1.93 ± 0.02 0. 777 ± 0.011 o. 757 ± 0.008 0.0036 

B6HS t matrix ( . 1664 g) 2.81 ± 0.03 2,609 ± 0.020 0.743 ± 0,005 0. ooos 

832 aggregate: high dkali (.0254 g) 2.53 ± 0.25 1. 049 ± 0.011 0 .695 ± 0.007 0.0014 

832 t (.0580 g) 2, 62 ± 0 , 03 1.021 ± 0.0 15 0.683 ± 0.006 0 . 0021 

Ca,Al chondrule (.0131 g) 1.41 ± O. lS • 0.816 ± 0.013 0. 790 ± O. Oll U.0050 D7 

828 Ca,Al chondruh (.02t6 g) 1.52 ± 0.16* 0.869 ± 0.011 o. 860 ± 0.0 11 0,0028 

Bl2 barred olivine chondruh (. 0316 g) 2.29 ± 0.23 0.899 ± 0 .010 0 . 927 ± 0.007 0.0018 

AS t pyroxene chondrule (.0779 g) 2. S6 ± 0.11 0 . 898 ± 0.0 21 0.916 t 0.022 0.0018 

H chondrule (.0278 g) 2.SB±0 ,26 l. OS5 ± 0.009 0 .877 ± 0.007 0.00 19 

Q2 chondrule (. 0 195 g) 2.39 ± 0.24* o.988 ± o.on o. 872 ± 0.009 0.0020 

* Reextrsc t (07' 828, #2) 0.17 0 .92 1 0 . 02 o. 967 1 0.021 0 .0 20 

*After individual 1500°C extractions of Ne from samples 07. 828, and No. 2, the combined 
residues (total 0.0542 g) were heated to I 550°C and an additional 0.92 x 10 - 10 cm" 11 Ne 
extracted. This additional neon i[ assumed to be evenly derived from the three samples corre
sponds to O. l 7 x 10·- 8 cm 3 STP 22 Ne/g wh ich when added to the tabulated (I 500°C) data yields 
approximate corrected 22 Nc contents for these samples of 1.58 (07), 1.70 (828). and 2.56 (No. 
2) x I0 - 8 em 3 STP22 Ne/g. 

t Integrated thermal release (individual data are in the Appendix). B6HS samples and the 
second B32 sample were run in a second series or analyses. 

t Error in 22 Ne includes statistical and blank uncertainties: systematic error is :;; 10'./;,. Tabu
lated error in ratios is statistical only; the air blank uncertainty is represented by /2 2

• the 
fraction of 22 Ne attributed to blank uncertainty. For integrated thermal release data, / 22 is 

(L c22Jr2J2l1 12;22r. 

where the subscript i refers to individual temperature steps, and 227' is the total 22 Ne. 

and K contents are as high as 5.4 and 0.7'.Y.,. respectively. 
Higher alkali contents tend to occur near the rims of the 
high-Rb aggregates (GRAY et al., 1973). The samples stud
ied here were taken from the rims of the aggregates. 

The B6HS aggregate was sampled for the present work 
and was located about 2 cm below fusion crust. The - I cm 
dia. aggregate was highly irregular in shape {amoeboid) 
and consisted o f a grey rim surrounding a - I x 3 mm~ 
pink core. The pink core was fine · grained and much more 
friable than the coarser-grained riin which exhibited mar
ginal banding parallel to the irregular aggregate- matrix 
contact. A cluster of free-standing, acicular crystals was 
observed in the rim with a low-power binocular micro
scope. Oxygen isotopes in a split of the rim mate rial were 
analysed by S. Epstein. 

Ca.Al-rich clwndru/rs 
Ca.A l-rich chondrules are rounded or subrounded and 

tend to be coarser grained than the aggregates. D7 and 
B28 are Ca,Al-rich chondrules consisting of mclilite. fas
saite, anorthite, and spine!, and contain re latively little Rb 
(0.01--0.04 ppm in D7; 0.2--0.4 ppm in B28). D7 contains 
large, well-developed crystals, and has a lower Mg content 
than B28 which has a texture suggestive of quench crystal
lization from a melt (GRAY el al., 1973). 

M qfic cho11drules 
These samples are fragments of individual chondrules 

composed primarily or olivine or pyroxene. B 12 is a barred 

olivine chondrule with olivine of composition Fo" (GRAY 
el al .. 1973). AS is a poorly-crystallized pyroxene diondru lc 
with ill-delincd, radiating crystals (GRAY et al .. 1973). 
Numbers I and 2 are uncharacterized chondrules picked 
at random from the Allende matrix. The high 2 1 Ne, con
ten ts in these two chondrules (Table 2) indicates they have 
high Mg contents similar to chondrulcs B 12 and AS. 

Bulk and matrix samples 
Bulk and matrix samples a rc essentially equivalent. Bu lk 

samples were selected at random. with no attempt at separ
ation or exclusion of any chondrules, white inclusions, etc. 
Matrix samples were se lected from the vo lume immediately 
adjacent to a specific large inclusion. Materia l from the 
large inclusion was avoided during selection of the matrix 
material. No other inclusions or chondrules were excluded. 

Mat rix samples were taken adjacent to the B29, CS, and 
B6HS aggregates. SWB and NWT arc bu lk samples from 
a single stone, NMNH3512, and were originally separated 
from each other by about 5 cm. The latter two samples 
were kindly provided by 0. S. Burnett. 

3. EXPERIMENTAL TECHNIQUES 
AND DATA REDUCTION 

Samples were wrapped in aluminum foil and degassed 
overnight in Vl\cuum al about I OO"C. Noble gases were 
extrac ted from the samples in a rcsislancc-hca lcc.J tantalum 
crucible and analy1.cd statically in a h in. radius all-meta l 
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Table 2. Total cosmogenic (c) and trapped (t) neon in Allende.t Neon contents 
in 10 - 8 cm 3 STP/g 

Sample 

NWT 

SWB 

bulk meteodte 

bulk meteoi: it e 

2 . 16 :t 0.11 

2. 22 ± 0 . 11 

0.926 1 0 . 009 

0 . 9 26 1 0 . 006 

4.55± 0 . 20 

4. 27 j: 0. 20 

aggregate: high elkuli 

mGtrix 

1.60 :l: 0.10 

1.88 1: 0 . 04 

o. 766 ± (). 006 

0.953 ± 0. 0 12 

3.7610,20 

4 . 35 ± 0 . 06 

aggregate: high elkeli 

matrix 

l.67 ± 0. 04 

1.62 ± 0 . 07 

0 . 838 ± 0.013 

0 . 952 ± 0 . 0 21 

) . 51 ± 0.09 

4. 29 • 0 . 15 

B6HS t 

B6HS t 

86HS t 

Q ssrego tll : gray rim 

eggregll te : pink core 

matrix 

l.94 ± 0.03 

l.46 ± 0.03 

2.07 ± 0.03 

o. 813 t 0 . 00 7 

0 . 765 ± 0. 009 

0.95 3 t 0 .009 

0. 35 ± 0. 05 

0 . 2 ± 0.1 

5. 49 • 0 . 07 

832 

B32t 

aggregate: high 11lkali l. 75 ± 0 .16 

l. 76 ± 0.03 

0 , 730 ± O.OOB 

0 . 716 :t 0 .007 

l.09 ± U.15 

1.07 ± 0. 05 . . 
07 

828 

Ce,Al c:hondrute 

Ca, Al chondrule 

1.11(l.27) t 0.12 o. 799 :> 0 . 014 . O.l(O.l) 'O . l . 
0 . 1(0. l) J. 0 . l 1.31(1.47) ± 0 . 14 0 .869 ± 0. 012 

812 

AS t 

barred olivine chondrule 

pyroxene chondrule 

chondru1e 

2. 12 ± 0 . 21 

2 .34 ± 0. 12 

0.934 ± 0 . 008 

0 . 924 :t 0 .025 

0. 15 ± 0.05 

0 . 20 1 0.os 

0.69 ± 0.05 Ill 

il2 

2, 26 ± 0 . 23 0.904 ± 0 . 008 . 
chondrule 2.06( 2.24) • 0 . 21 0.693 ± 0 .010 * 0 .49(.50) ' 0.05 

Reextract (07, !328 1 ,/2) 0 .16 o. 97 0.01 

•Values in parentheses a re corrected for the re-extract (see notes. Table I.) 
t Integrated thermal release. 
t Separation of trapped and cosmogenic gases was achieved by assuming 

ratios (2°Ne/ 22 Ne), = 8.6 ± 0.2, (21 Ne/ 22Ne), = 0.026, and assuming tha t for 
cosmogenic neon (20Nej2 1Ne), = 0.90. 

mass spectrometer using an automated data acquistion sys
tem with an on-line PDP-1 l computer. Extraction times 
were ! hr at 1500°C for single step extractions and 1 hr 
at each temperature during stepwise extraction. The extrac
tion temperature was increased in steps of about 
J00-150°C. Oven power was monitored continuously and 
kept constant to within - 1%. Crucible temperatures 
~850°C were measured using an optical pyrometer; 
measurements were extrapolated to ·lower temperatures. A 
more . recent temperature calibration done with a W- Re 
thermocouple placed in the crucible indicated that the tem
pera tures used in this report are systematically high. The 
error is about 90°C at 500°C (i .e. corrected temperature 
is 410°C) and decreases roughly linea rly to about I 5°C 
at 1500°C. None of the discussion or conclusions drawn 
in the text are materially affected. Gases were cleaned using 
a Ti-Zr getter cooled from - 850°C to room temperature 
and a pair of SORB-AC Zr- Al chcmisorp tion getters. 
Neon was separated from argon using activated cha rcoa l 
at liquid nitrogen temperature. In those runs where both 
neon and argon were measured, neon was admitted to the 
mass spectrometer first, and exposed to charcoal a t liquid 
nitrogen temperature during analysis to minimize 40 Ar 2 

• 

and co~+ contamination. 40 Ar was measured with a Fara
day cup detector, while all other argon and neon isotopes 
were measured using an electron multiplier. Samples were 
run in two series separated by several months. A source 
magnet was used during the second series. Samples in 111e 
second serii::s were the B32 stepwise release, and all B6HS 
samples. 

Procedural blanks have been subtracted from the data 
in the tables. Neon hlanks, assumed to have air composi
tion, were less than 5 x 10 - 11 cmJ STP 20 Nc al 1500"(' 
and about 2 x JO - 11 cm·' STP 20 Nc al low lempcralurcs 
for both series of runs. Additional corrections were made 
at mass 20 for interferences from H,1 80 + and 4"Ar 2 +, 

at mass 21 for 20NeH+, and at mass 22 for CO~ ' . Total 
blanks at masses 20, 21, and 22 were generally ~ 10. ~0.1. 

and ~5%, respectively, of the total signa l. Mass discrimi
nation at neon was determined using pipc!les or atmos
pheric composition. and for the first series or runs was 
0.5 ± 0.2% per mass unit favoring mass 20. During the 
second series discrimination was 0.2 ± 0.2'.:'., per mass unit 
favoring mass 20. 

Ar was measured only in the second series of Allende 
analyses. Argon blanks for thu second series of Allende 
samples were ~2 x I0 - 11 cm 3 STP JhAr, ~ 5 x 10-- ' i cm 3 

STP 38Ar, and ;56 x 10 - 9 cm;1 STP 40Ar at high tempera
tures, and were a factor of six (3 6Ar, 40Ar) or three (3 8Ar) 
lower at low temperatures. Mass discrimination could not 
be measured accurately f'or argon because or rapid scrub
bing of memo ry 38 Ar by the large amount o f gas in the 
standard pipette. Comparison or our uncorrected value of 
30Ar/ 38Ar in the B6HS matrix sample with a number or 
literature ana lyses (MANUEL et al., 1972; BOGARD "' al.. 
1971 ; FIREMAN et al., 1970) indicates discrimination is 
probably less than I'.%', per mass unit 

The sensitivities were monitored using a standard volu
metric pipette. The neon sensitivi ty during the first series 
of runs decreased systematically by a factor of two, intro
ducing a 5·- 10% relative uncertainty in the absolute 
amounts of neon measured from sample to sample in addi' 
ti on to the usual I a error of - 5%. This additional error 
has been included in the tabulated errors. During the 
second series or runs systematic drift in the neon sensitivity 
was minor, and the la relative variation uf individual 
determinations was - 5~'~. Argon sensitivi ti es were con
stant to within abou t 8'.Y,,. Comparisons with a secon d inde
pendent argon pipette and with a standard sample of the 
Leedey ch ondritc previously calihratcd hy iso tope dilution 
suggest that systemat ic error in the linn l calihralion is less 
than 10%. 

Data were obtained by repeated scanning of the mass 
spectrum by automatic stepping of the magnet ic field. Ten 
to fifteen complete scans were taken of the gas in each 
temperature fr action. Isotopic ratios and the concentration 
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of a reference isotope (e.g. 20Ne or 36 Ar) were extrapolated 
to the time when the gas was admitted to the mass spec
trometer. Errors in the neon and argon isotopic ratios of 
the tabulated data for each temperature fract ion include 
the lcr standard deviation in the extrapolation of the ratios 
to the time of gas admittance, as we ll as est imated errors 
due to statistically independent background corrections 
( 40 Ar 2 +, C01+, H 2

180+, 20 NeH +). For neon, errors in 
20Ne/22Ne and 21 Ne/ 22Ne ratios due to the atmospheric 
blank correction are not independent, and have not been 
included in tabulated errors. Instead, these correlated un
certainties are represented by I 22

, the fraction of the 
blank -corrected 22 Ne corresponding to the blank uncer
tainty : e.g. for a sample containing 10 - 0 cm3 STP22 Ne and 
with a blank uncertainty of± 2 x 10 - 1 2 cm3 STP 22 Ne, 
122 = 0.002. On the three isotope diagram (20 Ne/ 22 Ne vs 
21 Ne/22Ne) the correlated uncertainties in the air blank 
result in a diagonal error bar aligned with the com .. 
position of atmospheric neon. The dimensions or the dia
gonal error bar are asymmetric. Let D be the distance on 
the three isotope diagram from the point ATM represent
ing air neon to the point P for the measured, blank
corrected neon composition in the sample. The error bar 
at P will extend [f 22/( l + j2 2

) x D] toward ATM and 
1/22/(1 - 122

) x D] away from ATM. For smallf22(;S0.05) 
the error bar is essentially symmetric with dimensions 
±(!22 x D). To construct the error boxes in the figures, 
the rectangular error box representing statistically inde
pendent errors in the isotopic ratios was translated along 
the full extent of the d iagonal error bar of the blank 
uncertainty. 

The tabulated errors in the absolute amounts of neon 
and argon include blank uncertainties and the statistical 
uncertainty in the determination of the sensitivity, but not 
the systematic uncertainty in the final calibration (.:S 10%). 

4. NEON AND ARGON ISOTOPIC 
SYSTEMATICS 

To provide a setting for later discussions of the 
noble gas results from Allende, we will provide a gen
eral, but not exhaustive review of the systematics of 
neon and argon isotopic compositions observed in 
the solar system. Neon and argon in carbonaceous 
chondrites consist of a mixture of trapped gases with 
cosmogenic gases generated by cosmic-ray induced 
reactions on a variety of target elements. Major 
sources of the trapped components are thought to 
include solar-wind implantation of low-energy ions, 
and adsorption or occlusion of gases from the resi
dual primordial solar nebula. An additional source, 
minor in terms of volume of associated gas, but major 
in terms of cosmochemical implications, has been 
postulated to be interstellar grains. It has been sug
gested (BLACK, 1972; CLAYTON et al., 1973) that inter
stellar grains that survived unvaporized during the 
formation of the solar system could have acted as 
carriers of anomalous isotopic compositions such as 
have been observed for neon, oxygen, and magnesium 
in Allende and other carbonaceous chondrites. 

In the text to follow we will use the following sub
scripts to identify noble gases from various sources; 
c = cosmogenic, t = trapped, m = measured. 

The isotopic composition of trapped neon varies 
substantially in the several reservoirs that have been 
studied. A tool that has proven very useful in the 
presentation and discussion of the large isotopil; vari -

a tions in neon is the three-isotope diagram. 
20

Ne/
22

Ne 
vs 21 Ne/ 22Ne (R EYNOLDS and TURNER, 1964; PEPIN, 
1967). On the three-isotope diagram. the composition 
of neon composed of a mixture of two distinct com
ponents will lie on the straight line linking the t.wo 
endpoint components. If the mixture is composed of 
more than two components, its composition will lie 
within the largest polygon that can be formed by con
necting all endpoints with straight lines. In Fig. I we 
have plotted the isotopic compositions of neon from 
various reservoirs and spallation reactions. Composi
tions of trapped neon from the solar wind, lunar soil 
(SUCOR), and terrestrial atmosphere (ATM) fall on 
a nearly vertical line segment in the upper left portion 
of the figure. 20Ne/22 Ne ranges from 13.7 in the solar 
wind as measured by the Apollo Al- foil experi
ment (G EISS, 1973), ~ 12.6 in the surface-correlated 
(SUCOR) gases derived from implanted solar wind 
Ne in lunar soil (cf. BOOARD and NYQUIST, 1972), to 
9.8 in the terrestrial atmosphere (EllERHARDT et al., 
1965). The range of (2°Ne/ 22Ne), is even larger in car
bonaceous chondrites; ratios in whole-rock samples 
extend from about 13 or 14 to about 8 (PEPIN, 1968; 
MAZOR et al., 1970). The composition labeled neon-A 
in Fig. J (PEPIN, 1968) essentially represents the lower 
limit of (2°Ne/22Ne)1 observed in whole-rock carbon
aceous chondrites. On the basis of detailed stepwise 
release experiments on carbonaceous chondrites, 
BLACK (1972) has identified in these meteorites a 
number of additional preferred compositions not 
plotted in the figure with 8 < 20Ne/2 2Ne $ 14 (neon 
B, C, D). Trapped 21 Ne/ 22Ne ratios for the various 
above reservoirs vary from about 0.033 to 0.025. 
Much lower 20Ne/22Ne ratios $; 1.5 characterize the 
anomalous neon-E composition which will be dis
cussed further below. 

The isotopic composition of cosmogenic neon in 
meteorites is distinctly different from that of trapped 
neon. Compositions of spallation neon in whole-rock 
meteorite samples plot on the near-horizontal line 
segment at the lower right. 20Ne/22 Ne and 21 Ne/22Ne 
ratios of about 0.8 and 0.9 characterize spallation 
neon produced from magnesium, the principal target 
in most whole-rock meteorite samples, and the spread 
in whole-rock ratios is due primarily to variations 
in shielding. Spallation neon with 21 Ne/ 22 Ne = 0.34 
is produced from sodium and is an important contri
bution in certain meteoritic minerals including feld
spar (SMITH and HUNEKE, 1975). 

Virtually all measured compositions of total-rock 
neon in carbonaceous chondrites plot within the poly
gon constructed by joining the compositions of solar, 
neon-A and spallation neon (MAZOR et al., 1970), 
which we have labeled the 'reference polygon' in Fig. 
!. This observation suggests that neon in these 
meteorites is composed primarily of mixtures of vari
able proportions of spallation and trapped neon, in
cluding both solar and neon-A (S1ciNER and SUESS, 

1963 ; PliPIN nnd S10Nlil{, 1965: PIOPIN, I %7). 
Neon compositions that plot outside the field 
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Fig. 1. Correlation of 20Ne/22 Ne with 21 Ne/2 2Ne for total neon in Allende samples. Trapped neon 
compositions plot near the ordinate and include solar wind (SOLAR) (Gmss, 1973), surface-correlated 
lunar neon (SUCORJ (cf. BOGARD and NYQUIST, 1972), terrestrial atmosphere (ATM) (EllERAIWT l'f 

al., 1965), and NEON-A (PEPIN, 1968) observed predominantly in carbonaceous chondritcs. Also shown 
are the limits on the composition of NEON-E (EllERHARDT, 1975), the range of whole-rock spalla tion 
compositions, and the composition of sodium spallation neon (SMITH and HUNEKE, 1975). Whole-rock 
neon compositions of carbonaceous chondrites plot within the indicated 'reference polygon' outlined 
by NEON-A, SOLAR, and whole-rock spallation (MAZOR et al., 1970). For Allende, neon compositions 
from bulk and matrix samples and mafic chondrules fall within the reference polygon, but neon compo
sitions from Ca,Al-rich samples, including Ca.Al-rich chondrules and aggregates, tend to plot below 
and to the left of the polygon. These 2 2Ne-rich compositions are consistent with the addition of 
either neon-E or sodium spallation neon. In the lower part of the figure, the ticks on the ends of 
the short lines extending from the B29 and C5 matrix points through the respective aggregate composi
tions indicate the isotopic compositions of neon in these· aggregates when a correction for adhering 

matrix is subtracted. The inset shows an enlargement of part of the three-isotope diagram. 

enclosed by the reference polygon can be defined as 
anomalous with respect to the observed total-rock 
compositions. Due to enhanced production of 22Ne, 
the composition of neon produced by galactic cosmic
ray induced spallation from sodium (SMITii and 
HUNEKE, 1975) plots well below the reference polygon 
and to the left of whole-rock spallation. The unusual 
composition of sodium spallation neon is not reflec
ted in whole-rock compositions because of the low 
sodium content compared to the content of magne
sium in meteorites. A more remarkable neon isotopic 
composition is that of the anomaly known as neon-E. 
First recognized by BLACK and PEPIN (1969) in 
1000°C fractions of stepwise thermal release experi
ments on Cl and C2 carbonaceous chondrites, 
neon-E has been shown by the most recent work on 
mineral separates from Orgueil to have 20Ne/2 2Ne 
:::; 1.5 and 21 Ne/22Ne :::;0.02 (EBERHARDT, 1975). 
BLACK (1972) suggested that 22Ne-enriched ncon-E 
might represent a nucleosynthetic remnant of hydro
static He .. burning introduced into carbonaceous 
chondrites on unvaporized interstellar dust grains. 
Black also suggested that neon-A in carbonaceous 
chondrites might represent a mixture of neon-E and 
a primitive solar-wind component, similar in neon 
isotopic composition to the present solar wind. 

We conclude this summary of neon isotopic sys
tematics by pointing out that while neon-E represents 
a substantial lower limit to 20Ne/ 22Ne in trapped 
0.C.A. 4 f / 5- E 

noble gases, a firm upper limit to th is ratio has not 
been established. The major reservoir of neon in the 
solar system is the Sun. The isotopic composition of 
solar wind neon is undoubtedly related in some fash
ion to the bulk solar neon composi tion, but we know 
little concerning fractionations that may occur during 
acceleration of gas from the solar photosphere, 
through the corona, and into the solar wind. 
20Ne/22Ne in the Sun may be higher (or lower) than 
the ratio of 13.7 measured in the present solar wind. 

Unlike the varia tion in trapped neon compositions, 
the variation in the isotopic composition of trapped 
argon is limited. The 30Ar/38Ar ratios of both argon 
from the terrestrial a tmosphere and solar-wind argon 
from lunar soil are close to 5.35. A slightly lower 
ratio of 5.20 ± 0.06 has been measured for trapped 
argon in carbon-rich material from the ureilite 
Havero (WEBER et al., l 976). In Fig. 2 we have plotted 
measured ·'0Ar/ 38Ar ratios for a large number of 
chondritic meteori tes as a function of the amount of 
cosmogen ic gas present using the ratio of cosmic-ray 
produced 21 Ne0 to total measured 38Ar"' as a measure 
of the cosmogenic component. All meteorites from 
the references listed in the figure caption have been 
plotted in Fig. 2 except those showing evidence of 
3Hec loss and which therefore may have lost 21 Nec 
relative to 38Arm. Gas loss was assumed for samples 
with 3Hej21 Ne0 :::; 3 or 3He exposure ages more than 
a factor of two less than 21 Ne ages. For pure trapped 
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Fig. 2. Correlation of measured (m) "'Ar/ 38 Ar with the ratio of cosmogenic (c) 2 1 Ne lo measured 
39Ar for chondritic meteorites (MAZOR el al., 1970 ; NYQUIST et al., 1973; BOGARD et al., 1971; SMITH 
and FIREMAN, 1973; BOGARD et al., 1973; EnERHARDT et al., 1966). Only meteorites showing no evidence 
of 3He. loss are included. In the absence of cosmogenic gas, 2 'Ne. = O and the measured H' Ar/ 38Ar 
ratio plots on the y-axis and is the composition of trapped argon. If no trapped argon is present, 
21 Ne,/38Arm reduces to the cosmogenic production ratio (2 1Ne/ 38Ar). which ranges from about 5 
to 9. (36Ar/38Ar). should be about 0.6 if the only source of cosmogenic gas is spallation on Fe and 
Ca. Mixtures of trapped and cosmogenic gas will plot between the two endmembers. The diagonal 
lines are drawn from (3°Ar/ 38 Ar), = 5.3 to enclose the majority of the data points. There is no evidence 
of. (3°Ar/ 38Ar), > 5.5 . The sharp cutoff of the measured 36Ar/ 38Ar ratio at 1.0 is attributed to the 
production of 36Arc1 from neutron capture on the lOOppm Cl in ordinary chondrites. The production 

rate inferred from the observed cutoff at 1.0 is about 2 x 10- 6 crn3 STP 36Arn/gCl/ million yr. 

gas, 21 Ne, = 38Ar, = 0, so the compos1t1on of 
trapped argon plots on the y-axis. The principal tar
gets for the production of spallation argon in most 
meteorites are calcium and iron ; (3 6Ar/38Ar)c ratios 
produced from both these targets are about 0.6. An 
additional source of cosmogenic argon is neutron 
capture on chlorine. This reaction produces nearly 
pure 36Ar, and as we shall discuss later, can lead to 
cosmogenic 36Ar/ 38Ar ratios greater than 0.6 in Cl
bearing samples. For (3 6 Ar/38Ar)m ;;; 1, the amount 
of trapped argon is small, and the ratio 21 Nej38Arm 
reduces to the cosmogenic production ratio 
(2 1Ne/38Ar). which ranges from about 5 to 9. Thus 
pure cosmogenic gas plots in the lower right in Fig. 
2. The range in (21 Ne/38Ar), is due in part to the 
effects of variable shielding ; less-shielded meteorites 
have lower (2 1Ne/ 38Ar), (NYQUIST et al., 1973). Mix
tures of trapped and cosmogenic gas will plot between 
the two endmembers. It is evident from Fig. 2 tha t 
the data for virtually all meteorites in the figure can 
be represented by mixing cosmogenic gas of some
what variable (21 Ne/38Ar)c and (3 6Ar/38Ar), with a 
single trapped argon component characterized by a 
trapped 36Ar/38Ar ratio that is essentially constant 
at .about 5.3, or varies at most from about 5.2 to 
5.5. 

5. RESULTS FROM ALLEND E 

5.1 Total neon and argon data 

Total neon contents and isotopic compositions 
measured in Allende samples are summarized in 
Table l and Fig. l. In Fig. I, isotopic compositions 

of all materials, including bulk or matrix samples, 
mafic and Ca,AI-rich chondrules, and Ca,Al-rich 
aggregates, plot in the lower-right, spallation-domi
nated portion of the figure. However, the spread of 
the data off any single mixing line indicates the pres
ence of at least three components of neon in the 
samples. 

Two important observations may be made from the 
data in Fig. I. First, several of the Ca,Al-rich inclu
sions contain neon of compositions plotting outside 
and below the reference polygon. These samples must 
contain a 22 Ne-rich componen t different from the 
components outlining the rercrence polygon, i.e. 
whole-rock spallation, neon-A, or solar neon. The 
identity of this additional component can not be 
determined from the total neon compositions alone. 
From Fig. I it can be seen that an admixture of either 
neon-E or sodium spallation neon can move composi
tions such as bulk sample or mafic chondrule neon 
below the reference polygon. 

The second observation concerns the distribution 
of trapped neon among the various types of material 
analyzed. The isotopic compositions of neon in mafic 
chondrules and several of the Ca,Al-rich samples (e.g. 
chondrules 0 7, B28 and aggregates B6HS, 832) lie 
on or near mixing lines between whole-rock spalla
tion and sodium spallation or neon-E. These data are 
compatible with the absence of trapped neon-A or 
solar neon, since the points do not have 20Ne/22Ne 
ratios > l that would signal the presence of such 
trapped neon. However, 20Ne/22 Nc ratios substan
tially > I in bulk and matrix samples and some of 
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Table 3. Neon in high-alkali aggregates after correction 
for adhering matrix. Neon contents in 10 -s cm3 STP/g 

Perc•nt * 20Ne 21N• 21
Nec 

Saraph aggr•s•t:e '"'· 22N11 22N• 21N•c 22N•c 20N•t 

129 70 2.83 1.81 0.63 1.77 o.n 3.46 

C> t 55 2.39 1.78 0,65 1.55 0.75 2.84 

B32t 100 2 • . ~a l.04 0.69 1.17 o. 72 1.08 

*Estimated visually. 
t C5 data is from integrated thermal release. 832 is the 

average of two samples, one a single-step extraction and 
the second an integrated thermal release. 

the aggregates (B29 and C5) provide evidence of 
trapped neon in these samples. From Table 2 we see 
the amounts of trapped neon in the bulk and matrix 
samples range from 4.3 to 5.5 x 10 - 8 cm3 STP 
20Ne/g, characteristic of the contents found in C3 
meteorites (MAZOR et al. , 1970), and in agreement 
with previous measurements on Allende samples 
(MANUEL et al., 1972; BOGARD et al., 1971 ; FIREMAN 
et al., 1970). 

The presence of substantial amounts of trapped 
noble gases in samples of Ca,Al-rich aggregates is 
somewhat surprising. In general, a high-temperature 
origin has been inferred for the Ca,Al-rich minerals 
of these aggregates (e.g. MARVIN et al. , 1970), and such 
a high temperature environment seems inappropriate 
for trapping volatile noble gases. However, it has been 
shown that many of the Ca,Al-rich aggregates contain 
abundant volatiles such as Rb, Na, K, and Cl (GRA v 
et al., 1973; GROSSMAN and GANA PATHY, 1975) indica
' tive of a complex history that allowed for the accumu
fation of volatile elements. The CS and 829 aggre
gates that contain trapped gases are of the latter, 
volatile-bearing type (GRAY et al., 1973). The samples 
of the C5 and B29 aggregates were contaminated by 
adhering matrix (Table 3) which could contribute 
some trapped neon. From Table 2 we find that the 
trapped neon content of the five bulk and matrix 
samples is reasonably uniform, allowing us to esti
mate the trapped gas contribution of a given amount 
of contaminating matrix. To explain al l the trapped 
neon as contamination would require the CS and 829 
samples to have consisted of about 80 and 8S% 

matrix, respec tively. We regard such amounts or con
tamination as unrealistic, and concludt: that lhest: 
aggregatt:s contain trappt:d-nt:on bt:aring phast:s other 
than those associated with matrix contamination. Tht: 
trapped neon contents of C5 and B29 are 2.8 and 
3.S x JO ~ " cm3 STP 20Ne/g after correction ror the 
amounts of adhering matr ix estimated visually using 
a low-power binocular microscope (Table 3). 

We measured argon in a matrix sample, and 
samples from two Ca.Al-rich aggregates. The total 
argon amounts and composi tions for these samples 
are listed in Table 4. The trapped 20Ne/ .1"Ar ratio 
for the B6HS matrix sample .is 0.29, typical of 'plane
tary'- type rare gas (MAZOil ('( al .. 1970), and in con
trast to the 20Ne/ 36Ar ratio of solar gas which is 
about 30 (Gmss, 1973). 3 "Ar/ 38Ar ratios in mixtures 
of trapped argon and Ca,Ft:-sp<dlation argon will lie 
between 5.3 and 0.6. The observed ratios of 7.87 and 
6.8S in two samplt:s of the Ca,Al-rich aggregates 832 
and B6HS are much higher, and indicate lht: presence 
of large excesses of 3"Ar. 

S.2 Stepwise thermal release dara 

The results of the stepwise healing experiments arc 
presented graphically in Figs. 3--6, and the numerical 
data for individual temperature fractions are tabu
lated in the Data Appendix. Wt: will describe the 
results with emphasis placed on the problems sug
gested in Section S. I by the total neon and total argon 
data: (1) the nature of the 22 Ne- and 36 Ar-enrich
ments found in Ca,Al-rich aggrt:gales. and (2) the dis
tribution and composition of trapped neon in the 
materials studied. 

The stepwise thermal release data for argon are 
summarized in Fig. 3. Observed .1"Ar/38Ar ratios are 
plotted as a function of temperature in the upper por
tion of the figure. Temperature fractions with clearly
defined 3 6Ar excesses plot above the heavy line desig
nated ' trapped' at .1"Ar/' 8!H = 5 . .1. Anomalous ra tios 
occur only in argon release fractions at tempt:ratures 
=::;; IOOO"C. Extreme values, as high as .H'Ar/"18 Ar ~ 48, 
were measured in the 700"C release fractions of all 
three Ca.Al-rich aggregate samples. Amounts of 3fiAr 
released are plotted in the lower part of Fig. 3. Dis-

Table 4. Argon content and isotopic composition in samples from Allende.* Argon <.:ontents in 
Io - 8 cm3 STP/g 

Sample 36Ar 40Ar 36Ar /38A r 40
Art3

6
Ar 36Art 3H 

Arc 

B32 ** 9.B4 ± 0.32 171 00 ± 60{) 7.87 ± 0.3 6 1740 ± BO 3.B4 ± 0.40f 0 . 52 ± 0.06 aggregate 

** 5.03±0.25 106 ± :t 0 . 2+ + 
B6HS ms tr ix 19.40 ± 0.6B 2061 ± 47 4 18. 8 0.30 ± 0.05 

B6HS •• aggregtite 

grey r im 2.86 ± 0.07 1930 ± 40 3.01 ± 0 .12 668 ± 22 1. 21 ± 0 . 25 t o. 73 ± 0.07 

pink core 2. 75 ± 0 .08 23 20 ± 80 6 . BS ± 0 . 37 B40 ± 40 0.62±0.25t ;>o . 36 ± 0.06* 

*Data are uncorrected for mass discrimination, which is estimated to be less than I';;, per mass 
unit. 

** Integrated thermal release. 
t Calculated from 20 Ne, using (ioNc/"1"Ar), "" 0.29 as determined fnr the B6HS matrix. 
t Thermal release pattern suggests argon in this sample muy not huve heen cornplelcly ext meted. 
+ J 8Arc estimated from stepwise thermal release data which arc unaffected by ·1"Arn. ·11'Ar, = 0.115 

J 8Ar. + 3"Arn. and is thus about 0.6 x 10 "c111·
1 STP/g for the matrix sample (sec Sc<.:tinn 6.1). 
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Fig. 3. Measured 36Ar/ 3 8Ar ratios and 3"Ar contents as 
a function of temperature for stepwise thermal release frac
tions from Allende samples. Jn the upper panel , mixtures 
of trapped argon (36Ar/ 38Ar = 5.3) and spallation argon 
from Ca and Fe (3 6 Ar/38Ar = 0.6) will plot below the 
heavy reference line labeled TRAPPED. Jn the aggregate 
samples, 36 Ar/ 38 Ar ratios as high as 48 are observed in 
temperature fractions s 1000°C due to the addition of 36Ar 
from neutron capture on chlorine. The 3"A r/ 38Ar ratio in 
the B6HS matrix sample is nearly constant at about 5.0 
in all fractions except 500°C where a small excess of 36Arc1 

is observed. In the lower panel, the release of argon from 
the B6HS matrix sample is strongly peaked in the 1100 
and I 200°C fractions, in contrast to the release from 
aggregate samples where distinct maxima occur at 600 or 
700°C. These low-temperature release peaks from the 
aggregates correlate with the extreme 36Ar/ 38Ar ratios in 
the upper panel indicating that most of the low-tempera-

ture 36Ar is 3 6Arc1 from neutron capture. 

tinct maxima in the release of 30Ar occur at 
600-700°C, correlating with the anomalous 36Ar/38Ar 
ratios. Thus the 36 Ar-enriched gas is released primarily 
in temperature fractions well below I 000°C. Release 
of argon from the matrix sample is much different 
than that from the aggregates. 36Ar/ 38Ar ratios are 
nearly constant at about 5.0, and a marked maximum 
in the release of 36 Ar occurs in the 1100 and l 200°C 
fractions. 

The stepwise thermal release data for neon 
extracted from Ca,Al-rich aggregates are presented in 
Fig. 4. The patterns are quite similar for each of the 
four samples analyzed. At the lowest temperatures 
(500-600°C) neon is released with remarkably low 
2 1N e/22Ne ratios considering that 20Ne/ 22 Ne is ~ 1.0, 
indicating little or no trapped neon-A or solar neon 
is present in these fractions. As temperature is in
creased from 700 to 900°C, 20Ne/ 22Ne ratios increase 
substantially above 1.0 due to the release of trapped 
neon with a h.igh 20Ne/ 22 Ne ratio. The rcil~a sc of this 
trapped component decreases with fur lhcr tcmrcra-

ture increase, and the neon released at temperatures 
< I l00°C is primarily spallation neon with 
20Ne/ 22Ne ~ 1.0 and 2 1 Ne/ 22 Ne ratios between about 
0.80 and 0.85. These 21 Ne/ 22 Ne ratios are slightly 
lower than typical whole-rock spallation values due 
to the effect of target chemistry on the isotopic com
position of cosmogenic neon. The compositions of 
galactic cosmic ray spallation neon produced from 
pure Mg, Si, and Al (Boc:HSLER et al., 1969) are indi
cated on the CS plot in the upper part of Fig. 4. 
Cosmogenic 21 Ne/ 22 Ne ratios in magnesium-poor 
ma terial such as the Oi ,Al-rich aggregates will be 
about 0.83 to 0.85. Most important, the release pat
terns in Fig. 4 reveal that the unusual 22Ne-rich com
ponent qf neon in the Ca,Al-rich inclusions is released 
in the lowest temperature _ti-actions as was the case .for 
the arwon enriched in 3 <>Ar. In Fig. 4, the isotopic com
position of the 22 Ne-rich gas must plot. to the left 
of the 500"C fraction from 832, the temperature frac
tion with the smallest 2 1 Ne/ 22 Nc ratio, which limits 
the 21 Ne/2 2Ne ratio in the unknown gas to $0.60. 
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Fig. 4. Correlation of 20Ne/ 22 Ne with 21 Ne/ 22 Ne for 
stepwise thermal release fractions from Allende aggregate 
samples. Ex traction temperatures arc indicated in 
hundreds of degrees centigrade. The reference polygon is 
the same as in Fig. I. 22 Ne-rich gas (2°Ne/ 22 Ne and 
21 Ne/ 22 Nc as low as 0.5 and 0.6) is released preferentially 
in the lowest temperature fractions (500-6(J0°C). At inter
mediate temperatures ( - 700 - 1 OOO"C), 20 Ne/ 22 Ne rises 
above I. indicating the release of trapped neon. Except 
for C5, at higher temperatures 20 Ne/ 22 Ne returns to values 
below l and 21 Ne/22 Ne ranges from about 0.80 to 0.85, 
values similar to the compositions of spallation neon from 
pure Si and Al as indicated in the uppermost box- in the 
figure. For the C5 sample, high-tempera turc 21 Ne/ 22 Nc 
ratios are <:0.9 re11ecling the presence of Mg-rich olivine 
from adhering matrix. For n discussion of error envelopes, 
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Fig. 5. The percentage of total trapped and cosmogenic neon released per degree centigrade as a 
function of temperature for stepwise release fractions from Allende samples. Trapped neon (upper 
panels) and cosmogenic neon (lower panels) are separated by assuming (2°Ne/2 1Ne), = 0.90, and assum
ing (2°Ne/ 22 Ne), = 8.6 for aggregates and 500--900°C release fractions of matrix samples, and 10.4 
for ~ I000°C matrix fractions (see Appendix). Trapped neon is released from matrix samples in two 
peaks at about 850 and 1150°C which are separated by minima at IOOO"C. In contrast, trapped neon 
is released from aggregate samples in a single, broad peak with no minimum at I000°C. The broad 
release of cosmogenic neon from matrix samples is probably due to the wide range of grain size 
of olivine in this material. In the B32 aggregate, a 500-600"C peak in cosmogenic 21 Ne, release corre-

lates with the release of 22 Ne-rich cosmogenic neon from sodium-rich phases. 

Having shown that the 22Ne and 36 Ar enrichments 
are enhanced in the low-temperature release fractions 
of Ca,Al-rich aggregates, we turn to the problem of 
the distribution of trapped neon in the samples. 

From the total neon data (Section 5.1) we argued 
that trapped neon was present in aggregates 829 and 
CS; the trapped neon contents ·of the samples from 
the aggregates were too high to be due to matrix 

ALLENDE MATRIX SAMPLES 

21Ne/22Ne 

Fig. 6. Correlations of 20Ne/ 22Ne with 21 Ne/2 2Ne for stepwise thermal release fractions from Allende 
matrix samples. T he reference polygon and trapped neon compositions are as in Fig. I. Ex traction 
temperatures are in hundreds of degrees cen tigrade. 600--I000°C release fractions correspond to the 
first trapped neon release peak (Fig. 5), and the isotopic compositions plot on a linear trend between 
trapped and spallation neon. Trapped neon compositions inferred from projection of the trends to 
the upper left are indicated, and range f'rom about 8.6 to 8.7. For 829 and B6HS, temperature fractions 
> J000°C correspond to the second release peak of trapped neon (Fig. 5), and fall on a trend line 
indicating the presence of' a second trapped neon composition with (2"Nc/ 22 Nc), ::,, I 0.4. The errors 
indicated correspond to extreme positions of the mixing lines drawn through the 600 I 000° and 

I00(}--1300''C data points. 
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contamination. Total neon data from aggregates 832 
and B6HS (Section S. I) gave no strong suggestion 
of the presence of trapped neon-A o r solar neon. 
From the presence of Ne release fractions with 
20Ne/ 22Ne > I in the isotopic release patterns in Fig. 
4, it is clear that these aggregate samples did contain 
such trapped neon. The amounts contained in the two 
samples from 86HS are small. <0.4 x I o-s cm 3 

STP 20 Ne/g, corresponding to S or 10'%', con
tamination with matrix material which may be pres
ent despite efforts to avoid contamination during 
sampling. The amount in 832, I.I x 10 ·· 8 cm3 STP 
20Ne/g is substantially larger, and the same concen
tration of 20Ne, was measured in two separate 
samples, both of which were carefully selected to be 
as free from contamina tion as possible. We infer that 
the 832 aggregate contains trapped neon as well as 
the aggregates 829 and CS. While the presence of 
trapped neon is revealed by the release patterns of 
isotopic compositions from the Ca.Al-rich aggregates, 
the trends are not sharply-enough defined lo allow 
us to determine precisely the isotopic composition of 
the trapped neon. 

The neon release patterns for matrix samples are 
complex. In Figs. Sa and Sb we have graphed the 
percentage of trapped and cosmogenic neon released 
from three matrix samples as a function of tempera
ture. Cosmogenic 21 Ne0 is released at a rate that in
creases slowly until about 1100 or 1200"C, and de
creases thereafter. The broad release pattern of this 
cosmogenic gas is attributable to the fact that nearly 
all the cosmogenic neon is produced from the single 
mineral olivine which has a wide range of grain sizes. 
The release of trapped neon is quite different, showing 
two well-defined release peaks at about 8SO and 
I I S0°C separated by a minimum in the release rate 
at I000°C. About two-thirds of the trapped neon is 
released in the 8S0°C peak, and the remaining third 
is released in the I .I S0°C peak. 

The bimodality of the trapped neon release rate 
is also found in the isotopic compositions measured 
during the stepwise extraction of neon from the three 
matrix samples (Fig. 6). As was also the case for the 
Ca,Al-rich aggregates, isotopic patterns for the differ
ent matrix samples arc quite similar to one another. 
S00°C points are shifted toward low 21 Ne/ 22 Ne ratios 
reflecting the low-temperature degassing of a few per 
cent of Ca.Al-rich aggregate material bearing the 
22 Necrich component. Ne from the 600- IOOO"C frac
tions constitutes the first release peak of trapped 
neon. From 600 to 800 or 900"C. 20Nc/ 22 Ne ratios 
increase and points plot successively nearer to the 
trapped neon compositions as the rate of release of 
trapped neon from the first peak reaches a maximum. 
Above the temperature of maximum release, the trend 
reverses, and isotopic compositions become more 
spallogenic. The 600--1000°C points constituting the 
first release peak app

1

ear to define a good linear trend, 
with apparent end members being spalla tion neon, 
and a trapped neon of an isotopic composition simi-

lar to neon-A. Inferred isotopic compositions of the 
trapped component may be obtained by projection 
of the mixing lines to intersection with · the line of 
trapped neon compositions in the upper left of Fig. 
6. The inferred 20N e/22 Ne ratios fo r this trapped 
component are 8.73 ± 0.13, 8.6S ± 0.17, and 
8.62 ± 0.26 for the matrix samples B6HS, 829, and 
CS. The average value of 8.7 ± 0.1 is close to, but 
slightly higher than. the value of 8.2 ± 0.4 attributed 
to neon-A by PEPIN (1968). 

Above I000°C, in the patterns from the B29 and 
B6HS samples, the trend reverses again . The reversal 
corresponds to the second peak in the release of 
trapped neon, and the isotopic compositions in the 
I I 00 and l 200°C fractions again plot closer to the 
trapped neon ax is. However, the isotopic composition 
of the trapped neon released in this 11 SO"C peak is 
not the same as that of the gas extracted below 
I OOO"C. Projection of the mixing lines defined by the 
I 000- l 300°C fractions yields a trapped 20Nc/22 Ne 
ratio of 10.4 ± 1.0 for both th e 829 and B6HS 
samples. 

6. DISCUSSION 

6.1 Low-temperature 22 Ne and 36 Ar enrichments and 
cosmogenic rare gases 

We have found that several of the Ca.Al-rich aggre
gates from Allende contain neon and argon unusually 
rich in 22Ne and 36 Ar that are both released at low 
temperatures (~700°C) during stepwise-heating ex
periments. The magnitudes of the 22 Ne- and 36Ar
enrichments arc correlated. In 832, 86HS rim, and 
86HS core, the three aggregate samples for which 
both neon and argon data are available, the ratio 
of excess 36Ar (defined as the 3 "Ar remaining after 
subtraction of trapped and spallation 36Ar from total 
36Ar) to the 22Ne in the S00°C temperature fraction 
(where the 22 Ne-enrichment is most pronounced) is 
constant within errors at 6 ± I, despite variation by 
a factor of five in the excess a rgon content. Any 
explanation of the neon and a rgon isotopic effects 
must explain this association. 

The total neon isotopic compositions (Fig. 1) and 
the neon isotopic compositions of the low-tempera
ture release fractions (Fig. 4) from Ca,Al-rich samples 
are consistent with the addition of either ncon-E or 
sodium spallation neon as the 22 Ne- rich component. 
Sodium spallation should be important; microprobe 
analyses of Ca.Al-rich aggregates (including 829 and 
832) show these samples may contain between 4 and 
6 wt /;', sodium, ten to twenty times the sodium con
tent of the bulk meteorite (CLARKE et al., 1970). 
Meteoritic oligoclase feldspar which contains just 
over 6% by weight sodium has been shown to contain 
spallation neon with a measured (2 1Ne/ 22Ne)

0 
ratio 

of 0.67 (SM!IB and HUNEKE, I 97S). The likely explana
tion of the 36Ar-enrichments is neutron capture on 
chlorine. MANUEL et al. (1972) attributed anomalously 
high 30Ar/ 18Ar ratios (up to 6.0S) observed in tern-
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perature fractions from a bulk sample of Allende to 
excess 36Ar produced by neutron capture on 35 Cl. 
Alkali-rich Ca,AI-inclusions may contain up to about 
1.5% Cl, 70 times the bulk meteorite Cl content 
(CLARKE et al., 1970; GROSSMAN and GANAPATHY, 
1975), and thus would be expected to show large 
36Ar-enrichments relative to the bulk sample results 
of MANUEL et al. (1972). 

In the following discussion, we will first show that 
the variations in cosmogenic 21 Ne content are consis
tent with the varying chemical compositions of the 
Allende samples. We will then compare calculated 
cosmogenic 21 Ne/2 2Ne ratios to measured values to 
see if the 22Ne is also consistent with purely cosmo
genic neon. We will also show that the large excesses 
of 36 Ar in the Ca,Al-rich aggregates can indeed be 
explained by neutron capture on chlorine. We will 
arrive at an explanation of the nature and correlation 
of the 22Ne- and 36Ar-enrichments in terms of the 
chemistry and mineralogy of the Allende samples. 

The content and composition of cosmogenic neon 
generated in a sample of a given target chemistry can 
be calculated from the following equations: 

21 Nec(cm3 STP/g) = L Pf
1 

· C;· t.,P (I) 
i 

(2 1Ne/22Ne)0 =I F[ 2 ·(21/22);, (2) 
I 

where 

pt2 = Pf2·c/~ Pf2·C, 

i = Na, Mg, Al, Si , ... . 

Pf 1 and Pf 2 are the production rates of 21 •22 Ne in 
cm3 STP/g/ 106 yr from the target element i whose 
concentration in g/g is C1. t 0 ,P is the exposure age, 
in millions of years, (21/22)1 is the ratio of 21 Nee to 
22Nec produced in the pure target element i, and Ft 2 

is the fraction of the total cosmogenic 22Ne produced 
from i. 

In Table 5, measured 21 Nec contents are compared 
to cosmogenic 21 Ne0 contents calculated using equa
tion (1) and 21Nec production rates available in the 
literature (BOCHSLER et al., 1969; SMITH and HUNEKE, 
1975). Measured values range from 1.3 x 10-s cm3 

STP 21 Ne0/g in Ca,Al-rich chondrules to 2.0 ± 
0.2 x 10-s cm3 STP/g in bulk and matrix samples. 
The agreement between the measured and calculated 
contents of 21 Ne0 in the aggregates and chondrules 
is good. We conclude the observed variation in the con
centration of 21 Nec can adequately be explained as an 
effect of variation in target chemistry, and that all 
materials studied, including bulk meteorite samples 
and Ca,Al-rich chondrules and aggregates, have ex
perienced substantially the same exposure to galactic 
cosmic rays. 

We will now compare calculated and measured 
(2 1Ne/22Ne)c.ratios to determine if the measured 22Ne 
can also be explained as purely cosmogenic neon. The 
four major target elements for the production of cos
mogenic neon in chondritic meteorites are Na, Mg, 

Table 5. Comparison of measured and calculated cosmo
genic 21 Ne, in Allende materials 

- -----

Bulk meteo'Clte 

Ca.Al ugregat.u (high .. Rb) 

B32 

829 

C5 

Ca,Al chondrulu (low•Rb) 

07 

828 

2.0 :I: o. 2 

I. 77 

I.' 7 

1.55 

I. 27 

1.47 

El 2.0 

•Calculated as production rates relative to the bulk 
meteorite composition (MARTIN and MASON, 1974) and 
then normalised to the bulk mdeoritc 21 Ne, contents of 
2.0 x 10 - 8 cm3 STP/g. 

t Chemical analyses of the specific aggregates and chon
drules studied here are not generally available. The average 
composition of low-Rb agregates (GRAY et al., 1973) was 
used to calculate 2 1 Ne, for the chemically-similar Ca.Al 
chondrules 07 and 828. Samples of the Ca,Al agrcgates 
832, CS, and 829 came from the rims of the aggregates. 
Calculated 21 Ne, is for microprobe analyses of rims of 
several alkali-rich 'aggregates (including 832 and 829). 

Al, and Si. In Allende samples, the variation in 
(

21 Ne/ 22Ne), due to target chemistry can be expressed 
in terms of the relative proportions of Mg, Na, and 
Al. This is because the proportion of silicon is con
stant within 25% in the major minerals in the Allende 
materials, so the variation in (2' Ne/ 2 2Ne)c due to 
variation in silicon content is no more than a few 
per cent. In Fig. 7 we have constructed a ternary dia
gram of Mg vs Na vs Al (expressed as percentages 
of Mg + Na + Al). On the figure we have superim
posed isopleths of constant (2 1Ne/22Ne), calculated 
using equation (2) and a fixed value of 0.4 for the 
ratio Si/Si + Mg+ Na +Al. For a given chemical 
composition, the 9<\lculated (2 1 Ne/ 22Ne), ratio is read 
off the isopleth that passes through the point repre
senting that composition. For example, the point 
labeled 'c' represents a composition where Na/ 
Na + Mg + Al = 0.3, Mg/Na + Mg + Al = 0.35, 
and Al/Na + Mg + Al = 0.35. This point lies on the 
isopleth labeled 0.75, which is the calculated 
(

21 Ne/22Ne)c ratio for this example. No attempt has 
been made to include the effects of shielding on calcu
lated (2 1 Ne/22Ne)c ratios. Errors in calculated 
(2 1Ne/22Ne)c due to shielding and uncertainties in the 
production rates in equation (2) are probably Jess 
than 10%. 

The points plotted on Fig. 7 represent chemical 
compositions for a variety of materials from Allende, 
including the bulk meteorite (MARTIN and MASON, 
1974), average high- and low-Rb aggregates (GRAY 
et al., 1973), traverses across individual aggregates 
(unpublished microprobe analyses, Lunatic Asylum, 
CIT), and individual mineral phases (GRAY et al .. 
1973), including the Na-rich feldspathoid minerals 
sodalite and nepheline. 
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Fig. 7. Ternary diagram of weight percent Na vs Al vs Mg (normalized to 100%) in materials from 
Allende. Literature references for chemical compositions are: B (MARTIN and MASON, 1974) ; HJ, LO, 
0, F, M, A (GRAY et al., 1973); C (CLARKE et al., 1970); N, S calculated from ideal chemical formula. 
Data for the microprobe traverses are unpublished. A9 and AIO are Ca,Al-rich aggregates similar 
to B32 and B29. Superimposed on the figure are isopleths of constant cosmogenic (2 1Ne/ 22 Ne), calcu
lated from equation (2) using production rates from BOCHSLER et al. (1969) and SM1rn and HUNEKE 
(1975) and assuming Si/Si + Mg + Na + Al = 0.4. Measured chemical compositions of Allende mater
ials lie on isopleths from 0.91 (olivine. bulk) to 0.75 (rim samples of high-Rb aggregates) corresponding 
to calculated (2 1 Ne/2 2 Ne), ratios or 0.91 to 0.75. Sodalite and nepheline fall on isopleths or 0.55 
and 0.62. These low calculated (2 21 Ne/ 22 Ne), ratios are due to the high abundance of sodium in 

these minerals. 

The sodium content is obviously very important 
in determining {2 1Ne/ 22 Ne)0 , due to the low produc
tion ratio in pure sodium, (21/22~. = 0.34 (SMITH and 
HUNEKE, 1975). For materials containing little 
sodium, such as low-Rb aggregates and the minerals 
olivine, fassaite, melilite, and anorthite, points fall on 
isopleths between 0.91 and 0.83, corresponding to 
variation in calculated (2 1 Ne/22Ne)0 ratios by only 
about 10%, depending on the ratio of Mg to AL For 
sodium-bearing materials such as rim samples from 
high-Rb aggregates and the type-c chondrule of 
CLARKE et al. (1970), points plot on isopleths as low 
as 0.75. The most dramatic shift in calculated 
(2 1Ne/22 Ne)0 is for the Na-rich minerals sodalite 
and nepheline (S, N in Fig. 7) which plot on iso
pleths of 0.55 and 0.62. These minerals should con
tribute cosmogenic neon significantly enriched in 
22Ne compared with that from other minerals in 
Allenje. 

Comparison of calculated and measured 
(2 1Ne/ 22Ne)0 values is made in Table 6. The high 
(2 1Ne/22Ne)0 ratios of bulk and matrix samples reflect 
the high Mg and low Al and Na contents of these 
materials (Bin Fig. 7). High Al content, but still low 
Na, is characteristic of the Ca,Al chondrules and 
low-Rb aggregates which consist largely of melilite 
and fassaite (M, F in Fig. 7). These Ca,Al chondrules 

are known to contain very Ii ttle Rb (ORA Y et al., 
1973), and show a reasonable but not precise correla
tion with the (2 1Ne/ 22Ne)c ratio calculated for low-Rb 
aggregates (LO in Fig. 7). 

The three aggregates B32, 829, and C5 are high-Rb 
aggregates (ORA Y et al., 1973) and microprobe analy
ses have shown that B32 and 829 contain as much 
as several percent sodium. The low measured 
(2 1Ne/22Ne)c ratios of 0.72 to 0.75 reflect the relatively 
high sodium contents, and arc in reasonable agree
ment with values calculated for a number of high-Rb 
aggregates. In addition, for two of these high-alkali 
aggregates, B32 and C5, the 500°C release fractions 
have very low measured 21 Ne/ 22 Ne ratios similar to 
those expected from sodalite or ncpheline (S, N in 
Fig. 7). These minerals have been identified in high
alkali aggregates by X-ray methods (CLARKE et al., 
1970; GROSSMAN and GANAPATI-IY, 1975). From the 
agreement outlined in Tahle 6 between the calculated 
cosmogenic 21 Ne/ 22Ne ratios and the measured values 
we conclude that 22Ne as well as 21 Ne concentrations 
can be explained hy galactic cosmic-ray spal/ation reac
tions. The variations in both 22Ne and 21 Ne content 
are consistent with the variations in target chemistry, 
in particular the variation in sodium content. 

The 36Ar-enrichments observed in the aggregates 
B32 and B6HS can also be explained as the result 
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Table 6. Comparison of measured and calculated (2 1 Ne/22 Ne), ratios 

··- ··-·- .. - ········ ··-----~~l)ende materials 
-----~------

-----------------------------------
Bul k a nd matrix samples 

NWT 0, 93 
SWB 0, 93 
B29 o. 9S 
cs o. 9S 
B6HS o. 9) 

Ca,Al chonctrulea 

07 0. 80 
B28 o. 87 

High- t.,mpera tun! fructions 
from Ca,Al ll ggrega test 0.80 - 0. 85 

Cs,Al aggnigate1 (high- Rb) 

UJ2 
B29 
cs 

500°C fructi.ons from 
Ca,Al 11ggrogatc1:1 

liJ 2 
cs 

•Tables 2 and 3. 

o. 72 
o. 7S 
0. 7S 

0 . 60 
o. 66 

Buik meteorite 
(MARTIN • nd MASON, 1974) 

Ca,Al •ggregot111 (low•Rb) 
(CRAY _!Ltl . , 1973) 

o. 90 

0,85 

Co,Al aggre ga te1 (high"·Rb) 
Alkali·rich rim eample1 

0 . 75 • o. 78 

Ni: phelinc Na
3

(No,K)Al
4

S1
4
o16 

Sod•lite Na
8

A1
6
st

6
0

24
ct

2 

0.62 

o. SS 

••Calculated using equation (2) with production rates and ratios 
from BOCHSLER et 1.1/. ( 1969) and SMITH and HUNEKE (1975). 

t These temperature fractions contain only cosmogenic neon, and 
probably represent the neon released from Ca.Al-rich minerals such 
as melilite or fassaitc, etc., similar to the phases comprising the Ca.Al 
chondrules. 

of cosmic-ray induced reactions. 36Ar is produced 
from chlorine by the capture of neutrons from the 
cascade of secondary particles generated by the irra
diation of meteoritic material with galactic cosmic 
rays. We will use the subscript 'Cl' to denote 36Ar 
so produced. MABUCHJ et al. (1975) have measured 
a 36Cl activity for a total sample of Allende of 
54 dpmfkg. From an assumed whole-rock Cl content 
of 225 ppm (CLARKE et al., 1970) and making a -10% 
correction for 36Cl produced by spallation, we infer 
a production rate of 36 Ar from Cl of -4.2 x 10- 6 

cm3 STP 36Arc1/g Cl/106 yr in Allende. The B32 
aggregate contains 0.3 ± 0.2 wt % Cl; therefore, in 
B32 the amount of 36Arc1 produced over the 5 million 
yr exposure age should be 6 ± 4 x Io- 8 cm 3 STP /g. 

This estimate of 36Arc1 is in good agreement with 
the measured content of excess 36Ar, 5.6 ± I x 10-s 
cm3 STP /g. We conclude that the observed 36 Ar 
excesses in the Ca,Al-rich samples are produced hy neu
tron capture on chlorine. 

The low-temperature release characteristics of the 
gas enriched in 22Ne and 36Ar and the good correla
tion between these isotopic effects can be shown to 
be due to the chemical and mineralogical nature of 
the Ca,Al-rich aggregates. We concluded that the 
22Ne-enrichment in Ca,Al-rich aggregates was consis
tent with galactic cosmic-ray spallation on Na-rich 
target material. In these aggregates, the sodium is 
concentrated in very fine-grained material which . is 
often interstitial or encrusts slightly larger grains of 
refractory Ca,Al-rich minerals. The Na-rich feldspath
oid minerals sodalite, Nu 8Al6Si60 24Cl 2, ilnd nephe
line, Na3(Na,K)Al 4Si40 16, have been id\:ntilied in 

high-alkali Ca,Al-aggregates similar to those exam
ined here (CLARKE et al., 1970; GROSSMAN and GANA· 
PATHY, 1975). In Table 6, the isotopic composition 
of the neon in 500°C temperature fractions is shown 
to be close to that expected of spallation neon from 
sodalite and nepheline. The low degassing tempera
tures for this neon is consistent with the very fine 
grain size of the Na-rich phases. Also for comparison, 
spallation neon is degassed at ~ S00°C from meteori
tic oligoclase, a Na-rich feldspar mineral similar to 
the feldspathoids (SMITH and HUNEKE, 1975). We 
therefore attribute the low-temperature 22Ne-enrich
ments to cosmic-ray spallation from the Na-rich felds
pathoid minerals. Sodalite is also probably the major 
source of chlorine and hence excess 36 Ar in the alkali
rich aggregates. The occurrence of major amounts of 
both the Cl and Na in sodalite provides a natural 
explanation for the observed correlation between the 
22Ne- and 36Ar-enrichments in the aggregates. We 
conclude that the dominant isotopic effects seen in the 
neon and argon from the Ca,Al-rich samples are the 
result of cosmic-ray induced reactions on sodium and 
chlorine, and not due to admixture of an exotic trapped 
gas component such as neon-£. We note that MANUEL 
et al. ( l 972) inferred an unusually-low trapped 
20Ne/ 22 Ne ratio ::::::4 from the neon in an 800°C 
release fraction from a sample of Allende, and attri
buted this low value to the addition of neon-E. How
ever, the authors also report a high 36Ar/38Ar ratio 
of 6.05 in the same release fraction. We suggest on 
the basis of the above discussion that the correlated 
22 Nc and 36Ar enhancements urise from the release 
of cosmogenic gas from sodium- and chlorine-rich 



261 

material such as sodalite, rather than from the release 
of neon-E. 

6~ 2 Implications of 3 6 Ar produced by neutron capture 
on chlorine 

Before continuing with discussion of the trapped 
neon in Allende, we would like to pursue the implica
tions of the production of 36 Ar ci in meteoritic 
samples other than the extreme case of the Cl-rich 
Allende Ca,Al-rich inclusions. For a bulk sample of 
Allende, with 225 ppm Cl (CLARK et al., 1970), the 
production of 36Arci will be about 0.45 x 10 - s cm3 

STP/g over the 5 million yr exposure. The spallation 
36Arc from Ca and Fe is about 0.2 x I0- 8 cm3 

STP /g, so the net cosmogenic 36 Arc is about 
0.65 x I0- 8 cm3 STP/g. Since 38Arc = 0.3 x I0- 8 

cm3 STP/g, the effective cosmogenic production ratio 
(3 6 Ar/38Ar)c is 0.65/0.3, or about 2, and thus is much 
higher than the value of 0.6 obtained from spallation 
on Fe and Ca alone. Chlorine contents of other car
bonaceous chondrites are similar to the Cl abundance 
in Allende, leading us to suggest that the cosmogenic 
36 Ar/ 38 Ar ratio in these meteorites may well be closer 
to 2 than to 0.6 depending on the size of the meteor
ite. This has the consequence that trapped 36Ar/ 38Ar 
ratios > 5.5 inferred for samples of carbonaceous 
chondrites by MAZOR et al. (I 970) cannot be strictly 
supported. The authors used (3 6Ar/ 38Ar)c = 0.65 and 
(

21 Ne/38Ar)c ~ 5.5 to infer trapped 36Ar/38Ar ratios 
as high as 5.8 in Mokoia, and their data for the C3 
chondrites Bali and Coolidge would give ratios as 
high as 6.0 and 6.7 if treated in the same fashion 
(cf. Fig. 2). If we instead use a (36Ar/ 38Ar)c ratio 
of about 2 as calculated for Allende, we obtain 
(3 6Ar/38Ar), ~ 5.5 for Bali and Coolidge. As we dis
cussed in the systematics section, (3 6Ar/ 38Ar), appears 
to lie between about 5.2 and 5.5 for almost all the 
meteorite samples in Fig. 2. The total range of 
(3 6 Ar/ 38 Ar), in various solar system reservoirs, includ
ing the Earth's atmosphere, the solar wind, and 
meteorites, is also evidently about 5.2 to 5.5. The 
observation by SIGNER and SUESS (1963) that there 
are no large variations in Ar, isotopic compositions 
remains valid. There is no unequivocal evidence of 
a 40% variation in (3 6 Ar/ 3 8Ar), implied by the mass 
fractionation theory of SRINIVASAN and MANUEL 
(1971). The high (3 6Ar/ 38Ar), ratios inferred by 
MAZOR et al. (1970) cannot be substantiated, and 
therefore cannot be used as evidence of mass-frac
tionated trapped argon. 

EBERHARDT et al. (1963) suggested that the produc
tion of 36Arc1 is important in ordinary chondrites. 
The chlorine content of ordinary chondritcs is about 
100 ppm (REED, 1971). If the production rate of 36Arc1 

found in Allende were valid for ordinary chondrites, 
we would expect the total cosmogenic (3 6Ar/ 38Ar)c 
ratio in ordinary chondrites to be about 1.3. Reexa
mining Fig. 2 we find a sharp lower limit of l.O for 
measured 36 Ar/ 38 Ar, which we suggest reflects the 
production of 36Arci in ordinary chondritcs. A 

(3 6Ar/ 38Ar)c ratio of 1.0 for material with 100 ppm 
Cl implies a 36 Ar ci production rate of about 2 x Jo - 6 

cm3 STP/g Cl/106 yr compared with 4 x 10- 0 cm 3 

STP/g Cl/I 06 yr for Allende. The slightly higher rate 
inferred for Allende is consistent with a somewhat 
higher degree of shielding for Allende. In ordinary 
chondrites, measured 36Ar/38Ar ratios of about l are 
typically taken to indicate the presence of small 
amounts of trapped argon (cf. ZAHRINGER, 1968). Such 
is not the case if (3 6Ar/ 38Ar)c = I. In addition, 38Arc 
contents are usually calculated by partitioning total 
38Ar using measured 36Ar/ 38Ar ratios and assumed 
end-member compositions (3 6 Ar/3 8 Ar), = 5.35 and 
(3 6 Ar/ 38Ar)c = 0.65. If (3 6Ar/ 38Ar)c is in fact >0.65, 
then the 38Arc inferred using 0.65 will be too low- by 
as much as 40% if (3 6Ar/ 38Ar)c is actually 2.0. 

6.3 The overall distribution of trapped rare gases in 
Allende 

Recent work (LEWIS et al., 1975; PHINNEY et al., 
1976; WEBER et al., 1976) has shown that the distribu
tion of the trapped gases in meteorites may be very 
heterogeneous, and the gas concentrated in trace 
phases of the meteorites. LEWIS er al. (1975) found 
that a large portion, if not all, of the trapped noble 
gas in bulk samples of Allende appears to reside in 
two minor phases, a complex mixture of chromite and 
carbon and an incompletely characterized phase 'Q'. 
Together these two phases comprise about 0.5% of 
the meteorite, but have noble gas contents about 200 
times the bulk meteorite values. By selective chemical 
etching, Lewis et al. were able to estimate the relative 
amounts of chromite/carbon and 'Q', and to estimate 
the trapped gas contents and compositions in the two 
phases. Their results suggest that roughly 2/3 of the 
trapped neon is incorporated in the chromite/carbon 
and 1/3 in 'Q'. The isotopic compositions of the 
trapped neon in three etched chromite/carbon 
samples were (20Ne/ 22Ne), = 8.7 ± 0.2, 8.6 ± 0.3, and 
8.7 ± 0.4. Comparison of etched and unetched 
samples indicated that the third of the neon located 
in 'Q' has a higher (2°Ne/22Ne), ratio -11. 

From the results obtained by stepwise extraction 
of neon from matrix samples (Section 5.2), we inferred 
the presence of two trapped neon compositions. The 
first, with a peak release rate at about 850°C, has 
(2°Ne/ 22Ne), = 8.7 ± 0.1, and the second, with a peak 
release rate at about I 150°C, has (2°Ne/ 22Ne), = 
10.4 ± 1. The good agreement of the isotopic compo
sitions inferred from our results and those of LEWIS 
et al. (1975) suggests we identify the 850°C trapped
neon release peak in matrix samples with the release 
of neon from chromite/carbon, and the 1l50°C peak 
with 'Q'. We also found that about 2/3 of the trapped 
neon was present in the 850''C peak and the remain
ing 1 / 3 in the second, I l 50°C peak. These proportions 
agree well with the apportionment of neon between 
chromite/carbon and 'Q' derived from the data of 
LEWIS et al. ( 1975), providing further support for the 
identification of the two stepwise release peaks with 
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the two trace phases identified by Lewis et al. We 
caution that since the chromite/carbon and 'Q' phases 
are trace phases of uncertain physical association or 
distribution within the Allende matrix, the rela tive 
proportion of the phases and the associated trapped 
neon could be sensitive to inhomogeneities in the 
matrix which might lead in further experiments to 
trapped neon proportions other than the 2/3 and l /3 
observed in the present samples. 

The relatively high noble gas retentivity of 'Q' indi
cated by the l lS0°C temperature of neon release is 
supported by data for argon and xenon. Lewis et al. 
found that ~90% of the argon and xenon in Allende 
are' contained in 'Q', From the stepwise thermal 
release data for argon in the B6HS matrix sample 
(Fig. 3) we find that trapped argon in this ma trix 
sample was indeed released in a single peak, with 2/3 
of the 36Ar released in the llOO and 1200°C fractions. 
MANUEL et al. (1972) found that most of the xenon 
is also released from a bulk sample of the meteorite 
in a single peak, at about I 200°C. 

We note that essentially all the trapped neon in 
our matrix samples resides in the two release peaks 
identifiable with the chromite/carbon and 'Q' of 
LEWIS et al. (197S). The procedures of Lewis et al. 
involved acid dissolution of nearly the entire mass 
of their samples, with the attendant possibility that 
important trapped-gas-bearing phases could have 
been lost. Since no separation of phases was done 
for' our matrix samples other than the exclusion of 
unrepresentatively large pieces of Ca.Al-rich aggre
gate, the agreement between results confirms that the 
bulk , of the trapped neon in Allende resides in the 
trace phases described by Lewis et al. 

If we examine inclusions in Allende, we find evi
dence that other trapped components exist which in 
bulk samples of Allende are masked by the gases in 
the matrix chromite/carbon and 'Q'. In Section S.2 
we concluded that trapped neon is present in the 
Ca,Al-rich aggregates CS, 829, and 832. In addition, 
D. Phinney has kindly shown us results of a stepwise 
release experiment on a dark inclusion from Allende 
where a large fraction of the trapped neon was 
released at temperatures ~ 600°C, distinctly lower 
than the release from chromite/carbon which 
occurred at about 800°C. However, the neon from 
this low-temperature site was characterized by 
(2°Ne/2 2Ne), ~ 8.8, indistinguishable from the com
position associated here with chromite/carbon. Two 
distinctive sites of gas with the same isotopic compo
sition suggest that this neon may represent samples 
from a fundamental reservoir associated with the 
early history of Allende. 

6.4 Is there neon-E in Allende? 

Although , the presence of neon-E has been dis
counted as an explanation for the dominant neon iso
topic effects in the Ca,Al-rich aggregates, the question 
of whether any neon- E at all can be observed in the 
Allende samples is still important. since both oxygen 

and magnesium isotopic anomalies are found in 
Allende materials. 

Neon in the bulk and matrix samples studied can 
be formally regarded as a three-component mixture 
of cosmogenic neon , neon-E, and an average trapped 
component consisting of the combination of any 
other trapped neon compositions present. If we have 
independent measurements of the isotopic composi
tions of the cosmogenic and average trapped com
ponents, then the displacement of a sample from the 
mixing line defined by these two components will give 
the amount of neon-E present in the sample. 

Over 90% of the cosmogenic 22 Ne in Allende is 
generated from the Mg and Si in mafic silicates such 
as olivine and pyroxene. The (2' Ne/ 22 Ne), ratio of 
-0.93 in the 812 olivine chondrule is a measure of 
the average composition of Mg + Si spallation neon 
in Allende that is independent of the measurements 
from the bulk samples. This spallation composition 
is confirmed by the stepwise release from the A5 pyr
oxene chondrule which was found to contain no sig
nificant neon-E or sodium spallation neon. In the 
three-isotope diagram in Fig. 8, if the average trapped 
neon composition in Allende were that of solar wind 
neon and the samples contained no neon-E, then the 
measured total neon isotopic compositions would lie 
on the mixing line labeled SOLAR- COSMOGENIC. 
The displacement of the actual data points would 
then be due to neon-E comprising about 6% of the 
total 22Ne, or -0.17 x 10-s cm3 STP 22Ner)g. This 
amount of neon-E is an upper limit for the neon-E 
in Allende, since (2°Ne/22Ne), = 117 in the solar 
wind is the highest well-established trapped neon 
ratio. The work of BLACK (1972) indicates that the 
amount of neon-E in Cl and C2 carbonaceous chon
drites which is released in a recognizable peak around 
900- I000°C is characteristically -0. 1 to 0.2 x 10 - 8 

cm 3 STP 22NerJg. Neon-E is certainly not enriched 
in Allende. We can refine our estimate of the neon-E 
in Allende further, since an independent estimate of 
the average composition of trapped neon in Allende 
is available from the work of LEWIS et al. (I 97S) and 
PHINNEY et al. (1976). As discussed in Section 6.3, 
LEWIS ~t al. (I 97S) demonstrated that the bulk of the 
trapped neon in Allende is found in a mixture of the 
trace phases labeled chromite/carbon and 'Q' with an 
average trapped 20Ne/22 Ne ratio (taken from un
etched separates) of about 8.9 to 9.6. Similar results 
were obtained by PHINNEY et al. ( 1976). Using these 
results for the average trapped neon component, then 
neon in Allende samples with no neon-E should plot 
on the shaded mixing trend labeled ALLENDE 
TRAPPED--COSMOGENIC in Fig. 8. Addition of 
a separate neon-E component would shift the 
measured compositions toward the origin. Note that 
this treatment does not rule out the possibility of 
neon-E in the chromite/carbon or 'Q' separates. The 
matrix samples 829, CS, and 86HS (see Fig. I for 
identification of points) plot squarely on the mixing 
trend. and therefore can contain negligible amounts 
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Fig. 8. Neon three-isotope plot showing the relationship of measured neon compositions in bulk and 
matrix samples to compositions expected by simple two-component mixing or trapped neon from 
gas-rich separates from Allende and cosmogenic neon (shaded trend labeled ALLENDE TRAPPED
COSMOGENJC). The agreement between the 2-component mixing trend and the bulk neon composi
tions implies that less than 2% of the .. 2Ne in these samples is from neon-E, or 22 NeE < 0.06 x 10- 5 cm3 

STP/g. 

of a distinct neon-E component. An upper limit for 
these samples is about 1% of the total 22 Ne or 
<0.03 x 10- 8 cm3 STP 22NeE/g, three to six times 
less neon-E than in the Cl and C2 meteorites studied. 
An upper limit for samples SWB and NWT is some
what higher, 2% or ;$0.06 x 10- 8 cm 3 STP 22 Nee/g, 
since these latter samples are shifted slightly relative 
to the former three. However, the shift is small 
enough to be accommodated in a more mundane 
way, by a change in (2 1Ne/ 22Ne)0 caused by a slightly 
lower degree of shielding in SWB and NWT, or by 
a slightly higher content of Ca,Al-rich aggregates 
which have lower (2 1 Ne/ 2 2Ne)0 ratios. There is no 
clear indication of neon-E in Allende from any of 
the total neon compositions of the bulk and matrix 
samples studied. 

Nor is there any evidence for neon-E in the step
wise release data for matrix samples (Fig. 6). The 
work of Black (BLACK and PEPIN, 1969; BLACK, 1972) 
showed that in Cl and C2 chondrites the release of 
neon-E occurred over an interval of about 200°C at 
around 900-l000°C and resulted in marked devi
ations of the isotopic compositions of the affected 
temperature steps toward the origin on the three-iso
tope plot. As discussed in Section 6.3, the present data 
are consistent with linear mixing trends between cos
mogenic neon and the two trapped neon composi
tions associated with chromite/carbon and 'Q' 
measured by LEWIS et al. (1975). There are no distinc
tive deviations that would signal the release of 
neon-E. If neon-E is present at all it would seem that 
it could only be as a well-homogenized constituent 
in the neon trapped in the chromite/carbon or 'Q' 
reservoirs, and not as a separately observable com
ponent. 

We cannot do the exactly analogous calculations 
for the total neon data from Ca,Al-rich aggregates 

because no independent estimates of the compositions 
of trapped or spallation neon are available. However, 
if there were a significant enrichment of neon-E in 
the aggregates. the measured cosmogenic 21 Ne/ 22Ne 
ratios (corrected only for trapped neon-A or the aver
age Allende trapped neon in the matrix) would be 
significantly lower than the calculated values in Table 
6. In fact, the substantial agreement between these 
two sets of numbers was used in Section 6.1 to con
clude that observed 22 Ne-enrichments could adequa
tely be explained by addition of sodium spallation 
neon alone. Taking differences between measured and 
calculated (2 1 Ne/ 22Ne). values in Table 6 at face 
value allows us to set an upper limit for neon-E in 
the aggregates of < 10% of the total 22 Ne, corre
sponding to less than about 0.25 x JO '" 8 cm 3 STP 
22Ne/g. There is no evidence of neon-E in the step
wise release data from the aggregates (Fig. 4) either; 
all measured compositions and patterns are consistent 
with the degassing of spallation neon from sodalite 
and nepheline, of spallation neon from Ca,Al-rich sili
cates, and of a small amount of trapped neon-A. 

What are the implications of the apparent lack of 
observable neon-E in Allende? The Ca,Al-rich aggre
gates in Allende have been shown to contain isotopic 
anomalies in oxygen (CLAYTON et al., 1973) and mag
nesium (LEE and PAPANASTASSIOU, 1974; GRAY and 
COMPSTON, 1974). As listed in Table 7, samples of 
Ca,Al-rich aggregates and chondrules studied here 
(including B29, B32, B6HS, and D7) contained sub
stantial oxygen anomalies (1 - 2% excess 160) and 
magnesium anomalies (Ci 20Mg = l.35- 2.63r00) . The 
B6HS (rim) sample studied here was a split of the 
sample in which the oxygen isotopes were measured. 
The other samples were fragments from the same 
aggregates, and not specifically splits, but the nearly 
identical noble gas results obtained for the two com-
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Table 7. Magnesium and oxygen anomalies in 
Allende samples. None of the samples contain 

observable amounts of neon-E 

6 26Hs t cr. ce.rrn 160 

per mil pe rce nt 

Ca 1 Al aggreaa tea 

* 829 2. 6 ~ 0.2 

832 l.4 ± 0 .4 

cs -o . 5 :t o. 3 

B6HS (rim) 

Ca 1Al chondrulea 

07 1. 9 ± 0. 3 

Ma fie chondrulu 

812 (ollvine) ·0.3 i O. l 

AS (pyroxene) · O, t ± 0 . 2 

t LEE and PAPANASTASSJOU (1974). 

-2 

-2 

- I 

* R. N. Clayton, private communication. 
** S. Epstein, private communication. 

* 

.. 

pletely separate samples of B32 aggregate suggests the 
distribution of noble gases in the aggregates is fairly 
uniform. Two of these Ca,Al-rich samples (832, 829) 
contain trapped neon, and therefore should have been 
capable of retaining neon-E, yet we have found no 
evidence of neon-E in either these two aggregates or 
any other Allende samples. It follows that there is 
no straightforward correlation between the neon-E 
anomaly and either the magnesium or oxygen anom
alies. 

EBERHARDT (1974) has shown that neon-E in the 
Cl chondrite Orgueil resides in a trace mineral phase 
identified as a refractory clay mineral or phyllosili
cate. If this carrier is universal in other meteorites 
with neon-E, the lack of observable neon-E in Allende 
may be due to absence of this mineral. We note that 
the principal matrix phase in Allende is olivine, 
and not the low-temperature, hydrous phyllosilicate 
characteristic of all carbonaceous chondrites in which 
neon-E has been identified. Alternatively, if the carrier 
is present in Allende, then it has evidently lost what
ever neon-E it once contained. 

CONCLUSIONS 

We draw the following four conclusions from our 
study of the neon and argon in Allende: 

(1) the low-temperature 22Ne and 36Ar enrichments 
observed in Ca.Al-rich aggregates arise from cosmic
ray-induced nuclear reactions- spallation from 
sodium and neutron capture by chlorine. 

(2) Neon-E cannot be identified in any of the 
samples studied. 

(3) Trapped neon in matrix samples can be de
scribed in terms of two distinctive Ne isotopic compo
sitions. 

(4) Trapped neon is contained in several Ca.Al-rich 
aggregates which also have high contents of volatile 
elements such as Na, Cl, K, and Rb. 

The observation of large isotopic effects in neon 
from Ca,Al-rich aggregates due to the addition of 

2
.
2Ne from sodium spallation has important implica

tions for the identification of the neon-E anomaly in 
other samples. 22Ne-rich isotopic compositions which 
cannot be explained by mixing whole-rock spallation 
neon with solar neon or neon-A cannot be indiscri
minately attributed to the presence of neon-E. The 
~ossi~ility of sodium spallation neon must be kept 
m mmd. However, we note that the observations of 
neon-E in Cl and C2 carbonaceous chondrites made 
by BLACK ( 1972) cannot be explained by galactic cos
mic-ray spallation from sodium. 

Neutron capture on chlorine in meteorites may 
generate substantial cosmogenic 36Ar. (36Ar/ 38Ar). 
ratios are probably ::::: I in ordinary chondrites and 
::::: 2 in carbonaceouus chondrites. As a result, high 
calculated values of trapped 36Ar/ 38Ar ratios in car
bonaceous chondrites (MAZOR et al. 1970) must be 
revised downward to ~ 5.5. There is no evidence of 
(3 6Ar/38Ar), ratios outside the range 5.2- 5.5 in car
bonaceous chondrites. 

The lack of observable neon-E in the samples stud
ied precludes the establishment of any direct correla
tion between neon-E and the magnesium or oxygen 
anomalies in Allende. If any neon- E is present, it is 
presently in too low amounts to be identified or has 
apparently been homogenized with the other trapped 
neon in Allende. A separate neon-E bearing phase 
such as observed in Cl and C2 chondrites is either 
of much lower abundance in Allende, or the E-bear
ing phase or phases were degassed prior to their in
corporation into the meteorite. 

The two trapped neon compositions observed in 
matrix samples can be identified with the two com
ponents observed by LEWIS et al. (1975). Neon with 
(2°Ne/ 22Ne), = 8.7 ± 0.1 is located in chromite/car
bon and released at about 850vc. Neon with 
(

20Ne/ 22 Ne), = 10.4 ± 1.0 is located in . 'Q' and 
released at about 1I50''C. Almost all the trapped neon 
in Allende is found in these two sites. Additional 
reservoirs of gas in Allende do exist, however, and 
include the high-Rb Ca,Al-aggregates and dark inclu
sions (Phinney, private communication). 

The presence of trapped neon in the high-alkali 
Ca,AI aggregates adds an additional dimension to the 
complexity of these samples. The present results do 
not allow a characterization of the isotopic composi
tion of this gas. 
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DATA APPENDIX: STEPWISE THERMAL 
RELEASE DATA (TABLES At AND A2) 

As in Table I, errors in the absolute amounts of gases 
reported in Tables A I and A2 do not include the system
atic error due to uncertainty in the sensitivity ( ~ 10%). 
Only statistically independent errors are included in the 
errors in ratios for neon; the air blank uncertain!)' is given 
by f 22, the fraction of the 22 Ne represented by the blank 
error. Separation of trapped and cosmogenic components 
of neon for stepwise thermal release data was accomplished 
by assuming (2°Ne/ 21 Ne), = 0.90 and that (2"Ne/ 22 Ne), = 
8.6 and (2 1 Ne/ 22 Ne), = 0.026 for all except matrix samples. 
For matrix samples, (20 Ne/ 22 Ne), = 8.6 was used for 
500-900°C release fractions, and (2"Ne/ 22 Ne), = 10.4 for 
fractions ~ IOOO"C. In Table 2. the separation was done 
using 8.6 throughout, but comparison of integrated 21 Ne,, 
20Ne1, and (2 1Ne/22 Ne), values in Tables 2 and Al shows 
no substantial differences. However, the use of two trapped 
neon compositions results in a smoother distribution of 
(2 1Ne/ 22 Ne), as a function of temperature for the stepwise 
release fractions. i 
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Table Al. Neon in stepwise thermal release fractions from Allende samples. (Neon contents 
in 10-Rcm3 STP/g) 

829 Matrix (0, 23ll g) 

sod' c 

60cl' 

70cf 

sod' 

90o" 

l OOcf 

1100° 

1200° 

l30cf 

14oo" 

1500° 

lSOcf (r) 

Tout 

0.094 t 0.004 

O. llS , 0.005 

0.19S ± 0.008 

0.318 ± 0.013 

o. 346 ± 0.014 

o. 210 ± 0.008 

0.314 !: 0.013 

0.316 , 0.013 

0.266 ± 0.011 

0.122 :t 0 . 005 

0 .178 ± 0.007 

0.009 :! 0,001 

2.48 ·~ 0.04 

CS Matrix (0.1339 g) 

sod'c 0.123 ± 0.010 

700° 0.277 , 0.023 

aso
0 

o . 477 • o.o3B 

1000° 0.346 ± 0 .028 

uso0 o.su ± 0.042 

1300° 0.411 ± 0.034 

1500° 0. 260 !: 0.021 

Total 2.41 +:: 0.09 

C5 Aggregate (0, 083 7 g) 

sod'c o.333 ± 0.014 

70<f' 0.324 ± 0.014 

BScf 0 . 424 ± 0.017 

10oo" o.441 • o.01a 

l!Sd' O.SOO t 0.021 

130D° 0.30S ± 0.0 13 

15000 0.072 ± 0.005 

Total 2.40 :!: 0.05 

86HS Mat rix (0.1664 g) 

5od'c 

60d' 

1oo" 

• sod' 

90cf 

lOOcf 

11od' 

120cf 

nod' 

140cf 

150o" 

Total 

0 .114 ± 0.003 

0.190 :t 0.005 

0 . 199 ± 0.005 

0.479 t 0.012 

0. 288 "!. 0,007 

o . 27S ± 0.006 

0.43 1 t 0.0 11 

0.362 ± 0.009 

o. 231 ± o.oos 

0.138 ± 0.004 

0 .101 ± 0.003 ! 
2.814 ± 0 .025 

2. 222 !: 0.027 

1.008 ,_ 0.011 

3.2S7 ± 0.023 

3.938 ± 0 .0 24 

3.944 ± 0 .02R 

l. 716 ± 0 . 015 

2.103 ' 0.016 

2.0Sl ± 0 . 014 

1.680 • 0.0 13 

l.32S ± 0.011 

l.046 ± 0.009 

1.09 ±0.10 

2.438 ! 0.029 

2.974 ± 0 . 045 

2.S68 ± 0.032 

4. 322 ± 0.038 

2 . 216 ± 0.022 

2.035 ± 0.022 

I. 7S2 ± 0.017 

0.997 • 0 . 011 

2.463 ± O. OS9 

0.769 ·_t 0,008 

1. 54) !: 0.()16 

3 .396 ' 0.028 

2.812 ± 0.022 

t.837 ± 0.0 18 

l.835 ± 0 . 020 

1.17 ± 0.03 

2.086 :t 0 . 027 

l.865 ± 0.007 

1 . 298 ± O.Oll+ 

4.183 l 0.019 

4 .983 t 0.010 

2.613 ± 0 . 001 

1.695 :+: 0.004 

2. 264 ± 0.006 

2.188 ± 0.008 

l.627 ± 0.006 

l. 29 1 ± 0 .004 

l.161 ± 0.008 

2.609 '! 0 . (120 

B6HS Aggregue ... grey rim (0.1204 g) 

5orfc 0.232±0.oos o.744±0.001 

60o" 

700° 

BOO" 

90cf 

lOOrf 

nod' 

120o" 

noo" 

14000 

150rf 

157cf 

Total 

0. 110 ± 0.003 1.045 ± 0,030 

0.106 ± O.OOJ l.072 ± 0.03 1 

0. 114 ± O.OOJ l. 261 ± O.OSS 

0.130 ± 0 .004 i l.267 ± 0.028 

0.148 ± 0.004 0.830 ± o .oos 

0.327 ± 0 . 008 . 0,808 ± 0 . 004 

0.395 ± 0.010 0.776 :I: 0,003 

0.410 ± 0,010 0. 754 ± O.OOJ 

0.201 :!:. 0.005 0.758 ± 0.007 

0 .127 ± 0.004 0 . 802 :!: 0,009 

0.126 ~ 0.004 0.916 :I: 0.020 

2.426 -~ 0 .020 0,85H t 11.(IOU 

0.695 ± 0.008 

o. 90 1 ± 0.008 

0.648 ± 0.005 

0 .573 • 0.004 

0 .580 ± 0.004 

O.R52 ± 0 .007 

0.819 t 0.006 

0.822 !'. 0.006 

0.861 t 0.006 

0.906 ± 0.008 

0 .968 :t 0.008 

l. 32 ± 0.12 

0. 764 • 0.008 

0.647 ± 0.010 

o. 728 ± 0,009 

0.533 ± 0.006 

o. 785 :t 0.008 

0. 825 ± 0.009 

0.8S6 ± 0.009 

0 . 952 ± 0.011 

o. 760 ± 0.017 

0.658 ± 0.006 

0 . 716 ± 0.006 

0.578 t 0.006 

0 . 649 • 0.005 

o. 760 ± 0.006 

o. 816 ± 0.008 

0.948 ± 0.030 

o. 700 ± 0 .009 

o. 703 ± 0.003 

0.863 ± 0,005 

o.547 ± 0.003 

0.457 ± 0.002 

o. 738 ± 0.003 

0.859 1 0.002 

0.807 ± 0.003 

0.809 ± 0.004 

0.864 ± 0.004 

0.918 ± 0 .004 

o. 949 ± 0.007 

o.743 ± o.oos 

0.101 ± 0.004 

o. 7 21 ± 0.008 

0.747 ± 0 .005 

0. 744 • 0.011 

o. 758 ± 0.001 

0.808 • 0.004 

o. 824 1 0.003 

0.841 ± 0.003 

0.836 ± 0.00) 

0.828 ± 0.006 

0.800 ± 0 ,005 

0 .608 ± 0 ,005 

0.800 ! 0.006 

0.0021 

0.0017 

0.0010 

0 .0006 

0. 0006 

0.0010 

0. 0006 

0. 0006 

0 .0008 

0 . 0016 

0.0011 

0.023 

0 .003 

0 . 0056 

0.0025 

0.0014 

0.0020 

0.0013 

0.0017 

0.0027 

0. 0008 

0. 0033 

o. 0034 

0.0026 

o. 002S 

0.0022 

o. 0036 

0.015 

0 . 00 12 

0.0029 

0.0017 

0.00 17 

0.0007 

o.OQl2 

o. 0013 

0.0010 

o. 0011 

0.0019 

o. 0040 

o. 0064 

0. 0005 

0.0020 

0.0041 

0.0042 

0.0039 

0 . 0035 

0.0033 

0.0017 

0.0015 

0.0015 

0. 0038 

0.0074 

0.0089 

0.0009 

IJ.065 

0 . 104 

o. 11.5 

0. 179 

0. 197 

o. 178 

0 . 256 

0. 259 

o. 228 

0. 11 0 

0.172 

0.009 

l.88 

0.079 

0. 200 

0. 249 

0. 270 

0.42 1 

o. 351 

o. 247 

l. 82 

o. 219 

o. 21 1 

0. 241 

0. 281 

0.378 

0 . 248 

0.068 

l. 67 

0.080 

0. 16't 

o. 107 

o. 21 2 

o . 211 

0. 236 

0 . .346 

o. 291 

0.199 

o. 127 

0. IOI 

2.07 

0.164 

0.079 

0.079 

0,085 

0.098 

0.120 

o. 269 

o. :JJ2 

0.343 

0. 167 

o. 102 

n. HJ2 

I. 94 

0. 848 

o. ni 
0. 930 

u. 9)6 

o. 9'18 

0. 9JS 

0. 939 

0. 937 

0. 94 l 

o. 9Sl 

o. 984 

l.JI 

o. 940 

o. 887 

o. 9)0 

o. 944 

o. 9)8 

o. 9JB 

0. 943 

o. 96S 

o. 940 

o. 671 

o. 797 

0.856 

0 .868 

o. 874 

0. 932 

0. 983 

0. 841 

0.817 

u. 917 

o. 941 

0. 949 

0 . 947 

o. 940 

o. 943 

o. 937 

o. 939 

0.960 

o. 977 

o. 938 

o. 716 

o. 755 

o. 782 

o. 797 

0. 812 

0.817 

o. 830 

0. 84) 

0.836 

o. 829 

0.807 

0. 826 

o. 812 

20 
Ne 

I. 

o. 150 

U.02"J 

u. 52J 

1 .U9l 

I. 167 

0 . 20 1 

0.416 

0.40 'J 

o. 243 

0,06~ 

0.031 

o.u 

4. lJ 

u. 295 

0.5:12 

I. 8 J7 

o. 51.2 

0.663 

o.4llb 

o.o 'JR 

4. 29 

0,0'HI 

0 . 29) 

l. 221 

0. 986 

o. 518 

O. lJ6 

o.on 

J. 50 

u. 141 

0. O~/IJ 

IJ . 7J"t 

2.1% 

0 . 562 

0. 254 

o. 666 

O. 5JO 

ll.198 

0.065 

O.OJJ 

5.48 

0 . 026 

O. OM• 

0.041 

0. OflH 

U. 077 

0 .0ll.i 

0 . 02 1 

ll.lHHl 

u.o 
u.o 
0.0lO 

IJ.021i 

fl,] ] 
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Table A I (<'0111.) 

B6HS Aggregate. 

55rf c 

100° 

85o" 

pink corn (0.0328 g) 

0, 257 t 0.007 0.635 ± O.OlO 

0.053 :t 0.003 

0.098 • 0.004 

2.01 ::. o. to 
L.64 ::!: 0.06 

IOOo" O. ll8 • 0,004 0.955 • 0.034 

!15o" 0 . 304 ± 0.006 0.614 '0.005 

tJoo" o.366 • 0.010 o.627 ± 0.005 

150o" 0.469 • 0.013 0. 717 ± 0.004 

157o" 0.266 ± 0.008 0.647 ± 0.005 

Total 1.931 :t 0.022 0 . 777 :! 0.011 

832 Aggregate (0.058 g) 

500'C 0.899 t 0.024 0.521 <c 0.002 

60rf 0.229 ± 0,006 0.919 ± 0.062 

700° 0.122 ± 0.005 2.4 2 ± 0.14 

80rf 

90o" 

toOo" 

uoo" 

120o" 

130o" 

1400° 

1500° 

Total 

0.141 • 0,005 

0.178 t 0.005 

0. 216 ± 0.006 

0.410 t 0.012 

0.213 ± 0.006 

0.13 1 ± 0 .004 

0.042 • 0.003 

0.034 t O.OOJ 

2.615 ± 0,032 

AS Chondrule .. pyroxene (0 ,0779 g) 

5oo" c 

70o" 

850° 

1000° 

1150° 

1300° 

1500° 

Total 

0.039 ± 0.005 

0.109 ± 0.010 

0.554 ± 0,044 

1.048 ± 0 . 064 

0.354 1 0.029 

0.346 • 0.029 

0. 105 ± 0.009 

2.56 ± 0. ll 

l. 89 ± 0.01 

1.96 ± 0.02 

1. 28 !. 0.0J 

o. 979 ± 0.009 

1. 14 6 ± 0.009 

0.879 ± O.Oll 

0 . 587 ± 0.029 

0.528 ± 0.033 

1.021 ± 0.015 

1.96 ± 0.!l 

1.34 ± 0.03 

0.698 ± 0.010 

o. 846 j: 0.006 

o. 823 :t 0.012 

0.6]2 i 0.012 

l.04 ± o.oJ 

0.898 ± 0.021 

0.621 :: 0.006 

0.686. 0.014 

0.717 :: 0.012 

o. 779 • 0.011 

0.817 ± 0.007 

0.792 ± 0.008 

0. 771 ± 0.005 

0, 767 • 0.007 

o. 757 ± 0.006 

0.599 ± 0.002 

0.637 ± 0,007 

0.599 ± 0.011 

o.682 : o.oos 
0.679 :t 0.005 

0. 754 ± 0.005 

o. 762 ± 0.004 

o. 776 ± 0.007 

0. 776 !. 0.006 

0. 626 ± O.O ll 

0.791 :t 0.014 

o. 683 ± 0.006 

0.7J 1 0.04 

o.649 ± 0.020 

0.916 ± 0.007 

o. 924 t 0,007 

o. 930 ± 0.012 

o. 919 :t 0.0 12 

0.925. 0.0 21 

0.916. 0.0 22 

0. 0064 

l>.027 

0.0 16 

0.0 14 

0.0068 

l},0060 

ll.0073 

0.015 

0. 0036 

0 .0018 

o. 0068 

0.013 

O.Oll 

u. ootrn 
0.0073 

0 .0039 

0.0074 

0.013 

0.041 

0.054 

0 . 0021 

0.046 

0.0 16 

0,()032 

0.0017 

0.0051 

0.0051 

0.017 

0.0018 

o. 160 

O.OJ6 

0 .070 

0.092 

o. 246 

0. 267 

0.362 

o. 203 

l.46 

0 . . \36 

u. 146 

0.072 

f:.096 

o. 120 

o. L62 

o. )2 l 

0.165 

0.102 

0.034 

0.026 

l. 78 

0,028 

o.092 

0 . 507 

o. 969 

o. ]29 

o. 320 

0.097 

2.J4 

0 . 626 

O. B2l 

u. 80 8 

0 .602 

o. 8 10 

n. 784 

0. 777 

0. 7bJ 

o. 766 

o.598 

o. 663 

u. 760 

o. 797 

0.801 

O.HU9 

o. 807 

o; 81 7 

u. 792 

0. 812 

n. 775 

o. 719 

0. 86 

o. 908 

o. 924 

o. 926 

(I, 9)0 

o. 91'1 

o. 947 

0. 92) 

Table A2. Argon in stepwise thermal release fractions from Allende 
samples. (Argon contents in 10- 5 cm 3 STP/g) 

B6HS Matrix 

5orf c 
6oo" 
10<f' 

8orf' 
90rf' 

1ooo" 

11oo" 

12oo" 

t30o" 

140rf 

15oo" 

Tot.t 

0.67 :t 0.05 

0. 21 ± 0.01 

0.17 ± 0.0 1 

0 . 64 ± 0 . 05 

0 .93 ± 0.07 

l. 86 ± 0.14 

6 . 11± 0.45 

6.06 t 0.44 

2 .46 ± 0.18 

0.23 1 0.02 

0 . 08 1 0.01 

19.40 ± 0.68 

371 • 22 

577 t 34 

188 ± 11 

121 ± 7 

142 ± 

190 ± ll 

211 t 12 

121 ± 

92 ± 
29 1 

19 1 

2061 ± 47 

5.82. 0.04 

4. 20 t o. 21 

4 . 82 1 0.18 

4 . 98±0.27 

4 .87±0.12 

5.05 :t 0.05 

5.00 :t O,OJ 

5 . 05 ± 0.02 

5 .07 :t 0.02 

4.86 1 0.07 

4 .43 ± o. 22 

l .03 ± 0.25 

550 ± 50 

2800 ± 250 

1130 ± 100 

189 ± 18 

153 ± 14 

102 t 10 

35 1 

20 ± 

37 1 

124 • 11 

253 ± 23 

106 ± 

(), Olf:I 

0.077 

0 .098 

0. 010 

0.0 

o. 0 

0.0) 

0 .0 

0.25 

o.o 
0,08l 

o. 230 

O. lttl 

o. 240 

O. LJO 

(), 109 

0.095 

0.024 

o.o 
o.o 

1.09 

0.052 

O.U6J 

U.042 

0 . 0 15 

0.0 

o.o 

0.02 

O. l9 
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Table A2 (C'rml.) 

36Ar 40Ar 36Ar/38Ar 40
Ar/

36
At 

B6HS Aggregate - grey rim 

soo0 c 0 . 184 ± 0 . 012 284 ± 17 J.95 ± 0.08 1540 :t 140 

600° 0.314 :t 0 . 021 471 t 2H 9 . 7 :t: o. 8 1500 ± 130 

700° 0.357 ± 0.024 330 :t 19 l l.7 ± 0. 5 920 :t 80 

800° 0 . 161 ± 0.011 149 t 6 . 52 ± 0.21 930 ± 80 

900° 0 . 185 ± 0.01 2 131 ± 6.ll ± o. 17 710 ± 60 

IOOo" 0. 24l t 0.016 141 t 5. t7 ± 0.09 580 ± 50 

l!Oo" O.ll4 ± 0.025 88 t L.98 ± O.Ol 260 ± 25 

1200° 0.587 ± 0.04) 95 ± 1.94 ± 0 .0 1 160 ± 15 

Doo" O.l09 ± 0 . 02 1 1)5 ± 1.91 ± 0.01 440 ± 40 

1400° 0 . 165 :t O.Oll 86 :t 1.86 ± 0.02 520 ± 50 

1500° 0 .046 ± 0.004 17 :t 1.54±0.ll 370 ± 40 

Total 2.86 ± 0.07 1930 ± 40 l.01 :t 0.12 668 :t 22 

B6HS Aggre@a u .. pink core 

55o"C 0.555 ± 0.037 928 ± 55 25.1 ± 2.8 1670 ± 150 

70<!' o . 971 :t 0.065 874 ± 52 47. 7 ± 7 . 1 900 !: 80 

85o" 0.279 ± 0.019 200 ± 12 20 . 7 ± 4.5 720 ~ 70 

lOOo" o . 204 ± 0 . 014 72 ± 4 11.0 ± 1. 8 350 ± JO 

115o" 0.161 ± 0 . 012 47 ± 1.67 ± 0.07 290 ± JO 

13oo" 0.113 t 0.009 31 ± 1.45 ± 0 .08 270 ± JO 

150o" O.l38 ± 0.025 12l • l.38 ± 0.16 360 ± JO 

157o" 0.132 ± 0 . 030 4 1 ± 2. 5 ± (I, 7 )10 ± 70 

Total 2. 75 ± 0.08 2320 ± 80 6.H5 ± 0 . 37 840 t 40 

BJ2R Aggregate 

5oo"c 0.022 ± 0.002 2340 ± 140 2.H ± o. 5 106000 ±11000 

600° 3 . 25 ± 0. 24 9370 ± 550 12.1 :t o. 9 2880 :t 270 

700° 2. 42 :t 0 . 18 2990 :t 180 26 .8 :t ).8 1240 :t 120 

BOo" 1.05 :t 0 . 08 900 ± 50 23. 7 :t 2. 5 860 :t 80 

90()" 0. 70 ± 0 . 05 630 t 40 19 . 8 ± 0. 9 900 ± 80 

lOOo" 0.51 ± 0.0J 440 ± 30 5 . 69 :t 0. 11 870 :t 70 

11oo" 0.68 :t 0.05 270 ± 20 2.05 ± 0.01 400 :t 40 

12oo" 0.87 :t 0,06 120 ± 10 J . 10 ± 0.02 140 ± 10 

130o" o . 22 ± 0.02 20 :t 3.76 ± 0.11 too ± 10 

140o" 0.083 ± 0 . 006 10 ± 2.77 :t 0.18 110 ± 60 

1500° 0 . 031 :t 0.006 10 • 2.1 :t o. 5 290 ± 150 

Total 9.84 ± o . 32 17100 :t 600 7. 87 :t o. 36 1740 ± 80 
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Abstract. The calculated isotopir composition or thl· 
anomalous new xenon componcnl cnrh:ht.·d in 1 1 

K Xl'. ' ·' 
0 Xl'. 

and 132 Xe discovered hy Sri11il'asa11 and A11clcr.1· I I '178 I i11 
Murchison depends strongly on the ll'dtniqrn: used lo parlilion 
the measured spectra among th1..· dirt'l.·renl components prt.·srnl 
in the sample . With littlt..· a priori _justitkation, Srinivasan :11HI 
Anders initially assumL' 1 34 Xr and 1 .ltt Xr arc ahsl'nl from fhl· 
new component to <le.rive J composition thcil 111ald1l·s 
calcu lated spectra of xcnon prodUl'l'<l hy s·pml't.•ss r111d\· 11 · 

synthesis. The reported data when plott<·d m1 xc11011 th1"!'• 
isotope diagrams fall on mixing lines that may hl' l'Xtrapula1rc1 
to define an allowed range of end point l'Ompositio11-. lnr tht> 
llt.'W component. This approai:h to th1.· dat<J y1l'ltls a w1..·ll 
dcfined family of unusual Xt~non spn·1ra. tHHH .. ' of ~hh h 
is the same as the c.:omposil1on obtaint.·d hy Sri111v ~ 1 s a11 
and Ander.;, and none of which is directly compatihll' wilh a 
component of pure s-process nucleosy11thesis. 

Srinivasan and Anders 119781 have reported the discowry 111 

a gas-rich separate (ICIO) from the Murchison carhonawous 
chondrite meteorite of an isolopii: composition of Xl'no11 

enriched in 1 2 •Xe. 1 ' 0 Xe. and 1 .1 
2 Xe, and unlike· ;ony 

component previously described. This important discovery is 
given especial significa nce by the close association of the 
unusual xenon with a very high concentration of neon-E. the 
remarkable ' 2 Ne-rich component attributed hy 11/ack I 1 '172 1 
to unvaporised interstellar grains. A clear link hetwn·n neon-L 
and a particular xenon composition should provide a valuahll' 
constraint on the origin of these and other assodakd unusual 
noble gases. 

The stepwise heating data presented hy Sri11i1 ma11 a11cl 
Anders ( 1978; Fig. 11 clearly show that the ICIO sample 
contains a minimum of three xenon components. lirsl an 
ordinary trapped component similar to AVCC (avera~·· 
carbonaceous chondrite), second :.i fission-like l:omponenl 
CCFX, and third a new component enriched i11 1 

'' X<· . 1
·
10 x,·. 

and 132 Xe. Srinivasan and Anlkr.i argued from qualitative 
trends in their xenon data that the most prohahle nri)!ill of the 
unusual new xenon component is s-proccss nuclt·osynlhcsis. 
and therefore that 1 34 Xe and " 6 Xe cannot he present in the 
new component. This assumption allows the two lll'avy 
isotopes 134 Xe and 136 Xe to be used to ob tain th,· rl'lative 
contributions of the other two components, trapp<·d and 
CCFX, which arc then subtracted from the total 11\l'asur<·d 
composition to obtain a xenon speclrum for the new 
component The resulting composition derived hy Srinivasan 
and Anders for the new compo nent is a good fit to theoretical 
s-process xenon spectra, bu( this resu lt is strongly dependent 
on the initial assumpt ion that the new component contains no 
1 34 Xe or 1 36 Xe. This restrictive assu mption ruled out with 
little a priori justification any candida te anomalous composi
tion that might contain 1 34 Xe and 13 6 Xe and be otherwise 
consistent with the measured data. The purpose of this letter is 
to describe a more conservative treatment of the data that leads 
to a well-defined range of possible composi tions for the new 
xenon component. all of which do contain 1 3 4 Xe and all hut 
one end-member of which do contain 136 Xe. The procedure 
detailed below is based on first using the systematics of 
three-isotope diagrams to restrict the range of anomal ous 
xenon ccmpositio ns compatible with the measured data. Linear 
correlations indicating mixin~ of distinct cntl-mcmhcrs art· 

Copyright 1979 by the American Geophysical Union. 
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sou~ht. In this appro:u:h. lilt' rossihll' l' IHl-llll.'lllht•rs lllllSI lie_ Oii 
11ll' l'Xknsion or tlw l·orrdt1tinn line Sl'j.!.llll'l11S. Poss1hk 
t'o111positio11s 11f cnmpom·111.s Iha! fil lhl' allowl'd ran~t· ~all 
lht•n ht· sug)!t'S l t~ d . Tht• purl' s-prol·cs.s xt·non 1·on_lpos1t1011 
ohU1irll'd hv Sri111vas<111 and AnUt•r.i is 11111 a pm;s1hk t•rnl · 
llll'mhn of.tht• t•orrl'iatio11 lilll'S found. Thl·rt·fol'l', lttl1H' or tin· 
rt·slrit:tl'd rarq.!t' of u1111JH>sil1ons for. tht• 1ww l·ompont·nl 
dclisll'd ht•rl' from lht• l·orrt•lallllllS is dlrl'l"lly u1111p;1tihll' wilh 
;,in ori~in sokly by s-pron·ss nurkosynlhcsis. Thl· 111ltTrlai11lit·:-. 
ansin).! from tlll'Sl' diffrrrnn·s SllJ!~t·st thal sonll' (.1f !ht• dt·taikd 
tlisn1ssmn of llw ;istrophysic:1I sourn· · of li11s 1.:0111ponr11I 
prt'St·ntcd hy Srinivas;111 and Amkrs is perhaps pn·malun· . 

l\kasurt•d xl'no11 d;.1ta ohta111nl hy Sri11fra.wm a11cl 11 ml<'n 
111rJHI durinµ sfl·pwisr ht•a1inµ. or lht.• ~as- nd1 rrsid111.· 1('10 
from Mun.:hison arl' plottt·d in Figs . la-d. diagrams or Ii~ ·'" 
vt·rsus 1q ~ ~. whcrt· 

The dala havi: hct·n normali1.cd In 1 Jo Xr lo yit•ld llH' 
maximum rangt• of dl'vi:1lions. and hct:aust· 1 

HI Xe is shielded 
from fission nr r-pron·ss nttdt'osynthcsis. Error.\ shown arc I a. 
rnmpoundcd quadratically from tl1c data prcst·nt,·d hy Srini
vasan and Amlt•rs whkh is nonnalizcd to 1 

·' 
2 Xt· . The 6 plots in 

Fig. I an: a modifit•d fprm of tht: usual lhrt•t• i."i.olopt• plot. 
iXc/iXc versus k Xe/ iXe. and share with it the impnrta11t 
charat:tl'ristil' lhal rnixturt~s of any two distincl t:o mpositions 
will plot 011 a straiid1t line join ing. till' two l'nd points. More 
imporlant tp lhc presl'nl disl'ussion. tht• ohsl'rvalion or :I 

l'Ollinl'ar St' I of l'OllSCt:UliVl.' dati.I poinls is llSllaliy lakl'll a~. 

slronl! cvidcJH.'t' that lhc xt·11011 involved is :1 binary mixhirt• nl 
two wcll-tkfi11l'd co111pom.: 11ts whosc composilio11,'\ lit• ·on thl' 
opposik CX ll'llSiOllS of lhl' lilll' sef!JHl'llt ddi11t'd hy llh• dal:I · 

Tiu.· hatcht·d h:.mds 1.·xll."ndinµ from thr l"011lpos1t1n11 of AV(« ' 
xt·non I l :'ttRsler <'/ al.. I ~>(1 7 1 towanl IH!!h h: :: :; rt·prt' .'\t'llf 
t.:orrclation lint's dl'lim~d hy dal:t from tht• Alkndt· and Oq!ul'il_ 
mcteonlcs f / .'rirk ancl Moniot. I l)77 j dt1l' lo lhe admixin~ ol 
('('FX xt~non. CCFX xcnon is thl' highly anomalous i.:omprnwnt 
simultaneously t·ruicln~d in th1.: li)t.hl ( 1 1 ~ Xt'. ' 2 

i. Xt•) and lu·;i\t'Y 
( 1 

H Xe. 1
'

6 Xcl isoto1ws first nott-d hy Ma111wl ct of. I 1 '17 ~I· 
and rcn·ntly found to lw cnrkhed in rnincrnl Sl' p<ir<.1 lt·s fron 1 

carhonaccous chondrites hy Lt•wis et al. 11975 1. Note that for 
MXe/ 1 .10Xe=O. 6~30 = IOOO,so in Fi~s . la-dacompnn,·nt. 
ronsistin~ of pure 1 Jo Xt· will plot al the lowt•r lcfl t'ornl'r ol 
each Uiagram. 

The xenon in the 800"C fraction from ICIO is dominated f1Y 
ordinary trapped xenon similar to AVCC X<·no11 . The I OOOu(' 
fraction plots on the mixing line between trap1wd a11d en:)( 
Xt'IH>n. with a suhstantial admixture of tht· ('('FX romponl'lll · 
The suhscqucnt high-temperature fractions plot wdl away fro•" 
any possible mixtur<'S of ordinary trapped with CC'FX xenon. 
The I 100°C- 1600"(' fral'li ons trend pro~rl'ssivl'ly toward th<·. 
lower left in hi:. I , rcOel'lini: the qualitative <'rHichmcnt ol 
130 Xc in lhc new rornpnncnt as poinll'd out hy Srinivasan and 
Anders. Simil:.ir corrl'la l inns for thl' liµhl Xl'non isotopcs ( n''t 
plotted) show lhis 1 ·'~Xc is unan:ompanil'd hy s i~nilit· :tl1 1 

amounts of 124 Xt· or 12 hXe. rulingoul typic; il ~alaclit· i.:osn1it· 
rny spalla tion xenon I Marti <' t al. . 1'11>6 : l/11nl"k1· 1•t al. 1'1 7 2 1 
as a sourt:t' for lht· variation. For convl'11it'llt't' lhl' anonrnlol 1s 
xt·non is provisionally rcft·rrcd lo as xcnnn· l'. X C'ct• t'X 'I. 
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Fig. la-d. Isotopic compositions of xenon (solid dols) l'XlraL'lt•d hy sll .. ·pwisl' lll·ati11µ from Mun.:liis1111 1('10 !!<1s-ri1.: ll n.•sid111..· 
(Srinivasan and Anders. 1<>781 arc plotted as 6~ _10 vt·rsus 6l jg dl'vialions in parts p1..•r lh11us:i11d fr11111 1111..· atmosphnit" 
composition. In Fig. la (upper lert) M = 1.14: in lh Onwn krtl M = l.l 2: in Ir 111ppn righll M ~ 131: ;111d i11 Id llow,·r riµhll 
M = 130. In Fig. la, numbers next to d<Jta points art' l'Xlraction kmp1..·ra1tm .. ·s in hllll\lrt:d' ofd1..·gn·1..·s ('l'l sius . 111 la-d . l'rrors an·'"· 
compounded quadratically from data normalized In I .I l X1..· hy Sri11ivas~111 ;,rnd l\Jllh:r., . Cn111posilions or ordi11ary lrapp1.:d Xl.'IHHI 
shown as open circles are atmosphcrk. AV('( ' '<avl'r:1gl' carhon:H.'.l'OllS dtondrill' I ;rnd Sl J(.CJR fsurf:Kl'·1.: tl1T\°lall·d fnHn lu11;1r 
samples (Podosek et al .. 1971 J ). Thc halched hand s l'Xll'IHlin~ lo lhl' riµhl of AVCC rdkd lhl· ;1d111ixlllfl' ol cn:x "'""" lt> 
or<linary trappc<l xenon. The 1100°(' throuµh 1600° (' xl'non fradions from 1( ' 10 lrl·nd s ~1 s1l·111a1i .. :ally Inward llH' lnWl' l' krt. away 
from the trappcU-CC'FX mixing linl'. The collinl'arily of lhl· hiJ,!h-ll'lllll\.'ra1111\• rl•ka '\l' frarlions is rnh'rprl'll'd ;1'\ l'vidl' lh't' of mix in ~·· 
two well-<lcline<l end point composilions. Till' uppl·r t' IHI point a ppl' ~ll':-. as a uniform 111i xl11n·· 111" onli11;1ry 1r:ip1wd .x1..· 11011 wilh 
CCFX xenon. The lower anom<.1lo11s Xl'non·EX cm! poinl 11111sl lk on 111l' d1llll'd l'Xll' n:-.ion-.. of llw mix inµ h1ws. with h: :~~ hl'IWl'l' ll 
-- 1000')'00 and - 450')'00 (Q..; 136 Xe / " 0 Xc ..; I.~). 

signifying its EXtraordinary corn position. as Wl'li :is ifs pn,sihk 
link to neon-E. The tolal rnn{!c of possihk compositions of 
xenon-EX is indicated hy lhe shaded regions lo lill' kfl nl th<' 
1600°(' points in Fig. I. These art·as ""' rnnstrul'kd ;issi11ninµ 
the lt\00°(' fraction could be a mi x lure of xcnnn-EX wilh ;1ny 
other known xenon component likely lo conlribuil' lo llll' 
high-temperature data. including ordinary !rapped Xl'llon 
(SUCOR , A VCC. atmospheric). CCf'X xenon. and ;1ctinid<' 
spontaneous-fission xe:non . Low 1 2 4 Xe and 1 2 " Xe.· l:onknts 

rule out appreciable contribulions of spallation to the heavier 
isotopes at high temperatures. Possible neutron-caplurc rnn
tributions to 1 3 1 Xe or 12 q Xe and cxl.·css radio!!l'Jlit.: 1 2 9 Xl· 
have been ignored, but would only shif( the luwer hm11Hlary of 
the shaded areas in Figs. I e and I cl to verlical lin<'S kading 
from the 1600°(' poinl to the abscissa . The shaded regious lhus 
represent the most generous cslimatc for the rnngc of possible 
compositirms of xenon-EX. Tlirec-isolope mixing syslemalics 
provide criteria to further restrict this ran~c. II can he seen in 
Fig. I that the final four of !he six xenon fractions from IC I 0 
lie on straight lines well within la errors. These lines ;1re hnc 

illll'rpn·kd ill till' llSlltll way as l"l.'IHl''\l'llling 11li .xi11J.! lilll''\ 
hl'IWl'l'll two dislilll'I l'IHI po111I l"Ol11posi111111..;. Tiu· uppn l'rHI 

poinl is nrnsisll'lll with a 1111ifon11 mi~lurl' or nrdi11;1ry 1r;1ppl·d 
and ccr:x X\.'11011 wilil a h: ·:g nr about S~O%o . 1'11r 'il' l"OIHI 
end point rorrl·spnnding to Xl' IH111-l·:X 11111s1 lil' 1111 lhl' dolkd 
extensions or llll' mix in!! li1w .... lo lhl' lnwn kft of thl' I MIO"(. 
poinls. Xenon-EX romposilions ro11sisll·111 wirh lh\· 111i xin !! 
lim·s in Fiµ . I art.• rl'prl'Sl'lllt•d in HJ.! . ~ b~· a L1111ilr of Xl'non 
spl'l'lra . normali z\·d lo 1 ' 0 Xl· ,:.:::: I . l lnlikl· lhl· s1wdru111 
ohtainl'tl hy Srinivasan and Amkrs. shown :is a da\ hl·d Jim· in 
Fiµ. ~. lhl' t'ompositions for Xl'non-EX ohtailll'd hnl' al"l' 
rharadcriJ.l'd hy ti,. Xl· / 1 Jo Xl' ;111d 1 11 Xl' / 1 

·
10 Xl· r:ilios 

.~iµnifiranlly J.!rl' :lll'r tilall C..llll'. ;11ul hy a rallJ.!l' or possihk 
non-Zl'Hl 134 Xl· and 1 .1 h Xt.: l·onll'nts. 

The diffcrcnn•s arisr from lill' inili;1I assumption 111 :uk hy 
Srinivasan and t\1H.k·rs that lhl' anomalous XL'11011 was a prodlll: I 
purely or s-pron·ss nurkosynthcsis and . ilt.'lll'l' th;11 1 ·14 XL· / 
130 Xe ;111d 1 J 6 Xc / 1.1° Xt.· l'qu;illcd ZL'ro in lill' ll L' W L·o111p1111t·11I. 

This t.:orrcsponds in Fi~. la to assumin).! Xl'llo11 -I-' X plots ;ti 

Fi:~~ = t; \ ~ g = I 000. a sinµk composition whkh fall s off lhl· 
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cxccllcnl corrclalion line dclincd by !he higlHcmpcralul\' data. 
In Figs. lb, le and Id. !his assumption restricls xenon-EX lo 
lie on the ordinate. Thl' rcsultinµ r omposition ohtainL•d hy 
Srinivasan and Anders is indi1..·atcd hy thl' asterisks. and is 
clearly not a possible end-member or !he high-tempnature 
correlation. In this way all suit;.ihlc 1.:andidtttc 1..·0111posi t ions for 
xenon-EX that lie in the shaded areas in th<· inlcriors 111' Fiµs. 
I a-d wen.~ arhitrnrily excluded from furthrr 1.:onsitkralion. 
There would Sl'Cnl to be l iltlc ll /Jriori .iustilil..' alion rur s1..·h.·c1 in).! 
the t - 1000. 1000) poinl in Fiµ . la as an inilial r.·slridion on 
the xenon-EX composition over points on the 111ixinJ.! lilll' 
dcscrihcd above. or irn.IL•cd any arhitrnry poinl within tin· 
sh;.u.lcd region . Sim:c in Fi~ . I a tht• initial assumed i.:omposition 
lit.•s off the correlation linl' throuµh thl' h i )?h-h.~111Jll' rahrn.· dat;.1. 
the rchltiVC proporliOJlS of ordinary trappl•d ;.111d ('('f:;'( Xl'llllll 
infrrrcd by Srinivasan and Amil- rs arl' diffl'rl'lll in l'ad1 
tl'lllpcralllre fr;.1l'lion. Thl' proporlion or Xl'lltHl·E .'X in e;1d1 
tempcrnlure fral'lion varil.;'s as well. and .is ;i n>nSl'l)ll\.'lhT ii rnu s l 
IK· assl1mcd undn till' inkrprdaliun givl' ll hy Sri11iv;1san ;ind 
Andcrs that the collinearity of thl· four data points is 
coincidental. This contrasts with thl· intl'TJ1Tcl;.1tio11 followed 
here whl·rc the alignment is lakl'll lo he signilil'anl. The JHl'Sl'lll 
trl•atmcnt rl'quin.:•s no a priori assumption l'OIKcrning llw origin 
of the anunrnlous Xl'IH.>n . 

Sinn.· the data in Fig. la do nol l' Xfl'IH l lo lhe ll'l't of1~1ixinµ 
lin~s joinin!! onJinary lrap1wd .'<l' IHlll to lhl· point f 1.000. 

1000). the Xl' non-EX end point illfl·rred hl' rl' to lk 011 fhl· 
dolled lilll' could formally l'Onsist of ;1 ho mogcrwous 111ixltirl' 
or o rdinary trapped Xl' non. such as AV('(' or SUCOR . wilh an 
s-process componenl plollinµ al I 1000. I 000) havin~ 
IJ 4 Xl·/ 1 J 0 Xe ~ind IJ 6 Xt•/ 1 .)UXl· l.'qt1:1l Zl'fl) , ;.is aSSllllll'tl hy 
Srinivas;,111 ;,md Anders. In the 1.: asl' of admix1..·tl /\ V< ·c. for 
cxumpk, lhl· .Xl'llon-EX end point is rcslridcd to lil' ;11 
0: ~ ~ ~ 600~00 al the int1..·rsl·t.:tio11 of tl11..· lill l' COlllll' t.:tin~ 
( 1000. 1000) to AVCC and the dolled Xl' non-l'X mi.,in~ 
line in Fig. I :i. Undcr such an hypothesis. :ihou t h()'/, . of thl· 
130 Xc in xcnon-EX arises from lhl· s-pron.•ss l'. Olll!Hllll'lll. Tia· 
l'Orrcsponding l·akuJatcd C0111positioll of S·pron•ss XL'llOll with 
1

.\
4 Xc / 130 Xl· and 136 Xc / 1 J 0 Xc dl'fincd to hl· l.l'ro is 

128 / 129/130/ IJl/132;,; 0.42 /0 .72 / :< 1/0 .55 / 2.40 . . whil'l1 is 
analogous to thl· compositions lh•riVl'd hy Srinivas:111 and 
Anders. and l·ompatihlc with thl' su~l.;'Skd purl' s-pHKl'Ss 
addition . If the xenon-EX l'lld point dm:s consist of ordinary 
trappctl xenon mix1..•d wilh an s-prol'l'SS compon~·nl. lhl'n thl· 
c.xish.'lll'e of the high-11..·mpcratllrl' corrl'l;.ilion implil's llll' two 
werl' insl'parnhlc in lhl' reported skpwiSl' hl·a1inµ l' Xpc riml·nt. 
Either they Wl'fl\ admixed prior to i11l·orporn1io11 in till· minl·ral 
phase now carrying llJl•m. or lhl• lhcrnwl rckasl' did not 
disl·riminatc hctwt.:cn the diffl'rl•ntly sitl·d x1.:.•11011 l'Omp1111L·nls. 
or possibly thl· mixing is an l'.\fK'rinll'llf:il artifad. Noll' lhal 
finding points lyin g on thl· Xl'non-EX 111ixing linl' wilh 
fi: {~ < 650?'00. would rule oul ho1110}.!cni1.;1tio11 witll ordinary 
lr;:1ppcd xenon a1HI rule oul an s-pmn·ss \l'non L:o111prnll'11I 
c.ont<.1in i11 g 110 1 

J
4 Xe and 1 

·
1
'' Xc. 

It is imporlant not lo k>Sl' siglll of lh l' fad that lhl' \t' 111111 
rompoill'nt in I CIO !'mind hy Sriniv .:1~<111 and Amil-rs is hif.'.hly 
unustwl. reµardlcss of lh1.:.· cx ;1l'I s1wl' tr11m·sltippinµ krh11iqt1t' 
llSl'd to lkfine its composilion . Till' r;lll!!l' of l' lld poinl 
composilinns lkrivcd usinµ thl· mixin~ lilll'S in Fiµ . I is nol 
consistent with a component simil:1r lo a purl' s·pron•ss 
nudcosynlhl•sis product as t.Jcscrihcd hy Sriniv;1s:111 and Amkr.-o. 
However. as pointl'd out hy thcsc ;1uthors. lhl· import1111I 
s-pron•ss isotopes llKXe. 1-' 0 Xl' . and 132 X1.:.· ;:trt• cnrirhnl 
rcl ;1tiv1.:.· to th1..· other isotopes or mass ~ I ~<J . The nm1positio11 
obtained hy Srinivasan and Andl'rs ;.iµrcl'S wilh llH·orl'lical 
s·process xenon spectra. There is no a /lfiuri r'l·ason lo l'XIWl'I 
th;:1t the initial suhtr:11.:lion of all 1 -'

4 Xl· and 1 Jti Xl· from thv 
mcasurel! cmnpo~it ions should caUSl' the rl·m:iinin!! isolopl's lo 
rcscmhle an s-proi:css spcclrurn . Thal they do lends Wl'ighl to 
thL· assumption that xt.:non -EX 1.:onl<1i11s s·prrn.:l'SS Xl'llO!l, hut 
the aµreeme nt cannot he uscd lo ·arp.lll' or imply tlwl llw lll'W 
component t:ontains o nl y s-proc css x1.:.•non . Thc t111111ixit1!! 
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Fi~ . 2. Thl· shadl·d rq'.ion n.·prl'Sl'llh llH• l·o111pll'll' family of 
l'illHlidalc Xl'IHlll spedra fur Xl'llorl-l:X 1.kn"'l'd l'rom llH· ran~!l' 
of l' nd point nu11positions µivl·n hy thl· dplled li1ws in Fig.. I . 
Tiu..· solid lines µiVl' SJll'l'ilil' l'Xampks or 'SJ'l'l'lra for 
""Xl'f""Xe ; 0.0 . .1.0.<>.0.'I . and 1.2. The suhs lanliall y dif· 
ll·rL'llf spct·trnrn ohlairwd hy Srinil'asw1 and Amfrr.\· I 1 '>7X I is 
i11dit:atcd hy lht.• dashl·d litll' . :111d is not ;JU l' lld - llH'lllh~r of lhL' 
TallJ!l' of SJll'drti ohlainnl hl·rc. Tht· dissi111ilaritics arisl' 
primarily from lhl' assumption hy Sri11ivas;111 and Anders th ;1I 
1 ·

14 Xl• = 1 1 •1 Xl· ::= O in lhl' anomalous Xl'non-i:X nu11pnt1l'lll. 
Thcurl'fil·a l spl·l'lra of a p11rl' s·pron·ss lllll'kosynlhl'li\ l·om
polll'lll 11f Xl' llOll ;1rl' l'."iSl'llli;illy lhc soillll' as lhl· tlasJ1l'd-li1w 
spl' t.: I rum I .':jri11il'a.,·c111 cJllCl 11 mfrrs. 197X I. 

pron·durl' ;1doplL'd h/ Srinivasan and Andrrs lo \1.•parn ll' llll' 
hiµh·ll'lllpcrnlure Xl'lltlll l·omponl'.lllS in l·fli.•t'I l't1rl'L'sp1rnds 111 

o.;uhlr:tl'lill!! all ('(TX Xl'llon and all solaro.;ysll'lll - likt~ r-pron·ss 
Xl'non f Ll' . all 1 

:i .a Xl· and 1 ·'" Xl•) as writ as s· pron·ss X\~ IHHI in 
onlin;iry snl;ir sysll'lll trap11l·tl xt• 110n proportions . lloWl'Vl' r, ;111 

indl'lcrminah' fral'lion of lht• suhtradcd r-pron•ss l'Ontrthutio n 
rould in fad hl'lo111! to llll· lll'W Xl' no11-1 :.x l·o111ponl·11t. Thus 
lhl' SOllrl'l' Of lhl' allOIUaloUS l'OlllpOllL'lll ;.1pJll'arS to hl' 
diaral·tl·rit.l'd hy :1 ratio of ~-pron·ss to r-pn•l.l'SS 1111dei whirh is 
hi!!hl'r than in ordinary solar syskrn rnalll'T, h111 r-prm.Tss 
mll·IL•i rll' t'd 1101 hl· ahsl'lll. N\ltl' lh:il nl'ilhl'I' thr s·pron·ss nor 
any r-pron•ss Xl' l1011 l·onlrih11tions containl·d in Xl'l1011-l·:X lll'l'd 
a 11riori nwtd1 thl· isolopir nunposition s of ordi11ary solar 
sysll' lll s· prol-css and r-prnn·ss Xl'IHm . . Thl· l'al'I that suhlnll·lion 
of siµnilkanl a11u11111ls of holh slandard s-pn>n·ss and r·rrocess 
Xl'IH>ll from lhl~ high·lt·111peralurr data rl'slllls i11 ;1 11on11;il 
s-pTOl'l'SS palll'l'n It-ads tllll' to l'Olll'ludc that. al Jll\'."il'l11 kvl'ls nl 
jHl'l'ision , lhl' 'i-prrn.·l·ss an ti ;iny r~pron~s., Xl'l1t111 assol·i;1h'd wilh 
.'<l'l10 11-J ·:X afl' isotopically similar to solar sysh'111 vallll'S, 
on·urrinµ only in dif'frn·111 rl'latin· proporlions . Whl'lher or not 
thl' p-pn.H.:css isotopL'S 124 Xe and 11 6 Xe arl' assodall:d with 
lhl· ;inomalous hl·avicr isolopl's c;inno l tw tkll'rmincd . Thl· 
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high-temperature trend is not well-delined for these two 
isotopes because of the presence of a small contribution from 
galactic cosmic ray spallation xenon. The abundances indicated 
in Fig. 2 are approximate upper limits for 1 2 4 Xe and 1 '•Xe. 

In conclusion , it has been demonstrated that the xenon 
isotopic compositions derived for the new anomalous com· 
ponent discovered by Srinivasan and Andl'r.f I 1'17XI in 
Murchison are dependent on the computational technique used 
to separate the contributions of the various componl·nts 
present in the sample. The s-proccss xenon isotopes arl' 
enriched in the new component compan·d lo ordin;1ry 
solar system abundances. The conclusio n lh at thl' ohsl'fVl'd 
isotopic variations are dut: to the ;idUitio n or a 1:0111ponl·nt 
derived solely from s-p roccss 11111.:lcosynthl'sis Gtnnnt hl· 
rigorously defended , although sm:h a 1..:ornpom.· 111 n.·rnains tlll\' 
of a hroad family of components that G tn he llSl'd lo 1.·xplai11 
!ht• data obtained by Srinivasan and Anders. 
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ABSTRACT 

Ne, Ar, Kr, and Xe concentrations and isotopic abundances 

were measured in terrestrial samples of eleven beryls and one 

tourmaline. Measured neon isotopic compositions range from near 

20 22 21 22 atmospheric to extreme values of Ne/ Ne = 1.14 and Ne/ Ne = 1.12. 

The excess 
2~e and 

22
Ne reflect contributions from (a,n) reactions in 

the crust (Wetherill, 1954). Excess radiogenic 40Ar is present in the 

beryls, in accord with earlier results by Damon and Kulp (1958). 

238 
Radiogenic Xe from U spontaneous fission is found in beryl for the 

first time, in amounts correlated with the other excess radiogenic gases. 

21
Ne and 

40
Ar d are present in relative proportions consistent with nuc ra 

expected production ratios in ordinary crustal rocks. 
136

xeSF is 

depleted by a factor of about ten. Non-radiogenic gases are found in 

the beryls and also appear to be strongly depleted in Xe relative to 

abundance patterns seen in plutonic igneous rocks. We suggest the 

depletions are most likely due to preferential exclusion of the large 

xenon gas atoms from the beryl lattice channels during crystallization. 

40 
In contrast with the beryls, nucleogenic neon, radiogenic Ar 

and fission xenon in tourmaline from Pala, California , appear to arise 

from in situ decay. 
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INTRODUCTION 

Noble gases in the atmosphere and body of the earth arise 

from a variety of sources. Gases present since the formation of the 

planet are termed primordial. Primordial noble gases may include gases 

incorporated directly from the solar nebula into the primitive terrestrial 

atmosphere. They will also include gases trapped in the solid material 

accreted to form the earth. Gases held initially in the body of the 

earth may eventually be degassed into the atmosphere. Subsequent to 

the formation of the earth, noble gases have been added to the primordial 

component by the radioactive decay of various parent nuclei, and by 

other nuclear reactions. In this paper we will present and discuss 

results on the noble gas contents of minerals formed several kilometers 

deep within the earth's crust. Our general aim is to discover the 

nature of the gases in the minerals and by extension in certain regions 

of the crust. We will investigate whether the gases are in part primordial, 

or instead dominated by atmospheric gases and/or the products of 

radioactive decay and nuclear reactions in the crust. The particular 

minerals we have chosen to study are the silicates beryl and tourmaline, 

which are known for their ability to trap relatively large amounts of 

gases (e.g., Damon and Kulp, 1958). In beryl, this capacity is the result 

of comparatively large channels piercing the crystal lattices of this 

mineral. The noble gases--and other impurities including water, co2 , 

and alkali metal atoms--are held in these channels. 

The daughter products of radioactive decay are known as 

radiogenic isotopes; the most important radiogenic noble gases are 
4

He 

40 129 129 131-136 
from the decay of U and Th, Ar from K, Xe from I, and Xe 

from spontaneous fission of 238u and 
244

Pu. Gases produced in other 
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nuclear reactions will here be called nucleogenic . The several MeV 

a-particles and neutrons emitted during the decay of U and Th can 

cause nuclear transformations among the atoms surrounding the 

radioactive nuclei, producing nucleogenic species. A particular case 

of concern here is the production of nucleogenic neon isotopes, 
20

Ne 

21 . 17 18 22 and Ne by (a,n) reactions on 0 and O and Ne by either a 

reactions on fluorine or possibly neutron reactions on magnesium 

(Wetherill, 1954; Sharif-Zade et al., 1972). 

Noble gases which have never resided in the earth's atmosphere 

are known as juvenile gases. We find it convenient to distinguish between 

primary and secondary juvenile gases. Primary juvenile gases include 

primordial noble gases, plus 
129

xe and 131- 136xe from the decay of the 

129 6 244 
short-lived radioactivities I (t~ = 17 x 10 y) and Pu (t~ = 82 x 

6 10 y) present in the material from which the earth formed. These 

gases are called primary because they have not been produced in signifi-

cant quantities since early in the earth's history. The observation today 

3 of primary juvenile noble gases such as He (Clarke et al., 1969; Krylov 

129 et al., 1974) and Xe (Butler et al., 1963; Hennecke and Manuel, 1975) 

in terrestrial samples indicates that portions of the earth have 

remained incompletely degassed over the age of the planet. In contrast, 

secondary juvenile gases comprise those radiogenic and nucleogenic gases 

including 4He, 40Ar, Ne, and 238u spontaneous fission xenon that have 

been produced over the entire history of the earth by the on-going decay 

of long-lived U, Th, and K parent nuclei. 

Noble gases on the earth are found in a variety of reservoirs; 

the atmosphere, natural gas pools, dissolved in seawater or meteoric 

groundwater, adsorbed in sediments, trapped in rocks and minerals, 
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dissolved in magmas. Gases may be exchanged among the different reser-

voirs by various transport processes. Radiogenic and nucleogenic gases 

formed in situ in the crust and mantle may be outgassed during metamor-

phism or partial melting, incorporated into metamorphic fluids or magmas, 

and subsequently injected into natural gas reservoirs, groundwater, or 

into the atmosphere. 4 40 
Thus, for example, essentially all He and Ar in 

the atmosphere is radiogenic, derived from the decay of U, Th, and K, 

through continuous outgassing of the earth. Minerals crystallizing or 

equilibrating at depth under elevated pressures of formation or metamor-

phism may incorporate measurable amounts of noble gases. Radiogenic and 

nucleogenic gases trapped in this way are not formed by subsequent in situ 

decay in the rock or mineral, so are termed 'excess' radiogenic or 

nucleogenic gases. In addition to the movement of gases out of the 

soLid earth, atmospheric gases dissolved in groundwater can be transported 

into the crust. There they may accumulate in natural gas pools, return 

to the surface in thermal springs, or possibly be incorporated directly 

into rocks, minerals, or magmas by diffusion or during alteration. Trans-

port of atmospheric noble gases into the crust or mantle may possibly 

also take place by burial of sediments containing gases, or by subduction 

of altered oceanic crust. 

The elemental and isotopic compositions of noble gases in 

terrestrial samples provide clues to the origin of the gases and the 

transport processes affecting them. Noble gases entering the crust 

dissolved in groundwater will be systematically enriched in the heavier 

species because of their relatively greater solubility. Partial degassing 

may further enrich the relative amount of heavy noble gases in the water. 

In contrast, heavy noble gases are relatively less soluble in silicate 
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magma than the light gases. Adsorption of gases by fine-grained sediments 

or alteration phases can lead to enrichment of heavy noble gases in the 

adsorbed gas, and depletion of heavy gases in the unadsorbed material. 

Diffusive transport of noble gases in the crust can also lead to frac-

tionations. In such processes, changes in isotopic composition will be 

much smaller than the changes in elemental abundance patterns. 

Because the radiogenic and nucleogenic gases are an important 

component in the samples studied, we review the production of these gases 

in more detail. T~e various radiogenic and nucleogenic isotope~ are 

generated from different parent or target nuclei. Therefore, observed 

variations in their relative abundances can reflect variations in chemical 

compositions of the source regions from which the gases derive. On the 

other hand, for cases where relative production rates should be nearly 

4 21 
constant--for example, for He, Ne, and fission xenon produced by the 

decay of U--drastic deviations from the expected production ratios may 

reflect operation of transport processes such as diffusion or differential 

solubility or trapping in minerals, magmas, or water. Equations 

summarizing production rates for the secondary juvenile gases are listed 

in Table 2. For the radiogenic gases we give instantaneous production 

rates today, and average production rates over the past one, two, and 

three billion years. The production rate for nucleogenic 
21

ne by 
nuc 

18o(a,n) is taken to be 2.8 x 10-8 
times the production of 4He, based on 

data in Wetherill (1954) and assuming the radioactive U and Th to be 
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surrounded by silicate containing L1S% by weight oxygen (Craig and 

Lupton, 1976). 20 The thick target yield for Ne 
nuc 

from 
17

0 is similar 

or somewhat less than that for 21Ne (Wetherill , 1954; Gurfinkel, 1963). 
nuc 

Since 
17

0 is only 1/5 as abundant as 180 in natural materials, the 

production ratio of nucleogenic 20Ne/ 21Ne should be ~ 0.2 . The relative 

22 
production rate of nucleogeni c Ne depends on the abundance of a 

nuc 

different target, probably fluorine, surrounding the U and Th . He wil l 

22 see below that the ratio of Ne 
nuc 

to 21Ne varies from about 0 to 
nuc 

roughly 30 in natural materials, probably due at least in part to variation 

in the target abundances . 

In Figure 1 we show ratios of the instantaneous production rates 

21 40 136 
for Ne , Ar d' and XeSF as a function of time for a source nuc ra 

4 40 4 
characterized by Th/U = 3.5 and K/U = 10 today. The ratio of Ar d/ He d ra ra 

. 40 21 
is not shown but can be easily obtained hy multiplying Ar d/ Ne by ra nuc 
21

Ne /
4

He = 2.8 x 10-8 . The ratios are not constant because of the nuc rad 

different half-lives of the parent nuclei. Note that, all other things 

equal, a mineral crystallizing several billion years ago will most likely 

trap radiogenic and nucleogenic gases of a different chemical composition 

than the same mineral formed within the last 500 million years. We might 

136 40 
expect that Xe8F/ Arrad ratios in excess radiogenic gases trapped in 

samples should decrease with increasing age of the sample. Unfortunately 

there are a number of factors that can combine to blur this trend by 

causing additional variation in the observed r atios. These include 

variations i n parent element abundances, differences in transport of 

gases from their source, variations in trapping efficiency, etc. 

In 1908, R. J. Strutt (Lord Rayleigh) discovered that beryl 
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. crystals commonly contain 4He far in excess of that which could be due 

to in situ decay of uranium. Aldrich and Nier (1948) found that the 

4 d" . 40A excess · He was in some cases accompanied by excess ra iogenic r. 

Damon and Kulp (1958) in a thorough study of He and Ar in a large 

4 40 . 11 number of beryls showed tbat excess He and Ar were present in a 

samples in proportions consistent with the expected production ratio in 

ordinary crustal rock with K/U ~ 104 by mass. Damon and Kulp concluded 

that the excess noble gases represented samples of magmatic gases derived 

from mantle or crustal rock and incorporated during crystallization into 

the large lattice channels characteristic of beryl crystals. Damon and 

Kulp as well · found 
4

He and 
40

Ar excesses in other ring-silic<l:tes, 

tourmaline, and cordierite. More recently, Verkhovskiy et al. (1976) and 

Smith (1977) have reported the presence of excess nucleogenic 
21

Ne and 

22N . b 1 e in ery s. 

In this paper we present results on the Ne, Ar, Kr, and Xe 

concentrations and isotopic abundances in beryls from diverse localities 

and for a sample of tourmaline.. The samples exhibit a wide range of 

concentrations of nucleogenic neon, radiogenic argon, and substantial 

f f f . . f 238u amounts o xenon rom spontaneous ission o • All the excess 

nucleogenic and radiogenic gases are found to correlate with each other. 

In addition to the excess radiogenic noble gases, beryls are also found 

to contain measurable and.; in some cases' large concentrations of 

non-radibgenic noble gases which are inferred to represent trapped magmatic 

gases. 

EXPERIMENTAL PROCEDURES 

. The specimens studied are described briefly in Table 1. Estimated 

geological ages for most of the samples are given. Where not directly 
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available, ages are estimated from known ages of similar, nearby 

pegmatites, or more generally from the age of the igneous or metamorphic 

province in which the sample is found. For b.eryls, the sample numbers 

(1) through (11) will be used for identification in later tables, 

figures, and discussion. 

Samples were crushed in a stainless steel morta.r to roughly 

millimeter-sized grains and rinsed thoroughly with acetone to remove 

fine-grained particles, and so minimize contamination by adsorbed 

atmospheric gases. When necessary, material for analysis was hand-picked 

to eliminate macroscopic impurities such as muscovite. Samples analyzed 

weighed between 0.11 and 0.36 grams. Noble gases were extracted in a 

tungsten crucible by radio-frequency .induction heating. Chemically 

reactive gases were removed using Ti-Zr and Zr-Al getters. The noble 

gases were analyzed statically in a 6-inch radius, all-metal mass 

spectrometer, using both Faraday cup and electron multiplier detectors. 

Signals from two Cary 401 vibrating reed electrometers were integrated for 

two or four seconds with a digital voltmeter and then transmitted to an 

on-line PDP-11 computer. Data were obtained by automatically stepping 

the magnetic field through ten to fifteen complete scans of the appropriate 

mass region for each gas. Isotope ratios and the concentrations of 

one or more reference isotopes were extrapolated to the time the gas was 

admitted to the spectrometer, or for argon, the time when the accellerating 

voltage was turned on (see below). 

Most of the samples were analyzed in two separate groups, 

labeled (1) and (A) in T Jle 3. After the completion of group (1) it was 

found that the sequence of steps used to transfer the gases from the 
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extraction oven into the s pectrometer allowed the Kr and Xe from the 

samples to be contaminated with Kr and Xe scrubbed from the mass 

40 spectrometer by the large amounts of Ar present. Therefore, only Ne 

and Ar data are reported for group (1) analys es. Samples in group (A) 

were measured later using a revised procedure to eliminate this 

contamination. 

For group (1), argon was adsorbed and isolated on an ac tivated 

charcoal cold-finger at liquid ni t ro gen temperature prior to analysis of 

40 ++ 
neon . During neon measurement , interference at mass 20 due to Ar 

was minimized by reducing the ionizing electron potential in the 

spectrometer source, and by exposing the spectrometer volume to a second 

charcoal trap kept at liquid nitrogen temperature. Previous studies of 

beryls (Damon and Kulp, 1958) showed that variable and, in some cases, 

40 very large amounts of Ar could be expected. The following procedure 

was adopted to ensure measurements were made on an amount of argon les ? 

t han or comparable to the amount of air argon in the standard pipette 

used to moniter the sens i t i vity and mass discrimination. The total amount 

of argon extracted from the sample was equilibrated with both the mass 

spectrometer and a portion of the sample handling manifold equivalent to 

one- sixteenth the spectromete r volume. During this ini tial equilibration 

the accelerating h i gh voltage was shut off t o avoid scrubbing argon from 

previous samples out of the walls of the spectrometer. The inlet valve 

to the spectrometer was then closed to i solat e the l/16th fraction in the 

sample manifol d, and the accelerating voltage t urned on to determine the 

size of the total argon sample. If this first signal was too large for 

reliab le measurement (because of uncalibrated non-linearity in the voltages 

generated at high pressures) the spectromete r was pumped out. The l/16th 
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fraction retained in the sample manifold could then be admitted for 

analysis. 
36 40 

Only Ar and Ar data are reported in Table 3. Precise 

38 40 
measurement of Ar was impossible; Tailing of the Ar peak under 

mass 38 was significant due to the very high 40Ar)
38

Ar ratios of many 

samples. This resulted in very unequal background levels on either side 

38 
of the very small Ar peak. The background could not be measured with 

adequate precision to correct the argon peak. Rapid scrubbing in the 

38 
spectrometer of Ar from previous meteorite and lunar samples made the 

. 1 . f 38 ff. 1 zero-time extrapo ation o Ar very di icu t. Within the large resulting 

. . 38A /36A . h · uncertainties, r r ratios seen were atmosp eric. 

For samples in group (A), Kr and Xe were adsorbed on charcoal 

at dry-ice temperature, and the unadsorbed He, Ne, and Ar pumped off. 

About 45% of the Kr was also pumped off at this stage. From the preli-

minary results on group (1) and because of the low fission yield 

f K f 
238 . f. i . f. . . ff or r rom U spontaneous . ission, no s gni icant Kr isotopic e ects 

84 
were expected, so only Kr was measured. 

The tabulated data have been corrected for mass discrimination, 

. bl k d i f . . . 1 d" H 180 4oA ++ extraction oven an s an nter ering species inc u ing 
2 

, r , 

++ ++ 
HF, co

2 
, (mass 42) , and neon and xenon hydrides. Despite the 

. k d h . f 40A ++ · ·11 precautions ta en to re uce t e importance o r , 1t was st1 a 

major interference at mass 20 because of the tremendous amounts of argon 

often present. 
40 ++ 

Correction for Ar was complicated by a dependence 

40 ++ 40 + . 
of the Ar / , Ar ratio on pressure. The large amounts of He 

40 ++ 40 + 
accompanying neon in some samples caused Ar / Ar to be at least a 

factor of ten lower than its nominal value at low pressures. The 

4oA ++/ 4oA + · d h . h 1 t" t d r r ratio use to correct t e neon in eac samp e was es ima e 

from the strength of the 
4
He signal measured during the neon analyses. 
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The relatively large errors in the 
20

Ne/
22

Ne ratios reported in Table 3 

reflect the estimated uncertainty ("" la) in this correction. 

Fortunately, in beryl samples from Keystone and Pointe du Bois which 

20 22 
contained large amounts of nucleogenic neon, Ne/ Ne ratios uncorrected 

40 ++ 
for Ar were as low as two, prov:iding well-defined limits on the 

nucleogenic neon corr.position, regardless of any uncertainty in the 

40A ++ . r correction. The extraction oven blanks were of atmospheric 

-15 20 
isotopic composition, in amounts corresponding to 5 x 10 mole Ne, 

3 10-15 l 36A 3 10-17 84 10-18 1 . 132X x mo e r, x mole Kr, and 5 x mo e e. The 

spectrometer sensitivity and mass discrimination were monitored by 

repeated measurements of a pipette of standard volume and atmospheric 

isotopic composition. The pipette was calibrated using a split of the 

Berkeley Bruderheim meteorite standard of well-known gas contents. 

Estimated error in the reported gas amounts due to uncertainty in the 

calibration is approximately ± 20%. 

21 22 
To calculate the concentrations of nucleo genic Ne and Ne, 

d . ' 40A d f ' ' ' 136x h ' h 1 ra iogenic r, an issiogenic e, t e gases in t e samp es were 

treated as mixtures of two components; one, the nucleogenic a.nd radiogenic 

gases, and two, a component of atmospheric isotopic composition. The 

: 20 36 84K 130 k l h · isotopes Ne, Ar, r, and Xe are ta en to be entire y atmosp eric. 

F h 'b 21N 22N 40A d rom t ese isotopes, atmospheric contri utions at e, e, r, an 

131
-

136
xe were calculated, and subtracted from the measured concentrations 

to obtain the nucleogenic and radiogenic components in each sample. It. 

is possible that in the Keystone and Poi~te du Bois beryls a portion of 

20 . 
the Ne could actually be nucleogenic. For an (a,n) production ratio 

20N ; 21N _,., 0 2 h 1 ' 20N 7% d 20 % e e ~ . , t e maximum nuc eogenic e contents are o an 
uuc nuc 
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20 
of the total Ne in the Keystone and Pointe du Bois samples respectively. 

' 20 
Nucleogenic Ne contributions in the remaining samples will be unimportant. 

RESULTS 

22 36 84 130 
The concentrations of Ne, Ar, Kr, and Xe measured in 

eleven beryls and a rubellite tourmaline are given in Table 3, in units 

-14 22 
of 10 mole/gram. The Ne consists of a mixture of nucleogenic and 

non-nucleogenic components; the other three are essentially free of 

radiogenic or nucleogenic contributions. The concentrations of the noble 

1 f 1 1 b 1 d 22 36A d gases vary great y rom samp e to samp e. Ta u ate Ne, r, an 

84
Kr concentrations ~ary by roughly a factor of fifty, and 

130
xe by a 

factor of about seven. 
40 

In the beryls, concentrations of Ar differing 

-10 
by a factor of nearly 1000 were measured, from 4.5 x 10 mole/g in 

-7 
specimens (10) and (11) to 3.7 x 10 in (1). Beryls (3) and (6) from 

Gravelotte and Lac Pied du Monte are particularly noteworthy in containing 

k dl 1 . f h di i 36 84K d mar e y arger concentrations o t e non-ra ogen c gases Ar, r, an 

130xe than the remaining samples. The non-radiogenic noble gas contents 

of these samples are similar to values calculated for the whole earth by 

dividing the atmospheric content of each gas by the mass of the earth 

(bottom of Table 3). The beryl concentrations are as much as one to two 

orders of magnitude greater than is typical of most other plutonic igneous 

rocks studied (Smith, 1978, 1979 a,b; Kaneoka et al., 1978). 

The variations in the measured isotopic compositions are also 

. 40 36 given in very large. Neon isotopic compositions and Ar/ Ar ratios are 

Table 3, with la errors. Xenon isotopic data are listed separately in 

Table 4, with 2cr errors. Beryl specimens (1) and (2) from Keystone and 
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21 Pointe du Bois contain neon highly enriched in nucleogenic Ne and 

22 . 21 22 
Ne. In Pointe du Bois, Ne/ Ne is nearly 40 times the atmospheric 

ratio. In these two beryls, the three neon isotopes are of approximately 

equal abundance, in contrast to atmospheric neon which consists of 90% 

20
Ne with only 0.3% 

21
Ne. Argon in these two samples is extremely 

40 36 radiogenic, as shown by the measured Ar/ Ar ratios which are more 

than 1000 times the atmospheric value. These two specimens also show 

. 131-136 
large enrichments in Xe (Table 4). 136xe/130xe is about four times 

the atmospheric ratio, indicating a dominant contribution from fission 

xenon. The remaining samples show smaller but still significant isotopic 

effects from the addition of nucleogenic and radiogenic gases. In 

21 22 
Table 3, Ne/ Ne ratios are greater than the atmospheric value for all 

specimens, except (11) White Mtn. This demonstrates the widespread 

occurrence of nucleogenic neon isotopes in these crystals. Similarly, 

. 40 36 argon in all the beryls is dominantly radiogenic, with Ar/ Ar ratios 

at least thirty times atmospheric. Fission xenon is present in beryl 

specimens (3), (4), (5), and (6) and the tourmaline. Xenon in the 

Minas Gerais beryl seems to be atmospheric only. 

The concentrations of nucleogenic and radiogenic gases in each 

sample calculated by the procedures given in the previous section are 

listed in Table 5. The concentrations are quite variable, but also are 

correlated in a general way. 
-3 

Beryl typically contains roughly 10 g/g 

-6 potassium and ~10 g/g uranium (Deer et a~., 1962; Damon and Kulp, 

1958). The amounts of nucleogenic and radiogenic gases expected in the 

crystals from in situ decay of U and K can be estimated using these 

values, and the ages and average production rates in Tables 1 and 2. 
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40 
Essentially all the Ar in the samples i s excess radiogenic argon . 

This observation i s in agreement with previous work (Damon and Kulp, 

1958). It can similarly be shown that the concentration of nucleogenic 

neon in all the beryls except (11) White Mtn. is at least several times 

in excess of the amount produced by the decay of 1 ppm U. The fission 

136 
Xe contents of the beryls are not so clearly in excess of possible 

in situ contributions . I n situ decay of 1 ppm U would produce only about 

20% of the observed amount of 136xeSF in the Keystone beryl, but about 

40% for beryls (2) Pointe due Bois and (6) Lac Pied du Monte. In the 

remaining beryls studied , the observed f ission xenon could be entirely 

due to in situ decay. For purposes of discuss i on we will treat the 

136 
observed XeSF as excess radiogenic xenon, but remembering that the 

actual excess xenon contents could be lower. 

The results on the neon isotopic compositions are presented in 

. 20 22 21 more detail in Figure 2, a three isotope diagram of Ne/ Ne vs. Ne/ 

22
Ne. The compositions of neon in the atmosphere and in the solar wind 

are plotted in the upper left. On this diagram, mixtures of two compo-

nents of distinct isotopic compositions will plot on a straight line 

joining the two endpoints. Addition of pure 
21

Ne to a given initial compo-

sition will shift that point horizontally to the right, and addition of 

pure 22Ne will shift a point toward the origin. Radiogenic neon with 

20
Ne / 2~e $ 0.2 will nuc nuc plot on a nearly horizontal line close to 

t he x-axis . It is evident from the data plotted in Figure 2 that the 

radiogenic neon in beryl and tourmaline is characterized by excesses of 
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both 
21

Ne and 
22

Ne , since points plot well below the horizontal nuc nuc 

line extending from the atmospheric composition that would signify 

addition of 
21

Ne only. Furthermore, since the data are not collinear, nuc 

the ratio of excess 
21

Ne to excess 22Ne must vary, as is most clearly 

shown by the neon in the Keystone (1) and Pointe de Bois (2) samples. 

Assuming the neon in these samples to be mixtures of atmospheric neon 

and radiogenic neon with 
20

Ne ; 21Ne = 0.2, the 
21

Ne ;
22

Ne nuc nuc nuc nuc 

ratio varies by nearly a factor of two from about 0.68 (Keystone) to 

1.22 (Pointe de Bois). The radiogenic neon in the Pala tourmaline 

22 21 22 
appears to be somewhat more enriched in Ne , with Ne / Ne ~ 0.3, nuc nuc nuc 

while neon in beryl samples from Ampangabe (5) and Beryl Mtn. (9) suggests 

relatively high 
21

Ne ;
22

Ne ratios. A wide range of inferred nuc nuc 

radiogenic 
21

Ne/
22

Ne ratios from about 0.03 to essentlally infinity is 

found for radiogenic neon produced in situ in radioactive minerals 

(Wetherill, 1954; Sharif-Zade et al., 1972; Shukolyukov et al_:_, 1973), 

and in natural gases (Emerson et al., 1966, 1968; Shukolyukov et al., 

1973). Such a range is not unexpected because of the different target 

elements for the production of the two radiogenic neon isotopes. Careful 

study of the systematic variation of radiogenic neon compositions in 

samples from different geological provinces potentially could provide 

information about variations in the relative abundances of these targets. 

However, utilization of such a technique probably requires a better 

understanding of the nuclear reactions leading to the neon isotopes, 

. 22 particularly Ne, as well as of fractionations that can occur during 

release by heating of the gases from their sites of production (Shukolyukov 

et al., 1973). 
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DISCUSSION 

Several main topics will be covered in this section. First, 

the specific ques tion whether any of the samples contain primary juvenile 

gases will be examined. Next the nature of the dominant secondary 

juvenile gases will be investigated by CQI!lparing the relative proportions 

of the radiogenic and nucleogenic gases trapped in the beryls to the 

crustal production rates summarized in the Introduction. The origin 

of the non-radiogenic, non-nucleogenic noble gas component will then be 

discussed. The abundances of both the radiogenic and non-radiogenic 

gases will lead to the conclusion that xenon is depleted in the beryls. 

The possible effects on the noble gas elemental abundances of transport 

processes or preferential trapping will be considered in light of the 

beryl data. 

The most sensitive tests for the presence of a primary juvenile 

component in measurements of Ne, Ar, Kr, and Xe are the 

isotopic compositions of Ne and Xe. This is first because the isotopic 

compositions of primordial neon and xenon found in meteorites and the 

solar wind typically show large differences from the atmospheric isotopic 

compositions. A second reason is the potential presence of the two 

distinctive xenon components at masses 129 and 131-136 from the decay of 

Short-11.·ved 
129

1 and 244Pu. R iti f j i il t . ecogn on o. a pr.mary _ uven e componen 

in the present neon results is hamper ed by the relatively large amounts 

of variable-composition nucleogenic neon in the samples. In Fig. 2 

primordial neon components plot close to the y-axis, with 
21

Ne/
22

Ne ~ 0.03, 

20 22 
and with Ne/ Ne ranging from about 13.7 in the solar wind, to about 8 

in bulk meteorite samples, and even lower, to about 0.6 in meteorite 
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mineral separates. None of the measured neon isotopic compositions 

20 22 
plot with Ne/ Ne significantly greater than the atmospheric value. 

This is consistent with the data representing different mixtures of 

nucleogenic neon of variable composition with atmospheric neon only. 

The known range of nucleogenic neon compositions in radioactive minerals 

is sufficient to explain the range of compositions observed in the 

beryls. While there is thus no evidence of a primordial neon component 

in the beryls, neither can its presence be completely ruled out. For 

example, samples (SB), (7), (3), and (4) in Fig. 2 could be interpreted 

as lying on a mixing line between a primordial component with the 

21 22 solar wind composition and a nucleogenic component with Ne/ Ne~ 0.42. 

Turning to the xenon data in Table 4, we find no evidence of 

. 129x excess radiogen1c e. None of the 129xe/130xe ratios measured are 

significantly different from the atmospheric value. 
129 

Excess Xe is 

absent from samples with both high and low fission xenon contents, and 

also from samples with high and low contents of non-radiogenic xenon. 

Nor is there any evidence of primary juvenile fission xenon from the 

244 
decay of Pu. The observed spectra of the fission xenon excesses at 

masses 131 to 136 are given in Table 5, and are in good agreement with 

238 
the relative yields from U spontaneous fission. Finally, the 

non-radiogenic xenon in the beryls is consistent with the atreospheric 

isotopic composition. This is true for the lighter, fission-shielded 

isotopes, although not with sufficient preci sion to preclude a meteoritic 

AVCC-like component. It is also true for the heavier isotopes, as may 

b f d f h · i h 238u fi i i ld e in erre rom t e agreement w1t1 t e spontaneous ss on Y e s 

of the fission yields obtained using the assumption of mixing with 
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atmospheric xenon. We conclude that there is no evidence in the present 

results that requires the presence of primary juvenile noble gases in 

the beryls. 

The noble gas content of the beryls is dominated by the large 

concentrations of secondary juvenile radiogenic and nucleogenic gases 

4 
trapped in the crystals. Remarkable excesses of radiogenic He and 

40 
Ar were demonstrated by earlier workers (Damon and Kulp, 1958, and 

references therein). Verkhovskiy et al. (1976) found dis tinct contributions 

of nucleogenic neon in three beryls. We confirm that excess nucleogenic 

neon is of connnon occurrence in this mineral. We have also found that 

238u fission xenon occurs along with the radiogenic and nucleogenic 

He, Ne, and Ar. These gases make up a characteristic suite much as one 

would qualitatively expect from a source in differentiated continental 

crust of high U, Th, and K contents. For a more quantitative comparison, 

h . 40A 121 136 121 d 136X /40A 
t e ratios rrad Nenuc' XeSF Nenuc' an eSF rrad are 

listed in Table 6. At the bottom of the table are instantaneous 

production ratios taken from Fig. 1 for times of 500 and 2500 million 

years ago. These production rates are for average crustal rocks with 

4 Th/U = 3.5 and K/U = 10 by mass. The observed ratios in the beryls show 

some scatter about mean values. In part this may reflect chemical 

differences in t he source regions where the gases were generated. For 

40 21 
example, for (2) Pointe du Bois the comparat i vely low Ar d/ ~e ra nuc 

and high 
1 36

xeSF/
40

Arrad ratios may signal a source enriched in U. Also, 

both beryls from New Hampshire, (9) Beryl Mtn. and (10) Palermo Quarry, 

have 
40

Ar ;
21

Ne ratios roughly a factor of ten lower than the other rad nuc 

beryl values. This difference could also be the result of regional 
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chemical differences in the crust. 

The data in Table 6 are represented graphically in Fig. 3. The 

observed ratios of radiogenic gases in beryls are displayed as the 

filled histograms, with the calculated production ratios indicated by 

the arrows. Additional data from Verkhovskiy et al. (1976) for 

40 21 
Ar d/ Ne in natural gases and various minerals is also shown. ra nuc 

For 40Arrad/
21

Nenuc in beryls, the measured values show a definite spread, 

but the center of the histogram agrees in general with the calculated 

production ratio. Excess radiogenic Ne and Ar measured by Verkhovskiy 

et al. (1976) in similar minerals also shows a range of ratios, but with 

a definite peak again close to the expected ratios. Ratios of 

4 40 21 4 
He d/ Ar d and Ne d/ He d obtained by Verkhovskiy et al. also ra ra ra ra 

agree very well with the average crustal production ratios, and clearly 

imply the radiogenic noble gases trapped in the beryls and other minerals 

are on the average samples of the gases generated by radioactive decay 

f h d i d 1 k The 40Ar d/21Ne d o U, T , an K n or inary crusta roe s. ra ra ratios 

found in natural gases (Verkhovskiy et al., 1976) show somewhat wider 

variations, which probably reflect additional fractionation occurring 

during transport of the gases from sources to present reservoirs. 

136 
A range of values is also found for XeSF normalized to either 

21Ne 40 rad or Arrad' but now the centers of the histograms in Fig. 3 no 

longer agree with the expected production r a tios. Radiogenic Xe in the 

4 21 
beryls i s depleted by a factor of about ten . Since He d' Ne .d' and ra ra 
40

Arrad are quite generally present in the expected proportions, this 

depletion clearly cannot be due to a cons istently low U/K ratio in the 

source region of the gases. We will defer discussion of the origin of 
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this xenon depletion until after discussing the non-radiogenic and 

non-nucleogenic noble gas abundances, which will provide an additional 

constraint on the problem. 

In the absence of any evidence for primordial noble gases in 

the samples, we presume the non-radiogenic gases are atmospheric in 

origin. Elemental abundance patterns for the non-radiogenic gases in 

the samples are shown in Figure 4, a graph of a fractionation factor, 

log
10

Fm, versus atomic weight. The factor Fm is defined as 

and permits comparison of sample patterns with the abundance pattern of 

the unfractionated atmosphere, which plots as a horizontal line at 0 in 

this representation. Also shown are the elemental abundance patterns for 

gases dissolved in water at 28°C and in molten enstatite silicate 

(Kirsten, 1968) in equilibrium with an infinite reservoir of atmospheric 

composition. The majority of the beryl patterns resemble neither of 

these two solubility curves. The beryl patterns are unusual in that 

both 20Ne/ 36Ar and 130xe/ 36Ar are characteristically depressed relative 

to atmospheric values. This is unlike patterns typically seen in plutonic 

igneous rocks where Xe depletions are rarely if ever found, and samples 

showing Ne depletions generally show large enrichments of Xe, with 

log
10

F130 ranging from about 0.4 to 1.6 (Smith, 1978; Kaneoka et al., 

1978). The abundance patterns in the tourmaline and Minas Gerais beryl 

(8) are more like the usual patterns of igneous rocks. These data strongly 

suggest that the atmospheric xenon trapped in the beryls is depleted 
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relative to its original source abundance, just as is the radiogenic xenon. 

The gases in the beryls are trapped from a reservoir of 

ambient gases during crystallization. The unusual abundance patterns 

may reflect either of two possibilities. First, fractionation occurs 

during the trapping process. Second, fractionation during trapping is 

unimportant, and the gases in the ambient reservoir are fractionated 

to start with. At present neither possibility can be conclusively 

ruled out. A clue to the nature of the ambient reservoir is obtained 

from the light noble gas abundances. The observation that radiogenic 

and nucleogenic He, Ne, and Ar are found in beryls in their expected 

production ratios implies that no major fractionation occurs for these 

gases during crystallization. Therefore the observed depletion of 

atmospheric neon relative to argon must be characteristic of the ambient 

reservoir. This suggests the source of the atmospheric component was 

either air dissolved in meteoric water (Fig. 4), or atmospheric gases 

in crustal rocks, which generally show Ne depletions (Smith; 1978, 1979 a,b) 

Both of these sources ordinarily are characterized by substantial xenon 

enrichments, notdepletions. Therefore, in order for the ambient gases 

sampled by the beryls to be xenon deficient, xenon loss must occur 

during transport of the gases from their original source regions. This 

is not impossible; for example, incomplete extraction of xenon by diffu

sion during partial melting of a gas-bearing source rock could explain 

the depletion in both radiogenic and atmospheric xenon. However, we 

question whether xenon loss during transport would be a sufficiently 

uniform process to explain the apparently typical depletion we observe 

in at least six of the seven beryls from 
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wo r ld-wide localities for which xenon was studied. It would be much 

easier to understand this effect if it were due to an inherent feature 

of beryl, namely, discrimination against xenon during gas trapping. 

We suggest that xenon fractionation during beryl crystallization 

is a plausible result of this mineral's crystal structure. The hexagonal 

beryl lattice may be thought of approximately as of rings of six silica 

tetrahedrons aligned vertically along the crystallographic c-axis to form 

long cylindrical channels parallel this axis. Individual columns of 

rings are joined laterally by tetrahedrally and octahedrally coordinated 

Be and Al cations. The channels formed hy the rings comprise two 

alternating sites that can be occupied by water molecules, alkali metal 

ions, noble gases, and other species. One site labeled C2 (or 2b) lies 

0 
in the plane of the rings and is 2.55 A in radius. The second labeled 

0 

Cl (or 2a) lies sandwiched between two adjacent rings and is 3.44 A in 

0 
radius. If we subtract about 0.65 A for the- radius of the oxygen atoms 

0 

surrounding the sites, then the vacant C2 and Cl sites are about 1.9 A 

0 

and 2.8 A in radius respectively. For comparison, the Van der Waals 

radii of the noble gases He, Ne, Ar, Kr, and Xe are about 1.5, 1.6, 1.9, 

0 

2.0, and 2.2 A respectively. Several factors may act to reduce the 

amount of xenon trapped in a growing crystal. The relatively large Xe 

atom (and probably also Kr) can be held only in the larger Cl site, while 

the three lighter gas atoms may fit in either site. An additional factor 

that may affect site availability for noble gas trapping is site-

occupancy competition from other species, most importantly water and the 

alkali metals. For example, in a beryl studied by Hawthorne and ~erny 

(1977) nearly 85% of the large Cl sites were filled by H2o or Cs, and 

about 35% of the C2 sites by Na . 
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Occupanc~ of a Cl site by H2o will certainly prevent incorporation 

of xenon into the same site, although possibly not He, Ne, or Ar, 

depending on the exact location of the H
2
o molecule. Thus the common 

incorporation of H20 into beryl may disproportionately reduce the sites 

available for xenon trapping. Finally, it seems likely that the 1.9 A 

radius of the Si6o18 ring would hamper diffusion of xenon atoms from the 

ambient gas reservoir to vacant sites below the surf ace of the growing 

crystal. The lattice in essence may act like a sieve and prevent xenon 

from entering the crystallizing beryl. This suggestion of discrimination 

against xenon during crystal growth could be tested by hydrothermal syn-

thesis of beryl in noble gas atmospheres. Also , the composition of the 

ambient reservoir could be investigated by measurement of gases trapped 

in fluid inclusions in other minerals co-existing with beryls. 

136 21 
In contrast to the gases in the beryls, the Xe

8
F/ Nerad ratio 

(Table 6) in the Pala tourmaline is not significantly different from 

the expected production ratio, while the 40 Ar d appears to be depleted 
ra 

by two orders of magnitude relative to radiogenic Ne or Xe. The explana-

tion for this difference is straightforward; the radiogenic gases in 

the tourmaline are most likely due to in situ decay in a sample charac-

terized by a very low K/U ratio. The observed 
40

Ar d content can be ra 

generated by decay of 0.1 wt.% K over the 92 m. y . age of the mineral. 

Electron microprobe measurements of typical grains from the material 

analyzed showed ~ 0.01% K in the tourmaline itself, but revealed the 

presence of lepidolite inclusions containing slightly more than 5% K. 

The required 0.1% K corresponds to - 2% contamination of the sample by 

lepidolite. The observed 136xe5F calls for a U concentration of about 



300 

10 ppm in the tourmaline which does not seem unreasonable. Since 

. f 1 h 136X /21N trapping gas rom an externa source is not involved, t e eSF erad 

ratio is not noticeably affected. 

Wasserburg and co-workers have concluded from extensive studies 

of noble gases in natural gases that the radiogenic He, Ar, and Xe 

characteristic of these gases are consistent with production in 

ordinary crustal materials (Wasserburg et al., 1957, 1963: Zartman et al., 

1961; Wasserburg and Mazor, 1965). These workers also demonstrated that 

the natural gases contain atmospheric noble gases probably carried into 

the crust dissolved in ground water. The juvenile noble gases trapped 

in beryls appear to represent the same suite of highly radiogenic noble 

gases, a suite of gases characteristic of the continental crustal environ-

ment where high abundances of radioactive U, Th, and K generate large 

amounts radiogenic daughters that can be trapped at depth in crystallizing 

minerals like the beryls, or accumulated in natural gas deposits. 

CONCLUSIONS 

Beryls have long been known to contain varying concentrations 

4 40 of excess radiogenic He and Ar (Strutt, 1908; Aldrich and Nier, 1948; 

Damon and Kulp, 1958). We have extended this earlier work to show that 

21 22 beryls also contain excess radiogenic Ne and Ne, and spontaneous 

fission Xe. We find that beryls may also contain substantial concentra-

tions of non-radiogenic noble gases. 

The composition of nucleogenic neon trapped in beryls is quite 

variable. The ratio 2~e / 22Ne varies at least from about 0.68 to 
nuc nuc 

1.12, probably reflecting variation in the relative target abundances 

21 22 for Ne and Ne production from (a,n) or (n,a) reactions in the crust. 
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Ratios of 
40

Ar d/ 2~e d observed in beryls vary, but cluster ra ra 

about the expected production ratio for radiogenic gases generated in 

ordinary crustal rock with K/U ~ 10
4

• Studies by Verkhovskiy et al. 

(1976) show that 
40

Ar . d/
4

He d and 
21

Ne d/ 4He of gases trapped in ra ra ra rad 

beryls and similar minerals are also similar to expected ratios. In 

136 238 
contrast, XeSF from U spontaneous fission is depleted in beryls 

relative to radiogenic Ne or Ar by a factor of about 10. This depletion 

is also reflected in the abundance of non-radiogenic Xe in the beryls 

which appeats to be too low with respect to abundances typical of 

plutonic igneous rocks. We feel that this fractionation is most likely 

due to discrimination against Xe atoms by the beryl crystals as they 

grew and trapped gas from their surroundings. The complete suite of 

noble gases trapped in the beryls is very similar to the noble gases 

found in natural gas. Both types of occurrence probably reflect sampling 

of abundant radiogenic gases generated in typical continental crustal 

rocks plus atmospheric gases transported into the crust by ground water. 
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Table 1. Sample descriptions. 

BERYL 

(1) Keystone, South Dakota 

(2) Pointe du Bois, Manitoba 
(103507) 

(3) Gravelotte, S. Africa 
Brady collection, collected 
1963 

(4) Klein Spitzskopje, S. Africa 
(90750) 

(5) Ampangabe, Madagascar 
(85206) 

(6) Lac Pied du Monte, 
Charlevoix Co., Quebec 
(102551) 

(7) Erajarvi, Viitaniemi, 
Finland (106876) 

(8) Minas Gerais, Brazil 

(9) Beryl Mountain, S. Acworth, 
New Hampshire (103330) 

306 

(10) Palermo Quarry, North Groton, 
New Hampshire (103490) 

(11) White Mountain, Colorado 
(92155) (near sunnnit, west 
of Mt. Antero) 

TOURMALINE 

Stewart mine, Pala, 
California 

translucent, white 

translucent, 
creamy white 

translucent, pale 
emerald green 

transparent, pale 
blue 

transparent, pale 
green 

translucent, pale 
yellow-white 

translucent, white 

transparent, 
colorless 

translucent, pale 
blue-white 

transparent, 
colorless 

transparent, 
colorless 

transparent, pink 
(var. rubellite) 

Estimated 
geological 
age (m.y.) 

16301 

2500 2 

2500 3 

500? (< 2000) 4 

900
2 

18001 

3201 

3201 

< 705 

1 Damon and Kulp, 1958. 2 Wanless, 1969. 3Bishopp and Van Eaden, 1971. 

4Besairie 1956, 1971. 5nings and Robinson, 1957. 61aughlin, 1969. 
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Table 5. (continued) 

*Combined data from groups (1) and (A). 

tLimits from measured high-temperature fraction. Values in 

22 parentheses calculated from total Ne and high-temperature isotopic 

composition. 
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Table 6. Radiogenic noble gases; ratios 

40Ar / 21Ne rad nuc 

(unit=l07) 

BERYL 

(1) Keystone 

( 2) Pointe du Bois 

( 3) Gravelotte 

(4) Klein Spitzskopje 

(5) Ampangabe 

(6) Lac Pied du Mont e 

(7) Erajarvii 

(9) Beryl Mtn. 

(10) Palermo Quarry 

TOURMALINE 

Pala 

Calculated ratio of 
instantaneous production 
rates at 

500 m. y. 

2500 m.y. 

0 . 9 7 

0.15 

0 . 58 

"' 2.9 

3.4 

0.80 

0.16 

0.044 

0.059 

0.005 

0.78 

1.64 

136Xe 121Ne 
SF nuc 

-2 (uni t=lO ) 

0 . 44 

0.16 

0.21 

"' 2.9 

0.58 

1.4 

4.9 

6.6 

6.2 

136X /40 A 
eSF rrad 

-9 (unit=lO ) 

0 . 46 

1.02 

0. 36 

0.97 

0.17 

0.17 

970 

8.5 

3.8 
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Figure 1. Instantaneous production rates for radiogenic and nucleogenic 

noble gases. Ratios are plotted as a function of time. The curves 

shown are calculated for present-day Th/U = 3.5 and K/U = 10
4 

by 

weight. 21 18 
Ne is produced by (a,n) on 0 from the a particles nuc 

emitted by the decay of uranium and thori um. The decrease in 

136X /40A 
eSF rrad in the past reflects the increased relative pro-

duction of 40Ar 
40 

because of the shorter half-life of K compared 

238u to . 136xe ; 21Ne is relatively constant, 
SF nuc 

since both are produced from uranium. The slight decrease in the 

21 
past represents increased Ne generation from a 

235 
duced during U decay. The shape of the curve 

particles pro

for 
40

Ar d/ ra 
21Ne is determined by the half-lives of all four parent nuclides, 

nuc 
40K, 232Th, 235U, and 238u. 
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Figure 2. Three-isotope correlation diagram for neon in beryl and tour-

maline. Mixtures of two distinct isotopic components plot on a 

straight line between the two endpoints. The numbered points rep-

resent beryl samples measured in this work, and are identified in 

Table 3. Crosses are neon compositions in minerals with high U 

or Th content (Wetherill, 1954; Shukolyukov et al., 1973; Sharif-Zade 

et al., 1972). Shaded regions are neon compositions measured in 

natural gases (Emerson et al., 1966, 1968; Shukolyukov et al., 1973). 

21 
Neon in all the samples is characterized by excesses of Ne and 

22
Ne produced by (a,n) reactions on 180 and 

19
F (Wetherill, 1954). 

Addition of pure 
21

Ne shifts points horizontally to the right. 

Addition of pure 
22

Ne shifts points toward the origin. The beryl 

samples do not fall on a single mixing line, so the relative compo-

sition of the nucleogenic end-member must be variable. This is 

clearly demonstrated by samples (1) and (2) which contain nearly 

pure nucleogenic neon. 21Ne/ 22Ne varies by nearly a factor of two, 

probably due to differences in the O and F target abundances in 

the source regions of the neon. Neon from the radioactive minerals 

21 22 
and natural gases exhibits nearly the entire range of Ne/ Ne 

ratios possible for the nucleogenic component . 
21 Nucleogenic Ne 

22 
and Ne are evidently not well correlated in different terrestrial 

samples. 
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Figure 3. Histograms of the observed ratios of the different radiogenic 

and nucleogenic noble gases in beryls. Each square block represents 

one sample. The vertical arrows below each histogram are calculated 

instantaneous production ratios at 500 m. y. and 2500 m. y. in the 

past (see Fig. 1 and Table 2). Medians (M) refer only to beryl 

samples measured in this work (filled squares). The topmost histo-

gram is constructed from data given by Verkhovskiy et al. (1976). 

The dashed line represents the envelope of a large number of 

40
Ar / 2~e measurements in natural gases. The observed rat i os rad nuc 

in all samples typically show a range of values, probably due to 

differences in source region chemistry and fractionation during 

transport. 40 21 For Ar/ Ne, the values observed in beryls (this work) 

agree with the data for similar minerals and natural gases presented 

by Verkhovskiy et al. (1976). The median value of 40Ar ;
21

Ne rad nuc 

is not substantially different from the calculated production ratio 

(which.is for K/U = 104). For both 136xe ! 21
Ne and 

136
xe5· F/ 

SF nuc 
40Ar d' the median values are a factor of ten below the calculated 

ra 

production rates. Radiogenic xenon is strongly depleted in the 

beryls. 
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Figure 4. Elemental abundance patterns of the non-radiogenic noble 

gases in beryl and tourmaline. The fractionation factor 

Fm= (mxJ 36Ar) /(UX/ 36Ar) . The pattern for air is a hori-
sample air 

zontal line at O. The points 'W' and 'E' represent air dissolved 

from an infinite reservoir in water at 28°C and in molten enstatite 

at 1500°C (Kirsten, 1968). Water shows a pattern of increasing 

differential solubility for the heavier noble gases. Enstatite 

shows the opposite pattern of decreasing solubility for the heavier 

species. The patterns for most of the beryl samples are unlike 

either the water or enstatite solubility curves. The patterns 

are unusual, in that neon, krypton, and xenon are depleted relative 

to the atmospheric pattern. This characteristic pattern is unlike 

abundance patterns in most plutonic igneous rocks (e.g. Smith 

1978, 1979 a,b). Rocks with Kr and Xe depletions are very rare. 

Those with Ne depletions similar to the beryl values typically 

show strong Kr and Xe enrichments, similar or more extreme than 

the values shown here for beryl sample 8 (Minas Gerais) or the 

tourmaline. 
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PAPER 2. ATMOSPHERIC AND JUVENILE NOBLE GASES IN 

THE SKAERGAARD LAYERED IGNEOUS INTRUSION 
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Abstract 

Gabbro and diorite from the Skaergaard layered igneous 

intrusion contain noble gases which are mixtures of atmospheric and 

juvenile components. Atmospheric noble gases predominate in samples 

known to have undergone extensive oxygen isotope exchange with 

meteoric-hydrothermal water. The source of the atmospheric noble gas 

component is inferred to be the hydrothermal circulation system. A 

juvenile magmatic component with 40Ar/ 36Ar ~ 6000 and containing fission 

xenon is also present. This component predominates in samples showing 

unaltered magmatic oxygen isotope compositions. Neon of atmospheric 

isotopic composition is associated with the juvenile radiogenic 40Ar 

and fission xenon. The source of the magmatic noble gas component may 

be either the Precambrian basement or the upper mantle. If the neon is 

juvenile primordial neon from a mantle source region, terrestrial 

primordial 20Ne/
22

Ne is the same as atmospheric to within 3%. However, 

subduction of atmospheric noble gases into the upper mantle may provide 

an alternate source of neon and other noble gases in the mantle. 
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INTRODUCTION 

Noble gases in terrestrial samples can be classified as 

either atmospheric or juvenile. Atmospheric gases in a sample were at 

one time contained in the Earth's atmosphere. Juvenile gases have 

never been a part of the atmosphere. We also distinguish between 

nucleogenic and non-nucleogenic gases. Nucleogenic noble gases arise 

through nuclear reactions in the Earth or its atmosphere. An important 

group of nucleogenic species are the radiogenic isotopes. Radiogenic 

noble gases are daughter products of radioactive decay, for example 

4He from a-decay of U and Th, 40Ar from ~-decay of 4°K, 83- 86Kr and 

131- 136xe from spontaneous fission (SF) of 238u, or short~lived 244Pu, 

and 129xe from the decay of short-lived 129r. Other nucleogenic gases 

may be produced in secondary nuclear reactions involving the 

a-particles and neutrons emitted during primary decays, and include 

21 22 38 most notably Ne, Ne, and Ar (Wetherill, 1954). Non-nucleogenic 

gases consist of primordial noble gases accumulated during the formation 

of the Earth, and presently residing either in the atmosphere, or i n 

incompletely degassed portions of the Earth. The atmosphere contains 

both nucleogenic and non-nucleogenic components. The most abundant 

4 40 nucleogenic isotopes in air are He and Ar, which are virtually 

purely radiogenic. The typical well-identified juvenile nucleogenic 

noble gases found in terrestrial rock or natural gas samples are the 

4 40 21 
radiogenic daughters He, Ar, and XeSF' and nucleogenic Ne from 

18 (a,n) reactions on 0. The most prominent and best-studied non-

nucleogenic juvenile gas in terrestrial samples is helium enriched in 

3 He relative to the atmosphere (see Tolstikhin [1978] for a review of 

He observations). Juvenile gases may be classed as p1rimary or 
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secondary. Primary components are defined as those which have never 

been or are not now being generated within the Earth. Primary juvenile 

244 129 129 gases include Pu fission xenon, Xe from decay of I, and 

primordial noble gases. Secondary juvenile gases are those nucleogenic 

components presently being produced on the Earth . 

In terrestrial samples, the amounts of noble gases other than 

those produced in situ are of ten very small because of the generally 

low solubilities of noble gases in magmas and igneous rocks and 

minerals. It is useful to identify classes of samples where the 

concentrations of dissolved gases can be expected to be highest. Since 

the noble gas solubilities are likely to obey Henry's law, rocks 

crystallizing and cooling under elevated (plutonic) fluid pressures 

should generally contain larger concentrations of trapped ambient gases 

than rocks emplaced at the Earth's surface. For example, it is 

40 
not unusual to find excess radiogenic Ar trapped in high-grade 

metamorphic rocks (e.g., Kaneoka, 1975). Among magmas erupted at the 

surface, dissolved juvenile gases should be retained best in those 

cooling most rapidly; a noteworthy example where this is the case is 

the glassy quenched rims of submarine basalt flows. For this study 

we have chosen to examine the noble gases in a suite of plutonic rocks 

from the Skaergaard igneous intrusion located in East Greenland. 

In general ·it is not to be expected that plutonic rocks will 

contain only juvenile gases. The presence of an atmospheric component 

in deep well gases (Wasserburg et al., 1963) provides evidence of the 
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transport by meteoric water of atmospheric gases several kilometers. 

into the crust, where they could be trapped during alteration of solid 

phases. Extensive oxygen isotope studies by Taylor (1974) have shown 

that there are large hydrothermal circulation systems set up around 

many igneous plutons which have caused major exchange between the sili

cates and the circulating ground water. Taylor (1974) and Taylor and 

Forester (1979) have shown that the upper portions of the Skaergaard 

intrusion have interacted with meteoric water of a hydrothermal circu

lation system established in the permeable basalts overlying the 

cooling intrusion. A schematic cross section of the Skaergaard intrusion 

after Wager and Brown (1967) and Taylor (1974) is shown in Fig. 1. 

The intrusion is divided into three main parts, the layered series, 

marginal border group, and upper border group. The layered series is 

further divided into lower, middle, and upper zones, based on systematic 

mineralogical characteristics. The layered series crystallized from 

the bottom up, and shows many textural features related to crystal 

settling. The upper border group crystallized from the top down . The 

region where these two solidifying units met is called the sandwich hori

zon. The alteration of the upper part of the intrusion by meteoric ground 

water is indicated schematically by the arrows in the upper part of Fig. 1. 

The ground water may carry dissolved atmospheric noble gases into the 

cooling intrusion. The possibility that the magma may have been 

emplaced while carrying juvenile noble gases is suggested by the arrow 

in the lower part of the figure. 

Neon, argon, krypton, and xenon contents of several gabbro and 
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diorite samples from the layered series and sandwich horizon of the 

Skaergaard intrusion are reported here. Noble gases were measured in 

samples of known oxygen isotopic composition from several stratigraphic 

horizons in the intrusion, first to establish their noble gas contents, 

and second to investigate the effects of the hydrothermal circulation 

on the gas contents of the rocks. The samples have been found to 

contain both juvenile radiogenic gases and a component of gases of 

apparent atmospheric origin. The elemental and isotopic abundances of 

the noble gases in individual samples are related systematically to 

the degree of exchange of the rocks with meteoric water as determined 

from oxygen isotope measurements. 

The first measurements of noble gases in igneous rocks were 

made by R. J. Strutt (later Lord Rayleigh) in 1907. He found helium, 

argon, and traces of neon in granite and syenite. In 1939 Lord 

Rayleigh published a more extensive series of measurements of argon 

and neon in igneous rocks including granites, dunites, eclogite, 

obsidian, and pumice. The samples were found to contain typically 

about 2 x 10-S cc of argon (including radiogenic 40Ar) and 8 x 10-8 cc 

of neon per gram. Subsequent studies of igneous rocks until about the 

past decade have emphasized the radiogenic component of noble gases. 

4 40 Radiogenic He and Ar produced in situ have been widely measured for 

use in radiometric age dating. Damon and Kulp (1958) concluded that 

4 40 large excesses of He and Ar trapped in beryls and other ring-

silicates represent samples of magmatic noble gases derived from 

outgassing of the lower crust and mantle. Butle~ et al. (1963) 

measured xenon in granite and eclogite, finding 238u spontaneous 

fissi.on xenon in the granites, as well as non-radiogenic xenon of 
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atmospheric composition in the eclogite. In related work, the 

4 40 
presence of the radiogenic component (including He, . Ar, XeSF) in 

natural gases has been extensively documented by Wasserburg and 

coworkers (Wasserburg et al., 1957; Zartman et al., 1961; Wasserburg 

et al., 1963; Wasserburg and Mazor, 1965). The ratios of radiogenic 

He/Ar in these gases are essentially equal to the expected production 

ratios from U, Th, and K in average igneous rocks, and consistent with 

derivation from average crustal material. The natural gases were also 

found typically to contain a significant atmospheric noble gas 

component in amounts consistent with transport of atmospheric gases by 

meteoric water several kilometers into the crust. Butler et al. (1963) 

129 . 
discovered evidence in C02 well gas from New Mexico of excess Xe 

from the decay of short-lived 129r (t
112 

= 17 million years). The 

authors pointed out that this observation implied that the outgassing 

of the Earth's interior is incomplete. The presence of this primary 

juvenile xenon in the well gas was confirmed by Boulos and Manuel 

. 129 
(1971), and excess Xe has also been found i n a per idotite nodule 

from Hawaii (Hennecke and Manuel, 1975). 

A revival of interest in the non-radiogenic noble gas contents 

of igneous rocks was sparked by the discovery of helium enriched in 

3 3 4 He by a factor of about ten over atmospheric He/ He in natural gases, 

seawater, ultrabasic xenoliths, and glassy rims of mid-ocean ridge 

basalt f l ows (Mamyrin et al., 1969; Clarke et al., 1969; Tolstikhin 

et al., 1974; Krylov et al., 1974; Lupton and Craig, 1975). This 
3

He 

3 
enrichment is thought to be due to outgassing of primordial He. Most 

recent research has concentrated on gases in submarine basalts, or 

plutonic xenoliths of presumed upper-mantle origin (Dymond and Hogan , 
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1973; Fisher, 1970, 1971, 1973, 1974; Craig and Lupton, 1976; Rison 

and Kyser, 1977; Smith, 1977; Kaneoka et al., 1978). Limited results 

on the non-radiogenic gases in ordinary plutonic igneous rocks from 

continental crust have been given by Smith (1977, 1978), and by Kuroda 

and Sherrill (1978) who report noble gas contents substantially lower 

than those estimated on the basis of Lord Rayleigh's pioneering work. 

EXPERIMENTAL PROCEDURES AND SAMPLE DESCRIPTION 

Noble gases were extracted from samples and analyzed mass-

spectrometrically using conventional techniques (e.g., Smith et al., 

1977; Smith and Wasserburg, 1979a). In brief, samples weighing about 

0.5 to 1 gram were crushed in a stainless steel mortar to roughly 

0.5 mm radius, and rinsed thoroughly in acetone or ethanol to remove 

the finest particles so to minimize adsorbed atmospheric gases. Samples 

were degassed in a tungsten crucible by RF induction, and active gases 

removed using Ti-Zr and Zr-Al getters. Neon was separated from argon, 

krypton, and zenon using a cold finger of activated charcoal at liquid 

nitrogen temperatures. Neon was analyzed while exposed to a second 

cold finger and with a reduced ionizing potential of about 30 eV in 

h · · i 4oA ++ i f 20 t e spectrometer source to minim ze r nter erence at mass . 

Argon, krypton, and xenon were analyzed in a single fraction. 

The tabulated data have been corrected for mass discrimination, 

18 40A ++ extracti on oven blanks, and interfering speci es including H2 O, r , 

co++ 
2 

, HF, and neon and xenon hydrides. Extraction oven blanks ranged 

from about 2 to 6 x 
-15 20 10 mole Ne, 3 to 9 x l0-16 mole 36A r, 2 to 

-13 40 4 x 10 mole Ar, 0.5 to 4 x 10 -17 84 mole Kr, and 0.2 to 1 x l0-17 

mole 132xe. Total corrections amount to about 7% or less for argon, 
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krypton, or xenon, but as tnuch as about 50% of the measured signal for 

neon. The spectrometer sensitivity and mass discrimination were 

monitored using a pipette of standard volume and atmospheric isotopic 

composition, and calibrated by comparison to a previously measured 

sample of the Berkeley Bruderheim standard. Systematic uncertainty in 

the absolute calibration is estimated to be about 15%. 

Table 1 includes a brief description of each sample. The 

samples are listed in order of their original stratigraphic position 

within the intrusion, with the uppermost sample listed at the top of 

the table. The stratigraphically highest, SKR-12, is from the 

sandwich horizon. The remaining samples are from successively deeper 

levels in the layered series. Chemically and mineralogically the rocks 

are rather similar to one another, consisting of iron-rich gabbros and 

diorites. Wager and Brown (1967) discuss the geology and geochemistry 

of the Skaergaard intrusion in detail. 

RESULTS 

f 20N 36A 84K d 132 The measured concentrations o e, r, r, an Xe are 

given in Table 1 in units of l0-16 mole per gram. The range in 

observed concentrations is substantial. 
20 132 

Ne and Xe concentrations 

vary by factors of about 15 and 20 respectively. 36 84 
Ar and Kr are 

less variable. 132xe contents are greatest in the stratigraphically 

highest sample SKR-12 from the sandwich horizon, and appear to decrease 

stead:Lly in samples from lower levels in the intrusion. The 

concentrations of the other isotopes do not exhibit similar, clear-cut 

trends. Listed for comparison ·at the bottom of the table is a whole-

Earth "atmospheric" datum calculated by dividing the atmospheric content 
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of each isotope by the total mass of the Earth . Assuming a secondary 

origin of the Earth's atmosphere by degassing (Brown, 1952), the whole-

Earth "atmospheric" values represent the minimum noble gas contents of 

the original material comprising the Earth. Except for xenon, the gas 

contents of the Skaergaard rocks are considerably less than the whole-

Earth values; xenon is roughly equal, or in the case of SKR-12, in 

excess of the "atmospheric" concentration. The neon contents of the 

samples are ~lso much less than the 36000 x lo-16 mole/gram reported 

for granites and dunites by Lord Rayleigh (1939). If the gas contents of 

the Skaergaard samples were representative of the present noble gas con-

tents of the solid Earth, we would conclude that more than three-fourths 

the terrestrial Ne; Ar, and Kr are in the atmosphere. A more conservative 

conclusion is that the crust represented by the Skaergaard samples is 

largely outgassed of primordial species. 

Noble gas abundance data for terrestrial samples can be 

compared to the pattern of noble gas abundances in the atmosphere by a 

graph of a fractionation factor Fm plotted against mass number, where 

Fm= (rrx/ 36Ar) 
1 

/(rn.,./ 36Ar) . (Fig. 2). The atmospheric pattern samp e air 
m is a horizontal line at Log F = O. Various physical processes, such 

as solubility, adsorption, Rayleigh distillation, etc., acting on 

atmospheric gases can generate reservoirs of noble gases with elemental 

patterns much different from the atmospheric abundances. For example, 

di fferential equilibrium solubility of the various gases in water 

h d ith air in the 
132xe/ 36Ar ratio of the causes an en ancement compare w __ 

20 dissolved gases, and a relative depletion in Ne (Fig. 2). In 

contrast, gases dissolved in molten enstatite (Kirsten, 1968) from a 

reservoir of atmospheric composition are relatively depleted in xenon 
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and enriched in neon. The relative elemental abundance patterns 

measured for the Skaergaard samples are plotted in Fig. 3. The 

abundance patterns are quite variable. The pattern for SKR-7 (Fig. 3d) 

is comparatively flat, exhibiting small excesses of neon and xenon 

compared to the atmosphere. This type of pattern with an enhanced 

20 36 
Ne/ Ar ratio has been observed previously for gases in quenched rims 

of submarine basalts and in peridotite nodules (Dymond and Hogan, 1973); 

Smith and Wasserburg, 1979b). The other Skaergaard samples are 

characterized by larger relative excesses of xenon, and variable 

depletions of neon. Similar steep patterns have been observed for 

gases trapped in shale (Canalas et al., 1968), in holocrystalline 

submarine basalts (Dymond and Hogan, 1973), and in other plutonic rocks 

(Smith 1978, 1979). There is no noteworthy correlation of abundance 

pattern with stratigraphic position of the sample in the intrusion. We 

will discuss the relation of these abundance patterns to the oxygen 

isotope data in the next section. 

The isotopic compositions measured for neon, argon, and krypton 

are given in Table 2. The compositions of neon and krypton in none of 

the samples an! significantly different from atmospheric. The 40Ar/ 36Ar 

ratios are variable, and are much higher than the air ratio, indicating 

the presence of radiogenic 
40

Ar. The 40Ar contributions due to in situ 

decay of potassium can be calculated from the K contents of the samples, 

assuming an age of about 60 million years for the Skaergaard intrusion 

(Carmichael et al., 1974; p. 462). In all cases the measured 

40Ar contents of the rocks are too large to be due to in situ decay 

(T bl 3) Af b i f . 't d d 40A h i f a e • ter su tract on o in si u pro uce r, t e rat o o 
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40 36 the remaining excess Ar to the total Ar varies from about 5000 in 

SKR-7 to about 680 in SKR-12. For samples SKR-7(1) and SKR-7(2), 

gases were extracted in two fractions, a low-temperature fraction about 

700° to 800° C, and a high-temperature fraction at about 1500°C to 

1600°C. 
40 36 . 

Ar/ Ar ratios of 6100 and 5900, somewhat higher than the 

bulk sample values, were observed in the high-temperature fractions. 

The overall variation in argon isotopic composition requires two 

distinct components to be present in varying proportions in the samples. 

The component with low 40Ar 136Ar 
excess 

~ 680 is probably atmospheric 

argon, with 
40

Ar/ 36Ar = 296. The high 40 36 Ar / Ar ratios provide excess 

clear evidence of juvenile magmatic noble gases with 40Ar/36Ar ~ 6100 

trapped in the rocks of the Skaergaard. This juvenile radiogenic 
40

Ar 

40 originated by the decay of K prior to the formation and emplacement 

of the Skaergaard magma. There are two possible sources of the excess 

argon. One is the magma source region at depth, where the argon was 

incorporated during partial melting. A second possibility is that the 

excess radiogenic argon was added to the ascending magma by assimilation 

of or diffusion from country rock. 

Measured xenon isotopic compositions are listed in Table 4. 

The large amount of xenon in SKR-12 from the sandwich horizon (Table 1) 

is seen from this data to be purely atmospheric in composition. This 

is consistent with the addition of atmospheric noble gases to this 

40 36 sample,as suggested above from its low Ar I Ar ratio. Xenon excess 

of atm•)spheric composition is also found in sample GHll. In 4312+, 

136xe/132xe and 134xe/132xe appear to be slightly lower than atmospheric. 

This perhaps reflects a slight mass fractionation of unknown origin. 

Similar effects are not seen in any of the other samples. In several 
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of the samples (G263, SKR-8, SKR-7), 136xe/132xe ratios are slightly 

greater than atmospheric. The enrichments are consistent with the 

presence of small amounts of fission xenon. In SKR-7, a small but 

136 apparently uniform Xe excess is seen in the five samples analyzed. 

The inferred concentration of fission 136xe is about 2.6±1 x l0-18 

mole/gram for SKR-7. This amount of fission xenon implies a uranium 

concentration of about 2.4 ppm if due to in situ decay over 60 m.y. 

Measured U contents in lower zone rocks are an order of magnitude 

lower (Wager and Brown, 1967, p. 197). Therefore, the fission xenon 

in this sample is largely an excess radiogenic component, just as is 

40 136 40 
the bulk of the Ar. The ratio of excess XeSF to Arrad in SKR-7 

-9 is about 5 x 10 , which is consistent with production in ordinary 

crustal rock having K/U of about 104 by weight (e.g., Smith and 

Wasserburg, 1979a). The data for the oth'er samples are generally 

consistent with this ratio of fission xenon to excess radiogenic argon. 

The juvenile component marked by high 40Ar/ 36Ar thus appears also to 

contain fission xenon. 

As reported previously (Smith, 1978), xenon in the sample 

SKR-7(0) was measured to have a 
129

xe/
132

xe ratio about 3 to 4% greater 

than the atmospheric value. This excess could be interpreted as 

evidence of primary juvenile 
129

xerad in the Skaergaard magma. This 

observation would then suggest that the juvenile gases were probably 

derived from a mantle source. Xenon analyses from four additional 

samples of the same SKR-7 hand specimen however fail to confirm the 

129 Xe excess observed in SKR-7(0), although they do uniformly indicate 

136 129 132 a small XeSF excess. The average value of Xe/ Xe measured in 

SKR-7 samples (1)-(4) is 0.983±0.008 (Table 4), indistinguishable from 
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the atmospheric ratio of 0.984. These results are illustrated 

graphically in Fig. 4, where 129xe/132xe is plotted versus 136xe/132xe. 

The data for the SKR-7 samples are shown in the lower panel, and for 

the remaining samples in the upper panel. In this figure, addition of 

129 
pure Xe to a sample will displace its plotted position vertically 

upward. Addition of fission xenon from either 244Pu or 238u spontaneous 

fission will cause points to move to the right along the indicated 

dashed lines. The data for SKR-7 samples (1)-(4) are consistent with 

238 
the addition of U spontaneous fission xenon to atmospheric xenon. 

Data in the upper panel for the other samples are also consistent with 

mixtures of these two components. The SKR-7(0) sample appears to be 

displaced toward higher 136xe/132xe ratios to the same extent as other 

SKR-7 samples, but in addition shows an excess of 129xe. Given the 

failure of the other four SKR-7 samples to show such an excess, we 

conclude that the effect seen in SKR-7(0) was most likely an 

129 experimental artifact, and that excess Xe is not characteristic of 

the Skaergaard material. The amounts of xenon measured in these 

samples, and in terrestrial samples in general, are small. For SKR-7, 

129 8 the total number of Xe atoms measured is typically 1 to 2 x 10 for 

129 each sample, and the Xe excess in SKR-7(0) corresponds to only about 

five million atoms. The mass spectrometer system used for these analyses 

has through the years been used to measure many meteorite samples 

129 
containing large radiogenic Xe excesses. Xenon from these samples 

has been implanted in the walls of the spectrometer, and can at times 

be scrubbed out again into the gas being analyzed. In a series of 

experiments on beryl crystals (Smith and Wasserburg, 1979a), scrubbing 

of excess 129xe by the large amounts of radiogenic argon in the samples 
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was a serious source of xenon contamination, due to an improperly 

designed gas-handling procedure. While this exact problem was 

corrected before the analyses of the Skaergaard samples, it demonstrates 

that the mass-spectrometer can at times provide a virtual leak of excess 

129 Xe capable of contaminating samples. Considering again the small 

amounts of xenon typical of terrestrial samples, one should ideally use 

a mass-spectrometer dedicated solely to the analysis of terrestrial 

samples. In the absence of such an instrument, caution and repeat analyses 

must be used to establish the reality of small anomalies such as under 

consideration here. 

' 

DISCUSSION 

Taylor (1974) and Taylor and Forester (1979) have shown that 

the upper portions of the Skaergaard intrusion that were emplaced 

against permeable Tertiary basalt have undergone extensive oxygen 

isotope exchange with meteoric-hydrothermal water that probably 

circulated through fractures in the solidified and cooling intrusion. 

Oxygen isotope data from Taylor and Forester (1979) for the samples 

measured here are given in Table 5. The numbers in parenthesis are 

estimated values, based on known sample locations and o18o values plag 

measured in different samples from the same or nearby locations. 

The o18o values for the other samples were determined on the same 
plag 

hand specimens as the noble gas results. 18 Values of o 0 
1 

greater 
p ag 

than or about equal to :six are typical magmatic oxygen compositions, 

and indicate little or no oxygen exchange with meteoric water. 

Increasingly lower values reflect progressively greater degrees of 

exchange. Thus samples 4312+ and SKR-7 from the upper and lower zones 



338 

are both relatively unaltered, while samples GHll and SKR-12 from the 

lower zone and sandwich horizon show the greatest degree of exchange. 

18 40 36 In Fig. 5 we plot o 0 
1 

against Ar I Ar (Table 3) to p ag excess 

investigate the relationship between the observed argon isotopic 

variations and degree of oxygen isotope exchange. The noble gas and 

oxygen isotopic variations are clearly correlated. Juvenile argon with 

high 
40

Ar/
36

Ar is dominant in the two least exchanged samples, 4312+ 

and SKR-7. 'As o18o decreases, indicating increased interaction plag 
. 40 36 

with meteoric water, the Ar/ Ar ratios of samples decrease 

40 36 . (dashed trend) and approach the atmospheric Ar/ Ar ratio of 296, as 

shown on the left side of the figure. This correlation provides 

40 36 convincing evidence that the observed decrease in Ar/ Ar is due to 

the addition of atmospheric argon to samples that have undergone 

interaction with meteoric groundwater. It should be emphasized that 

the argon isotopic variations are correlated with the oxygen isotope 

shifts, and not with stratigraphic position or degree of fractional 

crystallization of the intrusion. Different samples from one 

stratigraphic level can show widely varying degrees of interaction w1.th 

the groundwater. For example, 4312+, G263, and SKR-12 from the upper 

zone and sandwich horizon show a smooth progression from characteris-· 

tically high juvenile 40Ar/ 36Ar and o18o values, to low o18o and low 

40A / 36A ' 1 d 1 r r in a tere samp es. The same trend can be seen across the 

lower zone, in samples SKR-7, G83, and GHll, although the 
40

Ar/
36

Ar 

ratio in GHll is not as low as might be expected from its very low 

reported o18o value. Possibly this discrepancy could be due to 
plag 

small-scale sample heterogeneity such as veining, and more intense 

alteration along fractures, so that the two samples of GHll studied 
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for argon and oxygen were not completely equivalent. 

The correlation trend between 40Ar J36Ar and o18o 
1 excess p ag 

displayed in Fig. 5 is strongly curved. The positive curvature is 

such that initial alteration of a sample characterized by juvenile 

argon and magmatic oxygen appears to lead to a very rapid decrease in 

40 36 18 40 36 Ar/ Ar, but relatively little change in o 0 
1 

. Ar/ Ar drops p ag 

by a factor of about two from samples 4312+ and SKR-7 to samples G83 

and SKR-8, but o18o only decreases by a few tenths per mil, or about 

40 36 18 5%. Subsequently, Ar/ Ar and o 0 
1 

decrease at more nearly equal 
p ag 

rates. This apparent sensitivity of the 40Ar/ 36Ar ratio may prove 

complementary to the oxygen isotope technique. It may allow detection 

of samples characterized by comparatively low degrees of meteoric 

water exchange that show relatively little shift in their oxygen 

isotope composition. The exact nature of the correlation is presumably 

related to the mechanisms by which argon and oxygen isotopes are 

exchanged in the samples. For example, it is possible that most of 

the argon exchange occurs in phases of relatively low abundance that 

comprise only a small fraction of the oxygen in the rock. Alteration 

of these phases would produce large effects on the argon composition, 

but little or none on the oxygen. Further detailed experiments on the 

distribution of the noble gases within individual samples are needed to 

elucidate this problem. 

The concentrations and relative abundance patterns of the 

different noble gases appear to show some variation correlated with the 

oxygen isotope shifts, although the effects appear to be more complex 

than for the argon isotopic composition. In Fig. 3 the samples 

represented by the open circles are those showing the lowest degree of 



340 

oxygen isotope exchange, and also the highest 40Ar / 36Ar ratios. excess 

For pairs of samples from the same stratigraphic horizon, the less 

altered samples (4312+ in Fig. 3a, and G83 in Fig. 3c) show "flatter" 

abundance patterns, with abundance ratios closer to the atmospheric 

values than those in the more highly exchanged rocks. This shift 

implies that the magmatic noble gas component associated with the 

juvenile 
40

Ar is characterized by a relatively flat abundance pattern 

compared to the very steep pattern that is associated with the atmospheric 

isotopic component in the exchanged samples. This inference is 

supported by the observation that SKR-7, which contains the largest 

40 concentration of juvenile Ar among the samples studied, shows the 

flattest relative abundance pattern. We noted earlier that two-step 

40 36 
extractions of the noble gases from two SKR-7 samples gave Ar/ Ar 

ratios of about 6000 in the high-temperature fractions. Since the bulk 

ratios are about 5000, this implies that even this relatively unaltered 

sample contains a component of atmospheric noble gases. If this 

atmospheric component is characterized by the same steeply-fractionated 

abundance pattern as the atmospheric gases in the more altered samples, 

then the 20Ne/ 36Ar and 132xe/ 36Ar ratios of the initial magmatic 

component could be somewhat higher and lower respectively than the 

measured values in SKR-7 samples. 

' 
The ultimate source of the atmospheric component in the Bltered 

samples was of course the air. However, the elemental abundance pattern 

of the atmospheric component (taken as similar to SKR-12, Fig. 38) is 

much steeper than that of gases dissolved in water equilibrated '(.Jith 

unfractionated air (Fig. 2). Additional processes have fractionBted 

the noble gases at some stage of their transport from the atmosphere to 
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the intrusion. One possibility is gas-loss from the meteoric water, 

perhaps by an episode of boiling or by a gradual Rayleigh distillation 

process, either of which would result in further enrichment of the 

relatively more soluble heavy noble gases in the residual dissolved gas 

(Wasserburg and Mazor, 1965). Another source of gases preferentially 

enriched in the heavier isotopes could be gases previously adsorbed on 

fine-grained silicate or organic material in the country rock (Fanale 

and Cannon, 1971; Frick and Chang, 1977). Groundwater circulating 

through this host rock might become enriched in these gases. A third 

possibility is that the fractionation occurred during the inunediate 

trapping process that transferred the gases from the water to the rock 

in which they are now found. 

Regardless of the precise origin and mode of incorporation of 

the atmospheric component into the Skaergaard, the present results 

provide clear evidence that atmospheric noble gases transported to 

substantial depths within the crust can be trapped in the rocks. The 

layered series of the Skaergaard is estimated to have been emplaced at 

a depth of about 4 or 5 km. (Wager and Brown, 1967). The possibility 

of such transfer of noble gases from the atmosphere into the solid body 

of the Earth has received scant attention to date. Because of the 

generally low noble gas contents of crustal rocks, incorporation of 

atmospheric gases into the outer portions of the Earth may have an 

important influence on the gas contents of materials we sample. 

The origin of the magmatic noble gas component in the Skaergaard 

is less easy to define. The lower portion of the intrusion rests against 

1800 million year old Precambrian gneiss (Wager and Brown, 1967, 
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p. 187). This country rock certainly contains abundant radiogenic 

argon and fission xenon which could have been released by the heat 

given off by the magma, and incorporated in the intrusion. The gneiss 

might also provide non-radiogenic gases; for comparison a gneiss from 

West Greenland (Lang~ Island near Godhavn) contains noble gases with 

an elemental abundance pattern quite similar to that in SKR-7 (Smith, 

1979). An alternative origin is gas dissolved in the Skaergaard magma 

that has been transported from the source region of the tholeiitic 

magma. This source is generally thought on petrologic grounds 

including chemical and isotopic primitiveness of the derived basalts 

to lie within the mantle (e.g., Carmichael et al., 1974; Verhoogen 

et al., 1970; Yoder, 1976; Wager and Brown, 1967; Leeman and Dasch, 

1978). If the juvenile noble gases came from the magma source region, 

40 36 then the region is characterized by a Ar/ Ar ratio of~ 6000,which 

is not incompatible with a mantle source. Glassy mid-ocean ridge 

basalts contain excess radiogenic argon which is almost certainly from 

a mantle source. The magmas are emplaced into very young oceanic 

crust of low K contents yet, have 40Ar/ 36Ar ratios as high as about 

15000 (Fisher, 1975; Smith and Wasserburg, 1979b). At present there is, 

however, no evidence requiring a mantle origin for the magmatic noble 

gas component in the Skaergaard samples. 

The high juvenile 40Ar concentration in SKR-7 is associated 

with a very high neon concentration. The isotopic composition of this 

neon is atmospheric within the 2cr uncertainty of the measurement 

(Table 2). If this neon is juvenile primordial neon, then the inferred 

limits on the composition of terrestrial primordial neon would be 
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9.65 S 20Ne/ 22Ne ~ 10.17, little or no different from the atmospheric 
p 

composition. On the other hand, the possibility that the source region 

of the neon was contaminated by atmospheric neon cannot be entirely 

ruled out. First, if the source was the crustal country rock, then 

atmospheric neon could have been introduced into the crust during 

earlier alteration by circulating meteoric water. Second, even if the 

source was in the mantle, it can be shown that a substantial amount of 

gas may have been transported into the upper mantle by subduction. 

Crystalline oceanic crustal rocks contain noble gases of atmospheric 

isotopic composition probably taken up during interaction of the 

oceanic crust with seawater (Dymond and Hogan, 1973; Smith and 

Wasserburg, 1979b). These gases may be injected into the upper mantle 

by subduction. The entire oceanic crust presently is subducted once 

about every 200 million years. Average noble gas contents of four 

oceanic diabase and gabbro samples (Dymond and Hogan, 1973; Smith and 

. -16 20 Wasserburg, 1979b) are (in units of 10 mole/gram) Ne 370, 

36 84 132 
Ar = 2900, Kr = 140, and Xe = 13. We assume these concentrations 

are typical of the upper 7 km of oceanic crust, and that they are subducted 

with 100% efficiency. We allow subduction to occur at the present rate 

9 for the past 4 x 10 years. Averaging over the upper 400 km of the 

Earth--about 10% of the Earth's mass--we obtain atmospheric gas contents 

20 36 
for the upper mantle of Ne = 120, Ar 84 1000, Kr = 50, and 

132xe = 4, again in lo-16 mole/g. The calculated concentrations of Ar, 

Kr, and Xe are about a factor of five greater than measured in peridotite 

xenoliths from the mantle (Hennecke and Manuel, 1975; Smith, 1978; Kaneoka 

et al., 1978). The calculated Ne content is about equal measured values. 
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Assuming the peridotites are approximately representative of 

t he gas cont ents of the upper mantle, this comparison shows that much 

or all of the noble gases in these samples (except the obviously 

juvenile components including excess 3He, rad i ogenic 40Ar, excess 129xe) 

could be subducted atmospheric gases, and not primordial gases as is 

often assumed. This hypothesis is consistent with the fact that non-

radiogenic xenon in mantle samples is typically of atmospheric isotopic 

composition (Saito~ al., 1978; Hennecke and Manuel, 1975; Kaneoka and 

Takeoka, 1978) rather than the substantially different meteoritic or 

solar compositions. If 

129 xenon in samples showing excess Xe d is a mixture of juvenile and 
ra 

129 132 atmospheric xenon, then the Xe/ Xe ratio of pure juvenile Xe may 

be substantially greater than the maximum values of about 1.03 observed 

to date. Similarly, if mantle argon in mid-ocean ridge basalts is a 

mixture of atmospheric and juvenile contributions, 40Ar/ 36Ar of the 

juvenile component could be much higher than the observed values of 

4 about 10 , which would imply an even larger degree of degassing of 

36 primordial Ar from the MORB source regions than inferred from lower 

ratios (cf. Bernatowicz and Podosek, 1978). The subduction of 

atmospheric noble gases in amounts varying with location could provide 

a mechanism for generating noble gas heterogeneity (as appears to 

characterize 40Ar/ 36Ar, e.g., Kaneoka, 1975) in a mantle containing 

a relatively uniform component of juvenile radiogenic and primordial 

noble gases. 
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CONCLUSIONS 

The gabbros and diorites of the layered series and sandwich 

horizon of the Skaergaard igneous intrusion contain mixtures of two 

components of noble gases. The first, characterized by atmospheric 

isotopic abundances and a fractionated elemental abundance pattern 

enriched in the heavy gases, is most abundant samples known from oxygen 

isotope data (Taylor, 1974) to have undergone extensive exchange with 

meteoric-hydrothermal water. The most reasonable origin of this noble 

gas component is atmospheric gas transported into the cooling intrusion 

several kilometers deep in the crust by the meteoric water. The 

second component appears to be a dissolved magmatic component. It is 

most abundant in samples showing unaltered magmatic oxygen isotopic 

compositions. This canponent is characterized by juvenile radiogenic 

40 Ar and fission xenon, along with substantial concentrations of non-

radiogenic isotopes. One source of this magmatic component could be 

the Precambrian metamorphic country rock through which the Skaergaard 

magma was intruded. Alter natively, these gases may have had a more 

remote origin in the upper mantle. In this case, the source region of 

the Skaergaard magma and second component of noble gases was apparently 

40 36 characterized by Ar/ Ar ~ 6000 and neon of isotopic composition 

indistinguishable from atmospheric. It is possible that the neon as 

well as some or all of the other non-radiogenic gases in a mantle source 

region could be subducted atmospheric gases. 
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Table 1. Skaergaard intrusion: sample description and noble gas contents* 

Sample 

SKR-12 

G263 

4312+ 

SKR-8 

SKR-7 (O) 

SKR-7(1) 

SKR-7(2) 

SKR-7 (3) 

SKR-7(4) 

GHll 

G83 

Whole Earth 

Description** 

Sandwich horizon (SH) 
Ferrodiorite t 
(q, plag An30 ol, aug, 
mag, ap) 

Upper zone b (UZb) 
Ferrodiorite 
(plag, ol, aug, mag, ap) 

Upper zone b (UZb) 
Ferrodiorite 

Middle zone (MZ) 
Gab bro 
(plag An50 , aug, mag) 

Lower zone c (LZc) 
Olivine gabbro 
(plag An55 , aug, ol, mag) 

Lower zone b (LZb) 
Olivine gabbro 

Lower zone b (LZb) 
Olivine gabbro 

tt atmospheric 

96 

67 

300 

160 

1530 

1020 

94 

140 

5020 

1060 

350 

580 

540 

2150 

1030 

1330 

1430 

1140 

410 

330 

9610 

59 

18 

23 

20 

48 

32 

34 

39 

43 

20 

13 

198 

24 

8.9 

5.4 

4.5 

2.8 

2.2 

3.0 

2.6 

2.6 

3.9 

1.2 

7.18 

-16 *All concentrations in 10 mole/g. Absolute uncertainty ~ 15%. 

**Stratigraphic location, \rock type and 

of plagioclase determined optically. 

q = quartz, plag = plagioclase, ol = 
mag = magnetite, ap = apatite. 

t Wager and Brown (1967). · 
I 

principal mineralogy. 

olivine, aug augite, 

ttAtmospheric abundance dfvided by the mass of the Earth. 

An content 
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Table 2. Isotopic composition of neon, argon, and krypton 

Sample 
20Ne 21Ne 40Ar 83Kr 86Kr 

22Ne 22Ne 36Ar 84Kr 84Kr 

SKR-12 10.0 0.033 1530 0.203 o. 304 
±1. 8 ±0.014 ±20 ±0.004 ±0.005 

G263 7.9 0.028 2620 0.200 0. 300 
±2.9 ±0.010 ±100 ±0.004 ±0.008 

4312+ 11.9 0.067 4600 
±2.6 ±0.062 ±80 

SKR-8 9.6 0.095 2750 0.202 o. 307 
±1.6 ±0.060 ±150 ±0.004 ±0.005 

SKR-7 (O) 9.91 0.031 3860 0.206 0.303 
±0.26 ±0.007 ±80 ±0.003 ±0. 003 

SKR-7(1) 5040 
±240 

SKR-7(2) 5120 
±480 

SKR-7(3) 10.1 0.036 4540 
±0.8 ±0.016 ±70 

SKR-7(4) 4640 
±230 

GHll 14 <0.24 2400 
±12 ±50 

G83 10.8 0.25 2660 
±5.4 ±0.20 ±90 

Atmospheric 9.80 0.029 295.5 0.202 o. 306 

(errors 2a) 
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Table 4. Isotopic composition of 132 xenon ( Xe = 1) 

Sample 124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 134Xe 136Xe 

SKR-12 0.0038 0.0036 0.070 0.983 0.149 o. 789 o. 387 0.329 
± 3 4 2 9 2 6 3 4 

G263 0.0035 0.0032 0.070 0.982 0.151 0.784 0.389 0.337 
± 8 10 1 13 2 9 6 6 

4312+ 0.0040 0 .0036 0.071 0 . 987 0.152 0.783 o. 382 0.323 
± 7 7 2 10 3 12 7 5 

SKR-8 0.0043 0.0038 0.068 0.981 0.148 0.792 o. 390 0.339 
± 22 24 4 17 4 14 7 6 

SKR-7 (0) 0.0047 0.0024 0.073 1.020 0.146 0.794 o. 392 0.338 
± 4 11 2 10 2 7 4 4 

SKR-7 (1) 0.0037 0.0039 0.084 0.990 0.151 0.813 0. 396 0 . 342 
± 11 11 3 9 3 12 8 5 

SKR-7 (2) 0.0033 0.0030 0.073 0.976 0.149 0.806 0.401 o. 343 
± 26 25 11 21 5 23 9 9 

SKR-7 (3) 0.0036 0.0025 0.074 0.988 0.151 0.789 o. 395 o. 339 
± 21 11 3 15 5 12 9 6 

SKR-7 (4) 0.0036 0.0037 0.072 0.979 0.155 o. 795 0. 390 0.334 
± 13 13 2 10 2 16 5 6 

SKR-7 (1)-(4) 0.0035 0.0032 0.075 0.983 0.152 0.800 o. 395 o. 339 
combined ± 10 8 3 8 2 8 4 4 

GHll 0.0037 0.0034 0.073 0.975 0.148 o. 783 0.387 o. 329 
± 7 7 2 8 4 8 7 6 

G83 0.0047 0.0026 0.085 0.987 0.154 0.801 o. 388 0 . 340 
± 16 6 5 14 6 . 20 7 11 

Atmospheric 0.0035 0.0033 0.071 0.984 0 . 151 o. 790 0.388 o. 330 

(error 2o) 
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Table S. Oxygen isotope data for Skaergaard samples (from Taylor 

and Forester, 1979). 

SKR-12 

G263 

4312+ 

SKR-8 

SKR-7 

GHll 

G83 

6180 ( %o) 
plagioclase 

(SH) 

(UZb) 

(UZb) 

(MZ) 

(LZc) 

(LZb) 

(LZb) 

4.9 

2.6 

5.9 

tValues estimated from known sample locations and 6180 data for nearby 

samples studied by Taylor and Forester (1979). 
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Figure 1. Generalized cross section of the Skaergaard layered igneous 

intrusion (after Wager and Brown, 1967, and Taylor, 1974). This 

body of basaltic magma was intruded into Precambrian gneiss and 

Tertiary basalt in East Greenland. During cooling, extensive 

crystal settling occurred causing the development of pervasive 

cumulate layering (Wager and Brown, 1967). Juvenile magmatic 

gases can be trapped during solidification of the magma. Taylor 

and Forester (1979) have shown from oxygen isotope data that a 

hydrothermal circulation system was established in the upper part 

of the cooling intrusion and in the relatively porous basalt country 

rock. Atmospheric noble gases dissolved in the circulating meteoric 

groundwater may have been introduced into exchanged portions of the 

intrusion. 
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Figure 2. Fractionation factor Fm for comparing elemental abundance 

patterns of the non-radiogenic noble gases in various samples. For 

m 
air, F = 1 for all gases, and the abundance pattern is a horizontal 

line. Curves for water and molten enstatite (Kirsten, 1968) reflect 

the differential solubility of the different noble gases from an 

infinite reservoir of atmospheric composition. 
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Figure 3. Elemental abundance patterns for non-radiogenic noble gases 

in Skaergaard samples. A substantial range of patterns is seen. 

Observed 
20

Ne/
36

Ar ratios and 132xe/36Ar ratios vary by about a 

factor of ten. 132 36 . The highest Xe/ Ar ratios are associated with 

20 36 
the lowest Ne/ Ar ratios, and vice versa. Thus the abundance 

patterns range from the comparatively flat pattern for SKR 7 from 

the lower zone, to a very strongly fractionated pattern for SKR 12 

from the sandwich horizon. There is little correlation of abun-

dance pattern with original stratigraphic position in the intrusion. 

Samples from the lower zone (panels c and d) show both comparatively 

flat and comparatively steep abundance patterns. 
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Figure 4. Three-isotope correlation diagram for xenon in the Skaergaard 

samples. Data for SKR 7 are shown in the lower panel, and for the 

other samples in the upper. Error bars represent 2a uncertainties. 

Mixtures of distinct components will plot on straight lines. Mixing 

lines for addition of 238u fission xenon and 244Pu fission xenon to 

atmospheric xenon are shown. 129 Addition of radiogenic Xe shifts a 

point vertically upward. The Skaergaard data are generally consis-

238 tent with mixtures of air and U fission xenon. The first sample 

of SKR 7 measured showed a ~4% 129xe excess (Smith, 1978). Four 

subsequent samples from the same specimen failed to duplicate this 

isotopic effect, which is here withdrawn as an experimental artifact. 

Note that the 3% fission 136xe excess is reproducible among the 

SKR 7 samples. Sample 4312+ (upper panel) possibly shows a slight 

isotopic mass-fractionation not recognizable in any of the other 

samples. 
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Figure 5. Correlation of argon isotopic composition with oxygen isotope 

shift in the Skaergaard rocks. 
40 

Ar due to in situ decay of potas-

sium has been subtracted from the total to give 40Ar 
excess 

36 
Ar 

is the total concentration of this isotope. Oxygen isotope data 

for plagioclase are from Taylor and Forester (1979). The errors 

shown for the argon compositions are 2a. For SKR 12, SKR 8, and 

SKR 7, oxygen isotope shifts are estimated from known sampling 

localities. The probable uncertainty associated with the estimates 

is indicated by the vertical error bars. 

Both the oxygen and argon isotopes reflect mixing of juvenile 

and meteoric (atmospheric) components. The heated meteoric water 

responsible for the oxygen isotope exchange has also introduced 

atmospheric argon into the rocks. The correlation is not linear. 

From the initial juvenile composition, 40Ar/ 36Ar drops rapidly by 

18 a factor of more than two, while o 0 1 shifts only by a few 
p ag 

tenths %o. Further exchange affects primarily the oxygen 

isotopes. 
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PAPER 3. ATMOSPHERIC AND JUVENILE NOBLE GASES 

IN MOR VOLCANIC ROCKS AND RELATED SAMPLES 



368 

ATMOSPHERIC AND JUVENILE NOBLE GASES 

IN MOR VOLCANIC ROCKS AND RELATED SAMPLES 

Stephen P. Smith and G. J. Wasserburg 

The Lunatic Asylum of the Charles Arms Laboratory 
Division of Geological and Planetary Sciences 

California Institute of Technology 
Pasadena, California 91125 



369 

Abstract 

Ne, Ar, Kr, and Xe were measured in mid-ocean ridge (MOR) 

basalt and rhyodacite glasses, oceanic gabbro, and upper-mantle 

peridotite samples. A peridotite from Hawaii and the MOR basalt glasses 

contain excess radiogenic 40Ar indicating the presence of juvenile 

noble gases from the upper-mantle. Three MOR basalts contain small 

excesses (,..,. 10
6 

atoms/gram) of 129xe presumably from the decay of 

short-lived 129
1, and fissiogenic 134xe d 136x an e . This is the first 

. d f 129x ev1 ence or e d and fission xenon outgassing at oceanic ra 

spreading ridges. 

No isotopic evidence is found for juvenile primordial Ne, Ar, 

Kr, or Xe in the samples. High 20Ne/ 36Ar ratios in MOR glasses are 

. 20 22 unaccompanied by significantly increased Ne/ Ne ratios, so cannot be 

due to the presence of solar primordial noble gases as suggested by 

Dymond and Hogan (1973). 
20 22 A non-atmospheric Ne/ Ne of 10.1±0.1 

observed in rhyodacite glass from the Galapagos is most likely due to 

mass-fractionation, not addition of primordial neon. Variations in 

40Ar/ 36Ar by a factor of 7 coupled with essentially constant 40Ar 

concentrations in several samples of a single MOR basalt glass from the 

Gulf of Aden provide clear evidence of the late-stage addition of 

atmospheric noble gases to the magma. 1bis result suggests that most 

or all of the non-radiogenic noble gases in MOR basalt glasses 

(except helium) are due to atmospheric contamination, probably by 

seawater. 
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INTRODUCTION 

The mid-ocean ridges (MOR) are sites of active transport of 

material from the upper mantle into the Earth's crust. The magmas 

erupted at the spreading ridges may contain dissolved noble gases 

extracted from their source regions. The rapid quenching by seawater 

of erupted MOR lavas can trap dissolved magmatic noble gases in the 

resulting glass. The magmatic gases may include a number of juvenile 

components, gases which have never been in the Earth's atmosphere. 

Among these are radiogenic 4He, 40Ar, and fission xenon produced by 

the decay of U, Th, and K in the mantle source region. The magma may 

contain primordial noble gases leaking out of incompletely degassed 

regions of the mantle. The decay products of short-lived radioactivities, 

129 129 . 131-136 . . 244 Xe from I (17 m.y. half-life) and Xe from fission of Pu 

(82 m.y. half-life), may also arise from undegassed portions of the 

Earth. By studying fresh basalt glass rims from submarine pillow lava 

flows, we hope to gain information about the composition of noble gases 

in the upper mantle. 

The transport of noble gases in the oceanic crust and upper 

mantle is likely to be more complicated than a simple, one-way flow. 

In Figure 1 we have sketched a possible picture of the cycling of 

noble gases in the oceanic crust/mantle system. A spreading ridge is 

illustrated on the right side of the figure, and a subduction zone on 

the left. At the ridge, the heat of the freshly-intruded magma 

establishes a hydrothermal circulation system. Cold seawater percolates 

down through fractures along the flank of the ridge, is heated, and 

emitted along the axis of the ridge in hydrothermal plumes (Weiss et al., 
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1977). Tiie seawater will carry dissolved atmospheric noble gases into 

the oceanic crust. Some of the dissolved gas may become trapped in the 

crust during hydrothermal alteration of the rocks. At the center of 

the ridge, exchange of noble gases between the magma and seawater may 

take place. Magmatic gases can be outgassed into the seawater, and 

transported into the oceans by the hydrothennal plumes. Atmospheric 

gases from seawater may be transferred into the magma. 

At the subduction zone, the gases fixed in altered oceanic 

crust potentially can be drawn down into the upper mantle. Tiie 

efficiency of such transport will depend on the unknown degree of gas 

loss at shallow levels from the subducting slab. Tiiis possible loss is 

indicated by the upward arrow with a question mark. Atmospheric gases 

may be adsorbed in sediments and trapped during diagenesis. If the 

sediments are subducted, they could provide an additional input of 

atmospheric noble gases into the upper mantle. If atmospheric gases 

are subducted into the upper mantle, they eventually may be transported 

by convection to beneath a spreading ridge. Tiiere they could be 

incorporated into newly-derived magma, and cycled back into the 

atmosphere along with any juvenile components in the magma. 

During its ascent from the source region, the MOR lava may 

experience gas loss as the ambient pressure drops. Many MOR glass 

samples are vesicular, suggesting that a gas phase was being evolved 

.prior to quenching. Noble gases will partition very strongly into a 

gas phase at equilibrium because of their low solubilities in the 

magma (Kirsten, 1968). Tiius a magma that undergoes vesiculation before 

being erupted may lose a substantial fraction of its initial dissolved 
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noble gases. Absolute concentrations as a guide to conditions in the 

source must be interpreted with caution. Isotopic compositions and 

relative elemental concentrations are less affected by gas loss, so 

can provide more reliable information about the noble gases in the 

source. 

In this paper we report measurements of the concentrations 

and isotopic compositions of neon, argon, krypton, and xenon in several 

MOR basalt glasses, an i.musual rhyodacite glass from the Galapagos 

ridge, two peridotite nodules from Hawaii and Baja California, and two 

ocean crust gabbros. The MOR glass samples were studied with two 

main objectives in mind. The first was to discover if juvenile 

di · 129x fi i ld b d d . MOR 1 ra ogen1c e or ss on xenon cou e etecte in avas. 

Previous workers have shown that the glassy rims of MOR pillow basalts 

contain juvenile magmatic noble gases which include primordial 3He 

(Krylov et al., 1974; Lupton and Craig, 1975) and excess radiogenic 

40 Ar (e.g., Funkhouser et al., 1968; Fisher, 1971; Kaneoka, 1975; 

Dymond and Hogan, 1978). The second aim was to investigate the nature 

of any non-radiogenic noble gases in the MOR samples, and in particular 

to search for isotopic evidence of a primordial noble gas component 

in the magmas. Other investigators have generally folIDd small 

amounts of non-radiogenic gases in MOR volcanic rocks, but the origin of 

these gases is unclear. Based on elemental abi.mdance patterns, 

Dymond and Hogan (1973) and Fisher (1973, 1974) suggested the non-

radiogenic isotopes were primordial gases from the mantle. These gases 

have alternatively been' suggested to be due to atmospheric contamination 

near the ocean floor (Saito, 1978), or possibly from subduction of 
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atmospheric gases into the upper mantle (Smith, 1978). 

Juvenile radiogenic and primordial noble gases were also 

sought in the peridotite samples. Earlier investigations have shown 

that some ultramafic nodules and minerals of upper mantle origin may 

129 contain juvenile excess Xe (Hennecke and Manuel, 1975a; Rison and 

Kyser, 1977; Kaneoka et al., 1978). These materials often contain 

juvenile 3He and excess radiogenic 4He and 40Ar (Funkhouser and 

Naughton, 1968; Tolstikhin et al., 1974; Saito et al., 1978a,b). The 

measurements on the two gabbro samples represent an initial 

investigation of the plutonic equivalent of the surface-erupted MOR 

basalts. While the gabbros cooled much more slowly than the quenched 

basalt glass samples, their crystallization at greater depth and 

pressure may enable them to trap ambient noble gases. 

EXPERIMENTAL PROCEDURES 

Noble gases were extracted from samples by heating to about 

1500°C. Active gases were removed using hot Ti-Zr and Zr-Al getters, 

and the noble gases analyzed mass-spectrometrically using conventional 

techniques (Smith, 1979a; Smith and Wasserburg, 1979; Smith et al., 

1977). Samples are described briefly in Table 1. Except where noted 

in the text, all glass samples analyzed were of fresh material without 

palagonite alteration. The material was generally crushed to about 

0.1 to 1 mm diameter grains, and rinsed thoroughly in ethanol to 

remove finer particles. Sample masses ranged from about 0.06 to 1.8 

grams. Samples were run in several groups at different times under 

slightly varying conditions. Sample groups are identi.fied by the 

numbers in parentheses following the masses listed in Table 2. In 
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particular, we note that samples of group 2 were extracted in a clean 

crucible which had not been used previously to extract other s amples. 

Samples in the other groups were generally analyzed during ext.raction 

sequences including several grams of various terrestrial rocks (Smith, 

1978, 1979a,b; Smith and Wasserburg, 1979). Samples V33-07(0) and 

VGAll(a) of group 1 were melted in a crucible which had been used to 

129 extract two small meteorite samples containing excess Xe, followed 

by several grams of terrestrial igneous rock. The rock samples showed 

no measurable isotopic anomalies and should have fluxed any meteoritic 

residues. However, it is not impossible for contamination to occur, 

since the amounts of xenon released by the MOR samples are quite 

small. 

The tabulated data have been corrected for mass discrimination, 

. bl k d . f . 1 d" H 180 4oA ++ extraction oven an s, an inter erences inc u ing 2 , r , 

++ co2 , HF, and neon and xenon hydrides. Extraction oven blanks varied 

by about a factor of 5 over the different run sequences, with average 

-14 20 15 values about 0 . 5 x 10 moles Ne, 1.3 x 10- , 36A 
mo~es r, 0.4 x 10-16 

84 -17 132 moles Kr, and 0.7 x 10 moles Xe. Errors in the concentrations 

in Table 2 represent about 50% of the total background (extraction 

blank and interferences) subtracted from the measured signals. The 

spectrometer sensitivity and mass discrimination were monitored using a 

pipette of standard volume and atmospheric isotopic composition, and by 

comparison with meteorite standards from the Leedey and Bruderheim 

chondrites. Systematic uncertainty in the final calibrations is 

estimated to be about 15%. 
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RESULTS 

Measured concentrations of ZONe, 36Ar, 40Ar, 84Kr, d 132x an e 

are reported in Table 2, in units of l0-16 mole/gram. The concentra tions 

observed are with a few exceptions typically quite low. Ar, Kr, and Xe 

concentrations in MOR basalt glasses and ultramafic nodules average 

about an order of magnitude or more lower than in typical crustal 

igneous rocks (Smith, 1978, 1979a,b). Neon concentrations are similar. 

Noble gas contents of MOR basalt and peridotite samples are also 

generally much lower than the average whole-earth concentration obtained 

by dividing the amount of each gas in the atmosphere by the mass of 

the Earth (Table 2). Thus if the gas contents of these samples were 

characteristic of the interior of the Earth we could infer that ~ 90% 

of the Earth's noble gases had been degassed. Since the samples may 

have lost gases during transport from their source regions, this 

inference may not be valid. 

The Ar, Kr, and Xe concentrations vary by a factor of about 

twenty among the samples analyzed (excluding the Romanche gabbro, for 

which only xenon was measured) . The 20Ne concentration varies by a 

factor of 700 in toto, but most of the variation arises from the very 

high Ne contents of VG997, a rhyodacite glass from the Galapagos ridge. 

This unusual material contains 30 to 40 times more neon than the next 

most Ne-rich sample, VGAll, a basalt also from the Galapagos. High 

neon concentrations similar to that measured in VG997 have also been 

reported in MOR basalt glasses by Dymond and Hogan (1973), suggesting 

that the neon concentration in MOR volcanic rocks is more variable than 

the heavier noble gas contents. The variability of noble gas 
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concentrations extends to analyses made on several different samples of 

the same rock. The most remarkable example is the MJR basalt glass 

V33-07 from the Sheba Ridge, Gulf of Aden. The sample V33-07(2) 

contains nearly an order of magnitude less 36Ar, Kr, and Xe than 

V33-07(3+4). Two other samples show intermediate gas contents. A 

36 similar variation in Ar content is seen in the two samples of VGAll 

basalt (Galapagos). Note, however, that the 40Ar concentration in 

both V33-07 and VGAll is much less variable than that of 36Ar and the 

other noble gases. Possible reasons for this difference will be 

discussed in the next section. 

The sample VG997(d) was intentionally selected to include a 

substantial mass of palagonitic alteration. The amount of alteration 

material is estimated to be roughly 100 times that in VG997(cl), which 

to the naked eye was free of palagonite. The factor of two increase 

for 36Ar, 84Kr, and about three for 132xe in VG997(d) may be associated 

with the alteration phases. Neon shows no significant increase. The 

increases in heavy noble gas content are far too small in relation to 

the estimated increase in palagonite content to allow a significant 

portion of the gases in VG997(cl) to be due to superficial alteration. 

Nor can the unusually high neon content of the rhyodacite reside in 

palagonite. 

40 The Ar contents of the different hand-picked mineral separates 

from the Hawaiian peridotite nodule fall in the middle or at the low 

-12 -12 end of the range from about 2 x 10 to 80 x 10 moles/gram measured 

by Funkhouser and Naughton (1968) and Gramlich and Naughton (1972) for 

a variety of similar mineral separates from Hawaiian ultramafic nodules. 
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The lower 
40

Ar content of olivine relative to the co-existing phases 

(Table 2) appears to be characteristic of these samples (Funkhouser 

and Naughton, 1968; Gramlich and Naughton, 1972). Gramlich and 

Naughton suggested that the noble gas contents of some of the nodules 

had been lowered by diffusive gas loss during their transport to the 

Earth's surface. Such loss might well explain the low gas contents of 

the San Quintin nodule CSQ35-1A compared with the Hawaiian samples, 

since the CSQ35-1A nodule was only about 2 cm in diameter. 

. 20 36 84 132 The relative abundances of Ne, Ar, Kr, and Xe are 

conveniently compared using the fractionation factor Fm, 

(~/36Ar) 
sample 

Figure 2 is a plot of log
10

Fm vs. mX. The atmospheric abundance 

pattern is a horizontal line at log Fm = 0. On the left side of the 

figure we show several reference abundance patterns. These include 

solar and planetary components of primordial noble gases (Table 3). 

The solar pattern in Fig. 2 is obtained from the 
20

Ne/ 36Ar ratio 

measured in the solar wind (Geiss, 1973), together with values for Kr 

and Xe interpolated using nuclear abundance systematics (cf. Marti 

et al., 1972). The planetary pattern is characteristic of the noble 

gases measured in carbonaceous chondrites and gas-rich separates 

extracted from primitive meteorites. Also shown are abundance patterns 

for noble gases dissolved in water at 0°C (Mazor, 1977; crosses) and 

molten enstatite pyroxene at 1500°C (Kirsten, 1968; open circles) from 

an infinite reservoir of gas with atmospheric composition. The water 
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~ \ pattern is characterized by systematically increasing solubility for 
i: 
''--

the heavier noble gases. For molten enstatite, the heavier gases 

are systematically less soluble. 

On the right side of Fig. 2 we show the noble gas abundance 

patterns measured in this work. 
20

Ne/
36

Ar is substantially greater 

than the atmospheric ratio in many of the samples. The largest 

enhancement is a factor of nearly 1000 for the rhyodacite glass. 

84Kr/ 36Ar and 132xe;36Ar are also enriched relative to the atmospheric 

values, by factors of up to 2.6 and about 2.5 to 10 respectively. 

These concave-upward abundance patterns are similar to those found 

previously for MOR basalts (Dymond and Hogan, 1973) and ultramafic 

nodules from Hawaii (Hennecke and Manuel, 1975a; Kaneoka et al., 

1978). The observed abundance patterns match none of the individual 

reference patterns completely. 
36 The relative abundances of Ar, 

84K r, 132 and Xe are generally similar to the pattern of noble gases 

dissolved in bottom seawater at close to 0 0C. The 
20

Ne enrichments 

found here and by Dymond and Hogan (1973) are completely unlike the 

pattern expected for air dissolved in seawater. The 20Ne/ 36Ar ratios 

also show values too extreme to be consistent with solubility in a 

mafic melt similar to enstatite composition. Nor are the abundance 

patterns like either the planetary or solar primordial noble gas 

patterns. The relative concentrations of the noble gases in the MOR 

and peridotite samples apparently reflect contributions from a variety 

of so.irces and processes. 

Isotopic data obtained for neon, argon, and krypton are given 

in Table 4 and for xenon in Table 5. Errors listed are 2o and include 
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estimated uncertainties due to interferences and blanks. Atmospheric 

isotopic compositions are given at the bottom of each table. For 

neon, the measured isotopic compositions are atmospheric in most 

cases. The rather large uncertainties are due to the small amounts of 

gas available for analysis. There is a suggestion of small excesses 

of 
21

Ne from (o.,n) reactions on 
18

0 (Wetherill, 1954) in the pyroxenes 

from the Hawaiian peridotite nodule that might correlate with the 

relatively radiogenic high 
40

Ar contents of these separates. Neon of 

clearly non-atmospheric composition is found in the rhyodac ite 

VG997 from the Galapagos ridge. The 20Ne/
22

Ne ratio of 10.1±0.1 in 

this sample is about 3% higher than the atmospheric ratio 9.80±0.08. 

The 
21

Ne/
22

Ne ratio in VG997 is atmospheric within error . 

40 36 ! • 
The Ar/ Ar !rat1os measured in the samples are typically 

greater than atmospheric. For the MOR basalt glasses, the excess ·
40 

Ar 

contents are too great to be due to in situ decay of 
4

°K in these 

very young samples, and must represent radiogenic 40Ar from the source 

region of the magmas. The bulk of 40Ar in the mineral separates from 

the Hawaiian peridotite nodule is also unsupported by in situ decay 

(cf. Funkhouser and Naughton, 1968). The radiogenic 
40

Ar content of 

the Galapagos rhyodacite corresponds to an age of about 1/2 million 

years as calculated from the K
2
o content of 1.32 wt.% (Melson, private 

communication) with the assumption that all 
36

Ar is atmospheric. This 

is consistent with the sample's age of < 5 m.y. deduced from sea floor 

magnetic lineations (W. Melson, private communication) so radiogenic 

40
Ar in VG997 can be attributed to in situ decay. Similarly, radiogenic 

argon in gabbro K9Gl from the Oman ophiolite is consistent with 
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in situ decay over the ,..., 100 m.y. age of the ophiolite (R. Gregory, 

private communication). 

38 36 
Only limited measurements of Ar/ Ar ratios were made, and 

values obtained are consistent with the atmospheric composition. Kr 

isotopic compositions measured are also atmospheric. 

Xenon isotopic compositions presented in Table 5 are generally 

close to atmospheric. In a number of cases, including the rhyodacite 

and peridotite samples, the small amounts of gas analyzed precluded 

obtaining precise isotopic compositions. For the Hawaiian peridotite, 

the xenon amounts measured for the different mineral separates were 

added to try to improve the precision. The resulting combined value 

is not significantly different from atmospheric. Xenon in the two 

gabbro samples was also found to be atmospheric. Small deviations from 

the air values are seen for 129xe/132xe, 134xe/ 132xe, and 136xe/132xe 

in the M)R basalt glass samples V33-07, TR138, and 111240. Xenon 

data for the basalt glasses are plotted in Figure 3 on a three-isotope 

correlation diagram of 129xe/132xe vs. 136xe/132xe. In this dia gram, 

129 addition of excess radiogenic Xe displaces points vertically upward. 

Addition of spontaneous fission xenon from the decay of 238u or 

h li d 244p d. 1 . d d d d l . h . s art- ve u isp aces points ownwar an towar t1e rig t in 

the directions indicated by the dashed lines in Fig. 3. Excess 

d . · 129x f 1 d th h b ra iogenic e contents or a samp e represente on e grap can e 

obtained by measuring its vertical displacement from the dashed 

mixing lines. E.g., for sample 111240, point (5) in Fig. 3, the 

045 1 · 238u f · · d , 1 · h 1 1 f displacement is . re ative to ission an s ig t y arger or 

244Pu. Thus about 5% of the 129 xe in this sample is excess radiogenic 
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xenon. In this work, we calculate the 129xe and 136xe excesses for 

glass samples V33-07, TR138, and 111240 (points (1), (2), and (5) 

t · 1 ) b · h f · · · f 238u respec ive y y assuming t e ission xenon component is rom 

decay. 244 129 
If it is from Pu, the calculated Xe excesses will be 

slightly too low. We calculate the xenon excesses in this way rather 

h · 
130x f h f" i f t an using e as a measure o t e iss on- ree componen~ because 

f h 1 · h 11 
130x · 1 o t e arger error in t e sma e signa . Significant 

excesses ("' 4a) are measured in the single sample of 111240 glass 

from the Juan de Fuca Ridge. The calculated excesses are 2.4 x lo-18 

129 -18 136 
moles Xer/g and 1.6 x 10 moles Xe

8
F/g. Repeated mea surements 

on samples from V33-07 appear to be consistent at roughly .the 2a 

level with average concentrations of about 1 x l0-18 moles/ g radiogenic 

129
xe and about 2 x lo-18 moles/g fissiogenic 136xe. The xenon 

-18 129 
excesses for TR138 are smaller, 0.6 x 10 moles Xe /g and 

r 
-18 136 

0.3 x 10 moles Xe
8

F/g, and are also significant at about the 

2a level. The sample V33-07(0), which plots as the point labeled (1) 

directly above the air point in Fig. 3, is somewhat inconsistent with 

the other V33-07 determinations. It appears to show a concentration 

of excess 
129

xe similar to those for the other samples, but no 
r 

136x 
eSF excess. The V33-07(0) sample was run in a crucible in which 

two meteorite samples had previously been run (see Experimental 

Procedures). It is possible that some contamination of this sample 

136 132 
with meteoritic trapped xenon of unusually low Xe/ Xe could have 

occurred that would have had the effect of cancelling out the nominal 

136x h. 1 eSF excess in t is samp e. As discussed by Smith (1979a), the 

measurement and certain identification of the small xenon anomalies 
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(...., 106 atoms per gram) in terrestrial samples are complicated in our 

case by the limited maximum sample size .<"' 1 gram) and by possible 

effects of spectrometer memory in a machine which has in the past seen 

many meteorite samples with abundant anomalous xenon. At present we 

have no strong reason to doubt the validity of the 129xe 
r 

excesses reported here, particularly for sample 111240, which was 

melted in a previously unused crucible. Further careful measurements 

on larger samples than could be examined here are needed to confirm 

these small xenon isotopic effects. 

DISCUSSION 

On- the basis of elemental abundance patterns, Dymond and 

Hogan (1973) and Fisher (1973, 1974) have identified non-radiogenic 

noble gases in a number of MOR basalt glasses as juvenile primordial 

gases. We argue here that the elemental abundance patterns do not 

provide convincing evidence of the general presence of juvenile non-

radiogenic gases in MOR basalts. We will examine the availab l e 

isotopic data for ~lues to the origin of the non-radiogenic noble 

gases. Finally, we discuss the significance of the juvenile radiogenic 

component of argon and xenon found in the MOR samples and in other 

upper-mantle derived rocks. 

D d d H (1973) b d 36A / 20N . . MOR ymon an ogan o serve r e ratios in 

basalts over 100 times lower than the atmospheric ratio, and inferred 

that the samples contained primordial gases resembling neon-rich solar 

primordial gases (Table 3) . Neon isotopic data from this report can 

be used to rule out a component of solar primordial neon in MOR 

samples. 
22 20 36 20 

In Figure 4 we plot Ne/ Ne vs. Ar/ Ne for MOR samples 
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studied here. Also shown are points representing solar and planetary 

primordial gases (Table 3) and the atmospheric composition. In this 

representation, mixtures of two distinct endpoint compositions will 

fall on the straight line segment joining the two endpoints. If the 

36 20 . 
low Ar/ Ne ratios in MOR samples were due to admixture of solar 

primordial gases, data points would lie on the line shown joining the 

atmospheric and solar compositions. 
22 20 

Because of the very low Ne/ Ne 

ratio in the solar gas, 22Ne/ 20Ne ratios would decrease noticeably. 

22 20 . Clearly this is not the case; Ne/ Ne remains close to the atmospheric 

ratio despite observation of very low 36Ar/ 20Ne ratios that nominally 

imply the presence of essentially pure solar primordial gas. Either 

the 
36

Ar/
20

Ne variations are due to the addition of a previously 

unrecognized primordial component with nearly atmospheric 
22

Ne/
20

Ne 

36 20 and remarkably low Ar/ Ne, or the source of the neon and argon is 

atmospheric gas that was highly fractionated during its transport from 

the atmosphere to the MOR glass samples. We regard the possibility 

that the neon and argon represent a new primordial component as 

remote. The unusually high neon content of the rhyodacite VG997 

(sample 9) is unaccompanied by any significant amount of juvenile 

radiogenic 40Ar. This excess argon is almost invariably present in MOR 

basalt magmas and signals the presence of juvenile noble gases 

escaping from depth . We conclude it is more likely that the neon has 

become fractionated relative to argon during transport in the 

terrestrial environment. We suggest the small ~ 3% isotopic enrichment 

of 20Ne relative to 22Ne in VG997 is related to the extreme elemental 

enrichment of neon over argon in this sample, and is not evidence of a 
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primordial component of neon. We also suggest the ,..., 5% enrichment of 

20
Ne in a fumarole gas sample from Kilauea (Craig and Lupton, 1976) 

similarly need not reflect the presence of primordial neon. The 

magnitudes of the isotopic effects are small, and easily explained by 

diffusive fractionation in a variety of settings. The mechanism 

responsible for fractionating neon and argon in MOR samples cannot be 

specified at present. Processes such as diffusion, Rayleigh distillation 

(via bubble formation), differential solubility, adsorption, etc., 

acting singly or in combination are possibilities. 

Fisher (1973, 1974) inferred that samples from the Juan de 

Fuca Ridge and Verna Fracture Zone contained a component of primordial 

noble gases which he identified as planetary rather than solar on the 

36 
basis of low Ar/Kr and Kr/Xe ratios. Xenon is strongly enriched 

relative to argon in these samples compared with atmospheric abundances. 

A similar enrichment of Xe has been seen in ultrarnatic nodules and 

arnphiboles of presumed upper mantle origin (Hennecke and Manuel, 1975a; 

Saito et al., 1978a,b), and has been interpreted as evidenc·e of planetary 

primordial noble gases in the mantle. The uncertainties associated 

with interpreting the abundance patterns are illustrated by the 

contrasting conclusion of Saito (1978), that the non-radiogenic heavy 

noble gases in the MOR basalt glasses are fractionated samples of 

atmospheric gases dissolved in seawater. The question of the origin of 

these gases in MOR samples is difficult i f not impossible to answer 

satisfactorily from elemental abundance patterns alone. Many processes 

may have affected the samples that are capable of fractionating the 

different gases. We therefore will consider further only isotopic 
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evidence for the nature of the MOR noble gases. We turn first to the 

well-studied example of argon, where isotopic variations are very 

large and unambiguous. 

Argon isotopic data for MOR basalt samples have been 

summarized by Dymond and Hogan (1978). They conclude that variations 

in the argon isotopic composition among the samples are due to mixing air 

with a highly radiogenic mantle component having 40 Ar/ 36 Ar ;:: 16000. 

Very similar variations are seen in the data reported here. In 

particular, 
40

Ar/ 36Ar and 36Ar concentrations in the several samples of 

L10 
V33-07 differ by as much as a factor of about 7, while the Ar content 

is virtually constant. Similar variability is seen in VGAll. The 

differences in V33-07 occur on a scale of roughly a centimeter or less. 

These data imply that atmospheric argon has been added very 

inhomogeneously to a magma containing a uniform Ar content of about 

-11 40 40 36 4.3 x 10 moles/gram excess radiogenic Ar, and with Ar/ Ar ;::12000. 

The small scale of the argon isotopic variations is remarkable. Fisher 

(1971) and Dymond and Hogan (1973; 1978) have documented argon isotopic 

variations paralleling the degree of crystallization across quenched 

rims of MOR basalt pillows. The variations are apparently due to 

incorporation of seawater atmospheric argon into the more crystallized 

portions of the rock. These variations are accompanied by loss of the 

· · · 1 d . ' 4 OA h b 1 11 . initia excess ra iogenic r as t e asa t crysta izes. This is 

possibly the cause of variability for basalt VGAll, where the 

radiogenic 40Ar content of sample VGAll(O) is only about 40% that of 

VGAll(a) which has the higher 
40

Ar/
36

Ar ratio. However, for V33-07 

1 h d . . 40A i samp es, t e ra iogenic r content s constant. Also, the degree of 
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crystallinity of the V33-07 material is low, ,..., 5%. These observations 

strongly suggest the argon isotopic variations are not due to this 

mechanism of contamination. Vesicles ranging from microscopic size 

to about 1 millimeter in diameter indicate the presence of a gas 

phase in the V33-07 magma at the time of quenching. Unbroken vesicles 

possibly could be the site of the increased air argon contents of 

some samples. Possibly the vesicles were caused by incorporation of 

seawater containing dissolved noble gases during the eruption of the 

magma on the seafloor. Regardless of the exact location of the air 

argon, the small scale of the isotopic variations requires the 

contamination to have occurred late enough that diffusive homogenization 

with the indigenous magmatic argon did not occur. 

It can be seen from the data in Table 2 that the increased 

atmospheric argon content of samples V33-07(1) and V33-07(3+4) is 

accompanied by increased amounts of krypton and xenon, to which we also 

ascribe an atmospheric origin. The absolute amounts of non-radiogenic 

gases in these and the other MOR basalt samples are not large, and 

can be explained by the addition of less than 0.1 wt.% seawater with 

its complement of dissolved atmospheric gases. 
-4 For example , 10 grams 

of bottom seawater contains about 7 x l0-16 moles 20Ne, 45 x l0-16 moles 

36Ar, 1.9 x l0-16 moles 84Kr, and 0.13 .x 10~ 16 moles 132xe. Evidence 

for the introduction of atmospheri c argon into MOR magmas by seawater 

contamination has also been presented by Hart and Dymond (1978). 

These authors found d~creasing 40
Ar/ 36Ar with increasing H2o contents 

of a suite o.f basalts from the Juan de Fuca Ridge. 

We conclude from the above considerations that much of the 
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non-radiogenic argon, krypton, and xenon content of MOR basalt 

glass samples is due to late contamination of the magma with atmospheric 

noble gases. This does not mean necessarily that all the non-

radiogenic noble gases in these samples are atmospheric. The most 

outstanding example of juvenile non-radiogenic gases in MOR basalts 

is the widespread 
3
He excess (Craig and Lupton, 1976 and references 

therein). The observation of juvenile radiogenic 40Ar and 129xe in 

mantle-derived samples demonst~ates that juvenile components of the 

heavier noble gases are being transported to the Earth's surface. 

There is no a priori reason not to expect them to be accompanied by 

juvenile non-radiogenic gases. However, the clear evidence for 

atmospheric contamination leads us to suggest that the concentrations 

of juvenile non-radiogenic gases in uncontaminated MOR basalt magmas 

at the time they are quenched are generally lower than or equal to 

the lowest measured concentrations. Estimating from V33-07(2), 

VGAll(a), and TR138, we therefore suggest juvenile magmatic noble gas 

contents of less than or about 38 x lo-16 moles/g 36Ar, 1.1 x l0-16 

84 -16 132 
moles/g Kr, and 0 . 2 x 10 moles/g Xe. The case for neon is 

less clear since the mechanism producing the characteristic enrichment 

of neon in the MOR samples is not understood. We argue for the VG997 

rhyodacite that the lack of any excess mantle-derived radiogenic 

40
Ar in the rock with the largest neon enrichment suggests that the 

neon frac tionation is also a relatively late, high-level effedt. If 

20 this is so, then we might also take the lowest measured Ne contents, 

-16 about 90 x 10 moles/g, as an upper limit on the erupted magmatic 

neon concentration. These limits must be interpreted with some caution . 
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We have by no means ruled out the possibility of bulk gas loss from the 

MOR magma as it ascends from its source region into the oceanic crust. 

The limits refe r only to the gas content of the magma when it was 

quenched. From various lines of evidence Dymond and Hogan (1978) and 

40 
Lupton and Craig (1975) have suggested the magmas may have lost Ar 

and 3He prior to eruption on the ocean floor. Thus the concentration 

of non-radiogenic noble gases in the MOR basalt magma at depth must 

remain an open question at present. 

There is no clear evidence from the isotopic data for 

juvenile primordial Ne, Ar, Kr, or Xe in mantle-derived samples. The 

most useful indicators should be the isotopic compositions of neon and 

xenon for which known solar or planetary primordial components in 

extraterrestrial samples differ substantially from the atmospheric 

composition. Because of the low gas concentrations in the MOR samples 

inferred to be the least affected by late atmospheric contamination, 

errors on isotopic compositions are large, and little can be concluded 

from the available data. Isotopic compositions have been determined 

with better precision for xenon in kaersutite amphibole (Saito et al., 

1978a,b) and Hawaiian petidotite (Hennecke and Manuel, 1975a) of 

presumed mantle origin, and in co 2 well gas (Phinney et al., 1978). 

Phinney et al . (1978) have proposed the presence of ,..., 6% of primordial 

xenon similar to meteoritic primordial xenon in the co2 well gas. 

However, the isotopic effects could equally well be explained by a 

slighc mass-fractionation of atmospheric xenon. Both the kaersutite 

and peridotite have been suggested to contain primordial gases on the 

basis of elemental abundance patterns, but in both samples the isotopic 
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composition of non-radiogenic xenon is atmospheric. This raises the 

possibility that juvenile xenon from the mantle might have essentially 

the same composition as the atmosphere rather than as extraterrestrial 

primordial xenon (Saito et al., 1978a). Atmospheric and extraterrestrial 

primordial xenon differ primarily by a mass-dependent fractionation 

(e.g., Pepin and Phinney, 1979), but the nature and timing of the 

processes which resulted in the differentiation of the two 

compositions are unknown. It is possible that all the material from 

which the Earth formed was characterized by atmospheric composition 

xenon, so that juvenile xenon still trapped within the solid Earth is 

atmospheric. Unfortunately, this hypothesis cannot be easily 

distinguished from the possibility that the upper mantle has been 

contaminated by atmospheric xenon from subduction of altered oceanic 

crust (Smith, 1978, 1979a,b). We feel that at present there is no 

unambiguous evidence available that would indicate the Earth is actively 

3 degassing primordial non-radiogenic noble gases other than He. 

The juvenile radiogenic components that can be identified in 

MOR basalts and mantle-derived samples can provide information about 

the degree of homogeneity in the distribution of noble gases in the 

Earth. As a consequence of identifying most of the 36Ar in MOR basalt 

glasses as atmospheric contamination , we can conclude that the mantle 

source region of the MOR magmas is most likely characterized by 

40Ar/ 36Ar greater than about 10
4 High values have been reported for 

widely separated spreading ridges, including the East Pacific and 

Mid-Atlantic (Fisher, 1975) and the Sheba Ridge in the Gulf of Aden 

(this work). Similarly high ratios have been measured or inferred for 
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some ultramafic nodules of presumed upper mantle origin (Funkhouser 

and Naughton, 1968; Kaneoka et al., 1978). Thus a 40Ar/ 36Ar ratio~ 104 

may be characteristic of the mantle in some general way. As has been 

emphasized by many authors, and recently summarized by Bernatowicz and 

40 36 . Podosek (1978), knowledge of the Ar/ Ar ratio of the mantle and its 

comparison with the atmospheric ratio provide significant constraints 

on models of the degassing history of the Earth. An important 

uncertainty in this modelling is the extent to which argon isotopic 

compositions measured in a limited suite of samples from possibly 

special locations are representative of the entire mantle, or only of 

particular zones in the mantle. For example, Hart and Dymond (1978) 

have suggested that argon in the atmosphere may have been derived from 

degassing of only the upper several hundred kilometers of the mantle. 

In this case the high 40Ar/ 36Ar ratios observed in MOR basalts and 

ultramafic nodules would result from thorough degassing of primordial 

36 40 
Ar from the upper mantle, coupled with in situ decay of K. The 

40 
Ar/

36 
Ar ratio in a deeper undegassed portion of the mantle could b e 

much lower. 

Differences among argon isotopic compositions measured in 

ultramafic nodules and xenocrysts from the upper mantle have led to 

the suggestion of significant heterogeneity in the distribution of 

argon isotopes in the mantle (Kaneoka et al., 1978; Rison and Kyser, 

1977; Saito et al., 1978a; Bernatowicz and Podosek, 1978). For 

example, in contrast with the high 
40

Ar/ 36Ar ratios ~ 10
4 

in some MOR 

40 36 . 
basalts and mantle nodules, Ar/ Ar ratios measured in kaersutite 

amphiboles of possible mantle origin are close to the atmospheric ratio 
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(Saito et al., 1978a ,b). In particular, when allowance is made for 

'bl . 't d . f 4oA . . f N Z 1 d poss1 e in si u pro uct1on o r in a specimen ram ew ea an , 

the 40
Ar/

36
Ar -rat1' 0 of the · · · · f · 1 b 1 remaining gas is s1gni icant y e ow 

atmospheric (Saito et al., 1978a). As discussed by Saito et al. , such 

36 a low ratio requires a source r egion of unusually low K/ Ar ratio, 

possibly due to preferential loss of K over primordial argon from some 

region of the mantle. Alternatively, some of the differences in 

40
Ar/

36
Ar in these materials could be due to varying contaminat ion of 

the upper mantle by atmospheric noble gases. It can be shown (Smith, 

1978, 1979a,b) that a significant concentuation of atmospheric Ar, Kr, 

and Xe can be injected into the upper few hundred kilometers of the 

mantle by subduction of metamorphosed oceanic crust with noble gas 

contents similar to those reported here for gabbros K9Gl from the Oman 

ophiolite and 110753/82 from the Romanche trench, and for crystalline 

MOR diabase samples studied by Dymond and Hogan (1973) . The unusually 

low 40Ar/ 36Ar ratio inferred for the New Zealand kaersutite could 

possibly reflect contamination by ancient atmospheric argon which 

should be char acterized by lower 40Ar/ 36Ar ratios than the modern val ue 

(e.g., Bernatowicz and Podosek, 1978; Kaneoka, 1975). 

The present results suggest that MOR basalt gl asses from 

spreading ridges in the Gulf of Aden, Atlantic and Pacific Oceans 

contain small excesses of uadiogenic 129xe and fissiogenic 
131

-
136

xe 

. dd ' ' d' . 4oA in a 1t1on to excess ra 1ogen1c r. Simi lar xenon isotopic excesses 

have 1:-·een found in ultramafic nodules (Hennecke and Manuel , 1975a ; 

Rison and Kyser, 1977; Kaneoka et al., 1978) 

and C0
2
-rich natural gas from wells i n New Mexico (Butler et al.• 1963; 
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Hennecke and Manuel, 1975b; Phinney et al., 1978). Like the excess 

radiogenic 
40

Ar in MOR basalts, these xenon isotopic components can 

unambiguously be identified as juvenile gases from a deep source. If 

the excess radiogenic 129xe was formed by in situ decay of short-lived 

129 
I in the upper-mantle source regions, then they cannot have been 

completely degassed since about ·4.4 billion years ago. On the other 

hand , it is possible that the radiogenic 129xe is being transported 

into a previously degassed upper mantle from an ancient source 

in the lower mantle. Comparison of 129xe 
r 

244 
excesses and Pu 

fission xenon potentially can be very informative. Since both were 

produced early in -the Earth's history, significant variations in the 

ratio of these two components in modern juvenile gases would require 

the maintenance of separate unhomogenized reservoirs of xenon within 

the Earth over its entire history. More high-precision xenon isotopic 

data than are presently available are needed to assess the variability 

of the terrestrial distribution of these xenon components. 

CONCLUSIONS 

The mantle-derived samples studied here contain mixtures of 

atmospheric and juvenile noble gas components. The identifiable 

juvenile components of neon, argon, krypton, and xenon are restricted 
I 

d . . · E d . . . 40A . f d i H .. to ra 1ogen1c isotopes. xcess ra 1ogen1c r is oun n awa11an 

peridotite, and is very characteristic of MOR basalt glass. We also 

find small excesses of radiogenic 
129

xe and fissiogenic xenon isotopes 

in several of the MOR basalt glasses studied. 

An earlier suggestion by Dymond and Hogan (1973) that the high 

neon content of MOR volcanic glasses could be due to the addition of 
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solar primordi al gases can be ruled out . Data reported he r e show 

that in samples with nominally solar proportions of neon and 36Ar , the 

neon isotopic compositions are not solar, but instead are close t o 

atmospheric. We conclude that the neon in these samples is 

atmospheric neon that has been fractionated relative to argon during 

transport of the gas.es. In t he VG99 7 rhyodacite, t his fractionation 

has resulted in a 3% isotopic enrichment of 20Ne relative to 22Ne. 

Argon concentrations and isotopic compos i tions in MOR basalt 

glass provide clear evidence for late- stage addition of atmospheric 

noble gases to MOR magmas on a very small ( ~ cm) scale, p r obably by 

contamination with seawater. In many samples the non-radiogenic 

argon, krypton, and xenon isotopes are dominated by this atmospheric 

contamination. The ratio of excess radi ogenic 40Ar to 36Ar in 

uncontaminated magmas, and therefore their upper-mantle source, is 

4 probably greater than 1. 5 x 10 The concentrations of the non-

radiogenic, heavy noble gases in uncontaminated magmas just prior to 

eruption are very low, and could be absent. Some gas-loss from the 

magma may have occurred during its ascent from the mantle. No isotopic 

evidence was found for primordial, non-radiogenic neon, argon, krypton, 

or xenon in the samples examined . 
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Table 1. Sample Descriptions 

(1) V33-07 64D-5g 
source: J.-G. Schilling 

U. of Rhode Island 

(2) TR138 7D-sg 
source: J.-G. Schilling 

(3) VG212 USNM 111308/58-27 
source: W.G. Melson 

Smithsonian-USNM 

(4) USNM 113087 
source: W.G. Melson 

(5) USNM 111240/195 
source: W.G. Melson 

. (6) VGAll USNM 113152.Dl21 
source: W.G. Melson, 

(7) 

(8) 

(9) 

(10) 

(11) 

from donor: P. Vogt 
U.S. Navy Oceanographic 

Office 

USNM 110753/82 
source: W.G. Melson 

K9Gl 
source: R.T. Gregory 

Caltech 

VG997 USNM 113155.D612 
source: W.G. Melson, 

from P. Vogt 

CSQ 35-1 
source : collected 

HAW 
source: R.F. Dymek 

Harvard U. 

399 

West Sheba Ridge, 
Gulf of Aden 
13°20.2'N 50°41.5'w 
3440-3110 meters depth 

Mid Atlantic Ridge 
(central rift) 
50•21.5'N 29°25.4'w 
3800-3960 meters 

MAR intersection with 
Verna Fracture Zone 
09°36'N 40°39'W 
3340-2475 meters 

Juan de Fuca Ridge 
44°40'N 130°2o•w 
2195-2220 meters 

Juan de Fuca Ridge 
(N. E. Pacific) 
44°40'N 130°2o•w 
2195-2220 meters 

Galapagos Ridge 
00°42.3'N 85°30.o•w 
1380 fathoms (uncorrected) 

Romanche Trench 

Samail Ophiolite near 
!bra, Sultanate of Oman 

Galapagos Ridge 
02°4l.9'N 95°14.5'W 
1420 fathoms (uncorrected) 

San Quintin, 
Baja California, Mexico 

Hawaii 

Fresh basalt glass, 
slightly vesicular . 

Fresh basalt glass, 
slightly vesicular. 

Basalt glass, moderate 
palagonite. Abundant 
1-5 nnn equant plagioclase 
phenocrysts. 

Fresh basalt glass, 
slightly vesicular 
(5 11m1 thick rim on 
pillow). 

Fresh basalc glass, 
slightly vesicular 
with rare 1 nun 
plagioclase phenocrysts • 

Fresh basalt glass, 
slightly vesicular. 
High iron, titanium. 

Gabbro, coarse 
grained (-5 nun) enclave 
in brecciated host gabbro. 

Fresh cumulate 
gabbro. 

"Rhyolite" (Rhyodacite) 
Vesicular, abW1dant 
tabular plagioclase 
phenocrysts. 

Peridotite nodule, 
2 cm. dia., unoxidized. 

Peridotite nodule, 
-20 cm. dia. 
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Table 2. Noble gas concentrations in MOR and related samples. a 

Sample Mass b 20Ne 36Ar 40Ar 84Kr 132Xe 

(grams) 

BASALT 

V33-07 (O) 1.1225 (1) 89 150 422000 4.6 0.29 
(Sheba, G. of ± 30 20 6000 . 5 .02 
Aden) 

' 
V33-07 (a) 1.1378 (2) 0.73 

± .02 

V33-07 (1) 1. 0427 (6) 86 210 500000 11. 3 1. 59 
± 30 20 5000 .9 .09 

V33-07(2) 0.9956 (6) 39 455000 1.13 0. 29 
± 15 5000 .60 .09 

V33-07 (3+4) 1. 7935 (6) 120 300 540000 16 .0 1. 87 
± 20 10 5000 .6 .08 

TR138 1.0019 (2) 0.13 
(Mid-Atlantic) ± .02 

VG212(0) 0.2089 (3) 270 170 142000 
(Vema F.Z.) ± 40 20 13000 

VG212(a) 0.0560 (4) 160 234000 3.3 o. 36 
± 50 15000 3.1 . 36 

VG212(b) 0.9590 (2) 0.64 
± .04 

113087 0.2039 (3) 350 190 79000 
(Juan de Fuca) ± 50 20 7000 

111240 0.9992 (2) 0.51 
(Juan de Fuca) ± .03 

VGAll(O) 0.2098 (3) 890 220 111000 
(Galapagos) ± 50 20 8000 

VGAll(a) 0.9748 (1) 470 37 155000 1.1 0.24 
± 80 9 4000 .2 .02 

GABBRO 

110753/82 0.9720 (2) 8.0 
(Romanche Trench) ± .1 

K9Gl 0.9379 (6) 280 630 195000 24.3 2.1 
(Oman Ophiolite) ± 60 10 5000 .5 .1 
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Table 2. (continued) 

Sample Mass b 20N~ 36Ar 40Ar 84Kr 132Xe 
(grams) 

RHYODACITE 

VG997 (0) 0.1909 (3) 40400 83 27000 
(Galapagos) ± 1700 15 4000 

VG997(a) 0.1339 (4) 140 53000 3.8 0.44 
± 100 27000 1.5 . 33 

VG997(cl) 0.2995 (5) 25700 130 49000 3.2 0.42 
± 300 20 9000 .8 . 30 

VG997(d) 0.2765 (5) 27400 250 88000 7.1 1. 38 
± 300 20 6000 .6 .11 

PERIDOTITE 

CSQ35-1A 0.9188 (5) 56 31 28000 1.0 0 . 20 
(San Quintin, ± 20 5 5000 .3 .OS 
Baja Ca.) 

HAW (Hawaii) 
Olivine 0.1811 (4) 180 71000 9.5 1.1 

± 60 18000 8.0 .6 

Orthopyroxene 0.8047 (5) 150 210 220000 5 . 7 0.46 
± 20 10 7000 .5 .04 

Orthopyroxene(a) 0.4382 (5) 240 320 249000 13 . 1 1. 72 
± 40 10 5000 . 5 . 07 

Clinopyroxene 0.4817 (5) 170 250 403000 8.0 0.66 
± 40 10 5000 .5 .05 

Clinopyroxene(a) 0.4703 (5) incomplete extraction 

Spine! 0.3092 (5) 270 240 135000 11. 2 1.44 
± 50 20 6000 .9 .11 

ATMOSPHERE 5020 9610 2840000 198 7.18 

a -16 Concentrations in 10 moles/gram. Errors represent 50% of the subtracted 

blank correction. Systematic calibration error estimated ~ 15%. 

bNumbers in parentheses following masses are run groupings (samples run at 

the same time). Relative calibration errors for samples of one group are 

estimated to be 5 to 10%. 
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Table 3. Primordial and atmospheric noble gas components. 

3He 20Ne 36Ar 84Kr 132Xe 

"Planetary" 

CII1 7xl0-3 0. 28 1 -2 
- 1. 25x10 1. 04xl0 

carbon 
2 7xl0-3 0 . 21 1 -2 

- .93x10 1.09x10 

"Solar" 

solar wind
3 6.8 28 - 1 

4 1.9 40 1 -4 
cosmic - 4.0xlO 4. OxlO 

"Atmospheric" -7 0.523 -2 
2.33xl0 - 1 2. 06x10 7. 47x10 

1Mazor et al. (1970) CII chondrites (p.811). 
2 Phinney et al. (1976) "carbon" residues from carbonaceous chondrites. 
3Geiss (1973) 
4Marti et al. (1972) 3He/ 4He assumed 1.2xl0-4. 

-2 

-2 

- 5 

-4 
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Table 4. Neon, argon, and krypton isotopic compositions. 

Sample 
20Ne 21Ne 38Ar 40Ar 83Kr 86Kr 

22Ne 22Ne 36Ar 36Ar 84Kr. 84Kr 

BASALT 

V33-07 (0) 0.186 2790 0.305 
±.002 ± 400 ±.003 

V33-07(1) 11.1 0.087 2380 
± 5.4 ± .196 ± 250 

V33-07(2) 11700 
±6700 

V33-07(3+4) 9.9 1790 
± 2.0 ± 80 

VG212(0) 10. 3 0.038 846 
± 1.8 ± .022 ± 90 

VG212(a) 1450 0.313 
± 150 ±.010 

113087 9.97 0.039 421 
± .94 ± .018 ± 25 

VGAll{O) 9.90 0.037 516 
± .60 ± .014 ± 40 

VGAll(a) 10.00 0.031 0.191 4100 o. 303 
± • 30 ± .008 ±.003 ±2600 ±.009 

GAB BRO 

K9Gl 10.1 0.070 310.1 
± 2.6 ± .076 ± 6.3 

RHYODACITE 

VG997(0) 10.00 0.031 324 
± .10 ± .008 ± 15 

VG997(a) 365 o. 304 
± 40 ±.015 

VG997(cl) 10.09 0.0287 384 
± .14 ± .0012 ± 40 

VG997 (d) 10.22 0.0298 0.185 360 0.202 o. 304 
± .16 ± .0012 ±.010 ± 20 ±.008 ±.010 
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Table 4. (continued) 

Sample 
20Ne 21Ne 38Ar 40Ar 83Kr 86Kr 

22Ne 22Ne 36Ar 36Ar 84Kr 84Kr 

PERIDOTITE 

CSQ-35-lA 10.7 0.053 890 
± 3.6 ± . 026 ± 250 

HAW 

Olivine 395 
± 80 

Opx 10.7 0.060 1040 
± 1. 2 ± .014 ± 100 

Opx(a) 10. 3 0.038 0.193 770 0.203 o. 308 
± 1.2 ± .022 ± . 010 ± so ± .007 ± .011 

Cpx 10.S 0.045 1620 
± 2.4 ± .018 ± 100 

Spinel 9.8 0.029 0.187 590 0.203 o. 306 
± 1.4 ± .020 ± .019 ± so ± .009 ± .012 

ATMOSPHERE 9.80 0.0290 0.187 296 0.202 o. 305 

SOLAR 13 . 7 0.033 0.187 < 1 
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Table 5. Xenon isotopic compositions in MOR and related samples. 

Sample 124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 134Xe 136Xe 

(132Xe =:: 1000) 

BASALT 

V33-07 (0) 2.2 3.5 74.9 1035 154 778 390 331 
±2.1 1. 7 4.4 12 9 14 8 7 

V33-07(a) 4.3 4.3 75.5 996 152 809 402 342 
±1. 7 1.6 6.5 14 4 12 8 7 

V33-07(1) 4.3 2.6 69.4 967 149 792 402 345 
±1.8 L4 2.7 16 4 21 13 13 

V33-07(2) 4.1 ~ 4 66.9 986 150 790 413 374 
±4.9 5.3 30 14 39 23 20 

V33-07(3+4) 4.3 3.2 69.8 988 150 790 389 335 
± • 9 .6 2.3 9 4 10 6 7 

TR138 1 4 72 1029 155 788 401 354 
±12 11 27 44 17 39 26 25 

VG212(b) 4.2 4.0 69 981 147 797 386 335 
±2.0 1.8 12 20 5 16 11 12 

111240 4.8 4.9 67 1016 150 812 399 350 
±2.4 2.8 10 27 7 11 8 7 

VGAll(a) 5.3 2.9 70.4 974 154 784 388 330 
±2.4 2.6 4.0 23 7 15 8 8 

GAB BRO 

110753/82 3.46 3.56 70.7 981.0 151.5 793.1 387.4 332.4 
± • 30 .33 2.2 4.9 1.6 4.0 2.3 2.9 

K9Gl (OMAN) 3.4 3.7 71. 2 984 151 795 387 327 
±1.8 1.6 2.2 14 4 16 7 8 

RHYODACITE 

VG997 (d) 70 940 1.51 777 394 326 
±10 40 1.5 27 25 23 
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Table 5. (continued) 

Sample 124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 134Xe 136 Xe 
(132Xe - 1000) 

PERIDOTITE 

CSQ35-1A 100 970 160 780 . 360 290 
± 30 70 40 50 50 40 

HAW 

Opx 70 995 145 773 383 327 
± 14 31 16 22 17 14 

Opx(a) 70 974 144 778 395 330 
± 8 22 8 28 13 15 

Cpx 72 983 156 782 368 314 
± 28 44 26 34 40 22 

Cpx(a) 70 1011 145 751 386 333 
± 15 51 16 22 19 13 

Spinel 77 986 151 784 375 334 
± 11 40 9 40 16 15 

HAW, (72) (984) (14 7) (777) (384) (329) 
combined ± 6 16 6 15 9 8 

ATMOSPHERE 3. 53 3. 29 71. 2 983.5 151 . 2 789 . 8 388 . 1 329.9 

AVCC 4.58 4.10 82.0 (variable) 161 817 376. 2 321. 5 
(meteoritic) 
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Figure 1. Noble gases in the oceanic crust and mantle. Hydrothermal 

circulation of seawater into the oceanic crust occurs at an 

active spreading ridge. Juvenile gases from the magma may be 

emitted into the heated water of a rising hydrothermal plume. 

Dissolved atmospheric gases in the circulating seawater may 

become fixed in the crust. These gases will be carried away from 

the ridge by seafloor spreading, and eventually subducted. Gases 

trapped in sediments may also be subducted. An unknown fraction 

of the subducted gases may be outgassed during shallow 

metamorphism of the down-going slab. If this fraction is not 

large, significant contamination of the upper mantle by 

atmospheric noble gases can be expected. Mantle convection may 

eventually bring these gases to the ridge axis, where they may be 

returned to the atmosphere. 
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Figure 2. Elemental abundance patterns. for noble gases. 

Fm=(mx; 36 Ar) / (~/ 36 Ar) . The pattern for a sample of 
sample air 

air is a horizontal line. On the left are shown reference 

patterns including s.olar and planetary primordial gases (Table 3). 

Air from an infinite reservoir dissolved in water is enriched in 

the heavy noble gases and depleted in neon (crosses). Air 

dissolved in molten enstatite pyroxene (Kirsten, 1968) is 

depleted in the heavy noble gases and enriched in neon. On the 

right are shown abundance patterns for the samples studied. 

Numbered samples may be identified from Table l. In most of the 

samples, neon, krypton, and xenon are all enriched relative to the 

atmospheric normalization. Similar abundance patterns for MOR 

basalts were observed by Dymond and Hogan (1973). The U-shaped 

patterns are not consistent with any one reference pattern. 

Presumably, the observed patterns are the result of a number of 

processes such as differential solubility, diffusion, gas-loss, 

etc. 
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Figure 3. Three-isotope correlation diagram for xenon in MOR 

basalt glass samples. Mixtures of two distinct components will 

plot on straight mixing lines. 129 Addition of radiogenic Xe 

will displace points vertically upward. Addition of fission 

xenon from 238u or 244Pu will shift points to the right and down, 

as indicated by dashed lines. Error bars shown represent 2o limits. 

Samples from specimens 3(VG212) and 6(VGA11) show xenon of 

atmospheric composition, while those from l(V33-07), 2(TR138), 

and 5(111240) show small excesses of both 129xe and 136xe 

relative to the atmospheric composition. The isotopic shifts 

-18 correspond to excesses of about 10 moles xenon/gram sample 

6 or only about 10 atoms/gram. 
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Figure 4. Non-radiogenic neon and argon in MOR glass samples. If the 

noble gases were a mixture of atmospheric and solar primordial 

components, samples should plot along the mixing line shown. 

They do not, so the neon enrichments observed cannot be due to 

addition of solar primordial gases as suggested by Dymond and 

Hogan (1973). The enrichment is probably the product of a 

fractionation process such as diffusion or Rayleigh distillation 

operating during transport of the noble gases. We suggest that 

the 3% isotopic enhancement of 20Ne relative to 22Ne in VG997 

(sample 9) arose by the same fractionation process that enriched 

neon relative to argon by a factor of several hundred in this 

sample. 
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