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nobLe GAs ConstrAints 
on the oriGin  

AnD evoLution  
of eArth’s voLAtiLes

     
AbstRACt

This issue of Geochemical Perspectives examines the noble gas geochemistry of 
meteorites and the Earth to provide essential constraints on the origin of vola-
tiles on our own and other terrestrial planets. Noble gases (He, Ne, Ar, Kr, Xe 
and Rn) belong to the last column of the Mendeleev’s table, implying they are 
chemically inert in contrast to the other highly volatile elements. This important 
feature allows their primordial elemental and isotopic compositions on Earth to 
be determined without having to consider the additional complexities of chemical 
or biological influences. Any variations of elemental or isotopic ratios of the noble 
gases reflects either physical processes such as diffusion, adsorption, degassing, 
or solubilisation or the effects of natural radioactivity. Moreover, among the 
highly volatile elements, the noble gases are the only ones that are able to provide 
constraints on the timing of geochemical fractionations that have occurred since 
Earth’s accretion, thanks to the natural radioactivity of several parent nuclides 
with a range of different half-lives, 235,238U, 232Th, 40K, 244Pu, 129I.

In this issue, I describe the distribution and isotopic compositions of noble 
gases in meteorites, mantle-derived rocks and the atmosphere, from both a 
historical point of view and using some major, new discoveries in that field that 
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have recently changed opinions on mantle/atmosphere evolution and on the 
origin of volatiles on terrestrial planets. In particular, I discuss the nature of the 
parent bodies and of the noble gas carriers, the existence and location of a reser-
voir rich in primordial noble gases sampled by mantle plumes, the subduction of 
atmospheric noble gas into the mantle and the evolution of the atmosphere evolu-
tion since the Earth’s accretion. Of course, this contribution does not have the 
ambition of addressing all the issues of noble gas geochemistry, but it raises some 
key questions and contemplates the potential future direction of research into the 
origin of noble gases and other volatiles in terrestrial planets in the coming years.

 1.   
INtRODUCtION

Volatiles have a complex and still discussed origin on terrestrial planets. In 
contrast to the giant planets that accreted their atmosphere by gravity, the atmos-
pheres of Mars, Earth and Venus have different sources. Although a residual 
atmosphere from a primitive dense solar atmosphere cannot be fully discarded, 
since Brown (1949) it is generally accepted that the atmospheres of the terrestrial 
planets have a secondary origin. Degassing of the interiors of the planets, either 
very early, or during their geological history, can have formed these atmospheres 
where the volatiles were accreted together with other refractory elements. Or, if 
the terrestrial planets were accreted “dry”, volatiles could have been carried later, 
after planet formation by impacts of volatile-rich materials such as carbonaceous 
chondrites or cometary material coming from the outer part of the Solar System. 
The three terrestrial planets have atmospheres that share chemical and isotopic 
characteristics suggesting a common origin but different histories linked to their 
different geological histories. Concerning the major volatiles, such as CO2 or 
water, obviously biology, temperature conditions allowing liquid water or the 
presence or not of a magnetic field for example, have permitted chemical and 
isotopic transformations of the primitive atmospheres, which have led to their 
current chemical compositions (i.e. N2-rich atmosphere on Earth, no water on 
Venus). Among the volatile elements, only noble gases can trace the origin and 
the evolution of the atmospheres without the filter of geochemistry. In the next 
sections I will present this geochemical tool with the main goal of providing 
constraints on the origin of the atmospheres of the terrestrial planets.

 1.1 The Noble Gases as a Geochemical Tool par Excellence

The noble gas family1 provides fantastic tools to investigate the origin of vola-
tiles on the terrestrial planets. They show the unique characteristics among the 
elements of being chemically inert because their outer shells of electrons are 

1. The term « rare gases » is often used. This is a historical nomenclature. Argon is not rare in 
the atmosphere (1%)!
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full2 (Fig. 1.1). This feature means their composition is not modified by biological 
and chemical reactions during the Earth’s history, in stark contrast to other very 
volatile elements such as C, N, H. Moreover, noble gases number 5 (+1, if one 
includes the radioactive noble gas radon, which will not be considered in this 
article), spanning very different atomic masses, from 3 amu to 136 amu, resulting 
in large elemental fractionations during physical processes such as diffusion, 
ion implantation, or adsorption. The noble gases also possess many isotopes, 
both non-radiogenic and radiogenic, and among the radiogenic isotopes used 
in mantle geochemistry, the half-lives of the different parents (40K, 235,238U, 129I, 
244Pu) present a large spectrum of values from very short (17 Ma for 129I) up to 
8.2 x 1015 years for the spontaneous fission of 238U. These radioactive chronom-
eters put a timescale on the geological processes that affected the very volatile 
elements, and additionally constrain the CO2, water, and nitrogen geological 
cycles. As a consequence of their high volatility, the noble gases are very depleted 
in meteorites and in terrestrial planets compared to their relative abundance in 
the Sun or giant planets3. For example, the abundance of xenon in the Earth’s 
upper mantle is estimated to be 10–14 g g–1 (0.01 ppt), whereas most of the other 
chemical elements are present in concentrations not lower than 10–9g g–1 (ppb)4.
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 Figure 1.1 Cartoon showing that noble gases have their outer shell of valence electrons 
full.

2. Although complexes can be formed in some special conditions (e.g., ArF, XeF, …and as 
aficionados of plasma mass-spectrometry know, ArAr+), these are not stable and dissociate 
very quickly. Noble gases can be considered as chemically inert in Nature.

3. Helium is the second most abundant element! 
4. These low abundances in geological samples require different analytical techniques 

for measurement than for other chemical elements (except maybe N). Noble gas mass 
spectrometers should have low volumes, peculiar ionisation sources, be run in static mode, 
use electron multipliers for detection of most isotopes except for 4He and 40Ar, need extraction 
to be executed directly on a line under vacuum connected to the mass spectrometer. Vacuum 
needs to be excellent (10–10 torr) to minimise blanks. 
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The first noble gas that was discovered was argon. William Ramsay (1852-
1916) (Fig. 1.2) suggested its existence in the atmosphere in 1894 after the obser-
vation of Lord Rayleigh (1842-1919) that pure nitrogen was lighter than nitrogen 
purified from air by ~0.5% (Rayleigh, 1894). The detailed experiments conducted 
by the two scientists that led to that discovery are well described in Rayleigh and 
Ramsay (1895), with a superb style of writing.
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 Figure 1.2  “Chemistry”, a 1908 chromolithograph of William Ramsay. Ramsay discovered 
the noble gases (with Rayleigh and Travers).

With Morris Travers (1872-1961), they also discovered neon, krypton, and 
xenon in 1898. Helium, first discovered in the spectrum of Sun in 1868, was 
observed on Earth in 1881 by Luigi Palmieri5 by measuring the spectrum of lava 
from Vesuvius (Palmieri, 1881). Ramsay observed helium in pitchblende minerals 
in 1895. This helium is mainly the radiogenic helium (4He), which is the alpha 
particle produced during the radioactive decay of the naturally occurring acti-
nides. 3He, the primordial helium isotope was detected on Earth only in 1939 
(Alvarez and Cornog, 1939a; b). A complete story of the discovery of noble gases 
is given by Ramsay itself in his Nobel Prize Lecture in 1906 (Ramsay, 1904).

5. Luigi Palmieri (1807-1896) was an Italian volcanologist and meteorologist.
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In my opinion, Charles Moureu (1863-1929) (Fig. 1.3) was the first noble 
gas geochemist. In particular, he measured the abundances of the noble gases 
in springs from various places in France and published eminent articles on the 
interpretations of their relative abundances in the light of what was known about 
geology and astronomy in the early 1900’s. In Box 1.1, I present a translation of 
one of his discussions about the abundances of noble gases in springs in order 
to illustrate my statement. For example, he used the elemental ratios (e.g., Ar/
Kr) as tracers of the Earth’s formation by assuming that this ratio cannot have 
been significantly modified during geological processes because noble gases are 
chemically inert. Of course, there were limitations to his interpretation since 
he was not using primordial isotopes that had not yet been discovered. He also 
assumed that all the helium has a radiogenic origin, a hypothesis that stood until 
the discovery of 3He in the well gases in 1946 (Aldrich and Nier, 1946) and in the 
mantle in 1969 (Clarke et al., 1969; Mamyrin et al., 1969a). Nevertheless, the work 
of Charles Moureu well merits reading from a historical point of view because he 
used geochemical reasoning a long time before others.
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 Figure 1.3  Charles Moureu in his laboratory (in the centre) in 1923. Charles Moureu is 
a French chemist, unfortunately less known than the other scientists from 
his time (e.g., P. and M. Curie, H. Becquerel). He is known for his work on 
the autoxidation but has published at the beginning of the 20th century on 
noble gases in natural samples (e.g., Moureu, 1913; Moureu, 1927; Moureu and 
Lepape, 1927). In my opinion, he is also clearly the first noble gas geochemist 
considering his methodology, approach and interpretations on the noble 
gases measured in springs.
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The translation of the French caption says: “The study of new organic bodies, 
of new methods of preparation is also the subject of the very assiduous 
researches of M. Moureu and his colleagues. Here is a room specially devoted 
to these studies. We see behind Mr. Moureu and his laboratory manager, Mr. 
Dufraisne, two students on the left who proportion carbon and hydrogen, 
another on the right who is doing a fractional distillation under vacuum”.

Charles Moureu, In Discours et Conférences sur la science  
et ses applications (1927):

Astrophysical theory

A fundamental feature dominates all the properties of argon and its congeners 
(rare gases): these elements are chemically inert in the sense that they never could 
be combined with each other or with any other body. A physical property of the 
same elements, which operates as in our theory, is that they have the ability to 
maintain a gaseous state between very wide limits of temperature and pressure 
and, consequently, tend always to be evenly distributed throughout the space 
available for expansion. Let us, in thought, look back thorough the history of the 
genesis of the Solar System, to the nebula generator. All bodies, free elements or 
combinations, are in a gaseous state, and the Earth, with the inevitable vortices 
and mixing, must be a relatively homogeneous mixture in all its parts. The 
constituent fragment of the Earth detachs, and it includes almost three concen-
tric regions: an incandescent mass merger, an essentially heterogeneous solid 
shell and the gas atmosphere. Geological phenomena, slow and continuous or 
abrupt and violent, continued uninterrupted. During this incessant evolution of 
the planet, all bodies endowed with chemical affinities have contracted mutual 
combinations. Only rare gases, due to their chemical inertness, remained entirely 
free, and in some points or by some mechanisms they are concentrated or diluted, 
they could only be indifferent witnesses in respect of all geological upheavals 
and of all the metamorphoses of the matter.

Lets us consider specifically krypton and argon. It is clear, from above that 
the relationship between the proportions of these two gases should be roughly 
the same at the beginning, at all points of the nebula. If, in the course of time, 
it happened that it has altered locally, physical actions are only able to be the 
cause: obstruction, diffusion, dissolution, etc.., And this ratio has therefore been 
subjected, at various points of the planet, to only small changes. In other words, 
the mixture of the two gases from this point of view, behave substantially as a 
definite compound.

This theory, as we have seen, borrows from astronomy and geology only 
classic ideas on the evolution of the Worlds. With its starting point in the Astro-
nomical phase of the Earth, it is independent of any hypothesis on the genesis 
of thermal waters.

 box 1.1  Translation of the discussion in a note published in 1927 about the origin 
of the volatiles on Earth, based on analyses of noble gas concentrations in 
springs (Moureu, 1913).
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Today, noble gases are used in many fields of the Earth sciences such rock 
dating (K-Ar, Ar-Ar, I-Xe), thermochronology (U-He), geomorphology, volcan-
ology, paleothermometry, and, what concerns us in this article, cosmochemistry 
and chemical geodynamics. This unique chemical family is clearly a fundamental 
tool in Earth sciences and the objective of this article is to present one aspect of 
the noble gas geochemistry, which concerns the origin of volatiles on Earth, using 
the study of their concentrations and isotopic ratios in terrestrial materials and 
by comparing them to compositions of meteorites and the Sun.

 1.2 Chemical Geodynamics or the Use of Geochemistry  
to Constrain the Earth’s Evolution

1.2.1 Pioneers of chemical geodynamics

Here I present a quick overview of “chemical geodynamics”, which consists 
of the use of the behaviour of chemical elements during geological processes 
to constrain the age, origin and evolution of major geological reservoirs. The 
evocative term “chemical geodynamics” was coined by Allègre (1982) and 
was subsequently trumpeted by Zindler and Hart (1986a), building on several 
decades of models that attempted to look at the global cycling of elements (e.g., 
Armstrong, 1968; Zartman and Doe, 1981; O’Nions et al., 1979; Chase, 1981; 
White et al., 1976; White and Hofmann, 1982; Allègre, 1980, 1983a, 1987; Cohen 
and O’Nions, 1982; De Paolo and Wasserburg, 1979; Dupré and Allègre, 1980; 
Hart et al., 1973; Hawkesworth et al., 1979; Richard et al., 1976; Schilling, 1975; 
White and Hofmann, 1982).

This field of Earth science started in earnest during the early 1970’s but 
some works using isotope geochemistry started earlier, in the 1960’s, particularly 
in the noble gas community (Butler et al., 1963; Clarke et al., 1969).

I want here to focus peculiar attention to one of these pioneers of “chemical 
geodynamics.” Claude Allègre is certainly one of the most eminent scientists in 
Earth sciences (Fig. 1.4). I am just not saying this because Claude was my PhD 
advisor! This is what most of the scientists who know him also say6. We met in 
1993, when I was a masters student, and we have worked together since, with 
the exception of the two years of my post-doc at the Woods Hole Oceanographic 
Institution with Mark Kurz. Admittedly, I learned noble gas geochemistry with 
Thomas Staudacher and Mark Kurz, but I was taught the big picture of isotope 
geochemistry by Claude, and certainly also a method of working that some may 
not like.

6. He received in 1986 the Crawford Prize (“Nobel” prize for Earth Sciences), with G. Wasserburg, 
for the major input of their research on isotopic geochemistry and cosmochemistry.
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Claude Allègre was the 
founder of the Laboratory of 
Geochemistry and Cosmochem-
istry in 19677 and he joined the 
Institut de Physique du Globe de 
Paris in 1968. The laboratory was 
located in the ugly Jussieu Campus 
that everybody loves to hate and 
looks like a giant castle from the 
dark ages with moats, dungeons 
and even ghosts. Yet the purpose 
of this castle was not to protect 
the scientific denizens within but 
to allow the rioting students of 
the sixties to be corralled inside. 
It is important to note that this 
laboratory participated in many 
of the key developments in 
isotope geochemistry, including 
mantle noble gas geochemistry. 
The geochemistry laboratory was 
founded in the late 1960’s, but the 
noble gas group as it exists today 
was created at the end of the 1970’s. 
In the rest of the article I will 
refer to the “Paris Group”, which 
consisted of “Master” Thomas 

Staudacher, Philippe Sarda, André Lecomte, André Girard and, of course, Claude 
Allègre (a description of the fantastic mass spectrometers they have designed and 
constructed is given in Section 4). These people built the noble gas laboratory at 
IPGP of which I am now in charge.

Claude Allègre (Fig. 1.4) and other geochemists used the chemical proper-
ties of the (trace) elements to “follow” them during geological processes including 
melting, crystallisation, degassing or alteration in order to constrain the origin, 
fate, and chronology of different large scale reservoirs such as the core, mantle, 
continental crust, oceanic crust, and atmosphere… An understanding of these 
processes can be obtained by the study of major and trace element systematics, 
whereas the time constraints on these geological events can be gleaned from the 
natural radioactivity such as the decay of 87Rb to 87Sr, or 238U to 206Pb.

7. With Marc Javoy and Gilles Michard, both professors at University Paris Diderot and at the 
Institut de Physique du Globe de Paris. 
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 Figure 1.4  Claude Allègre, one of the fathers 
of the “chemical geodynamics” 
and my PhD advisor. On this 
photo, he is posing in front of 
the noble gas mass spectrometer 
ARESIBO which he designed (see 
Section 4).
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 Figure 1.5  “Allegresque” history of the chemical geodynamics viewed by Nobu Shimizu 
and Stan Hart, two eminent geochemists and very good friends of Claude 
Allègre.
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The Allegresque History of Chemical Geodynamics ~  
the Tenth Anniversary Revision, 2007

A.C.A. ~ Anno Claude Allegre. C.E. N Common Era

Lunatic Industrial Revolution ~ Members of the Lunatic Asylum (CaITech), 
led by Wasserburg, invent and assemble a new-generation thermal ioni-
sation mass spectrometer, the Lunatic I, generating a quantum leap in 
analytical precision. Many laborers in isotope labs across the world were 
turned out into the streets, as their institutions of employment could not 
compete with the new technology Revolution.

Big Lugmairean Bang ~ Gunther Lugmair’s use of the Sm-Nd system 
for dating lunar rocks launched the use of the Nd isotopic composition as 
a natural tracer. Compositions of radiogenic isotopes came to be under-
stood as time-integrated parent/ daughter changes via solid-melt processes, 
which attracted rapt attention from the “Convectionists,” and subsequent 
Immigration of Geophysicists resulted in the formation of the Melting Pot.

Coronation ~ In the year 1986, Claude Jean Allègre and Gerald J. 
Wasserburg have the prestigious Crafoord Prize bestowed upon them at the 
Royal Swedish Academy of Sciences by nothing less than the very hands 
of His Majesty the King of Sweden himself, as it was proclaimed, “Their 
immense creative contributions of pioneering work in isotope geology will 
have a lasting impact on the geological sciences.”

Dark Ages ~ Allègre takes leave of the nurturing community of his 
fellows for employment by the government. Note that the Further Dark 
Ages was cut asunder by the fire of lightning, perhaps ended by Divine 
Intervention. Regardless, here we witnessed the glorious return of Allègre 
to the fold of Science.

The Second-Generation Immigrants ~ apprentices, students and 
postdocs of the original Immigrants, are, by definition, better-equipped 
and more educated than their forebears. They are the driving force behind 
further development and refinement of the well-worn Melting Pot, and 
have contributed to the remarkable advances in the past ten years.

 box 1.2  Text from Figure 1.5.

1.2.2 Fundamentals of isotope geochemistry

During any geological process, the chemical elements are partitioned into 
reservoirs (isolated physical entities with distinct chemical compositions) or 
components, depending on their geochemical affinity. For example, during core 
formation, siderophile elements are preferentially concentrated into the core 
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whereas lithophile elements enter the overlying silicate reservoir. Similarly, 
incompatible elements are concentrated in melts (which go to form the crustal 
sub-division of the silicate reservoir) whereas compatible elements stay in the 
peridotitic mantle during mantle melting. Noble gases are incompatible during 
melting and so enter the melt phase but become insoluble in the host magma as 
the result of decompression en route to the surface. The noble gases thus follow 
CO2 and water, and are degassed from magmatic systems, and therefore become 
concentrated into the atmosphere. Therefore, the mantle becomes increasingly 
more degassed of its primordial gases gradually over geological time. Any 
geological phenomenon that produces a chemical fractionation between chemical 
elements has different geochemical characteristics during this process. Time 
constraints on an event are provided using a system of two chemical elements 
in which one of the elements has an isotope that is radioactive and produces 
an isotope of another chemical element. Here, it is assumed that the isotopic 
fractionation between isotopes of the same element, such as can be observed for 
“stable isotopes” such as C, O, or N is negligible in these radiogenic systems. 
This assumption is reasonable as the processes we are looking at here are high 
temperature processes for which the isotopic fractionation is small8.

 1.3 A Brief History of Earth Formation and its Evolution

Here I present a brief overview of how and when Earth was formed and has 
evolved. Obviously, it cannot be very complete and detailed since an entire book 
would be necessary. Here I give the big picture of Solar System formation and 
Earth accretion and differentiation.

The Solar System started as a large gas solar nebula containing ~1% in 
mass of dust. This cloud started to collapse and rotate. Most of the mass of the 
disk fell toward the centre of the accretion disk and formed the proto-sun. When 
the pressure and temperature were high enough, nuclear fusion started (e.g., 
deuterium burning) and the Sun, as a star, was born (T Tauri stage of a star). Dust 
from the accretion disk was concentrated into the plane of the disk and started 
to aggregate to form solid objects that became larger and larger, forming plan-
etesimals. Asteroids (and meteorites derived from them) are “trapped” samples 
of this early stage of accretion. With further impacts, these planetesimals grew 
to form planetary embryos (~size of Mars), and then planets the size of Earth. 

8. This is not entirely correct. We will see in the next Sections that a mass fractionation of 
noble gas isotopes occurs during ion implantation, or during xenon ionisation under UV. 
However, these processes occur at low temperature. At mantle temperatures, noble gases are 
not supposed to significantly fractionate during melting or degassing, although diffusion can 
fractionate isotopes even at high temperatures. This is significant when the system is not at 
equilibrium. However, on first order, we have to stress the fact that mass isotope fractionation 
is negligible during high temperatures geological events. 
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Before this last sequence of the planetary accretion was finished, the gas from 
the accretion disk was photo-evaporated due to the intense UV radiation of the 
early sun, leaving a gas-disk of debris.

The starting point for the Solar System evolution comes from the CAI 
(Calcium Aluminium Inclusions) that are present in some of the most primi-
tive meteorites, the chondrites. CAI are refractory condensates formed during a 
condensation sequence from a hot gas, rich in Ca, Al, Ti, the most (major) refrac-
tory elements. These are dated at 4.567 Ga (Amelin et al., 2002).

Chondrites were formed a few million years later by aggregation of chon-
drules and CAI in a fine-grain matrix. Chondrules are mm-scale spheres made 
mainly of silicates, and represent melt that had rapidly crystallised under vacuum. 
They were formed slightly after CAI (a few Ma after) (Villeneuve et al., 2009). 
Although it can be debated, chondrites are considered to be similar to the parent 
bodies of the Earth. Mars-size objects are formed in a relatively short time (a few 
Ma) according to Dauphas and Pourmand (2011) based on the Hf/W system-
atics in agreement with models of planetary formation. Earth-like planets took 
longer to be accreted because the mechanism of their accretion involves impacts 
between planetary embryos (Fig. 1.6), which requires a relatively long time (e.g., 
Kleine et al., 2009). An accretion time of a few tens of Ma is often proposed for 
the Earth based on the Hf-W systematics on Earth and Moon (e.g., Kleine et al., 
2009). During accretion, it is possible that Earth was partially (or totally) molten 
because impacts and core segregation generate heat. This process favours degas-
sing and core formation. The age of the core formation is estimated to be between 
30 and 125 Ma after CAI based on the Hf/W system, but the model-age strongly 
depends on the accretion and core formation mechanisms (see review in Kleine 
et al., 2009). The age of the atmosphere will be discussed in the next sections, but 
it seems clear that a large fraction of the atmosphere was degassed early from the 
Earth’s mantle (less than 100 Ma after CAI), although degassing is still on-going 
as suggested by the present-day 3He flux observed at ridges (Clarke et al., 1969) 
and the presence of radiogenic argon in the atmosphere, which was produced 
only late in Earth history due to the long half-life of the 40K (Hart et al., 1978). 
The convective regime (e.g., magma ocean) induced by accretion, crystallisation 
and core segregation then changed to a different convective regime, such as 
the plate tectonics on the Earth. During this second stage of the Earth’s evolu-
tion, continental crust was formed, producing a mantle depleted in incompatible 
elements and the major cycles of elements took place.

The present-day trace element and isotopic compositions9 in the mantle 
have been reviewed in detailed publications (e.g., see the Treatise on Geochem-
istry, Volume 2, Holland and Turekian, 2003). I want to give here only the big 
picture of the mantle geochemistry. Details can be found in the abundant litera-
ture on isotope systematics in oceanic basalts. Isotope systematics on Earth 

9. The « classic ones »: He, Nd, Sr, Pb. There are many other tracers of mantle processes (Hf, 
the new non-traditional stable isotopes, siderophiles…). 
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indicates that the mantle contains different primordial or non-primordial compo-
nents, namely, the primordial mantle (undegassed, undepleted) with primitive 
noble gas signatures (Kurz et al., 2009)10, recycled sediments (terrigeneous, 
pelagic) (Farley et al., 1992; Woodhead and Devey, 1993), recycled oceanic crust 
(Chauvel et al., 1992; Hofmann and White, 1982; Kogisco et al., 1997)11. The 
depleted mantle, sampled by Mid Oceanic Ridge Basalts (MORB), is clearly the 
residue of the continental crust extraction. It is depleted in highly incompatible 
elements such as Th or U, now present in the continental crust. The depletion 
depth of the mantle is controversial; at least the upper of the mantle (25% of 
the mantle), but some propose the entire mantle is depleted. As we will discuss 
in Section 6, a primordial reservoir for noble gases exists; either the bulk lower 
mantle (e.g., Allègre and Moreira, 2004) or a deep part of it (core-mantle boundary 
for example; Tolstikhin and Hofmann, 2005). This reservoir is not degassed and 
may not be depleted by continental crust extraction, although this is debated (see 
Section 6). The other components observed in oceanic basalts are produced by 
plate tectonics and subduction into the mantle of oceanic slabs containing oceanic 
crust and  sediments (dehydrated, melted or not).

 Figure 1.6  Planetary accretion by impacts (from Brandon, 2011, with permission from 
Nature).

10. It has different acronyms: PM, sometimes FOZO, PREMA or more recently, SCHEM.
11. The so-called HIMU end-member.
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 1.4 Article Outline

Earth and Mars are depleted in moderately volatile elements such as Pb, K 
and Rb, compared to chondrites (e.g., Fig. 1.7). This implies that highly volatile 
elements (e.g., noble gases, water, C, N) are extremely depleted in these planets 
(e.g., Albarède, 2009), and therefore the question of their origin on terrestrial 
planets is a major issue in the Earth sciences. Volatiles could have been carried 
to Earth late, after the accretion and differentiation by volatile-rich material 
such as carbonaceous chondrites or cometary material. This is the so-called 
Late Veneer theory. Alternatively volatiles could have been already present in 
the parent bodies despite their depletion in moderately volatile elements. In this 
article, I will provide an overview of the noble gas systematics in the mantle and 
in meteorites in order to provide constraints on the possible origins of volatiles 
on terrestrial planets and on the evolution of the mantle/atmosphere system. This 
is naturally my personal view of noble gas geochemistry, in 2013, acquired after 
(only) 20 years of research on the noble gases in the mantle. Obviously, it cannot 
be fully objective and I require the indulgence of my colleagues if they feel I did 
not refer sufficiently to their work or ideas. Particularly, I try in some sections to 
integrate recent observations that are not entirely accepted by the community 
and are still debated because they raise some very important issues about the 
noble gas origin and their evolution in the Earth’s reservoirs (e.g., Holland and 
Ballentine, 2006; Holland et al., 2009; Pujol et al., 2011).

 Figure 1.7  The K/U ratio plotted against the Rb/Sr ratio in different objects of the Solar 
System. This figure shows that Earth (BSE for Bulk Silicate Earth) is strongly 
depleted in moderately volatile elements such as K and Rb (U and Sr being 
refractory elements). Earth is therefore expected to be depleted in very volatile 
elements, including noble gases.
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The second section summarises the knowledge we have on the noble 
gases in the primordial material, sampled by chondrites or by the Sun. Helium 
systematics will be described in Section 3, but without a detailed discussion on 
the origin of the measured helium isotopic ratios in oceanic basalts. I consider 
that the discussion on the mantle structure and origin of the atmosphere cannot 
be derived only from the helium systematics. For me, this makes no sense and I 
hope the reader will understand that my approach considers all the noble gases, 
and not only helium, in order to constrain the origin of volatiles on Earth and 
the mantle structure. This is why in Sections 4 and 5, I will describe the mantle 
geochemistry of Ne, Ar and Xe. Sections 6 and 7 focus on the discussion on the 
existence of a deep and primordial reservoir for noble gases, and on the possible 
recycling of atmospheric noble gases into the deep mantle. Section 8 gives the 
general idea of how and when the Earth and other terrestrial planets acquired 
their volatiles. I emphasise the relative contribution of the internal and external 
sources of volatiles and the issue of the closure of the Earth’s atmosphere.
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 2.  
NObLE GAsEs IN PLANEtARY bUILDING bLOCKs

 2.1 Introduction

This section presents a quick overview of the noble gas geochemistry in meteor-
ites, as building blocks of the Earth. The Paris Group never analysed meteorites 
for two main reasons. The first is that the noble gas concentrations in meteorites 
are orders of magnitude higher than those of terrestrial samples, which were the 
main interest of the Paris group at that time (1980-2000). Therefore, contamina-
tion and memory effects were a major concern. The second, in my opinion, is 
that Claude Allègre, who likes simple ideas, was not really enthusiastic about the 
complexity of the noble gas systematics in meteorites.

In this section, I will provide my own view of noble gas cosmochemistry, 
with the idea of using it to help understand the origin of volatiles on Earth.

The relationship between chondrites and the Earth, so important for refrac-
tory elements, is not evident for highly volatile elements such as the noble gases. 
The Earth is depleted in moderately volatile elements such as K, Rb and Pb (e.g., 
Albarède, 2009 and Fig. 1.7), and therefore the Earth is expected to be highly 
depleted in noble gases compared to chondrites. Chondrites are themselves 
extremely (by a few orders of magnitudes) depleted in noble gases compared 

to their solar abundances. To 
i l lustrate this depletion, 
Figure 2.1 shows the elemental 
abundances in C1 chondrites 
normalised to their solar 
abundances (Grevesse et al., 
2005). Noticeably He, Ne, 
Ar (and Kr-Xe, not shown) 
are depleted by orders of 
magnitude in C1 chondrites 
relative to the sun. Figure 2.2 
represents the normalised 
noble gas element ratios in 
carbonaceous chondrites and 
the Earth’s atmosphere rela-
tive to the solar elemental 
ratio and to 36Ar12. Data from 
the carbonaceous chondrites 
presented in this figure are 
derived from the legendary 

12. Such a diagram is double normalised. It provides a readable scale and avoids bias from 
concentration variations between samples. 

 Figure 2.1 Elemental abundances in CI chondrites 
normalised to solar abudances. Data 
from Grevesse et al. (2005). This figure 
shows the extreme depletion in noble 
gases in CI due to their high volatility.
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Mazor publication which analysed a large quantity of chondrites for all noble 
gases (Mazor et al., 1970). The samples used in this figure were melted without 
chemical treatment, providing bulk measurements. (In many studies performed 
since Lewis et al. (1975), prior chemical treatment has been used to isolate specific 
carriers of noble gases, such as phase Q, discussed below, but this approach 
does not provide a representative average of the whole meteorite). Heavy noble 
gases are enriched in chondrites relatively to their solar composition (Fig. 2.2). 
Perhaps somewhat confusingly, this pattern is often referred as “planetary”. For 
comparison, the elemental compositions of phase Q, which is the main heavy 
noble gas carrier (13 and see later in this section), is represented on Figure 2.2 
(values from Busemann et al., 2000).

 Figure 2.2 Noble gas element ratios measured in bulk carbonaceous chondrites normalised 
to their solar elemental ratios (e.g., (22Ne/36Ar)sample/(22Ne/36Ar)solar). Data 
from Mazor et al. (1970) for chondrites (but only chondrites with 21Ne/22Ne 
lower than 0.1 are plotted to minimise the influence of cosmogenic He and 
Ne contributions, produced by interactions of the meteorite with comic rays 
on their journey to Earth) and Busemann et al. (2000) for the composition of 
phase Q, the main carrier of heavy noble gases in chondrites. The inset shows 
the 132Xe/36Ar versus 40Ar/36Ar ratios of the selected samples. No atmospheric 
contamination of the samples can be observed, which could explain the large 
spread of 132Xe/36Ar. The Earth’s atmosphere shows a depletion in xenon, which 
is known as the “missing xenon”.

Please note the deficit in xenon in the Earth’s atmosphere compared to the 
chondrites and relative to other rare gases. This xenon depletion on Earth, dubbed 
the “missing xenon”, is particularly obvious compared to the elemental ratios in 

13. Phase Q is the name of the main carrier of heavy noble gases in chondrites. It is a carbonaceous 
phase with an origin that is still debated. This component can be isolated from the chondrites 
by HF/HCl digestion. 
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phase Q. This “missing xenon” will be discussed in Section 8 because it provides 
essential constraints on the physical processes that affected the Earth’s atmos-
phere after its formation. Such depletion is also observed in the atmospheres of 
Mars and Venus, and therefore this “missing xenon” seems to be a characteristic 
of terrestrial planets.

Having established the overall features of elemental abundances I will now 
investigate the isotopic compositions of key components in the Solar System. 
Since the mass of the Solar System is overwhelmingly concentrated in the Sun, 
the logical approach is to look first at solar compositions and to compare the noble 
gas compositions of chondrites and terrestrial planets to these as a reference.

 2.2 Elemental and Isotopic Ratios in the Sun:  
the Bulk Solar System Composition

The composition of the Sun has been derived mainly from four categories of 
samples. The first category is lunar soil recovered by Apollo astronauts, which 
was exposed to the solar wind for long time periods (e.g., Eberhardt et al., 1972; 
Benkert et al., 1993; Wieler and Baur, 1994; Rider et al., 1995). Secondly, gas rich 
meteorites, presumed to be regoliths, are useful samples for the determination of 
the solar wind composition (e.g., Wieler et al., 1989). Thirdly, the Genesis mission 
probe targets were exposed for more than 2 years, starting in 2001, to the solar 
wind and analyses were performed on these targets in several laboratories after 
their recovery in 2004 (e.g., Grimberg et al., 2006; Grimberg et al., 2008; Heber 
et al., 2009; Pepin et al., 2012; Meskik et al., 2007; Heber et al., 2012). Finally the 
atmosphere of Jupiter is assumed to have captured a representative portion of 
the solar nebula on formation and so provides a useful datum for Solar System 
gas composition.

 Figure 2.3  The helium isotopic composition of Jupiter and solar wind (genesis and Apollo 
foil). Data from Geiss et al. (1972), Mahaffy et al. (1998) and Heber et al. (2009). 
The Jupiter helium isotopic ratio represents the initial composition of the Solar 
System. The solar ratio reflects the D burning via nuclear fusion, producing 
3He. R/Ra is the 3He/4He normalised to the atmospheric ratio.
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Figure 2.3 shows the helium isotopic ratios of the solar wind as measured 
on Genesis targets, on Al foil targets exposed during the Apollo missions (e.g., 
Geiss et al., 1972), and in Jupiter as measured by a quadrupole mass spectrometer 
installed on the Galileo probe (Mahaffy et al., 1998). The difference between the 
solar wind and the Jovian helium isotopic ratios is explained by deuterium (D) 
burning in the Sun, which has enriched the Sun in 3He by nuclear fusion of H and 
D post the accretion of nebula gas to form Jupiter. Therefore, the 4He/3He ratio 
measured in Jupiter should better reflect the primordial composition of the Solar 
System, although it might not be the initial composition of the Earth if terres-
trial helium reflects solar wind implantation in building blocks rather than the 
dissolution of dense primordial atmosphere into a magma ocean (see Section 8). 
For comparison, the lowest 4He/3He ratio measured in mantle-derived rocks is 
15,000 (Stuart et al., 2003) and reflects the production and accumulation of 4He 
by radioactive decay of U and Th over the lifetime of the Earth.

Studies on neon and argon implanted in the Genesis targets were performed 
and have provided incredible results, although these are not always consistent 
with each other (e.g., Grimberg et al., 2006; Meshik et al., 2007; Grimberg et al., 
2008; Heber et al., 2009; Pepin et al., 2012). Elemental and isotopic ratios of He, 
Ne, and Ar have been precisely determined on the Genesis targets (Fig. 2.4). One 
of the difficulties in determining solar wind isotopic ratios is that implantation 
fractionates isotopes, and when it is coupled with sputtering and backscattering, 
the resulting isotopic ratios are very different from the implanting solar wind 
(Grimberg et al., 2006; Raquin and Moreira, 2009). Since it depends on knowl-
edge of the solar wind implantation mechanism, determination of the solar wind 
composition can be tricky. The isotopic compositions determined on Genesis 
targets are considered to correspond to the present-day solar wind isotopic ratios 
for He, Ne and Ar. The Xe isotopic ratios were also measured on Genesis targets 
and confirmed results on the lunar soil analyses (Crowther and Gilmour, 2012; 
Eberhardt et al., 1972; Wieler and Baur, 1994; Pepin et al., 1995; Rider et al., 1995). 
A detailed review of the elemental and isotopic compositions in the Sun, albeit 
written before the return of the Genesis samples, can be found in Wieler (2002).

Finally, it should be noted that the solar wind composition can be elemen-
tally and isotopically fractionated compared to the solar composition, which 
complicates the determination of the bulk solar system composition (e.g., Heber 
et al., 2012).

 2.3 The Origin of the Ubiquitous “Phase Q” in Meteorites

Meteorites, with the exception of few cases, such as regolith breccia14, don’t show 
solar elemental and isotopic compositions for the heavy noble gases. Figure 2.2 
shows that chondrites have elemental ratios that are fractionated compared to the 

14. Regoliths are rich in solar noble gases because they were exposed to the solar wind for a 
long time. 
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solar ratios. For instance, the 132Xe/36Ar is higher by a factor up to 200 compared 
to the solar ratio. The bulk Xe/Ar and Kr/Xe ratios are variable in carbonaceous 
chondrites as shown on Figure 2.5, but they are clearly distinct from solar ratios, 
as the heavy noble gases are enriched. On this figure, I added end-members that 
will be discussed later, P3, HL, Q, which are the principal noble gas carriers in 
chondrites (see Ott, 2003, for a review). Analyses of bulk chondrites, however, 
seem to be a proper approach to obtain the noble gas composition of the Earth’s 
starting blocks. Such analyses provide the mean composition of all the constitu-
ents in the meteorite (such as P3, HL, Q), but this technique does not allow 
the determination of the compositions and the nature of the different noble 

gas carriers, and how they 
behave during thermal or 
aqueous metamorphism. 
Interpreting the variations 
in Figure 2.5 is therefore 
difficult with bulk anal-
yses alone.

In their ground-
breaking article, Lewis 
and co-authors success-
fully isolated the host 
phase of the “strange 
xenon” they measured 
in the Allende meteorite 
(Lewis et al., 1975). This 
work is the precursor of a 
long series of publications 
on the study of the noble 
gas carrier in meteorites, 
which I will summarise 
here.

Lewis et al. (1975) 
showed that heavy noble 
gases are carried in chon-
drites by a phase that 
remains after an HCl/
HF attack (Fig. 2.6)15. 
The residue of this acid 
attack represents a small 
mass fraction (~1%) of 
the bulk meteorite, but 

15. These successive acid attacks allow the extraction of different noble gas carriers from the 
meteorites. HCl/HF dissolves the silicate minerals that constitute the bulk of the chondrite, 
leaving behind only phases that are resistant to this strong acid digestion.

 Figure 2.4 Noble gas isotopic ratios determined on 
Genesis targets provide the isotopic ratios 
of the solar wind. For comparison, the 
Earth’s atmospheric ratios are 9.8 (~12.5 for 
the mantle), 0.029 and 0.188, for 20Ne/22Ne, 
21Ne/22Ne and 38Ar/36Ar, respectively. The 
38Ar/36Ar determined by the Zürich (ETH) 
group was recalculated using the atmo-
spheric ratio of 0.188 to be consistent with 
other analyses. Data from Meshik et al. 
(2007), Heber et al. (2009) and Pepin et al. 
(2012).
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 Figure 2.5  Noble gas elemental ratios in carbonaceous chondrites (grouped by petro-
graphic CI, CM and CV sub-divisions) analysed by bulk fusion. Data from Mazor 
et al. (1970). The grey area represents the composition of the phase Q, the main 
carrier of heavy noble gases (Busemann et al., 2000). The solar composition 
is from Heber et al. (2009) and the other components are from Ott (2002).

carries most of the heavy noble gases. 
This component was named “phase 
Q” by Lewis et al. (1975), where the 
letter Q stands for Quintessence. It 
has been shown that this phase Q 
has a carbonaceous nature (~kerogen), 
although its origin is debated (Lewis 
et al., 1975; Ott et al., 1981; Vis and 
Heymann, 1999; Busemann et al., 
2000; Gardinier et al., 2000; Marrocchi 
et al., 2005). Figure 2.7 shows the 
xenon isotopic ratios measured by 
Huss et al. (2003) during successive 
acid attacks on carbonaceous chon-
drites. The HCl/HF attack residue 
shows a mixture between two compo-
nents, one being the phase Q, and the 
second being pre-solar grains (named 
here HL because of their peculiar Xe 
isotopic ratios), and is better observed 
on the residue after a further HNO3 
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 Figure 2.6 Residue after HF-HCl attack 
of a piece of a carbonaceous 
chondrite. The residue is the 
main carrier of heavy noble 
gases in chondrites and repre-
sents only a small fraction 
of the bulk meteorite. This 
residue also contains pre-solar 
grains.



Geochemical PersPectives  |  V o l u m e   2 ,   N u m b e r   2250

attack (see the compositions of ‘etched residues’ in Fig. 2.7). This figure clearly 
illustrates that the xenon in carbonaceous chondrites is mainly carried in two 
solids: the phase Q and pre-solar grains, although phase Q is volumetrically by 
far the dominant component. Phase Q is observed in all chondrites (ordinary, 
carbonaceous and enstatite) (e.g., Schelhass et al., 1990; Patzer and Schultz, 2002; 
Okazaki et al., 2010).

 Figure 2.7 Three xenon isotope diagram. The three isotopes shown on the figure are 
stable and non-radiogenic. Chemical attacks on bulk chondrite allow the isola-
tion of the two components carrying the xenon. The HCl/HF residue contains 
the phase Q and pre-solar grains and shows a mixture between these two 
components. Etching of this residue using HNO3 yields a further residue that 
comprises pre-solar grains with a distinctive isotopic composition that has 
been named “HL” (data from Huss et al., 2003).

Figure 2.8 shows the elemental ratios of heavy noble gases in ordinary 
chondrites for the bulk meteorite together with their HCl-HF and HNO3 residues 
(from Schelhass et al., 1990). This illustrates that argon in bulk chondrites is not 
entirely in phase Q (the residue of HCl-HF) or in pre-solar grains (the residue 
of HNO3 on phase Q). A third component, which is removed during HF-HCl 
attack, contains a large proportion of argon. For example, Schelhass et al. (1990) 
showed that in ordinary chondrites, the residue of HF/HCl attack is only ~1% of 
the bulk chondrite mass, but contains between 8 and 24% of the trapped 36Ar 
present in the meteorites, between 21 and 34% of the 84Kr, and between 30 and 
72% of 132Xe. Therefore, although phase Q is one of the main carriers of heavy 
noble gases in chondrites, it is not the only one.
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 Figure 2.8  Noble gas elemental ratios in ordinary chondrites. Data from Schelhass et al. 
(1990); SiC (crosses) data from Lewis et al. (1993). The phase Q composition is 
derived from Busemann et al. (2000). A1 and A2 compositions from Ott (2002). 
This figure shows that the bulk samples contain a component rich in argon in 
addition to the phase Q, represented by the grey area.

The observed elemental and isotopic compositions of phase Q show 
that noble gases in phase Q are not solar (Figs. 2.5, 2.8 and 2.9). Phase Q has 
high xenon concentration, almost no He and Ne, and relatively high Ar and Kr 
abundances.

The Xe isotopic composition of Q is also mass-dependently fractionated 
compared to the solar composition (Fig. 2.9). The fractionation of the 124Xe/130Xe 
ratio relative to the solar ratio is ~5%16. Xenon is a heavy element, and there-
fore cannot be strongly isotopically fractionated except under special physical 
conditions. Two main physical processes were proposed to explain the elemental 
composition and the peculiar, fractionated isotopic ratios of Q. The first is ion 
implantation (e.g., Bernatowicz and Hagee, 1987; Fig. 2.10). Alternatively, adsorp-
tion of xenon ions can also produce xenon isotopic fractionation (e.g., Marrocchi 
et al., 2011, and Fig. 2.11). Both processes are able to produce a similar isotopic 
fractionation to the one observed in the Phase Q, although not perfectly.

16. Xenon is fractionated isotopically by ~1.3% amu–1 in phase Q compared to the solar 
composition. 
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 Figure 2.9 The xenon isotopic composition of phase Q normalised to he solar wind 
composition. Earth’s atmosphere is given for comparison. Data for phase 
Q from Busemann et al. (2000). The fractionation that produced the xenon 
isotopic composition of phase Q is clearly mass-dependent. The 129Xe peak 
reflects the radioactivity of now extinct 129I, which has a half-life of 17 Ma. 
The green line represents the mi/130 line where mi is the isotope mass. This 
suggests that phase Q-Xe derives from simple mass fractionation from the solar 
composition, to which is added radiogenic and fissiogenic xenon.

 Figure 2.10 Isotopic fractionation of the xenon (iXe) during implantation in activated 
charcoal of low energy ions produced during cathodeless glow discharges. 
It shows that ion implantation from the solar wind can be a possible origin 
of the peculiar xenon isotopic composition of the phase Q (modified from 
Bernatowicz and Fahey, 1986).
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An important constraint on the origin of phase Q is its noble gas elemental 
compositions. Figure 2.8 suggests that the high Xe/Kr and Xe/Ar ratios compared 
to the solar ratios reflect adsorption at relatively high temperature from the 
temperature-dependence of the relative absorption of different gases. To illus-
trate how adsorption on activated charcoal at low temperatures can fractionate 
noble gases. Figure 2.12 shows desorption curves of noble gases obtained in Paris 
on activated charcoal using a cryogenic cold head able to produce temperatures 
as low as 10 ºK. At temperatures of 200-250 ºK, the high Xe/Kr and Xe/Ar ratios 
observed in Q can be obtained on activated charcoal. Trapping temperatures 
cannot be too low; otherwise these two ratios would not be fractionated compared 
to the starting gas composition, as all gases are adsorbed. Such a process can 
explain the relative noble gas concentrations in phase Q if one considers that 
solar gas was adsorbed on carbonaceous phases at relatively high temperatures 
compared to that expected far from the Sun (~50 ºK). Such a simple process can, 
however, not explain the isotopic fractionation observed since adsorption of 
neutral gases cannot fractionate isotopes. However, if xenon is ionised, it appears 
that a mass fractionation occurs during adsorption and can produce the xenon 
isotopic pattern of phase Q Marrocchi et al. (2011) (Fig. 2.11).

 Figure 2.11 Marrocchi et al. (2011) proposed that adsorption of xenon ions produced in 
a radio-frequency plasma is a mechanism able to explain the peculiar xenon 
isotopic composition of phase Q. Similar experiments with neutral atoms were 
not capable of producing such isotopic fractionations. Adsorption is also a 
process that reproduces the elemental composition of noble gases in phase Q. 
Marrocchi et al. (2011) propose that UV radiation, produced by either nearby 
stars or by the young sun are able to ionise xenon, resulting in a fractionated 
isotopic composition after trapping on the surface of growing organic grains. 
iXe refers to the isotope i (124, 126 …).
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 Figure 2.12 Desorption curve of noble gases on activated charcoal obtained in Paris using 
a cryogenic trap represented as the percentage of gas that is desorbed. In 
order to adsorb only xenon, temperatures above 280 oK are necessary. This is 
true for neutral atoms (from Sarda, 1991).

As matters stand, I cannot choose between the two proposed processes 
(implantation vs adsorption of ions). From the point of view of elemental ratios, 
adsorption is more appealing, but from the isotopic point of view, solar wind 
implantation is also credible.

An essential feature of the xenon composition in chondrites is the resist-
ance of phase Q to thermal metamorphism (Fig. 2.13), suggesting that this 
composition should have been present on Earth’s parent bodies, unless they 
were melted and degassed, in which case the gas would be lost from small plan-
etary bodies. As shown on Figure 2.13, whatever the type of chondrite, the Q 
composition is observed for xenon, although the Xe concentration decreases 
with the increasing thermal metamorphism (Schelhass et al., 1990; Huss et al., 
1996). Busemann and Eugster (2002) have also proposed that Xe-Q is observed 
in achondrites (which have undergone melting), suggesting it is a very resistant 
component in meteorites.

In Section 7, evidence for the presence of a component having a composi-
tion similar to the one of Q in Earth’s mantle will be discussed.

 2.4 The Neon Alphabet

I give special attention to neon systematics for sentimental reasons; I did my PhD 
on the neon in oceanic basalts. Neon provides important constraints on the origin 
of volatile elements on Earth because it has a solar-like composition in the Earth’s 
mantle, different from the mean chondritic composition. In this section, I briefly 
discuss what we call the neon alphabet because historically, in the three-neon-
isotope diagram (20Ne, 21Ne, 22Ne), letters designate the end-members. These 
end-members correspond to real carriers, which may either be pre-solar grains 
or the carbonaceous phase Q, or they correspond to physical processes such as 
spallation or as we will see for the so-called “neon B”, implantation of solar wind.
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 Figure 2.13 124Xe/130Xe ratio in ordinary chondrites as a function of thermal metamorphism, 
which increases with grade from 3 to 6. Phase Q-Xenon is present in all ordi-
nary chondrites suggesting it is resistant to thermal metamorphism. Xenon 
having the Q composition has also been observed in achondrites (Busemann 
and Eugster, 2002).Variations in the 124Xe/130Xe ratio reflect a mixture between 
the phase Q and cosmogenic compositions. Moreover, please note that the 
bulk xenon concentration decreases with the thermal metamorphism.

2.4.1 Neon A: pre-solar diamonds

As we have seen above, pre-solar grains are found in the matrix of carbona-
ceous, ordinary, and enstatite chondrites. These grains show very specific isotopic 
anomalies of Kr and Xe relatively to the Sun. This is also true for neon, especially 
for the two end-members historically termed neon A and E (Black, 1972). A recent 
nomenclature of all the end-members and components observed in meteorites 
can be found in Ott (2002). Figure 2.14 shows the neon isotopic compositions 
obtained by fusion of representative samples of different classes of chondrites. 
These compositions indicate a ternary mixing whose end-members are neon A 
(20Ne/22Ne ~8.5), cosmogenic neon (20Ne/22Ne ~1), and an end-member named 
neon B (20Ne/22Ne ~12.5), which we will discuss below which is certainly derived 
from solar wind irradiation. It is very difficult to see in this diagram if the neon 
Q (from phase Q) contributes to the bulk neon. Figure 2.2 shows that phase Q 
does not contain light noble gases and therefore, this carrier is not a significant 
contributor to the bulk neon. Only pre-solar-grains and the implanted solar 
wind are substantial sources of neon. Even if it is probably a non-exhaustive 
sampling of chondrites, we can extricate several important pieces of information 
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from Figure 2.14. The first observation is that ordinary, rumuruti, and enstatite 
chondrites are less influenced by the neon A. This suggests they contain fewer 
pre-solar grains than carbonaceous chondrites or they were made of material that 
was more influenced by the solar wind irradiation because they accreted closer 
to the sun; the solar wind being the source of neon B.

 Figure 2.14  Three neon isotope diagram showing the neon composition of chondrites. The 
insert shows the names of the different end-members represented by black 
squares (A, B, Q, atmosphere). The cosmogenic end-member is the isotopic 
composition of the neon produced by spallation of the major elements of the 
meteorites. This component is secondary and does not reflect a primordial 
component. Data from Patzer and Schultz (2001), Schultz et al. (2005), Mazor 
et al. (1970), Schultz and Franke (2004) and Schelhass et al. (1990).

Figure 2.15 focuses on carbonaceous chondrites and shows the neon 
isotopic composition of the different sub-classes of carbonaceous chondrites. We 
observe that CV chondrites are influenced more by neon B than the CI chondrites, 
which are closer in composition to neon A. Other carbonaceous chondrites show 
a mixture between these two end-members, to which cosmogenic neon is added. 
It seems that it would be inaccurate to say that the carbonaceous chondrites have 
a neon composition of type A only. We see instead a great variability between 
the two components A and B within the carbonaceous chondrites. It is however 
correct to say that the other chondrites contain a higher proportion of neon B.
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 Figure 2.15  Three neon isotope diagram in which only carbonaceous chondrites are 
represented (CI, CM, CO, CR, CV are different sub-types of carbonaceous 
chondrites). They are distinguished following their sub-classes. Data from 
Schultz and Franke (2004); only bulk analyses are used. A ternary mixing is 
clearly visible on this figure.

2.4.2 The component B in meteorites: the result  
of solar wind implantation

The compositions most of what are called “gas-rich” meteorites (e.g, with 4He 
concentrations higher than 10–3 cm3STP g–1) also suggest a mixing between three 
components; one a cosmogenic end-member (with 20Ne/22Ne and 21Ne/22Ne 
~1), and the two others having high 20Ne/22Ne (~12.5 and 8.5, for neon B and A, 
respectively) and low 21Ne/22Ne (see Fig. 2.16). As discussed earlier these gas-
rich meteorites are thought to be planetesimal regoliths that contain a large solar 
wind component. Before the Genesis probe returned and the analyses of neon 
isotopic ratios in its targets exposed to solar wind, it was believed that neon B 
was the mixture of two solar wind components: “normal” solar wind with a ratio 
of ~13.8 and the solar energetic particles (SEP, e.g., flares) with a ratio of ~11.5. 
This mechanism involving SEP is now challenged because it was not observed on 
Genesis targets (Grimberg et al., 2006; Wieler et al., 2007) and now it is proposed 
that neon B is a component by itself, which reflects the solar wind implantation 
coupled to sputtering (“erosion”) effects (Raquin and Moreira, 2006).
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 Figure 2.16  Three neon isotope diagram of gas rich meteorites showing the neon B 
end-member interpreted as solar wind implantation. Data from Schultz and 
Franke (2004). Lunar soil estimates are taken from Eberhardt et al. (1972) and 
are discussed in the text.

Neon B has an estimated 20Ne/22Ne ratio of 12.52±0.18 (Black, 1972) 
obtained from the decovolution of meteorite neon measurements It is not, strictly 
speaking, a primordial component, since it was certainly added by solar wind 
during the accretion of these bodies, or after their accretion, during regolith 
formation, as observed on lunar samples. Figure 2.1 has shown that chondrites 
are very depleted in noble gases compared to the solar wind. Therefore, any irra-
diation by the solar wind will provide a large quantity of solar-like noble gases 
in any refractory dust. Because this implantation process affects only the surface 
of the exposed objects, the incorporation of large quantities of solar gases occurs 
only on large surface/volume objects, i.e. dust (up to a few µm). Then irradiated 
dust will contain sufficiently solar-like noble gases so any object that accreted 
such dust will have solar-like He, Ne, and may be Ar isotopic compositions.
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My PhD student Aude Raquin and I proposed a model to explain the neon 
B value (Raquin and Moreira, 2009). This model suggests that neon B is the 
steady state value of the solar wind implantation coupled to sputtering. Ions 
from solar wind have the same speed, which is the escape velocity from the Sun. 
Therefore, ions with different masses have different kinetic energies, and the 
heaviest isotopes are implanted deeper than the lighter ones (see Fig. 2.17). This 
produces an isotopic fractionation since the deepest layers of the exposed target 
have lower 20Ne/22Ne ratios 
than the bulk sample and 
the surface (Fig. 2.17). If 
there is a sputtering effect 
(“erosion”), the superficial 
layers of the samples are 
removed, which contain 
neon enriched in light 
isotopes, leading to a 
residue that is enriched 
in heavy isotopes, once 
believed to be the SEP 
component. A steady state 
can be reached after a time 
that depends mainly on 
the sputtering rate, which 
is on the order of 10–11 m 
a–1. In our publication, we 
showed that the steady 
state 20Ne/22Ne ratio can 
simply be expressed by 
the isotope mass ratio 
multiplied by the solar 
wind ratio, for large samples (>10 µm)17. Using the solar wind value of Heber 
et al. (2009), we obtain for the steady state value, a 20Ne/22Ne ratio of 12.53, 
exactly the neon B value determined by Black (1972). Nevertheless, using Pepin’s 
recent measurement (Pepin et al., 2012), the steady state 20Ne/22Ne ratio is 12.72 
(Fig. 2.18), similar to the neon isotopic ratios measured on grains from the lunar 
soil, which were exposed for a very long time to the solar wind (e.g., Eberhardt 
et al., 1972; Benkert et al., 1993) as shown in Figure 2.19. Whatever the exact ratio 
of the solar wind, we proposed that the steady state value is indeed neon B, either 
the historical Black’s value of 12.52±0.18, or my preferred ratio, estimated from 
Eberhardt’s lunar soil results, of ~12.7 (Fig. 2.19) (Eberhardt et al., 1972).

17. We have shown in Raquin and Moreira (2009) that the steady state value of the solar wind 
implantation, coupled to sputtering is m1/m2*RSW where m1 and m2 are the masses of the 
two isotopes N1 and N2 (R = N1/N2). 

 Figure 2.17  Simplified neon profile in a Genesis glass 
target obtained by etching. This figure 
shows that the heavy neon isotopes are 
implanted deeper, which produces an 
isotopic fractionation that depends on the 
depth. Implantation depths are estimates 
according to the SRIM model (modified 
from Grimberg et al., 2006).
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Furthermore, the 
calculat ion supposes 
that the time of irradia-
tion is sufficiently long 
(a few thousand years) 
to reach steady state, 
and that the samples are 
sufficiently large (>10 
µm). Otherwise, the 
20Ne/22Ne of the irradi-
ated samples will have a 
20Ne/22Ne ratio between 
the theoretical neon B 
and the solar wind ratios 
as shown in Figures 2.18 
and 2.20. Figure 2.18 
shows that, when a grain 
with a depth of 1µm is 
considered rather than 
10 µm, the steady state 
20Ne/22Ne ratio is higher 
than for larger grains 
(12.87 vs 12.73, using 
Pepin’s solar neon). This 
is due to the fact that 
the heavy neon isotopes 
are not implanted into 
the deep layers of the 
grain since it is too 
small. So these grains 
are enriched in light 
isotopes compared to 
larger grains. Figure 2.20 
explores the possibility 
that the irradiation time 
might not be the same 

for all grains of a large population. I used a Monte-Carlo technique to calculate 
the implanted neon isotopic ratios in 1,000 grains that had been exposed to the 
solar wind for times following the distribution shown in Figure 2.20. Calculation 
results shown in Figure 2.20 suppose two target sizes (1 µm and 10 µm). The 
irradiation times are imposed by a normal law with a mean of 20,000 years and 
a standard deviation of 10,000 years, which themselves are arbitrary and used 
only for purposes of illustration. The obtained distributions of 20Ne/22Ne ratios 
in grains of 10 µm and 1 µm are shown in Figure 2.20. Some grains have almost 
solar ratios whereas others have neon B ratios (steady state) because they were 

 Figure 2.18 Example of the calculation of the implanta-
tion-sputtering model developped by Raquin 
and Moreira (2009). The model was applied 
to the 20Ne/22Ne and 38Ar/36Ar ratios on dust 
sizes of 1 µm and 10 µm. The steady state 
ratio is obtained after a few ka. The Earth’s 
mantle domain is presented for comparaison. 
This will be discussed in Sections 5 and 8. The 
“erosion” rate was assumed to be 5 nm a–1.
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exposed longer to solar wind. The weighted means are 12.93 and 13.04, respec-
tively, higher than the steady state value of 12.73 obtained for long times and 
samples larger than 10 µm (in this case using Pepin’s solar wind ratio). This simple 
calculation shows that the neon B has a well-defined isotopic composition under 
only some simple assumptions (high exposure times and large dust size). If neon 
B originates from solar wind irradiation, depending on the dust size and time of 
irradiation, its isotopic composition can be variable with values starting from the 
neon B value (~12.7) to higher ratios (13). Similar calculation can be performed 
for the 38Ar/36Ar ratio (Fig. 2.18) starting from the solar ratio of ~0.182 (e.g., Pepin 
et al., 2012). The steady state 38Ar/36Ar ratio is then ~0.192 for large grains (10 µm) 
and 0.189 for small grains (1 µm), in agreement with lunar soil grains argon ratios 
measured by Eberhardt et al. (1972) and Benkert et al. (1993), although in the case 
of argon, the cosmogenic contribution might complicate the picture (Fig. 2.21).

 Figure 2.19  Neon compositions of grains from the Lunar soil 12001 (Eberhardt et al., 1972). 
Note that Benkert et al. (1993) gives similar ratios for bulk lunar soil 71501 
samples. Calculated B1 is the steady state value of the implantation-sputtering 
model of Raquin and Moreira (2009) using Pepin’s neon solar wind ratios 
(Pepin et al., 2012), whereas calculated neon B2 was obtained using isotopic 
ratios from Heber et al. (2009).
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I suggest that taking 
the neon isotopic ratios 
measured on the lunar soil, 
determined by Eberhardt 
et al. (1972) for the value 
of the neon B, rather than 
Black’s value, is the proper 
approach. It is moreover 
consistent with the implan-
tation-sputtering model of 
Raquin and Moreira (2009), 
when using the recent 
estimate of Pepin et al. 
(2012) for the solar wind 
neon ratios. Therefore, I 
propose using 12.73±0.0218 
for the neon-B20Ne/22Ne 
ratio, rather than the ratio 
of 12.52±0.18 determined 
by Black (1972). Although 
it might sound as if these 
are rather similar values, 
the precise determination 
of the neon isotopic ratio 
produced by the solar wind 
implantation is important to 
constrain the origin of the 
terrestrial neon, as some 
mantle-derived samples 
have 20Ne/22Ne ratios close 
to 12.8 (e.g., Yokochi and 
Marty, 2004; Mukhopad-
hyay, 2012), higher than the 
previous estimate for neon 
B (see Section 4).

18. The uncertainty on this value directly reflects that of the measured neon isotopic ratio in the 
solar wind (±0.02 for Pepin et al., 2012) but it also depends on whether all grains have the 
same exposure time and size (e.g., they are all at steady state). 

 Figure 2.20 Monte-Carlo simulation of solar wind 
implantation. This calculation assumes 
that dust grains are not all exposed to the 
solar wind for the duration. They have a 
probability of exposure corresponding 
to a normal law having here a mean of 
20,000 and a standard deviation of 10,000 
(top). The steady state ratio is obtained 
only for long times. Dust exposed for a 
short time yields a solar isotopic ratio 
whereas the others show the neon B 
value (bottom).
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 Figure 2.21 Ne and argon isotopic composition in the lunar soils. The calculated steady 
state value is also shown to illustrate the validity of the implantation-sputtering 
model (large grains of 10 µm). Lunar soil data from Eberhardt et al. (1972) 
and Benkert et al. (1993).

 2.5 Martian Mantle has a Solar Xenon (or Q) and Earth-like  
Atmospheric Xenon

SNC meteorites19 are presumed to come from Mars (Bogard and Johnson, 1983; 
Bogard et al., 1986). They provide the unique opportunity to constrain the noble 
gas compositions of both the Martian atmosphere and the mantle (Bogard, 1997; 
Garrison and Bogard, 1998; Mathew et al., 1998; Terribilini et al., 1998; Mathew and 
Marti, 2001; Eugster et al., 2002; Swindle, 2002). The Martian atmospheric xenon 
isotopic composition is similar to that of the Earth’s atmosphere (Fig. 2.22). The 
major difference is for the 129Xe/130Xe isotopic ratio, which is much higher in the 
Martian atmosphere, suggesting either a high 129I primordial content, or an early 
formation and degassing. The fact that the two atmospheres have the same xenon 
isotopic compositions will be discussed in Section 8, as it is an essential constraint 
on the formation and evolution of terrestrial planet atmospheres. However, what 
has to be considered seriously, are the results presented in Figure 2.22. These 
two figures present the xenon isotopic ratios in the Chassigny SNC meteorite. 

19. SNC: Shergotty, Nakhla, Chassigny. These meteorites are supposed to come from Mars. 



Geochemical PersPectives  |  V o l u m e   2 ,   N u m b e r   2264

 Chassigny, which fell in France in 1815, and is a dunite (olivine rich rock), 
containing melt inclusions in its olivines. Mathew and Marti (2001) produced a 
remarkable publication on the xenon isotopic composition of this meteorite. They 
demonstrated that a component having solar-like xenon composition is present 
in the Martian interior (Fig. 2.22). The component they named “Chass-S” has 
a xenon isotopic signature close to that of the solar wind. What I want to show 
on this figure is that Xe-Q is also a possible composition of the Chass-S end-
member. This is particularly true for the olivine-rich samples they analysed.

 Figure 2.22 Xenon isotopic ratios in olivines from the Chassigny SNC meteorite (red dots; 
violet dots are the first heating steps, contaminated by atmosphere; data from 
Mathew and Marti, 2001) and in the Martian atmosphere (red triangle; Swindle, 
2002). This figure shows that the xenon in Mars’s interior is either solar or 
Q-like although most Marsophiles propose a solar composition instead of Q. 
The mixing lines reflects mixture between the Q or solar and cosmogenic xenon.
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The reason why it is important to know if Mars’s interior has a Xe-Q 
composition rather than solar, is that on Earth, the observation that CO2-well 
gases show that the Earth’s mantle might have a Q composition, and not solar, 
at the end of the accretion before atmospheric subduction (Holland et al., 2009; 
see Section 7).

 2.6 Conclusions

Chondrites exhibit noble gas isotopic compositions that can be described in terms 
of mixture of 3 components. Ar, Kr, and Xe are mostly carried by the phase Q, 
which is a resistant carbonaceous phase that is degassed only at high temperature 
and is present in chondrites whatever their degree of metamorphism. Pre-solar 
grains are observed in chondrites and show very peculiar isotopic compositions 
(neon A, HL…) reflecting their condensation in the envelope of supernovas or red 
giants. These pre-solar grains are rich in neon, but it is unclear if they contribute 
to the bulk budget of the terrestrial rare gases (see Section 5). Fractionated solar 
wind resulting in ion implantation, and known as component B, is an important 
contributor to the He and Ne (and possibly Ar) budget in meteorites, particularly 
in ordinary and enstatite chondrites. Neon B has a 20Ne/22Ne ratio close to 12.7, 
higher than the first estimate of Black who proposed 12.52±0.18 (Black, 1972). 
The neon B isotopic ratio is similar to the maximum observed ratios in terrestrial 
samples, a point which has been raised to question the existence of neon B in the 
deep Earth (Trieloff et al., 2000). A solar Xe composition has been inferred to be 
present in Chassigny, an SNC meteorite from Mars (Mathew and Marti, 2001), 
suggesting that solar Xe could be present in Mars’s interior, although the phase 
Q could also account for these observations.

It is therefore conceivable that phase Q was present in Earth’s parent bodies 
and then in the Earth’s primitive mantle, although this is not observed on Earth 
for the non-radiogenic isotopes of Kr and Xe. Only small excesses compared to 
the atmosphere of the non-radiogenic Kr and Xe isotopic compositions have been 
measured on CO2-well gases and attributed to the contribution of a component 
having the isotopic composition of phase Q (Cafee et al., 1999; Holland and 
Ballentine, 2006; Holland et al., 2009). The next sections will present the noble 
gas systematics of the Earth’s mantle and discuss these observations in the light 
of the noble gas compositions of meteorites. A summary of all the compositions 
discussed in this chapter is given in Table 2.1.
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 3. HELIUM IsOtOPEs AND tHE tWO-REsERVOIR 
MANtLE stORY

In this section, I present a brief overview of the history of the helium geochem-
istry in the mantle. Its interpretations will be discussed in Sections 6 and 8, in 
the context of the systematics of all noble gases in the Earth’s mantle.

 3.1 The Discovery of 3He on Earth

Helium has only two stable isotopes, 3He and 4He. While 3He is considered as 
primordial, 4He is mostly radiogenic in the mantle and almost entirely of radio-
genic origin in the continental crust. 4He is produced from the decay of U, Th, and 
(less significantly) Sm. Although helium is the second most abundant element 
in the universe, it is very rare on Earth. There is only 5.24 x 10–6 cm3 cm–3 (~5 
ppm by volume) of helium in the present-day Earth’s atmosphere. 3He is even 
rarer since its atmospheric abundance is 7 x 10–12 cm3 cm–3. Therefore its detec-
tion is difficult and it was only in 1939 that Alvarez and Cornog discovered 3He 
on Earth by analysing air and gas from wells (Alvarez and Cornog, 1939a,b). In 
1946, Aldrich and Nier further measured also the helium isotopic composition in 
well gases and observed a radiogenic ratio comparable to the atmospheric value20 
(Aldrich and Nier, 1946). They obtained similar results in their second and more 
detailed publication in 1948 (Aldrich and Nier, 1948). Their conclusion was: “The 
present study can hardly be regarded as more than a preliminary exploration of a new 
and fascinating field of investigation. It is apparent that a far more comprehensive and 
systematic study will be required to definitely establish the natural sources of 3He and 
4He. Included in such a program should be an investigation of the helium from the 
upper atmosphere and that from meteorites”. Obviously, they could not have been 
more right as I will show below. The origin of the 3He on Earth remained matter 
of debate until 1969. For example, Morrison and Pine (1955) explained all the 
present-day 3He observed in the atmosphere or in terrestrial samples by nuclear 
reactions instead of by the remnant of a primordial gas.

The measurement of 3He excesses in seawater (Clarke et al., 1969) funda-
mentally changed opinions. In this study, Clarke and collaborators published 
the first 3He excesses relative to atmospheric composition in seawater sampled 
at different depths in the south Kermadec trench. 3He/4He ratios as high as 1.22 
times the atmospheric ratio21 were measured in deep seawater, which clearly 
suggests 3He degassing from the mantle. They also provided the first estimate of 
the 3He flux from the mantle (~520 mol a–1), which is close to modern estimates of 
this critical parameter. The detection of 3He in seawater was, for many workers, 

20. It would correspond to 3He/4He ~0.1Ra where Ra is the atmospheric isotopic ratio (1.384 x 10–6).
21. This is the only paragraph I will be using the 3He/4He notation, as it makes sense from an 

historical point of view. In the next section, the most logical notation 4He/3He will be used.
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an unambiguous signal for the existence of primordial gases in the mantle. This 
pioneering publication was followed by many on seawater (e.g., Fig. 3.1), but also 
opened a Pandora’s box of helium systematics in mantle-derived samples.

 Figure 3.1  3He excess in seawater above the East Pacific Rise (in notation delta: d3He = 
(R/Ra-1).100). The 3He plume demonstrates the supply of 3He to the oceans by 
degassing of the mantle. The present-day global 3He flux at ridges is estimated 
between 500 (Bianchi et al., 2010) and 1,000 mol a–1 (Farley et al., 1995) (modi-
fied from Craig and Lupton, 1981).

Although the Clarke’s paper is often considered to represent the first 
evidence for 3He from the mantle, it must be said that the “Forgotten” Russian 
Group of Mamyrin (Fig. 3.2) and Tolstikhin published in the same year significant 
3He excesses in gases from thermal springs in south Kuriles (Fig. 3.3) (Mamyrin 
et al., 1969a). I imagine that during the cold war, publications written in Russian 
were hardly accessible to US scientists. Using their cyclotron mass spectrometer, 
they obtained 3He/4He ratios up to 10 times that of the atmospheric ratios, close 
to the Mid Ocean Ridge Basalts (MORB) ratio. Immediately after Clarke’s publi-
cation, Fisher tried to detect 3He in oceanic basalts that had high 4He and 40Ar 
abundances (Fisher, 1970). Because of experimental limitations, particularly the 
difficulty of distinguishing the HD peak from the 3He peak, he did not find any 
clear 3He signal in oceanic basalts, although he did not disagree with Clarke’s 
hypothesis about high 3He concentrations in the primitive mantle. The first clear 
evidence for high 3He abundances in rocks were the two works of Tolstikhin 
et al. (1974) and Lupton and Craig (1975). They both measured 3He/4He ratios 
in rocks, up to 12.2 Ra in basalts from Lau Basin for Lupton and Craig, and up 
to 10 Ra in xenoliths in Tolstikhin’s paper. They both concluded on a primordial 
origin for 3He.
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 Figure 3.2  The “Russian noble gas group”: Igor Tolstikhin (left) and Boris Mamyrin (right) 
in 2000. They were among the first to analyse precisely the helium isotopes in 
gases and rocks. Their first works were however published in Russian, which 
therefore did not make an immediate impact in the Western literature.

 Figure 3.3  The Russian group was among the first to show the first evidence for 3He in 
the mantle. Here are given the helium isotopic ratios in volcanic gases (2), 
meteorites (3) and well gases (1). Air is indicated with an arrow at a ratio ~10–6 

(modified from Mamyrin et al., 1969b).
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At the end of the 1970’s, it was clear that the mantle had a much higher 
3He/4He ratio than the atmosphere (see Fig. 3.4). Other studies followed, all 
confirming the presence of high 3He/4He ratios in the mantle relative to the 
atmosphere (Craig and Lupton, 1976; Kaneoka and Takaoka, 1977; Kaneoka and 
Takaoka, 1978). The “industrial” approach of the helium systematics in mantle-
derived samples, the fruits of which are discussed below, started in the early 
1980’s with Mark Kurz (Kurz and Jenkins, 1981; Kurz et al., 1982a; Kurz et al., 
1982b; Kurz et al., 1983) and others (Kaneoka et al., 1983; Ozima and Zashu,1983; 
Kyser and Rison, 1982; Rison and Craig, 1983; Condomines et al., 1983; Porcelli 
et al., 1986; Poreda et al., 1985; Poreda et al., 1986; Porcelli et al., 1987).

 Figure 3.4  The first helium isotopic results in oceanic basalts. The 3He/4He ratio corre-
sponds to R/Ra = 10 and 4He/3He = 71,500, in good agreement recent estimates 
of the mean MORB ratio (modified from Craig and Lupton, 1981).

 3.2 Helium Isotope Systematics in Oceanic Basalts

After these pioneering works, more than 30 years of helium analyses have 
provided many precise helium isotopic ratios of oceanic basalts (MORB and 
OIB). The most suitable samples for analysing helium isotopes are the glassy 
margins of pillow lavas (Fig. 3.5) and phenocrysts containing melt or fluid inclu-
sions (Fig. 3.6).
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 Figure 3.5 Typical pillow lava collected on sea floor at mid ocean ridges. The glassy margin 
of pillow lavas formed by quenching contains vesicles that are rich in mantle-
derived gases. This sample was dredged on the Pacific-Antarctic Ridge during 
the PAC2 cruise of the R/V Atalante to which I participated.
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 Figure 3.6  Melt inclusions are the main carrier of CO2 and volatiles in phenocrysts. Melt 
inclusions in an olivine can be observed on this picture. Typical melt inclusions 
are of the order of ~50 µm whereas the olivines have diameters of ~2 mm. 
Olivines are often the only sample that can analysed for helium in Oceanic 
Island Basalts.
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Figure 3.7 shows a compi-
lation of the helium isotopic 
ratios in OIB and MORB without 
discriminating between loca-
tion. Only basaltic materials 
are represented in this figure 
(glass or olivine/clinopyroxene 
phenocrysts). Mantle xenoliths 
are excluded from this figure 
because their origin is ambig-
uous. Please note that I am using 
the 4He/3He ratio instead of the 
‘classical’ R/Ra ratio, which is the 
3He/4He ratio normalised to the 
atmospheric ratio. The use of the 
former is a logical continuation 
of standard isotopic nomencla-
ture, which reports the radio-
genic isotope over a stable of the 
same element. This approach is 
therefore more consistent with 
other commonly used radiogenic 
isotopic systems such as 87Sr/86Sr 
or 206Pb/204Pb. However, the use 
of R/Ra, originally coined in 
the early literature persists, and 
for convenience I also report 
equivalent R/Ra values where 
appropriate.

Figure 3.7 shows the large 
variations in the 4He/3He ratios of 
oceanic island basalts, from non-
radiogenic ratios (15,000; R/Ra = 
50) up to 200,000 (R/Ra = 3.6). 
This contrasts with the homoge-
neity of MORB, which with the 
exception of the Reykjanes ridge, 
the South Atlantic ridge anoma-
lies Shona and Discovery and the 
Saint Paul-Amsterdam plateau 
on the South East Indian Ridge, 
show a homogeneous ratio of 
90,000±10,000. The anoma-
lously low 4He/3He measured 
in samples from topographic 

 Figure 3.7 Histogram of the 4He/3He ratio in 
Oceanic Island Basalts (OIB) (upper 
plot) and Mid Ocean Ridge Basalts 
(MORB) (lower plot). These two 
histograms have different shapes. 
Whereas the MORB his togram 
suggests a well-homogenised mantle 
and a radiogenic helium isotopic 
signature, the OIB histogram shows 
a larger dispersion, and helium 
isotopic ratios as low as 15,000 (R/
Ra = 50). The tailing of the MORB 
histogram to low values repre-
sents plume-ridge inter actions with 
Iceland, Saint Paul-Amsterdam, 
Shona and Discovery topographic 
anomalies and therefore cannot 
be considered as “normal MORB” 
(Poreda et al.,1986; Moreira et al., 
1995; Graham et al., 1999; Sarda 
et al., 2000).



Geochemical PersPectives  |  m a n u e l  m o r e i r a 273

anomalies are often associated with plume-ridge interaction (Schilling, 1991), 
see Figure 3.8, and therefore cannot be considered as representative of normal 
MORB mantle, although this has be debated (Anderson, 2000; Meibom et al., 
2003). The few peaks that can be observed on the OIB histogram reflect locations 
that are oversampled such as Hawaii, Iceland, or Galapagos.

3.2.1 Mid ocean ridge basalts (MORB)

Figure 3.8 shows the location of those MORB samples that have been analysed for 
helium. With a few exceptions, this is the same data compilation used by Graham 
(2002), and the following discussion is similar. Note that most ridge systems have 
been analysed for helium with the exception of the far south Pacific-Antarctic 
ridge. To compare different mantle domains, Figure 3.9 shows the helium isotopic 
ratio histograms for the Atlantic, Indian and Pacific oceans. This figure shows 
that the three ridge systems have similar mean 4He/3He ratios and dispersions. 
The Indian Ocean appears to show a higher dispersion for the helium isotopic 
ratio, likely because the Indian mantle contains the so-called DUPAL component 
(Dupré and Allègre, 1983; Hart, 1984b) that is rarely seen in other ridge systems. 

 Figure 3.8  MORB sample locations having published helium isotopic ratios. The value of 
their helium isotopic ratios is represented in the symbols using a colour scale 
(blue = primitive, orange is radiogenic) that given in the insert (4He/3He ratios).
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This DUPAL component has 
radiogenic helium (Mahoney 
et al., 1989; Georgen et al., 2003; 
Raquin and Moreira, 2009; Parai 
et al., 2012) and is considered to 
result from the injection of lower 
crust into the Indian mantle by 
delamination during the breakup 
of Gondwana (Mahoney et al., 
1989; Kamenetsky et al., 2001; 
Escrig et al., 2004; Meyzen et al., 
2005) or from the contamination 
of the asthenosphere by a mantle 
plume or a series of mantle plumes 
(i.e. Kerguelen, Mario, Crozet etc.; 
Weis et al., 1989; Mahoney et al., 
1992).

The similarity of the helium 
isotopic ratio in these three sets of 
mantle samples (Atlantic/Indian/
Pacific) provides constraints on 
mantle dynamics and on the 
history of the depleted mantle. 
There are some local variations 
between different ridge segments. 
For instance, the 4He/3He ratios are 
different between two segments 
of the Pacific Antarctic ridge 
delimited by the Menard fracture 
zone (Moreira et al., 2008). There is 
also an abrupt increase in 4He/3He 
north of the Kurchatov Frac-
ture zone in the North Atlantic 
(~41 °N) (Kurz et al., 1982b; 
Moreira and Allègre, 2002). These 
observations suggest that different 
mantle domains have slightly 
different U/3He ratios, which can 
result from either a slightly greater 
degassing rate or a slight enrich-
ment in U and Th (Moreira and 
Allègre, 2002). However, on the 
global scale, the MORB source 
mantle can be considered rela-
tively homogeneous for helium as 

 Figure 3.9 Histogram (number of samples 
“nbr”) of the 4He/3He ratio in 
MORB from dif ferent upper 
mantle domains. Samples with 
low 4He/3He ratios are often associ-
ated with topographic anomalies 
reflecting plume-ridge interactions 
(a few plume-ridge interactions 
are given in the figure).
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it is for other isotopic systems, compared to OIB sources. This suggests that the 
MORB source is well stirred by convection (e.g., Allègre and Lewin, 1995; Allègre 
et al., 1995), and that different mantle domains are not extensively degassed 
compared to one another (i.e. have similar time integrated U/3He), otherwise the 
variations between different mantle MORB sources would be more significant 
(Moreira et al., 2008).

3.2.2 Oceanic island basalts (OIB)

The first study on oceanic island basalts was that of Kaneoka and Takaoka who 
analysed phenocrysts and xenocrysts from Kilauea and Hualalai (Hawaii) 
(Kaneoka and Takaoka, 1977). They obtained 4He/3He ratios as low as 
40,000±5,000 (or up to R/Ra = 18). This work was followed by the seminal paper of 
Kurz’s, showing that OIB exhibit both lower and higher 4He/3He ratios compared 
to MORB (Fig. 3.10) (Kurz et al., 1982a). Note that OIB measurements were an 
analytical challenge, as unlike glassy MORB samples, they were made on olivine 
separates, that typically contain less than 106 atoms g–1 of 3He. The Paris group 
could not measure such low helium concentrations because of analytical issues 
related to the glassy housing of the ARESIBO I and II mass spectrometers, as well 
as the fact that the extraction and purification lines were also in glass. Helium 
diffuses through glass and therefore the helium blanks are too high to allow the 
measurement of helium in olivine samples. Moreover, these Reynolds-type glass 
machines cannot distinguish HD from 3He, and although background of H2 is 
low in these instruments, the HD peak is still too high to measure phenocrysts 
well compared to mass spectrometers made of stainless steel and with mass 
resolution higher than 600. Therefore, the helium systematics in OIB phenocrysts 
was performed by a few groups, and were only made in Paris after we modified 
the extraction and purification lines coupled to the ARESIBO mass spectrometers 
(Moreira et al., 1999; Madureira et al., 2005; Doucet et al., 2006; Mata et al., 2010; 
Mourão et al., 2012).

Although OIB show 4He/3He both higher and lower than MORB, a key 
observation is that most oceanic hotspots exhibit low 4He/3He compared to 
MORB (Figs. 3.7 and 3.11). Hawaii, Iceland, Galapagos and La Réunion share 
this characteristic. The most primitive helium isotopic ratios (i.e. highest R/Ra 
or lowest 4He/3He) were measured on Baffin Island picrites (Stuart et al., 2003). 
These rocks are early volcanic products of the Icelandic mantle plume, similar to 
the Tertiary volcanic rocks in West Greenland (Graham et al., 1998). The 4He/3He 
ratio is as low as 15,000 (R/Ra ~50) in Baffin picrites (Stuart et al., 2003). This 
value is radiogenic compared to the solar value (2,500; R/Ra ~290), but much 
less radiogenic compared to the MORB ratio (90,000; R/Ra = 8). Hawaii, Iceland 
and Galapagos hotspots also show primitive helium isotopic ratios, although less 
primitive (non-radiogenic) than the Baffin samples (Kurz et al., 1983; Kurz et al., 
1985; Graham et al., 1998; Hilton et al., 1999; Kurz et al., 2009). The origin of these 
low 4He/3He ratios in OIB will be discussed in detail in Section 6, in the context 
of the noble gas systematics. Most authors, however, agree with a ‘primordial’ 
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origin of these low 4He/3He ratios, meaning the source of this isotopic signature 
is rich in primordial 3He. Indeed, to produce in a 4.5 Ga closed-system a 4He/3He 
ratio of 15,000, starting from the solar ratio of 2,500 with a U content similar 
to the primitive mantle (~20 ppb) (e.g., Allègre et al., 1986), a 3He concentration 
of ~1.2 x 10–13 mol g–1 is necessary. For comparison, the MORB source has an 
estimated concentration of ~5 x 10–15 mol g–1 (Moreira et al., 1998). It appears, 
therefore, that the MORB source is considerably more degassed than the majority, 
low 4He/3He OIB sources.

 Figure 3.10 He-Sr systematics in OIB as published by Kurz et al. (1982a).

A few oceanic islands do not exhibit such low, “primitive” 4He/3He ratios 
(Fig. 3.11). Here, I focus on the origin of the “low 3He” hotpots and on the ques-
tion of whether they represent a mantle signature or shallow processes such as 
magmatic chamber degassing, radiogenic addition or crustal contamination.

Since the first paper of Kurz on OIB, it has been observed that some OIB 
have low 4He/3He ratios, attributed to a primitive reservoir in the deep mantle, 
whereas some others have radiogenic helium ratios comparable to the mean 
MORB value of 90,000 (R/Ra = 8) (Kurz et al., 1982a). São Miguel (Azores archi-
pelago), Canaries, Comoros, Gough, Tristan da Cuhna, Saint Helena, Cameroon 
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line or Tubuai hotspots show more radiogenic helium than MORB (Kurz et al., 
1982a; Kurz et al., 1990; Graham et al., 1993; Kurz, 1993; Barfod et al., 1999; 
Moreira et al., 1999; Class et al., 2005; Parai et al., 2009; Day and Hilton, 2011). 

 Figure 3.11  Location of major hotspots (oceanic) analysed for helium. The red circles 
represent the “high 3He” hotspots, the blue circles are the “low 3He” hotspots.

 Figure 3.12  Cartoon showing how degassing can influence the helium isotopic ratio. When 
CO2 is oversaturated in magma, it forms bubbles that can be degassed from the 
magmatic chamber. Helium has a low solubility in magmas and therefore will 
enter into the gas phase. The degassed magma thus has a high (U+Th)/3He ratio. 
In a relatively short time the magma will obtain a radiogenic helium signature.
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These “low 3He” hotspots are obviously not sampling a primordial reservoir, but a 
material relatively rich in radiogenic helium. In the 1980’s only a few samples from 
these low 3He hotpots had been analysed for helium, and their radiogenic signa-
tures were the subject of debate. For instance, Zindler and Hart demonstrated that 
degassing and radiogenic production could produce radiogenic helium rapidly 
within magmatic chambers (Zindler and Hart, 1986b) (Fig. 3.12). This is illus-
trated in Figure 3.13 where the helium isotopic ratio is reported against the 
concentration of helium in radiogenic Pacific hotspot samples. These samples 
indicate magma chamber degassing, where low helium contents in the magma 
coupled to radiogenic decay of U and Th can produce high 4He/3He isotopic 
ratios in some samples even though the original mantle source was primitive in 
its helium isotopic ratio (e.g., low 4He/3He ratio).

 Figure 3.13 Helium concentration expressed in µcm3STP g–1 (= 10–6 cm3 of helium at stan-
dard pressure and temperature per gram of sample) and isotopic ratios in 
Pacific hotspot glasses showing that degassing and production of radiogenic 
4He in the magma chamber can produce radiogenic 4He/3He in OIB. A similar 
shallow origin for high 4He/3He ratios was proposed for Heard lavas that 
show both high and low 4He/3He ratios (Hilton et al., 1995). Obviously, such a 
process will be more significant for high U and Th lavas. The red curve repre-
sents the isotopic ratios of lavas having different U/3He ratios for a given age 
of 50,000 years, a Th/U ratio of 3 and a U content of 0.08 ppm. These curves 
can readily explain the MacDonald samples (large black dots) (modified from 
Moreira and Allègre, 2004).

Moreover, Hilton et al. (1995) observed both primitive and radiogenic 
helium isotopic ratios in Heard Island lavas, which were attributed to crustal 
assimilation of the former to produce the latter (see Fig 3.14). He therefore ques-
tioned the mantle origin of the “low 3He” hotspots. I recall his review of my study 
of the Azores Archipelago in which I published helium isotopic ratios of the São 
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Miguel island that were extremely radiogenic. In this study I interpreted the He 
isotopic ratio as reflecting the source instead of shallow processes. We were both 
right. It has been confirmed that the São Miguel mantle source has indeed a 
radiogenic helium isotopic composition, but also that most of the samples contain 
post-eruption radiogenic helium (Moreira et al., 2012). In this publication, I 
proposed, based on measured helium in São Miguel lava (Azores) aged for ~1 Ma, 
that, if olivines are used for measuring helium isotopic ratios in subaerial lavas, 
alpha implantation into 
the olivine rims from 
the surrounding U-rich 
basalts can produce 
rad iog en ic  he l iu m 
isotopic ratios during 
crushing under vacuum. 
This is particularly true 
if samples are old and 
depleted in mantle-
derived helium (Moreira 
et al., 2012). This process 
can “mask” the mantle-
derived signature. It 
has also been observed 
that olivine and clino-
pyroxene (cpx) do not 
always have the same 
helium isotopic ratios, 
cpx is always more 
radiogenic than olivine 
(Marty et al., 1994; Shaw et al., 2006). This suggests that crustal assimilation 
could indeed influence the magmatic helium composition as suggested by (Hilton 
et al., 1995) especially when the magmas are degassed. All these observations 
and calculations suggest that degassing, U-Th radioactive decay, post-eruption 
alpha implantation are processes capable of altering the magmatic helium isotopic 
compositions of oceanic basalts.

However, a few detailed studies on the Comoros, São Miguel (Azores), 
Canary, Cameroon Line, Tubuai, and Mangaia, Rurutu hotspots have confirmed 
that some mantle sources have radiogenic helium isotopic ratios (see Figs. 3.15, 
3.16 and 3.17). Shallow magma degassing and radiogenic production cannot 
explain the observed compositions and the correlations seen with other isotopic 
systems, less sensitive to degassing and contamination (Hanyu and Kaneoka, 
1997; Barfod et al., 1999; Moreira et al., 1999; Hilton et al., 2000a; Aka et al., 2004; 
Class et al., 2005; Gurenko et al., 2006; Day and Hilton, 2011; Hanyu et al., 2011; 
Moreira et al., 2012). The more-radiogenic-than MORB helium isotopic ratios 
observed on these OIB exhibit a mantle signature, which is clearly different to 
the “primitive” nature of most OIB.

 Figure 3.14 Heard island helium isotopic ratios (data from 
Hilton et al., 1995). Hilton et al. (1995) inter-
preted the radiogenic helium as crustal assimi-
lation rather than the presence of radiogenic 
helium in the mantle source of the Big Ben 
series. In red: olivines. In black: clinopyroxenes.
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 Figure 3.15  He-Pb-Sr variations in São Miguel island (Azores archipelago) (modified from 
Kurz, 1991). The correlation between all radiogenic systems suggests that the 
mantle source of São Miguel lavas contains radiogenic helium. These radiogenic 
helium isotopic ratios were confirmed by measurements on thermal springs 
and lavas from the Nordeste volcano (Jean-Baptiste et al., 2009; Moreira et al., 
2012). The São Miguel source has a 4He/3He of ~140,000 (R/Ra ~5.3) (Moreira 
et al., 2012), which results from the melting of a enriched source recycled 
into the mantle more than 2.5 Ga ago (Beier et al., 2007; Elliott et al., 2007).

 Figure 3.16 Helium isotopic ratios versus the strontium isotopic ratios in Comoros lavas 
showing the mixing between lithospheric and “plume” end-members sampled 
by the Karthala volcano. (Class et al., 2005). The 4He/3He ratio is ~140,000 in 
the Comoros “plume” component. Comoros is a well-defined high 4He hotspot.



Geochemical PersPectives  |  m a n u e l  m o r e i r a 281

 Figure 3.17 This figure shows that the HIMU end-member, supposed to be recycled oceanic 
crust, has also radiogenic helium. Data for Pacific-Antarctic ridge from Moreira 
et al. (2008) and Hamelin et al. (2011). The 206Pb/204Pb ratio is a proxy for the 
HIMU end member (modified from Hanyu et al., 2011).

Subducted material must have a high U/3He ratio as it is degassed both 
during its formation (e.g., at mid oceanic ridges) and during subduction when the 
slab is dehydrated or basalt transforms to eclogite. An increase of the U/3He ratio 
by a factor of 100 for the subducted oceanic crust relative to the fresh undegassed 
crust will produce a 4He/3He ratio of ~106 (R/Ra ~0.7) 1 Ga after subduction. 
This ratio is higher than the measured ratio in “low 3He” hotspots, HIMU or 
EM-type, which are close to 140,000 (R/Ra ~5). However, helium is certainly one 
of the most diffusive elements. Helium diffusion from the ambient mantle can 
reduce the 4He/3He ratio in the subducted material as suggested by Hanyu and 
Kaneoka (1997) and Hart et al. (2008). Although the diffusion coefficient Hart 
and collaborators used is relatively high (10–6 cm2 s–1) compared to the measured 
helium diffusivity in olivine (~10–7 cm2 s–1 at mantle temperatures22; Hart, 1984a), 
they propose an elegant model that can explain the helium isotopic composition 
in “low 3He” hotspots. In the model the recycled oceanic crust does not yield a 
4He/3He ratio of 106 as the closed system calculation would produce, but rather 
shows a helium isotopic ratio of ~180,000 (R/Ra ~3), which is in closer agreement 
with the signature of “low 3He” hotspots.

22. The difference between Hart et al. (2008) and Hart (1984a) for the helium diffusivity in the 
mantle is that Hart et al (2008) propose that the bulk helium diffusivity in the mantle is ~10 
times higher than in a single olivine grain due to inter-grain diffusivity. 
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 3.3 Conclusions

The 4He/3He ratios of the Earth’s different reservoirs exhibit a large variation as 
represented on Figure 3.18. The atmospheric and crustal helium isotopic ratios 
reflect the production of radiogenic helium by U, Th, and Sm alpha decays. There 
is an unambiguous primordial 3He signal in the mantle, its presence cannot 

be accounted for nuclear reactions 
in the mantle. The lowest 4He/3He 
ratio measured on Earth samples 
has been from olivines in picritic 
samples from Baffin Island, which 
represents the early products of the 
Icelandic mantle hotspot. MORB 
have a mean 4He/3He ratio of ~90,000 
(R/Ra = 8) and show a small disper-
sion, suggesting a well-homogenised 
reservoir due to convective stirring 
in the upper mantle. In contrast, 
the mantle sources of oceanic island 
basalts show a more variable 4He/3He 
ratios, which is in agreement with 
other isotopic systems that show 
also a larger variability in OIB than 
in MORB. This helium isotopic ratio 
variability in OIB surely represents a 
mixture between a primitive mate-
rial with low 4He/3He (high 3He/4He) 
and either the ambient MORB mantle 
or recycled material such as oceanic 
crust or sediments (or both). The 
mechanism capable of preserving 
primordial helium in the deep mantle 
will be discussed in detail in Section 
6, in the light of the noble gas system-
atics of terrestrial reservoirs. Here, 
the important message to keep in 
mind is that helium isotopes provide 
clear evidence that the mantle is not 
fully degassed of its primordial vola-
tile budget, and that the mantle has a 
highly heterogeneous 4He/3He ratios.

 Figure 3.18 Helium isotopic ratios on Earth 
compared to solar and Jupiter, 
which are the probable starting 
helium isotopic compositions 
for the Earth. The atmospheric 
and crustal isotopic ratios 
reflect the helium loss to space 
and the addition of radiogenic 
helium respectively.
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 4. RADIOGENIC ARGON AND XENON IN tHE MANtLE 
AND tHE ‘AGE’ OF MANtLE DEGAssING

Similar to the case of He discussed in the last section, terrestrial Ar is domi-
nated by its radiogenic isotope 40Ar, produced by the radioactive decay of 40K23. 
Indeed 40Ar forms a significant fraction of the modern atmosphere at 0.934%, as 
unlike 4He, which escapes to space, 40Ar has accumulated over Earth history. The 
predominance of the radiogenic isotope in terrestrial Ar is illustrated by the refer-
ence atmospheric ratios of 40Ar/36Ar = 298.6 and 38Ar/36Ar = 0.18824. Figure 4.1 
further shows the variation of these two isotopic ratios in different terrestrial 
reservoirs and of the Mars and Venus atmospheres.

 Figure 4.1  Variation in the isotopic ratios of argon in different reservoirs. The Earth’s 
mantle shows very radiogenic 40Ar/36Ar compared to the atmosphere and 
to the solar value. Mars and Venus ratios are taken from Wieler (2002) and 
Swindle (2002). Q composition is from Busemann et al. (2000). Regarding the 
38Ar/36Ar ratio of the Mars atmosphere, it seems that the mass spectrometer 
installed aboard the Opportunity rover was able in April 2013 (Press releases) 
to reproduce 38Ar/36Ar ratio previously determined (Viking, SNC meteorites) 
with better precision. These new results confirm that a large fraction of 
argon was certainly lost from the Mars atmosphere, producing residual argon 
enriched in 38Ar.

23. 40K has two decays: 40K + e– → 40Ar (λe = 0.581 x 10–10 a–1) and 40K → 40Ca + β– (λβ = 4.962  
x 10–10 a–1).

24. The 40Ar/36Ar ratio has been recently re-determined. The value is now 298.6 in the atmosphere 
(Lee et al., 2006).
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 4.1 Radiogenic Argon in MORB and OIB

The radioactive decay of 40K to 40Ar has been harnessed with huge success for 
geochronological purposes (e.g., Dalyrmple, 1969; McDougall and Harrison, 1999). 
Such work is not the focus of my attention here, but the difficulties encountered in 
the early application of K-Ar geochronology to testing the nascent theory of plate 
tectonics by dating basalts in the ocean basin first revealed important aspects of 
the Ar isotopic evolution of the Earth. Notably, attempts to date submarine basalts 
using the K-Ar method have resulted in unrealistic estimates as radiogenic 40Ar 
is “in excess” in the source of these lavas. For example, Funkhouser et al. (1968) 
found “K-Ar ages“ up to 690±7 Ma in fresh MORB for East Pacific Rise (EPR). 
Obviously, this age is meaningless. Additionally, they observed that radiogenic 
argon excesses are more substantial in the glassy rim than into the more crystal-
line part in the interior of a pillow. The glassy margin of pillow lavas is formed 
by the quenching of the lava at the contact of the fresh seawater and can then 
trap vesicles with mantle-derived gases. The interior of the pillow is hotter, and 
crystallises slower, allowing its degassing and seawater assimilation. The glassy 
margin of pillow lavas are thus the preferred samples for analysing noble gases 
in oceanic basalts, even though they pose difficulties for geochronology.

Furthermore, Dalrymple and Moore (1968) made similar observations and 
obtained “K-Ar ages” on Kilauea (Hawaii) fresh pillow lavas of up to 43 Ma. They 
concluded that submarine pillows are not suitable for K-Ar dating because of this 
excess in radiogenic argon. Subsequently, argon systematics in submarine pillow 
lavas has been used to constrain the mantle-atmosphere system instead of for age 
dating. Since then, many publications have focused on the determination of the 
40Ar/36Ar ratios in mantle reservoirs (e.g., Fisher, 1983; Ozima and Zashu, 1983; 
Sarda et al., 1985) and on the determination of the chronology of atmosphere 
formation (e.g., Ozima and Kudo, 1972; Ozima, 1975).

For example, Fisher (1975) was one of the first to analyse argon in MORB 
samples and he acquired 40Ar/36Ar ratios as high as ~16,000. This ratio is much 
higher than the atmospheric value of 299, which demonstrates the significant 
presence of radiogenic 40Ar in the mantle. Later on, Ozima and Zashu (1983) 
analysed the five noble gases, including argon, on the same MORB samples 
and obtained radiogenic 40Ar/36Ar ratios lower than 5600. In three publications, 
the Paris group obtained ratios as high as 28,150±330 (Allègre et al., 1983b;  
Sarda et al., 1985; Staudacher et al., 1989) in samples from the Mid Atlantic Ridge 
(Fig. 4.2). Clearly, the mantle source of the mid oceanic ridge basalts has a very 
radiogenic argon isotopic ratio compared to the atmospheric value. Such a differ-
ence will be used to constrain the degassing history of the mantle.

Prior to the 1990’s, only a few OIB were analysed for their argon isotopic 
ratio. As discussed in the previous section, there are few quenched glass samples 
of OIB available and so noble gas analyses typically need to be made on olivine 
phenocrysts, or entrained xenoliths, which have trapped fluid or melt inclusions. 
Such materials yield much smaller amounts of gas than quenched glass and 
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pose a greater technical challenge. Fisher (1983) analysed argon in Hawaiian 
ultramafic nodules and obtained 40Ar/36Ar ratios up to 7,300. The results from 
three glass samples from Loihi and Hualalai (Hawaii) are given in Allègre et al. 
(1983b) with close-to-air 40Ar/36Ar ratios (1,150±19). Kaneoka and Staudacher 
with their collaborators published moderately radiogenic ratios, lower than 6,200 
in dunite nodules from Loihi seamount and Réunion island (Kaneoka et al., 
1983; Staudacher et al., 1986). Finally, Sarda and collaborators analysed by step-
heating eight samples from Loihi seamount and obtained close-to-air 40Ar/36Ar 
(<979±17) (Sarda et al., 1988), confirming previous analyses (Staudacher et al., 
1986). Although the role for air contamination could not be excluded, these 
measurements on OIB samples suggested that such OIB mantle reservoirs with 
low 4He/3He isotopic ratios also had lower 40Ar/36Ar than the MORB source, 
confirming that the MORB source is more degassed.

 Figure 4.2  Argon isotopic compositions in Mid Ocean Ridge Basalts reported against 
1/36Ar. This figure shows the two main processes that disturb the argon isotopic 
composition in basalts: gas loss (horizontal line because isotopic ratios are not 
fractionated) and air contamination (mixing with air). Because argon is not 
soluble in magma, it is intensely degassed during eruption and therefore is 
easily contaminated (modified from Sarda et al., 1985).

This critical problem of atmospheric contamination (as mentioned above, 
the atmosphere contains ~1% argon) needed to be addressed quantitatively. By 
coupling Ne-Ar measurements on the same sample it is possible to correct argon 
for atmospheric contamination. Indeed, the mantle 20Ne/22Ne ratio, which will be 
explained in more detail in the next section, is the ‘rosetta stone’ of the atmos-
pheric contamination correction. With Joachim Kunz and Claude Allègre, I was 
the first to use a step crushing technique to produce, in a Ne-Ar mixing diagram 
(Fig. 4.4), a hyperbolic mixing curve precise enough to allow the determination 
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of the MORB-source 40Ar/36Ar, before atmospheric contamination (Moreira et al., 
1998). Using this, we proposed a maximum 40Ar/36Ar ratio for the MORB source 
of 44,000 (Fig. 4.4), assuming the mantle has a 20Ne/22Ne ratio that is exactly solar 
(see Section 5 for the rationale behind this constraint). In part, the high precision 
obtained was possible because we used the famous sample 2πD43, which became 
known as the “ultimate popping rock”. This sample, shown on Figure 4.3, is 
extremely vesicular (20%), and very gas rich. To my knowledge, this is the MORB 
sample containing the highest amount of mantle-derived noble gases (Javoy 
and Pineau, 1991). This sample was collected in 1985 at 14 °N in the Atlantic, 
at 3,500 m depth, with the R/V Boris Petrov. It was a great opportunity for our 
laboratory that Philippe Sarda was on-board. By itself, this sample has been the 
subject of a large number of publications and it is often considered as a reference 
sample for the study of noble gases in the mantle (Staudacher et al., 1989; Sarda 
and Graham, 1990; Javoy and Pineau, 1991; Burnard et al., 1997; Kunz et al., 1998; 
Moreira et al., 1998; Kunz, 1999).

Recent studies using step heating or step crushing, and Ne and Ar meas-
urements on single samples have been performed on MORB and OIB and it seems 
clear that the mantle sources of most hotpots (e.g., Galapagos, Iceland, Hawaii) 
have 40Ar/36Ar ratios lower than 10,000, lower than the maximum MORB ratio of 
~30,000 (Hiyagon et al., 1992; Honda et al., 1993; Moreira et al., 1995; Valbracht 
et al., 1997; Sarda et al., 2000; Trieloff et al., 2000; Trieloff et al., 2002; Honda and 
Woodhead, 2005; Hopp and Trieloff, 2005; Raquin and Moreira, 2009; Mukho-
padhyay, 2012), but higher than the atmospheric ratio (299) which is the value 
that was proposed for the lower mantle by the Paris group in the 1980’s.
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 Figure 4.3  Popping rock 2πD43. This exceptional sample was collected at 14 °N on the 
Mid Atlantic ridge. It has a vesicularity of ~20% and contains large quantities 
of mantle-derived gases, unfractionated by degassing. The largest vesicles 
are ~1 mm in this picture.
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 Figure 4.4  Mixing diagram between the neon and argon isotopic ratios obtained by step 
crushing of sample 2πD43. This technique allowed us to constrain the 40Ar/36Ar 
in the MORB source. In such a diagram, mixing is represented by a hyperbola 
rather than by straight lines (modified from Moreira et al., 1998).

 Figure 4.5  Figure showing the technique to open single vesicles in glassy oceanic basalt. 
Ultra violet photons (UVs) are focussed on the surface of the sample to ablate 
it until a vesicle is opened. The sample can be characterised using micro-
tomography (from Colin et al., 2013, with permission from Elsevier).
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Another interesting approach used to determine the Ar isotopic composi-
tion of mantle reservoirs and document the isotopic heterogeneity of vesicles 
while avoiding atmospheric contamination was developed by Pete Burnard, now 
in Nancy (France) but who was then in Manchester (UK). This method consists 
of the extraction of the gas in a single vesicle using a laser (Burnard et al., 1997; 
Burnard, 1999). Subsequent studies on single vesicles using laser ablation were 
reported by Raquin et al. (2008) and Colin et al. (2013). The traditional technique to 

extract gases from oceanic 
glassy samples had been 
either crushing or step 
heating of a large sample 
(~1 g) in order to get suffi-
cient gas to make precise 
measurements. However, 
this crushing technique 
extracts gas from dozens 
of vesicles and possibly 
i ncor porates  t rapped 
atmospheric gas in cracks 
or in empty vesicles. The 
laser extraction method is, 
on paper, simple. Under 
vacuum, a laser beam (for 
example using an excimer 
laser) is focused on a 
sample and the glass is 
“drilled” until a vesicle is 
pierced, which is observed 
as a pressure jump in the 

sample cell (Fig. 4.5). This technique was successively applied to the gas-rich 
sample 2πD43 (Fig. 4.6) by Burnard et al. (1997) and later on by us (Raquin 
et al., 2008). In Burnard‘s study, the analytical technique to “open” a vesicle was 
slightly different. In Burnard et al. (1997), Burnard used a YAG laser (infrared) to 
heat the CO2 in the vesicles, whereas now an excimer laser (193 nm) is used to 
open vesicles, without heating the surrounding sample. The results are given on 
Figure 4.6. These two studies performed on the same sample provided slightly 
different results on the 40Ar/36Ar in single vesicles and on the mantle composi-
tion. The main discrepancy is the slightly lower 40Ar/36Ar ratios we obtained 
on most of the vesicles compared to Burnard’s work (Fig. 4.6). The distinction 
might be explained by the different method of blank corrections (Raquin et al., 
2008). Nevertheless, with the exception of one particularly radiogenic vesicle in 
Burnard’s study (~64,000±8,000), both studies obtained 40Ar/36Ar of the order of 
~40,000 in vesicles from the 2πD43 sample, compatible with the highest ratios 
measured in MORB, although higher (e.g., Staudacher et al., 1989).

 Figure 4.6  40Ar/36Ar vs CO2/36Ar in single vesicles from 
the popping rock 2πD43 obtained by laser 
extraction techniques coupled to mass 
spectrometry (black dots: Burnard et al., 
1997; red dots: Raquin et al., 2008).
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 4.2 The Terrestrial Argon Budget

The 40Ar/36Ar ratio of different mantle reservoirs is a key parameter for studying 
mantle-atmosphere system evolution over geological times (Hart and Hogan, 
1978). Another fundamental use of the K-Ar system in mantle geochemistry is 
terrestrial mass balance through the “argon budget”, which demonstrates that 
the deep mantle is not degassed (Turekian, 1959; Allègre et al., 1996; Davies, 
1999; Lassiter, 2004). This calculation is possible because 40Ar was practically 
non-existent in the primitive Earth, and so the current 40Ar budget has predomi-
nantly been produced by the decay of 40K during the Earth’s lifetime. Indeed the 
40Ar/36Ar ratio is lower than 1 in the gas rich meteorites25, whereas it is ~299 in 
the Earth’s atmosphere and more than 40,000 in the mantle (see Figs. 4.1 and 
4.6). The primordial 40Ar is only ~0.1‰ of the present-day estimate of the Earth’s 
bulk 40Ar and can be neglected in the budget of radiogenic argon. Consequently, 
with a knowledge of the K content of the Bulk Silicate Earth (BSE), it is simple 
to calculate the total 40Ar that has been produced by 40K decay over 4.5 Ga of 
Earth history. This value can be compared to the argon budget in the atmosphere, 
crust, and mantle, all accessible reservoirs that can be sampled. This approach in 
“onion layers” was re-visited by Allègre et al. (1996) and I reproduce here their 
calculation albeit with an up-to-date of K estimates for the BSE.

Allègre et al. (1996) considered a primitive mantle having a uranium content 
derived from carbonaceous chondrite concentrations (~20 ppb for BSE) and a K/U 
of 12,700 (weight ratio) derived from Jochum et al. (1983). With this K content, 
they concluded that 50% of the 40Ar produced on Earth is still the lower mantle. 
Table 4.1 presents the U content of BSE derived using various chondrite classes 
and their inferred K content assuming a recently revised K/U ratio of 13,800 for 
the BSE (Arevalo et al., 2009). The latter is higher than the previous estimate of 
12,700 (Jochum et al., 1983). Although the different classes of chondrites have 
different U contents (Wasson and Kalleymen, 1988), I correct for devolatisation of 
volatile elements and core formation by using the using the near invariant U/Ca 
ratios of the meteorites and calculating the mantle U content for several estimates 
of BSE Ca content (2.0 and 2.5% from McDonough and Sun, 1995 and Lyubet-
skaya and Korenaga, 2007, respectively). In this way the U content of the BSE 
depends little on the chondritic parent body chosen. These new estimates confirm 
the calculation of Allègre et al. (1996) and Arevalo et al. (2009), in the sense of 
that between 35 to 60% of the 40Ar produced during Earth’s history is presumed 
to be present still in the lower mantle. These estimates are minimum values 
since the 40Ar concentration considered for the MORB source were derived from 
the popping rock sample 2πD43.As discussed above, this is the most gas-rich 

25. Gas rich meteorites contain sufficient 36Ar that addition of radiogenic 40Ar by 40K radioactive 
decay does not affect the primordial 40Ar/36Ar ratio.
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MORB sample ever found, although it is taken to be representative of the 
MORB source (Staudacher et al., 1989; Sarda and Graham, 1990; Javoy 
and Pineau, 1991; Moreira et al., 1998). No higher radiogenic 40Ar concen-
trations were measured in MORB, suggesting that this particularly high 
concentration might be an upper limit for the MORB source concentration.

Lassiter (2004) is the last of a number of studies (e.g., Albarède, 1998; 
Davies, 1999) to have challenged the argon budget model of Allègre and his 
collaborators arguing that the BSE might not have a K/U ratio as high as 13,000 
but lower because recycled altered oceanic crust with low K/U has been neglected 
in the global K budget (Lassiter, 2004). Using a lower K/U of ~8,000 for the bulk 
Earth in the calculation of the radiogenic argon budget, he inferred that only a 
few % of the 40Ar is still in the lower mantle, the same fraction as in the upper 
mantle. Therefore, in such a scenario, there is no need for a deep reservoir rich 
in radiogenic argon.

As pointed out by Halliday (2013), this calculation, and the possibility that 
50% of the radiogenic argon is in the lower mantle, has no relationship with 
the notion of a primordial reservoir in the sense of the helium or neon isotope 
systematics (see Sections 3, 5, 6). This reservoir could have been degassed of its 
primordial isotopes and then isolated from the surface where degassing occurs. 
What is relevant for the possibility of a deep primordial noble gas rich reservoir 
is the determination of noble gas isotopic ratios, including the 40Ar/36Ar. The 
argon budget suggests only that the radiogenic argon produced during the Earth’s 
history is not completely degassed.

 4.3 Radiogenic and Fissiogenic Xenon on the Earth

4.3.1 Brief outlook of xenology

With an isotope spectrum comprising 9 stable isotopes (Fig. 4.7), xenon provides 
an abundance of riches for noble gas isotope geochemists. The most abundant 
isotopes are radiogenic (129Xe), derived from 129I or are fissiogenic (131–136Xe), 
products of the spontaneous fission of 238U and 244Pu. The lighter stable isotopes 
of xenon, from mass 124 to mass 130, except 129Xe, are non-radiogenic. The two 
isotopes 124 and 126 are very rare and difficult to measure in the laboratory. As 
a consequence of the contrasting origins of its isotopes, xenology can be split 
into two main areas of interest; the first being the study of its radiogenic/fissio-
genic heavy isotopes, the second the study of the mass-dependent fractionation 
of its non-radiogenic light isotopes either during planetary formation or during 
atmosphere evolution. In this section I focus on the radiogenic/fissiogenic xenon 
isotopes measured in oceanic basalts. The composition of the non-radiogenic 
xenon isotopes on Earth will be discussed in Sections 7 and 8 because it provides 
important constraints on the possible subduction of atmospheric noble gases into 
the mantle and on the origin and evolution of terrestrial volatiles.
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 Figure 4.7  Relative abundances of xenon isotopes in Earth’s atmosphere. 129Xe is 
partly derived from the now extinct radioactive decay of 129I (T1/2 = 17 Ma). 
131–136Xe isotopes are mainly the product of the spontaneous fission of 244Pu 
(T1/2 = 82 Ma) and 238U. The other isotopes are stable and non-radiogenic.

As discussed in Section 2, in 1960, Reynolds published his first work on 
the isotopic composition of xenon on a meteorite named Richardton and he 
showed for the first time an excess of 129Xe compared to the terrestrial atmosphere 
(Fig. 4.8). He attributed this observation to the decay of 129I, an isotope with a 
17 Ma half-life, produced in explosive stars and injected into the Solar System 
shortly before its formation. Moreover, thanks to this study it was shown that 
the heavy isotopes of xenon have a fissiogenic origin in the Earth’s atmosphere, 
as we will discuss below. Apart from a few studies on uranium and tellurium 
rich minerals, there was little analysis of xenon in terrestrial samples published 
before Butler et al. (1963). This work focused on three terrestrial samples: an 
eclogite, a granite and more interestingly, a gas from a CO2 well. They observed 
129Xe anomaly in this gas sample and interpreted it as reflecting decay of 129I. 
They concluded that the Earth’s mantle is not fully degassed and homogenised. 
This pioneering work was followed by other studies on CO2 well gases (Boulos 
and Manuel, 1971; Phinney et al., 1978); some of these works are summarised 
in Figure 4.9 including the 129Xe/130Xe and 136Xe/130Xe ratios obtained, corrected 
with more recent estimates of the atmospheric xenon isotopic compositions. 
At the same time, two studies provided xenon isotopic ratios in xenoliths and 
phenocrysts from Hawaii, albeit with only small isotopic xenon excesses relative 
to air (Hennecke and Manuel, 1975; Kaneoka and Takaoka, 1978).

Figure 4.9 shows the xenon isotopic ratios measured on MORB samples by 
Staudacher and Allègre (1982). This paper is seminal for two reasons. This is the 
first xenon isotopic study on oceanic basalts, and secondly this is the first paper 
of the Paris noble gas group. By the end of the 1970’s, the two ARESIBO mass 
spectrometers (Fig. 4.10) had been constructed at the Institut de Physique du 
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 Figure 4.9  The first xenon analyses of mantle-derived samples showing significant 
excesses relative to the atmospheric composition. Staudacher and Allègre 
(1982) published the first 129Xe excesses in MORB, whereas the other publica-
tions focused on CO2-well gases (Butler et al., 1963; Boulos and Manuel, 1971; 
Phinney et al., 1978).

 Figure 4.8  The xenon spectrum of the chondrite Richardton obtained by Reynolds in 
1960. This is the first observation of 129Xe excess in meteorites suggesting that 
extinct 129I was still present during the Solar System formation.
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Globe de Paris by Thomas Staudacher (Fig. 4.11), André Lecomte (Fig. 4.12), Michel 
Girard (Fig. 4.13), and Claude Allègre. These fantastic guys, to whom I add Philippe 
Sarda who arrived later, were the heart of the Paris noble gas group, the leaders 
in the 1980’s and 1990’s of (heavy) noble gas geochemistry.

The Staudacher and Allègre (1982) article is the first showing noble gas 
data obtained with these fantastic machines that are still working 33 years later. 
Figure 4.9 shows a comparison between MORB and CO2-well gases. It was 
already clear then that there is a 129Xe excess in the mantle compared to the 
atmosphere. The 136Xe excess in the mantle originates from spontaneous fission 
of both the 244Pu and 238U as we will see below. The simplest explanation for the 
high 129Xe/130Xe ratio in the mantle was, and still is, the degassing of the mantle 
during the period in which 129I was extant. The 129I half-life is 17 Ma, so the 129Xe 
excess in the mantle reflects I/Xe fractionation, resulting from mantle degassing 
in the first 200 Ma of earth history, although this interpretation was debated in 
the 1980’s (Ozima et al., 1985). A more detailed discussion on the degassing of 
the mantle based on xenon isotopes will be presented in Sections 6 and 7.
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 Figure 4.10  The ARESIBO mass spectrometer conceived by Claude Allègre at the end of 
the 1970’s. This noble gas mass spectrometer is still working at the Institut de 
Physique du Globe de Paris. Its acronym is derived from the names Allègre, 
Reynolds, Signer, and Baur. In this image, one can see the ion source through 
the glass. The red colour comes from the infrared lamps that are used to 
desorb gases from the metallic part of the source. This technique, coupled 
to the use of glass, allows for very low background and memory effects in 
these mass spectrometers.
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4.3.2 Radiogenic xenon from 129I 
extinct radioactivity  
in the MORB source

Three questions arose from these first 
studies of xenon isotopes in mantle-
derived samples published during 
the 1980’s. Firstly, what was the exact 
129Xe/130Xe ratio of the mantle source of 
the mid ocean ridge basalts considering 
that samples may suffer atmospheric 
contamination or if there was subduc-
tion of atmospheric xenon? Secondly, 
what was the isotopic composition of 
the deep mantle from whence mantle 
plumes originated? Finally, what were 
the relative proportions in the mantle 
of xenon that originates from 244Pu and 
238U spontaneous fission respectively; 
this is important for constraining models 
of the evolution of the atmosphere/
mantle system. The methodology that 
can be used to address the first ques-
tion will be discussed mainly in the next 
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 Figure 4.11 T h o m a s  S t a u d a c h e r 
measuring the isotopic 
compositions of xenon in 
his house on La Réunion 
island.
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 Figure 4.13  Michel  Girard (on the 
right!). He conceived the 
electronics of the ARESIBO 
mass spectrometer. Even 
though he is now retired, 
he is still helping us with 
mass spectrometer issues.
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 Figure 4.12  André Lecomte, known as 
Dédé. To make it simple: 
Dédé knows how to do 
everything in the lab.
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section, using the neon systematics in oceanic basalts. The subduction of atmos-
pheric xenon in the mantle and the idea of a “subduction barrier for volatiles” 
will be discussed in Section 7. In this section, I will discuss the origin of the 
fission-derived xenon to provide realistic parameters in modelling terrestrial 
atmosphere formation and mantle evolution. These models that will be reviewed 
in Sections 7 and 8.

There are only a few studies of xenon isotopes in MORB samples and I 
choose to discuss four of them because they offer high precision isotopic ratios, 
large excesses compared to air, and because noble gases were extracted from the 
samples using step crushing or heating techniques (Kunz et al., 1998; Moreira 
et al., 1998; Tucker et al., 2012; Parai et al., 2012). The xenon isotopic ratios reported 
in these publications are shown in Figure 4.14. Recently acquired xenon composi-
tions from CO2-well gases are incorporated in Figure 4.14 for comparison and 
provide a first order method to determine the maximum 129Xe/130Xe ratio in the 
MORB source (Holland and Ballentine, 2006).

 Figure 4.14  Recent compilation of xenon isotopic ratios in MORB. Data from Kunz et al. 
(1998), Moreira et al. (1998), Parai et al. (2012) and Tucker et al. (2012). The 
insert shows the same MORB compilation compared to CO2 well gases from 
Holland and Ballentine (2006). The continental crust line is theoretical and 
assumes the production of 136Xe by spontaneous fission of 238U. CO2 well gases 
show a mixture between MORB-like and crustal components and therefore 
the MORB-line and the CO2 well gas line should cross at the mantle composi-
tion. This diagram provides a possible upper limit for the 129Xe/130Xe in the 
MORB source (~8).
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Figure 4.14 confirms 
previous results obtained on 
MORB by Staudacher and 
Allègre (1982) although with 
a much better precision and 
with an interesting feature 
reflecting possible homoge-
neity in the xenon isotopic 
composition in the MORB 
source. Results from the three 
studies (Moreira; Kunz; Parai) 
yield a single mixing line in 
the Xe-Xe diagram whereas the 
results from Tucker et al. (2012) 
suggest a different 129Xe/136Xe 
ratio in the Equatorial Atlantic 
mantle compared to the North 
Atlantic and in the Indian 
mantles. CO2-well gas results 
are also shown in Figure 4.14 
for comparison (Holland and 
Ballentine, 2006). CO2-well 
gases contain a proportion of 
crust-derived noble gases that 
explain the different slopes 
of the MORB and CO2-well 
gas mixing lines. The non-
radiogenic end-member of 
these CO2-well gases contains 
fissiogenic xenon derived from 
the spontaneous fission of 238U 
alone, which explains the posi-
tion of this first end-member 
above the atmospheric compo-
sition (along the blue line in 
Fig. 4.14). The second end-
member, however, is similar for 
the two populations suggesting 
a common source, as already 
pointed out by Staudacher 
(1987). The intersection of the 
trends provides a constraint 
on the xenon isotopic compo-
sition of the mantle source of 
MORB and CO2-well gases. 

 Figure 4.15  129Xe/130Xe ratios in MORB, corrected 
for air contamination using the 
20Ne/ 22Ne ratio. Three primitive 
hotspots are shown for comparison, 
for which the xenon isotopic ratios 
are also corrected for air contamina-
tion using neon isotopes. Clearly, 
the 129Xe/130Xe ratios are different 
between these three reservoirs. These 
differences reflect ancient I/Xe frac-
tionation since the 129I has been 
extinct since at least 4 Ga. The classical 
interpretation of this diagram is that 
the MORB source was degassed early 
in the Earth’s history, producing a rela-
tively non-radiogenic 129Xe/130Xe ratio 
in the atmosphere and a radiogenic 
129Xe/130Xe ratio in the MORB source 
due to a high 129I/130Xe ratio produced 
by degassing. A undegassed mantle, 
sampled by mantle plumes, has lower 
129Xe/130Xe than the MORB source 
because the 129I/130Xe ratio was small. 
The variation of the 129Xe/130Xe ratio 
within the different MORB sources 
may either reflect interaction with 
plumes or subduction of atmospheric 
xenon (see Section 7).
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The 129Xe/130Xe ratio of these sources is between 7.5 and 8, agreeing with the 
isotopic ratios corrected for atmospheric correction using neon isotopes, as will 
be discussed in Section 5.

The MORB source is also heterogeneous in 129Xe/130Xe as shown in 
Figure 4.15. The 129Xe/130Xe ratio is currently stable because 129I is extinct. These 
results can be interpreted either as a recycling of atmospheric xenon or as the 
injection of primitive material into the upper mantle, both having low 129Xe/130Xe 
ratio. This will be discussed in Section 7.

 Figure 4.16  Xenon isotopic composition in some OIB (Iceland, Samoa and La Réunion 
hotspots). Data from Poreda and Farley (1992), Trieloff et al. (2000, 2002) and 
Mukhopadhyay (2012). This figure shows that OIB have systematically lower 
xenon isotopic ratios than MORB (small black dots).

OIB show systematically lower 129Xe/130Xe ratios than MORB (Fig. 4.16). 
It could be suggested that this reflects a higher atmospheric contamination of 
OIB because they contain less gases due to higher degassing. However, using 
neon isotopes, it has been demonstrated that these lower 129Xe/130Xe ratios are 
indeed mantle sourced. Figure 4.15 shows recent estimates of 129Xe/130Xe ratios 
in Iceland, Galapagos, and Loihi samples, three primitive hotspots for helium 
and neon (Valbracht et al., 1997; Trieloff et al., 2000; Raquin and Moreira, 2009; 
Mukhopadhyay, 2012). This diagram will be discussed in detail later because 
it provides important constraints on early mantle dynamics and the degassing 
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history of the mantle. What it is important to underline here is that the MORB 
sources exhibit higher 129Xe/130Xe ratios than the OIB sources and the Earth’s 
atmosphere. This clearly reflects the consequences of primordial degassing.

 4.4 Determination of the Composition of the Non-radiogenic 
Atmosphere

Based on the first measurements of light xenon isotopes in the Richardton mete-
orite, Reynolds proposed in 1960 that the atmospheric xenon composition reflects 
an isotopically fractionated residue of gas loss from a primitive atmosphere. Two 
starting compositions for the primordial atmospheric xenon can be considered, 
from which the present day atmosphere is ultimately derived. One is the phase 
Q (see Section 2); 
the second is solar. 
Because phase Q 
appears also to 
result from mass 
fractionation from 
an original solar 
composit ion, it 
can be considered 
as the star t ing 
isotopic composi-
tion of the pre-
f r a c t i o n a t i o n 
a t m o s p h e r e . 
When report ing 
the atmospheric 
c o m p o s i t i o n 
normalised to the 
solar composition, 
a clear trend in the 
non-rad iogen ic/
fissiogenic isotopes 
is observed, which 
is consistent with 
a mass-dependent, 
Rayleigh distilla-
tion26 (Fig. 4.17) 

26. A Rayleigh distillation occurs when there is a fractionation process in which the product 
is removed from the system at each step of the process. Its mathematical formulation is R 
= R0f1–a, where a is the fractionation factor and f is the remaining fraction of the reference 
isotope. 

 Figure 4.17  Present-day atmospheric xenon composition 
normalised to the solar wind. Rayleigh distilla-
tions (here the two red curves represent Rayleigh 
distillation with a fractionation factor in m1/130 or 
(m1/130)1/2) fit the non-radiogenic xenon isotopic 
composition suggesting that the present-day atmo-
sphere is the residue of a gas loss from the atmo-
sphere. However, the figure clearly shows that there 
is an issue for the heavy isotopes, particularly for the 
136Xe. This has led to the definition of a primordial 
xenon isotopic composition for the Solar System 
different from that of the present-day solar wind, 
depleted in heavy xenon isotopes (named U-Xe).
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as pointed out by Reynolds (1960). However, this normalisation to the solar 
isotopic composition raises a problem for the heavy xenon isotopes compared 
to the expected compositions. In particular, this model predicts too little 136Xe.

This observation has led to the definition of the U-Xe (Pepin and Phinney, 
1976, the most famous unpublished manuscript!), which is similar to the solar 
xenon other than for heavy xenon isotopes (see Fig. 4.18)27. The non-radiogenic 
terrestrial atmosphere composition is determined using the observed non-radio-
genic isotopic fractionation, and extrapolated (using Rayleigh type fractionation) 
to the radiogenic/fissiogenic isotopes (Fig. 4.19). The resulting present-day atmos-
pheric pattern shows the fissiogenic xenon excess, originating mostly from the 
spontaneous fission of 244Pu as it will be discussed in the next section, and the 
129Xe excess, resulting from the radioactive decay of the now-extinct 129I.

 Figure 4.18 Figure showing the xenon isotopic excesses (in %) relative to ‘U-Xe’ in samples 
rich in implanted solar wind. The excess in 134Xe and 136Xe in solar wind rich 
samples is visible, albeit their origin is unclear. U-Xe is similar to the solar 
wind as it was determined from lunar samples, with the exception of these 
two heavy isotopes (adapted from Pepin et al., 1995).

27. Why the sun is enriched in heavy xenon isotopes compared to U-Xe is unclear if U-Xe is the 
primordial xenon isotopic composition of the solar system. 
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 Figure 4.19 Xenon isotopic ratios normalised to the ‘U-Xe’ of the present-day atmosphere 
and of the non-radiogenic atmosphere resulting from the mass-dependent 
isotopic fractionation of a primordial atmosphere having U-Xe composition 
(primordial – although slightly different from solar).

4.4.1 Xenon from extinct 244Pu radioactivity on Earth

The 244Pu atom is susceptible to spontaneous fission. It has a longer half-life 
(82 Ma) than the 129I-129Xe couple, and therefore can provide insights into mantle 
degassing on a somewhat longer time-scale than the I-Xe system. It also has the 
advantage that Pu is refractory, whereas iodine is volatile. To make the most of 
this potential chronometer requires that Pu abundance is known in the primi-
tive bulk Earth. However, this is a system that requires high precision xenon 
measurements because it is necessary to distinguish the xenon produced by 244Pu 
from those isotopes produced by the spontaneous fission of the more abundant 
and still extant 238U.

4.4.2 Brief history of the discovery of 244Pu on Earth

Reynolds (1960) measured the xenon isotopic composition of the meteorite Rich-
ardton and used these values in order to calculate the non-radiogenic Xe inven-
tory of the Earth. This led to the observation that the heavy xenon isotopes are 
in excess in the atmosphere and must have been produced by the spontaneous 
fission of some heavy elements, likely the lanthanides. The same year, using a 
simple calculation of the amount of fissiogenic 136Xe in the atmosphere, Kuroda 
(1960) postulated that 244Pu spontaneous fission was the source of this excess. 
Fields et al. (1966) measured the decay constant of the spontaneous and alpha 
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decay of 244Pu, followed by Alexander et al. (1971) who determined the fission 
yield by measuring xenon isotopes on 14.7 mg of PuO2 for 23 months after its 
precipitation and degassing. 244Pu was detected on Earth in the mineral bast-
näsite by Hoffman et al. (1971). The existence of 244Pu was also deduced from 
measurement of the isotopic composition of xenon in lunar samples (Drodz et al., 
1972; Behrmann et al., 1973). Therefore, by the end of the 1970’s it was clear 
that 244Pu was still present, as was 129I, when the Solar System formed and that 
the 244Pu-Xe system could be used to date geological processes, in particular, 
atmospheric formation and its evolution. Because heavy xenon isotopes originate 
from both spontaneous fission of 244Pu and 238U, it is important to determine 
accurately the 244Pu/238U ratio at the formation of the Solar System to assess their 
relative contribution. This was the goal of various studies on the xenon isotopes 
of Archean zircons (Honda et al., 2003; Turner et al., 2004; Turner et al., 2007). 
Based on these studies of terrestrial zircons, Turner et al. (2007) inferred that the 
terrestrial 244Pu/238U ratio calculated for an age of 4.57 Ga was ~0.008, close to 
the ratio determined from studies of xenon in meteorites (see review in Azbel and 
Tolstikhin, 1993). This suggests that these two elements don’t fractionate during 
accretion and differentiation (as might be expected of incompatible, refractory 
lithophile elements), and that a chondritic (244Pu/238U) ratio can be considered a 
reliable value for the Earth.

4.4.3 Fissiogenic xenon in the Earth’s mantle

The first publication of the xenon composition of the MORB source showing large 
excesses compared to the atmosphere and with sufficient precision to distinguish 
between 244Pu and 238U derived xenon is the one of Kunz et al. (1998) from the 
Paris group. Interesting studies such as that of the North Chile Ridge (Nieder-
mann and Bach, 1998) have also published xenon isotopic ratios in MORB, but 
unfortunately these ratios were mostly atmospheric and thus inadequate for the 
determination of Pu/U proportion. In Paris, an electron multiplier equipped with 
ion counting was installed in the mid 1990’s at the IPGP on the ARESIBO I mass 
spectrometer, allowing better precision than the analogue electron multiplier that 
was used previously. R. Ragettli, Thomas Staudacher, and André Lecomte performed 
this improvement. J. Kunz then used this new configuration to analyse MORB 
samples to determine the proportion of 244Pu-derived fissiogenic xenon in the 
mantle. This is an analytical challenge since the xenon fission yields between 
244Pu and 238U are very close. Since the paper of Kunz and collaborators, only 
a few publications have been published with significant excesses compared to 
atmosphere and with high precision xenon measurements on MORB measured 
with sufficient precision to resolve the contribution of the fissiogenic products 
of 238U and 244Pu. The xenon isotopic ratios published in these studies were 
measured with a new generation of multi-collection mass spectrometer, named 
Noblesse from Nu Instruments© with one of them installed at Harvard Univer-
sity in Mukhopadhay’s laboratory (Parai et al., 2012; Tucker et al., 2012). A compi-
lation of available xenon isotopes measured in pulse counting modes is shown 
on Figure 4.20. As discussed above (and will be further expounded in Section 5), 
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 Figure 4.20  Fission-derived xenon isotopes measured in MORB samples. Large dots are 
extrapolated ratios for a 129Xe/130Xe of 8, supposed here to be the value of the 
MORB source to illustrate the method of determination of the other xenon 
isotopic ratios (fissiogenic) in the mantle. However, as discussed in the text, 
the 129Xe/130Xe may vary in the mantle (see Fig. 4.15), and therefore different 
129Xe/130Xe can be considered for the extrapolation. Data from Tucker et al. 
(2012) (blue) and Kunz et al. (1998) (red).
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the 129Xe/130Xe ratio of a 
mantle source, prior to atmos-
pheric contamination, can 
be determined with coupled 
Ne isotope measurements 
(Fig. 4.15). The 129Xe/130Xe 
ratio varies between 7 and 7.8 
in different MORB sources. 
Linear mixing and extrapo-
lation to a given 129Xe/130Xe 
ratio allow determination 
of the other xenon isotopic 
composit ions and thei r 
uncertainties (see Fig. 4.20 for 
an example using 129Xe/130Xe 
= 8). Di f ferent MORB 
sources for 134Xe/132Xe and 
136Xe/132Xe ratios can then be 
calculated using the method 
shown in Figure 4.21 which 
is simply the determination 
of the slope of the mixing 
line between the present-
day mantle compositions 
and either the present-day or 
the non-radiogenic atmos-
phere. These 134Xe/132Xe and 
136Xe/132Xe ratios are subse-
quently compared to the 
production ratios of the spon-
taneous fissions of 238U and 
244Pu. The MORB sources, 
corresponding to the two 
populations of samples, are 
represented in Figure 4.22. 
This figure shows that the 
fissiogenic xenon composi-
tion in the MORB source 
originates from both 244Pu 
and 238U spontaneous fission, 
whereas the atmosphere 
contains only 244Pu-derived 

xenon. The MORB source appears heterogeneous with respect of the proportion 
of the spontaneous fissions of U and Pu.

 Figure 4.21  Explanation of the method of determina-
tion of the 244Pu and 238U derived propor-
tions of xenon in a set of samples. In the 
classic three-isotope xenon diagram, the 
slopes defined by the MORB-Air or MORB-
non-radiogenic air provide the fissiogenic 
isotope ratios in excess in the mantle 
(noted with a *). In the bottom figure, the 
proportion between 244Pu and 238U spon-
taneous fissions can be derived because 
the yields of xenon isotopes are different 
for 244Pu and 238U spontaneous fissions.
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4.4.4 Fissiogenic xenon isotopes in OIB: a pure 244Pu signature  
and the evidence for an isolation of the OIB source since 4.4Ga

Mukhopadhyay (2012) 
has prov ided new 
precise xenon meas-
urements of one glassy 
Ice la nd sa mple28 , 
named DICE. This is 
the OIB equivalent of 
2πD43 and is suffi-
ciently gas rich to allow 
the proportion of 244Pu 
and 238U derived xenon 
to be determined for 
Iceland using the same 
method as described 
for MORB above. The 
results of the estimate 
of the 136Xe*/132Xe* 
and 134Xe*/132Xe* ratios 
(using a non-radiogenic 
air end-member) are 
represented in Figure 
4.22 and compared to 
MORB, to the present-
day atmosphere and 
to the theoret ica l 
production ratio from 
spontaneous f ission 
of 244Pu and 238U. The 
results show that the 
fissiogenic xenon in 
the Icelandic source is 
mostly derived from 
244Pu as suggested by 
Mukhopadhyay (2012), 
with no contribution of 
238U-derived xenon.

28. This sample comes from the glassy 
margin of a pillow lava formed during 
the eruption under ice, rather than at 
the bottom of the ocean. The pressure is 
high enough that these samples are not 
degassed in contrast to subaerial lavas.

 Figure 4.22  Pu-U derived xenon in the MORB sources, the 
Icelantic source and in modern air. Central 
Atlantic MORBs show a higher proportion 
of 238U-derived xenon (Tucker et al., 2012). 
The modern atmosphere contains pure 
244Pu-derived fissiogenic xenon compared to 
the non-radiogenic air. Fissiogenic xenon in 
the Iceland mantle source is derived from pure 
244Pu, suggesting the Icelandic mantle plume is 
an undegassed reservoir where the 238U/130Xe 
is low compared to the MORB source. 235Unf 
represents the neutron-induced fission, which 
is not a significant contributor to the fissiogenic 
xenon in the mantle.
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This can be interpreted as the Iceland mantle source being undegassed. 
For the closed system evolution of the terrestrial mantle, the contribution from 
244Pu dominates the budget of fissiogenic Xe isotopes (Fig. 4.23). This is also true 
for the atmosphere, which has accumulated the majority of xenon during mantle 
degassing, including the early produced fission products of 244Pu. The influence of 
the spontaneous fission of 238U is only evident if this early-produced ‘plutogenic’ 
component is lost by degassing. This is the case for MORB (see Fig. 4.23). Thus the 
evidence in Figure 4.22 for an undegassed, OIB source (Iceland) but a degassed 
MORB source supports the inferences made independently from 129Xe (Fig. 4.15).

 Figure 4.23  The temporal 136Xe/130Xe evolution in a degassing reservoir (the MORB source) 
and in an undegassed reservoir (the OIB source). The bottom-right figure 
shows the same calculation for two isotopic ratios to illustrate influence of 
238U after 244Pu was extinct. The MORB evolution shows a deviation from the 
244Pu production line that is not observed in the closed-system reservoir. This 
is due to the fact that the 238U/130Xe is low in the OIB source and high in the 
MORB source because of the degassing. The degassing model is based on the 
following assumptions. It is a two stage degassing model (see Section 8), [U] = 
20 ppb in the bulk Earth, (Pu/U)0 = 0.008, 130Xe is 4.5 x 10–16 mol g–1 in the primi-
tive mantle. This calculation is meant to be illustrative rather than definitive.
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 4.5 Conclusions

Argon and xenon are extremely powerful tracers of atmospheric formation and 
mantle evolution. This is particularly the case for xenon that has both isotopes 
originating from short-lived radiogenic decay (e.g., 129Xe, the daughter of 129I), 
and fissiogenic isotopes of short (244Pu-derived fission) and long-term processes 
(238U-derived fission). Argon is also radiogenic, the daughter of the (relatively) 
slowly decaying radiogenic 40K and has the advantage of not having a primordial 
radiogenic argon contribution. This allows simple budgets to be constrained, 
providing the bulk K/U of the Earth is known with reasonable accuracy. The 
argon budget suggests that ~50% of the argon produced in 4.5 Ga is still in the 
lower mantle. By coupling argon and xenon, and the other rare gases (He, Ne), 
it is possible to model the evolution of the mantle and the atmosphere. Further 
details will be examined in Sections 6, 7, and 8.

Several important issues, however, remain including the possibility of 
subduction of rare gases into the upper mantle or into the mantle source of 
oceanic islands, which will be examined in Section 7. We have good constraints 
on the composition of radiogenic isotopes in the mantle, even if there still are a 
few unresolved issues including the variability and maximum values of the radio-
genic isotopic ratios in the upper mantle and in mantle source of oceanic islands.

In the next section, I will address topics that use the non-radiogenic isotopes 
of the neon and the argon to understand the primordial mantle composition and 
the origin of noble gases on Earth. Non-radiogenic isotopes of krypton and the 
xenon will be discussed in Sections 7 and 8.
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 5. sOLAR NEON AND ARGON IN tHE MANtLE  
AND tHE CONstRAINts ON tHE ORIGIN  
OF NObLE GAsEs ON EARtH

 5.1 The Discovery of Solar-like Neon in the Mantle

An important aspect of noble gas geochemistry is the discovery of non-atmos-
pheric neon isotopic ratios in mantle-derived samples, including basalts or 
diamonds. Neon has three isotopes, 20Ne, 21Ne, and 22Ne with isotopic ratios 
of 9.8 and 0.029 in the atmosphere, for 20Ne/22Ne and 21Ne/22Ne, respectively. 
There are two main difficulties in analysing precisely these two isotopic ratios in 
mantle-derived rocks. The first is the peak superposition of 40Ar++ and CO2

++, two 
abundant elements in mantle-derived gas, which requires efficient gas purifica-
tion, e.g., perfect separation between neon and argon and low memory effects of 
CO2 and argon in the mass spectrometer. Charcoal at liquid nitrogen temperature 
can minimise argon and CO2 in the flight tube. An advantage having a glass mass 
spectrometer, such as the ARESIBO machines hosted at institute de Physique 
du Globe de Paris, is the possibility of degassing the ion source overnight using 
infrared lamps. This baking creates a low background. The second important 
issue to determine the neon isotopic ratios in mantle-derived samples is the blank 
correction. Samples having low neon abundances often have high blank contribu-
tions. Moreover, 21Ne is very rare in these samples (it is only ~0.3% of total Neon 

and occurs at abundances of 106 atom g–1 in 
these samples) and is therefore difficult to 
detect. These constraints probably explain 
why the mantle neon isotopic composi-
tion was accurately analysed later than the 
other noble gases. Indeed, the first analyses 
of Ne in oceanic basalts were conducted as 
recently as 1976 (Craig and Lupton, 1976). 
One has to wait until the late eighties to 
get precise measurements, starting with 
the work of Philippe Sarda (Fig. 5.1 in 1988). 
Prior to this remarkable publication, only 
few articles were published showing neon 
isotopic ratios higher than those of air in 
mantle-derived rocks (e.g., Kyser and Rison, 
1982; Ozima and Zashu, 1983; Poreda and 
Radicati di Brozolo, 1984) but uncertain-
ties were large and the excesses compared 
to air were difficult to interpret. A brief 
neon history is provided in Moreira and 
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 Figure 5.1  Pic ture of  Phi l ippe 
Sarda. He published a 
remarkable publication 
on neon isotopes in 
oceanic basalts in 1988.
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Allègre (1998), where we 
review the distinct neon 
isotopic ratios measured 
in oceanic samples prior 
to this publication.

For me, neonology 
of Earth’s mantle started 
with Sarda et al. (1988). 
The 20Ne/22Ne ratio meas-
ured in one sample was 
as high as 13, which even 
considering its relatively 
large error of ±1 is still 
one of the highest MORB 
vales measured (Fig. 5.2). 
This work provides the 
first clear excesses of 
20Ne and 21Ne compared 
to air in oceanic basalts. 
The same year, Ozima 
and Zashu published the 
neon isotopic ratios of Zaire cubic diamonds, which also show excesses of 20Ne 
and 21Ne compared to air (Ozima and Zashu, 1988). Independently of each other, 
these two studies made two important observations. The first is the presence of 
solar-like neon in the mantle, particularly in the MORB source, which implies 
that the atmosphere is not simply the complementary reservoir of the depleted 
MORB source. The second is the 21Ne excess in the MORB source compared to 
both the atmosphere and the solar composition. 20Ne and 22Ne are considered as 
non-radiogenic in the mantle, which is not the case in crustal rocks, whereas 21Ne 
is nucleogenic, which implies it can be produced by reactions such as 18O(a,n)21Ne 
or 24Mg(n, a)21Ne. The three Ne isotopes are produced during nucleogenic reac-
tions, but the production rate is negligible for the two most abundant isotopes 
in the mantle. However, the three isotopes are produced up to 1,000 times more 
rapidly in crustal rocks than in the mantle because of higher U and Th concen-
trations (Yatsevich and Honda, 1997). Crustal rocks exhibit low 20Ne/22Ne and 
high 21Ne/22Ne ratios compared to air (Zadnik and Jeffery, 1985; Kennedy et al., 
1990; Azuma et al., 1993).

The 20Ne/22Ne ratio is stable with time in the mantle and therefore the 
solar-like neon observed in the MORB source, and later on in all mantle-derived 
samples, does reflect a primordial component with a solar-like signature, different 
from the atmospheric one. Here on the notion of “solar-like” ratio is used because 
the measured compositions can reflect either a pure solar value (with more or less 
subduction of atmospheric neon, see Section 7 or for example the discussion in 
Kendrick et al., 2011) or the neon B value, discussed in Section 2. In the 90’s and 
beginning of 2000’s, we were talking about solar neon in the mantle, but now I 

 Figure 5.2 Three neon isotope diagram showing MORB 
samples analysed by Sarda et al. (1988). The 
present-day atmosphere (AIR), solar wind, 
and mass fractionation line (mfl) are also 
shown. This work was the first clear evidence 
for solar-like neon in the mantle.
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prefer to discuss the neon ratio in terms of solar-like neon to leave open the exact 
value of the mantle neon. This is important for the discussion of the mechanism 
of noble gas incorporation in Earth building blocks. The 21Ne/22Ne variations in 
mantle-derived samples are explained by nucleogenic 21Ne addition in a degassed 

reservoir, in a similar way 
the 4He/3He and 40Ar/36Ar 
ratios are radiogenic in 
the degassed MORB 
source compared to the 
primordial  composition 
(Sections 3 and 4).

Discussions in the 
middle of 1990’s concerned 
the neon composition in 
the OIB sources. Sarda 
et al. (1988) had meas-
ured samples from Loihi 
seamount and asserted 
they observed atmos-
pheric neon, which retro-
spectively was not correct 
s ince some samples 
presented excesses of 20Ne 

and 21Ne relative to the atmosphere (see also the debate about the OIB Ar isotopic 
ratio in the previous section). At that time the Paris group believed that the 
atmospheric neon observed in the Loihi source reflected the primordial compo-
sition in its source. This suggestion also explained the atmosphere composition: 
it was degassed from the mantle and therefore the undegassed reservoir and 
the atmosphere should have the same composition for non-radiogenic isotopic 
ratios. Allègre et al. (1993) proposed that the solar-like neon in the MORB source 
could reflect incorporation into the upper mantle of cosmic dust having a solar 
composition.

These ideas were not shared by other noble gas groups, particularly those of 
Honda, Hiyagon (Hiyagon et al., 1992) or Poreda (Poreda and Farley, 1992). Three 
studies showing solar-like neon in OIB (Fig 5.3) were published in 1991 and 
1992 (Honda et al., 1991; Hiyagon et al., 1992; Poreda and Farley, 1992), but the 
results were interpreted by the Paris group as reflecting isotopic fractionation of 
the neon. Their argument was that the slope in the three-neon isotope diagram 
of the Loihi line is close to the neon mass fractionation line (mfl) suggesting 
isotopic fractionation. It turned out that Honda was right.

Claude Allègre, Thomas Staudacher and Philippe Sarda only changed their 
minds about the solar-like neon in the OIB sources in the middle of the 90’s 
thanks to the work of Peter Valbracht and myself (see below). In 1998, when we 
worked on the paper entitled “Helium - Neon systematics and the structure 

 Figure 5.3  Neon isotopes in Loihi samples (Hawaii) 
analysed by Honda et al. (1991). This publi-
cation is the first to propose that the OIB 
source has solar neon.
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of the mantle” (Moreira and 
Allègre, 1998), I compiled 
neon isotopic rat ios in 
oceanic samples, and then 
I realised that Thomas Stau-
dacher had reported solar-
like neon in OIB before 
others in his paper on 
Réunion Island (1990), but 
did not interpret these neon 
results in term of solar neon 
in the mantle.

In 1995, we published 
the neon isotope measure-
ments on samples from the 
Shona ridge anomaly, which 
is a topographic high located 
on the South Atlantic ridge 
at ~52 °S, having non-radio-
genic helium isotopic ratios 
(Moreira et al., 1995). The results are shown on Figure 5.4, together with the 
results we obtained with Philippe Sarda on the topographic anomaly named 
Discovery, located north of Shona, which also has non-radiogenic helium. Both 
locations show non-nucleogenic neon characteristics, similar to Loihi neon (Sarda 
et al., 2000). This was the first time that mixing between two components was 
observed for neon and that a clear correlation between the 21Ne/22Ne and the 
4He/3He ratios had been seen. Two years later, Peter Valbracht analysed neon and 
argon isotopes in newly dredged Loihi samples (Valbracht et al., 1997). These new 
results confirmed the works of Honda and his group (Honda et al., 1991, 1993), 
and of Hiyagon and collaborators (Hiyagon et al., 1992) suggesting that all mantle 
reservoirs have a solar-like neon isotopic composition.

Therefore, in 1995, it was clear to everybody that the mantle had a solar-
like 20Ne/22Ne ratio, and that the difference in 21Ne/22Ne between the MORB and 
the OIB sources was due to a higher (U+Th)/22Ne in the MORB source induced 
by its degassing. Since this time, discussions focused on the exact value of the 
20Ne/22Ne ratio in the mantle. Is it exactly solar or lower? If so, is it indicative of the 
neon B value, or is it induced by subduction of atmospheric neon? The difficulty 
for answering these questions is the ubiquitous presence of atmospheric contami-
nation in the samples, which is a process that was not understood. Another 
difficulty is the precise determination of neon isotopes with mass spectrometry 
in samples that are not contaminated by atmosphere. Mantle-derived neon abun-
dances are low in these samples and obtaining high precision is therefore difficult. 
Modifications to the extraction and purification lines of the mass spectrometers 
resulted in improvements in blank, CO2 and 40Ar++ corrections and detection 
limits and better precisions to be obtained.

 Figure 5.4  Neon isotopes in South Atlantic samples: 
Shona and Discovery ridge anomalies 
(Moreira et al., 1995; Sarda et al., 2000). 
Neon shows the mixing between MORB 
and primitive components.
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 Figure 5.5  Neon isotopic compositions measured in MORB. The dot untitled “B” is the 
composition of neon B, measured in gas rich meteorites and on the lunar soil 
(see Section 2). It might represent the primordial neon composition, although 
some authors suggest that the primordial mantle had a solar composition. 21Ne 
is produced by nucleogenic reactions (e.g., 18O(a,n)21Ne). Air contamination 
decreases both ratios.

Figure 5.5 shows a recent compilation of all available neon isotopic ratios 
in MORB. Please note that in this diagram I consider only samples with an 
uncertainty lower than 5% on their 20Ne/22Ne and 21Ne/22Ne ratios. Higher ratios 
have been published, but these have large uncertainties. All crushing or heating 
steps are represented here. Most of the samples fall on a mixing trend between 
the atmosphere and a component having 20Ne/22Ne and 21Ne/22Ne ratios of ~12.5 
and ~0.060. This up-to-date correlation is grossly similar to the mixing line deter-
mined by Sarda et al. (1988) (Fig. 5.2). The samples lying above this MORB line are 
samples from the EPR at 17 °S and have non-radiogenic helium, although there 
is no evidence for the presence of a hotspot (Niedermann et al., 1997; Kurz et al., 
2005). This peculiar neon signature for MORB is very similar to those observed 
in the South Atlantic on Shona and Discovery ridge anomalies (Fig. 5.4), except 
in the latter cases are associated to topographic anomalies (Moreira et al., 1995; 
Sarda et al., 2000). The second new observation on the neon in MORB is the broad 
variation of 21Ne/22Ne ratios for a given 20Ne/22Ne ratio (for example at 12.5), 
which was not seen in Sarda et al. (1988). The 21Ne/22Ne ratio varies from 0.055 
up to 0.068, which suggests heterogeneous (U+Th)/22Ne in the MORB-source29.

29. The range in (U+Th)/3He ratio of the MORB source inferred from variability in the helium 
isotopic ratio is similar. 
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Figure 5.5 shows that the 20Ne/22Ne ratios in MORB sampled far from 
hotspots are systematically lower than 12.5, which therefore could be the value of 
the MORB source mantle. Such a value was also suggested based on a completely 
different approach by Ballentine et al. (2005). These authors have analysed noble 
gas isotopes in CO2 well gases from New Mexico (USA) and concluded that the 
neon isotopic composition reflects the mixture of air, crustal-derived neon and 
mantle-derived neon. They have successfully deconvoluated the measured neon 
isotope signal to determine the 20Ne/22Ne ratio of the mantle-derived neon. They 
calculated a 20Ne/22Ne ratio of 12.20±0.05 for the mantle, similar to the maximum 
ratio measured in MORB.

To analyse neon isotopes in terrestrial samples, it is preferable to have glass 
samples although measurements of sufficient precision can sometimes be made 
on phenocryst or xenolith olivines (see Section 3). Thus there are many fewer Ne 
analyses on OIB than MORB. In the remainder of this section I will only consider 
high precision analyses made on basaltic glass samples, and as a result I am 
restricted to the neon isotopic compositions of four OIB, the Galapagos, Iceland, 
Samoa and Hawaii. Other hotspots have been investigated, e.g., the Azores or 
Tubuai hotspots, but the analyses were not performed on glass (Madureira et al., 
2005; Jackson et al., 2009; Parai et al., 2009; Hanyu et al., 2011) The two most 
recently studied hotspots are Iceland and the Galapagos islands for which I give 
the neon isotopic results in Figure 5.6.

 Figure 5.6  Neon isotopes in Galapagos and Icelandic glass samples, two OIB with the 
primitive neon isotopic signature. Data from Trieloff et al. (2000), Kurz et al. 
(2009), Raquin and Moreira (2009) and Mukhopadhyay (2012). The MORB line 
was determined by Sarda et al. (1988). As in the previous figure, the observed 
trends reflect amospheric contamination. For comparison, the Loihi Line 
determined by Valbracht et al. (1997) is given.

The objective of these studies on Galapagos and Iceland samples were 
twofold (Harrisson et al., 1999; Dixon et al., 2000; Trieloff et al., 2000; Moreira et al., 
2001; Dixon, 2003; Kurz et al., 2009; Mukhopadhyay, 2012): firstly to verify if OIB 
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source has less nucleogenic neon than the MORB source and secondly to deter-
mine the 20Ne/22Ne ratio of this reservoir. The first objective has been met since 
the results from these two hotspots confirm those of Hawaii and Samoa (Honda 
et al., 1991; Poreda and Farley, 1992; Honda et al., 1993; Valbracht et al., 1997; 
Jackson et al., 2009). The 21Ne/22Ne ratio is clearly lower in the source of oceanic 
islands than in the MORB source. It should be noted the un-nucleogenic neon in 
Galapagos that is close to the solar value or to the neon B. The Iceland hotspot has 
also a very primitive in neon isotopic signature as shown in Figure 5.6, although 
slightly more nucleogenic than the Galapagos hotspot, in agreement with the 
more radiogenic helium isotopic ratio of the Iceland lavas (4He/3He ~42,000; R/
Ra ~17 for Iceland against 4He/3He ~31,000 or R/Ra = 22 for Galapagos). The 
maximum measured 20Ne/22Ne is close to 12.5 for Galapagos, whereas it is 12.75 
for Iceland samples, slightly above the neon B ratio determined by Black, (1971, 
1972) but in agreement with measured neon ratio on Lunar soil or with the 
calculated isotopic ratio of implanted solar wind (see Section 2).

 5.2 Atmospheric Contamination in Oceanic Samples

Only a few studies on oceanic basalts provide neon isotopic ratios with enough 
precision to allow a discrimination between their “neon B” ratios. Determining 
the mantle neon isotopic ratio is fundamental to understanding the mechanism 
of incorporation of noble gases in the silicate Earth as it will be discussed in 
Section 8. Solar-like 20Ne/22Ne (~13.8) would suggest the dissolution of Ne in 
a molten Earth from a solar-like dense primordial atmosphere, whereas a ratio 
close to neon B would suggest that neon was incorporated into the parent bodies 
by solar wind irradiation during planetary accretion.

In order to discuss the actual 20Ne/22Ne ratio of the mantle, it is essential 
to understand the physical process behind what has been called the atmos-
pheric contamination and so be able to distinguish between a mantle-derived 
signature and any shallow contamination process. Step-crushing or step-heating 
often shows the presence of an atmospheric component in samples (Fig. 5.7), 
for both isotopic and elemental ratios, although sometimes the rare gases are 
elementally fractionated (Harrisson et al., 2003). I published one example of such 
step-crushing in 1998 on the popping rock sample 2πD43 (Moreira et al., 1998). 
Figure 5.7 shows the neon isotopic composition and concentration during step 
crushing. It can be easily seen that atmospheric neon is associated with high neon 
concentrations and is mainly found during the first crushing steps. Similar obser-
vations have been seen in other studies where samples were step crushed (Trieloff 
et al., 2000, 2002; Mukhopadhyay, 2012; Parai et al., 2012; Tucker et al., 2012). A 
few key remarks can be made about this phenomenon. The first one is that such 
an important atmospheric component is mainly observed in vesicle-rich samples 
(Fig. 5.8) (Ballentine and Barfod, 2000). The second is that the blanks measured 
prior to analyses of these gas-rich samples are generally much higher than for 
typical samples, suggesting (atmospheric) gas is leaking out of the sample. Blanks 
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decrease after the first crushing steps. Finally, the recent study of Raquin et al. 
(2008) on noble gas analyses of single vesicles has shown that atmospheric gases 
are at atmospheric pressure, not at crustal or mantle pressures.

 Figure 5.7  Neon concentration and isotopic ratios in the 2πD43 popping rock sample 
(Moreira et al., 1998). This study shows that during step crushing, the atmo-
spheric gases are liberated first.

All these observations suggest 
that the air component observed in 
oceanic basalts reflects atmospheric 
contamination and that this air fills 
empty vesicles during storage in the 
laboratory (Fig. 5.9). We have to suppose 
that some empty vesicles are connected 
to the atmosphere through thin chan-
nels, formed by a fracture in the glass. 
Such a simple explanation accounts for 
all the observations. An empty vesicle 
filled with air can contain ~10–8 cm3STP 
of 20Ne (for a radius of 500 µm), which is 
of the order of the measured value in the 
popping rock or other gas rich samples. 
Vacuum is reached prior to analysing 
samples (12 to 36 hours at ~100 °C), so 
the gas in these vesicles connected to 
surface should be pumped. High blanks 
observed before the analysis of these 
samples indeed suggest this is the case. 
However, it takes time to pump such small volumes if the channels have small 
diameter (e.g., ~µm) and overnight appears to be not long enough to pump out 
all the atmospheric gases.

 Figure 5.8 Figure showing the rela-
t ionsh ip b et ween the 
vesicularity and the neon 
concentration, taken here 
as a proxy of atmospheric 
contamination. High vesicu-
larity seems to entrain high 
atmospheric contamination 
(modified from Ballentine 
and Barfod, 2000).
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Although contamination by 
hydrothermal alteration is a viable 
mechanism (e.g., Patterson et al., 
1990), I am convinced that the 
atmospheric component observed 
in most samples reflects atmos-
pheric contamination in the labo-
ratory during storage, as suggested 
by (Ballentine and Barfod, 2000; 
Trieloff et al., 2003; Raquin et al., 
2008). This is different from the 
interpretation of Sarda (2004) 
who proposed that this compo-
nent instead reflects atmospheric 
subduction in the mantle, through 
the recycling of altered oceanic 
crust (see Section 7).

Atmospheric contamination 
is present in most of the samples 
and therefore the determination of 
the maximum 20Ne/22Ne ratio in 
the mantle source of these samples 
is difficult. One can never be sure 

that the maximum ratio 
measured in a sample is 
really the mantle signa-
ture free of atmospheric 
contamination. Step 
crushing or step heating 
is an analytical method 
that could minimise this 
uncertainty but does 
not provide an undis-
puted mantle signa-
ture. Laser ablation on 
single vesicles such as 
presented in Section 
4 is also a powerful 
technique allowing the 
measurement of atmos-
pheric-free noble gases, 
although the precision 
is less good that for bulk 
sample analyses.

 Figure 5.9  Cartoon explaining the atmo-
spheric composition observed 
in oceanic basalts. Air can enter 
empty vesicles during storage in 
the laboratory. High vesicularity 
samples can therefore be rich in 
atmospheric gases as observed by 
Ballentine and Barfod (2000) and 
baking overnight under vacuum 
might not be long enough to fully 
outgas these vesicles.

 Figure 5.10  Method of correction for atmospheric contami-
nation using either a solar or neon B 20Ne/22Ne 
ratio for the mantle. The 21Ne/22Ne ratio can 
then be derived assuming a simple binary 
mixing between the uncontaminated magma 
and an atmospheric component. This method 
is slightly different from the one proposed by 
Honda et al. (1993).



Geochemical PersPectives  |  m a n u e l  m o r e i r a 317

 5.3 Atmospheric Contamination Correction for Determination  
of All Noble Gas Isotopic Ratios

Neon systematics can be used to correct for atmospheric contamination of the 
heavy noble gases in order to obtain their isotopic compositions in the mantle 
sources free of atmospheric contamination, as already alluded to in Section 4. 
The method assumes that a measurement is a mixture between the atmospheric 
and the magmatic components. Since the 20Ne/22Ne ratio is “known” (assumed 
to be solar-like, either solar or neon B), non-radiogenic and stable, we can easily 
derive the 21Ne/22Ne ratio (Figs. 5.10 and 5.11), and the other rare gas isotopic 
ratios (Fig. 5.12) are corrected for the contamination by finding the point at which 
the extrapolation of the air-sample mixing line intersects the solar-like value of 
the 20Ne/22Ne. This approach was pioneered by Honda et al. (1993), although in 
a slightly different way, by considering the slope for neon in the Ne-Ne diagram 
as a proxy of the “primitive” nature of the reservoir source rather than to use 
the method given here.

 Figure 5.11  4He/3He and 21Ne/22Ne ratios (corrected for air contamination) in samples from 
Shona and Discovery ridge anomalies, which are located on the South Atlantic 
Ridge. The perfect correlation between the two isotopic ratios suggests that the 
method for correcting the 21Ne/22Ne ratio from the atmospheric contamination 
presented in the previous figure is correct (modified from Sarda et al., 2000).

In the first publications on He-Ne systematics, a solar neon composition 
in the mantle was used to correct for atmospheric neon (e.g., Honda et al., 1993; 
Moreira et al.,1995). This choice made in the late 1990’s may be incorrect if the 
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20Ne/22Ne ratio is lower in the mantle (12.5, for example, close to “neon B”, see 
Section 2). Therefore, correction of isotopic ratios of heavy noble gases using neon 
imposes a choice between solar or “B” neon, a choice that could be different for 
MORB or OIB if these sources have different 20Ne/22Ne ratios, as discussed later. 
Furthermore, this method of correction implies that atmospheric neon is not 
subducted into the mantle, as we will discuss in Section 7. The validation of the 
method of correction for atmospheric contamination is for instance provided on 
Figure 5.11 derived from Sarda et al. (2000). In this publication on MORB from 
the South Atlantic Ridge, we used a solar 20Ne/22Ne ratio for the atmospheric 
neon correction, which explains why the 21Ne/22Ne ratio is 0.08 in MORB-like 
samples rather than ~0.06 as observed in Figure 5.5. If I had to correct the data 
today, I would use a ratio of 12.5 instead. Nevertheless, the agreement between 
the 4He/3He and 21Ne/22Ne ratio variations along the ridge axis clearly suggests 
that the correction is indeed appropriate. A similar approach has been conducted 
on the helium and neon isotopic variation along the EPR at ~17 °S (Kurz et al., 
2005), which convinced Mark Kurz of the validity of this method, something of 
which I am proud.

This method of correction using either solar-like 20Ne/22Ne ratio can also 
be applied to derive the isotopic compositions of the other noble gases, particu-
larly Ar and Xe isotopic ratios (Farley and Poreda, 1993). However, in this case, 
the method of correction is slightly more difficult since mixing is not linear as 
shown on Figure 5.10, but hyperbolic30. Step crushing allows well-constrained 
hyperbolae to be determined and therefore precise extrapolation to solar-like 
ratios. Parai et al. (2012) used recently this method to determine the 40Ar/36Ar 
compositions of the magma sources of MORB from the South West Indian Ridge 
(SWIR). They observed important variations of the 40Ar/36Ar ratio (12,000 up to 
50,000) along the SWIR, suggesting that the mantle might not be homogeneous 
for the radiogenic argon composition (Parai et al., 2012). However, as said earlier, 
such a correction supposes homogeneous 20Ne/22Ne ratio in the mantle, which 
might not be the case, especially in the Indian Ocean where the DUPAL anomaly 
is strongly influencing the chemical and isotopic compositions of the oceanic 
basalts (Dupré and Allègre, 1983).

Another example of the use of neon to correct for air contamination is given 
in Figure 5.12 that shows the xenon isotopic ratios as a function of the 20Ne/22Ne 
ratio in a few MORB samples from the Atlantic Ridge (Moreira et al., 1998; Tucker 
et al., 2012). In this figure, I plot four samples measured by step crushing including 
the popping rock 2πD43 we had measured in 1998. I also chose three samples 
measured by Tucker et al. (2012) to illustrate how the 129Xe/130Xe, corrected for 

30. In general, mixing arrays in isotopic space are hyperbolic, with a curvature determined by 
the abundance ratio of the denominator nuclides in the end-members. In the case of the 
Ne-Ar system, for example, the hyperbola is defined by the (36Ar/22Ne) ratio of the two 
end-members. In the special case of diagrams with two isotopic ratios of the same element 
with a common denominator the mixing is linear as seen in the 20Ne/22Ne and 21Ne/22Ne 
plots earlier in this section. 
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atmospheric contamination using the neon B composition for the mantle, varies 
in the mantle source of MORB (see data from this approach used in Fig. 4.15). 
Note the contrasting curvature of the mixing relative to argon, which results from 
deficit of the xenon in the atmosphere, and then in a low Xe/Ne in the atmosphere 
relative to the mantle, producing the observed hyperbolae. The discussion on this 
variation in the 129Xe/130Xe ratio was initiated in Section 4, and will discussed 
into more detail in Sections 7 and 8.

 Figure 5.12  20Ne/22Ne plotted against 129Xe/130Xe in a suite of MORB samples from the 
Atlantic. Neon isotopic ratios allow the determination of the uncontaminated 
129Xe/130Xe ratio of the magma source of these samples by extrapolating to a 
20Ne/22Ne ratio of 12.5, the supposed mantle ratio. This figure shows hetero-
geneous 129Xe/130Xe ratios in the mantle source of MORB. Data from Tucker 
et al. (2012) and Moreira et al. (1998).

 5.4 The He-Ne Correlation in the Mantle  
and the Unique Primitive Source

On a global scale, there is a correlation in oceanic basalts between the 21Ne/22Ne 
(corrected for air contamination) and the 4He/3He ratios (e.g., Honda’s publica-
tions) (Fig. 5.13). Samples with MORB helium have MORB-neon and samples 
with less radiogenic helium show un-nucleogenic 21Ne/22Ne ratios (Honda et al., 
1991; Honda et al., 1993; Moreira et al., 1995; Moreira et al., 1996; Valbracht et al., 
1996; Valbracht et al., 1997; Moreira and Allègre, 1998; Sarda et al., 2000; Trieloff 
et al., 2000; Moreira et al., 2001; Trieloff et al., 2002; Dixon, 2003; Hopp et al., 2004; 
Yokochi and Marty, 2004; Hopp and Trieloff, 2005; Madureira et al., 2005; Doucet 
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et al., 2006). This correlation is expected because most of the 21Ne derives from 
(n,a) and (a,n) reactions31. The 4He/21Ne production ratio should be homogenous 
in the mantle, and have a value of ~4.5 x 10–8 (Yatsevich and Honda, 1997). The 
correlation between the 21Ne/22Ne (corrected for air contamination) and the 
4He/3He ratios reflects a mixture between two components, one being the MORB 
source, the other one being an undegassed/Primitive reservoir. Moreover, these 
two components have also different 3He/22Ne ratios, as shown by the hyperbolic 
mixing in the 21Ne/22Ne-4He/3He diagram of Figure 5.13. The interpretation 
of this diagram will be discussed in Section 6 on the origin of the primordial 
signature in OIB.

 Figure 5.13  4He/3He-21Ne/22Ne (corrected for air contamination using 20Ne/22Ne  = 12.5) in 
oceanic basalts. This mixing curve shows that most of the oceanic samples are 
a mixture between two components: MORB and a primitive reservoir having 
low helium and neon isotopic ratios. Baffin samples have the most primitive 
helium ratios on Earth (but no neon was measured in thse non-glassy samples), 
and provide a limit for the helium isotopic ratio of the primitive reservoir 
(~15,000; R/Ra ~50) (Stuart et al., 2003). Manus samples are back arc basalts 
showing non-radiogenic helium, but nucleogenic neon (Shaw et al., 2001). 
Any mixing array with the primitive mantle must have different r = (3He/22Ne)
MORB/(3He/22Ne)primitive in this case.

31. A small fraction of the neutrons and the alpha particles produced during U and Th radioactive 
decays can form nucleogenic 21Ne. The 4He/21Ne production ratio is estimated at ~5 x10–8 
(Yatsevich and Honda, 1997). 
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However, in a few locations, nucleogenic neon is not always associated with 
radiogenic helium and vice versa (Shaw et al., 2001; Kurz et al., 2005; Tucker et al., 
2012). For instance, Shaw has measured MORB-like neon in samples with low 
4He/3He (down to 57,000; R/Ra = 12.7) from Manus Back Arc Basin (Shaw et al., 
2001). Recently, Tucker et al. (2012) have measured samples on the Mid Atlantic 
ridge with nucleogenic neon (21Ne/22Ne ~0.065) associated with “normal” helium 
isotopic ratio (80,000; R/Ra = 9) and samples with un-nucleogenic Ne (0.055) 
coupled to radiogenic helium (95,000; R/Ra = 7.6). Such decoupling between 
helium and neon certainly reflects fractionation between helium and neon during 
degassing or melting.

 5.5 Solar Argon  
in the Mantle?

W hatever the neon 
isotopic rat io in the 
mantle (solar or neon B), 
the logical continuation 
of the search for solar 
noble gases in the mantle 
is the study of the non-
radiogenic argon isotopic 
ratio, 38Ar/36Ar. Similarly 
to neon, the 38Ar/36Ar 
ratio could be solar, chon-
dritic (Q) or argon B in 
the mantle at the end of 
the accretion. The search 
for a solar-type argon for 
the mantle, in my opinion, 
started really with the 
work of Peter Valbracht 
on Loihi samples in 1997 
(Valbracht et al., 1997). 
Peter Valbracht came to 
IPGP to do his post-doc 
in particular on this topic 
with new samples recently 
dredged on Loihi. I was 
a PhD student when he 
made the analysis on the 
ARESIBO mass spectrom-
eters. The problem that 
arose at that time was a 

 Figure 5.14  Pepin used noble gas measurements in Loihi 
and EPR from Valbracht et al. (1997) and 
Niedermann et al. (1997) to propose that 
the 38Ar/36Ar is solar in the mantle. However, 
this interpretation has been challenged and 
some analytical issues can be the origin of 
the low 38Ar/36Ar ratios (see text) (modified 
from Pepin, 1998).
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problem of gas purification. He used the step heating to remove the atmospheric 
contamination at low temperatures and at high temperature steps the mantle-
derived gases. The problem that we had observed at this time was the release 
of impurities after purification with hot Ti getters because the crucible of the 
furnace was still hot and was probably still outgassing chlorine or hydrocarbons. 
This disturbed the argon analyses. Valbracht et al. (1997) found 38Ar/36Ar isotopic 
ratios lower than air, but I am still very suspicious about these data because of 
the pollution associated with the outgassing of the molybdenum crucible. Figure 
5.14 is a reproduction of a figure from an article of Pepin (1998) that used data of 
Valbracht et al. (1997) and those of Niedermann et al. (1997) on the East Pacific 
Rise to show that the 38Ar/36Ar is solar in the Earth’s mantle. The new value for 
solar wind argon obtained by Heber and colleagues in 2009 is included in this 
figure (Heber et al., 2009).

The hypothesis of solar argon in the mantle was challenged by further 
work in Paris (Kunz, 1999; Raquin and Moreira, 2009). Both studies suggest that 
the mantle has a 38Ar/36Ar similar to that of the atmosphere, using the neon 
systematics and paying a careful attention to the gas purification and to the tailing 
effect under mass 38, which can be an issue for high 40Ar/36Ar samples. Kunz, 
and then Raquin and I used the 20Ne/22Ne-40Ar/36Ar diagram to show a hyper-
bolic mixing between atmosphere and the mantle to derive the r parameter of 

the hyperbolae (r = (36Ar/22Ne)1/
(36Ar/22Ne)2). Then, a theo-
retical mixing hyperbolae was 
constructed using this r value for 
the 20Ne/22Ne-38Ar/36Ar diagram 
to show that 38Ar/36Ar is not solar 
in the present-day mantle. Exam-
ples of this method are given on 
Figures 5.15 and 5.16 for MORB 
and Galapagos samples. This 
is also true for the La Réunion 
hotspot (Trieloff et al., 2002) 
and Iceland (Trieloff et al., 2000; 
Mukhopadhyay, 2012). Based on 
these recent measurements on 
MORB and on Galapagos and 
Iceland hotspots, which best 
represent the primitive reservoir, 
it seems clear that the mantle has 
a present day 38Ar/36Ar compo-
sition close to the atmospheric 
composition, different from the 
solar ratio. The early analyses 
of Valbracht et al. (1997) and 
Niedermann et al. (1997) probably 

 Figure 5.15  Joachim Kunz proposed in 1999 
that 38Ar/36Ar is not solar in the 
MORB source. This figure shows 
that for a large range of 40Ar/36Ar 
ratios, the 38Ar/36Ar is atmospheric 
in the MORB sample 2πD43. Kunz 
proposed that the mantle has a 
38Ar/36Ar ratio similar to the one 
of the atmosphere (modified from 
Kunz, 1999).
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reflect analytical problems such as 
either incomplete purification or 
improper base-line correction. It 
should be also said that Ballen-
tine and Holland established also 
that the 38Ar/36Ar ratio is atmos-
pheric-like in the mantle source of 
CO2-well gases. For a large range 
of 40Ar/36Ar (air to ~30,000), the 
38Ar/36Ar is constant at an atmos-
pheric ratio and does not show 
any mixing with solar-like argon 
(Ballentine and Holland, 2008), 
which is consistent with the Ar 
systematics in oceanic basalts.

In Section 8, I will discuss 
the origin of this composition in 
the Earth’s mantle, which could 
ref lect massive atmospheric 
subduction, the chondritic compo-
sition or solar wind implantation.

 5.6 Conclusions about the 
Neon and Argon Isotopic 
Composition in the Mantle

The non–radiogenic neon and 
argon isotopic compositions in the 
mantle (20Ne/22Ne and 38Ar/36Ar) 
provide essential constraints on 
the mechanism of noble gas incor-
poration in the Earth’s mantle. The 
present-day composition appears 
to be different from the solar composition for both the 20Ne/22Ne and 38Ar/36Ar 
ratios. The 20Ne/22Ne ratio is solar-like but with values of ~12.5 in the MORB 
source and between 12.5 (Galapagos) and ~12.8 (Iceland) in OIB sources.

These ratios resemble the implanted solar wind (neon B like, 20Ne/22Ne 
~12.7, see Section 2) rather than true the solar values (20Ne/22Ne = 14.0; Pepin 
et al., 2012). Precise determinations of the 38Ar/36Ar suggest that the mantle has 
a composition very analogous to that of the atmosphere (0.188), or chondritic (Q 
= 0.1875±0.0005), different from the solar ratio (0.1819; Pepin et al., 2012). The 
interpretations that can be derived from such information will be reviewed in 
Section 8.

 Figure 5.16  Neon-argon in Galapagos samples 
(Raquin and Moreira, 2009 and 
unpublished data). The r param-
eter is defined by (36Ar/22Ne)1/
(36Ar/22Ne)2 and is determined 
using the 20Ne/ 22Ne- 40Ar/ 36Ar 
mixing diagram (top). The same 
r has to be used for 20Ne/22Ne-
38Ar/36Ar (bottom). This shows that 
the solar component can barely be 
the end-member of the mixing. 
The solar value is derived from 
Pepin et al. (2012).
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 6. tHE EXIstENCE OF tHE PRIMItIVE  
NObLE GAs REsERVOIR

We have seen in the previous sections that the radiogenic, nucleogenic and 
fissiogenic isotopic ratios of helium, neon, argon, and xenon suggest contrasting 
mantle sources of MORB and OIB. Such differences in 4He/3He, 21Ne/22Ne, 
40Ar/36Ar and 129–136Xe/130Xe require chemical fractionation processes to have 
occurred over geological time scales because the parental isotopes (232Th, 235U, 
238U and 40K) have long half-lives (>700 Ma). For the rare gas systems, fractiona-
tion of lithophile parents from atmophile (volatile) daughters is readily related 
to degassing processes, which we know occur on a planetary scale as a result of 
on-going mantle convection and plate creation at ridges (see Section 3). In this 
section, I will discuss several scenarios that may explain the different noble gas 
isotopic compositions of the two reservoirs that generate MORB and OIB.

 Figure 6.1  Histogram of the 4He/3He 
isotopic ratios in oceanic 
b a s a l t s ,  s h o w i n g  t h e 
dichotomy between MORB 
(n = 1576) and OIB (n = 1500). 
The MORB source is more 
homogenous with a mean 
ratio of ~90,000, whereas 
OIB show both lower and 
higher 4He/3He (although it 
should be noted that while 
the MORB are all essentially 
zero age some of the OIB 
are as old as a few Ma). R/
Ra is the other notation for 
the helium isotopic ratio (R = 
3He/4He and Ra is the atmo-
spheric ratio).

 6.1 Noble Gases Suggest a Deep 
“Primitive” Reservoir for the 
OIB Source

As a first step I will focus only on 
helium and neon to interpret the exist-
ence of a primitive reservoir and make 
the assumption that these interpreta-
tions should be applicable to the heavy 
rare gases.

The 4He/3He ratio is systemati-
cally lower in OIB compared to MORB 
(Fig. 6.1), with a few exceptions such as 
discussed in Section 3. This is also the 
case for neon for which the 21Ne/22Ne 
ratio, corrected for any atmospheric 
contamination, is also systematically 
less nucleogenic in OIB (e.g., Fig. 5.6), 
although for the analytical reasons 
discussed in the last section there are 
fewer Ne data and the high 4He/3He 
OIB are not well represented. In addi-
tion, 21Ne/22Ne and 4He/3He ratios in 
oceanic basalts are correlated (Fig. 5.13), 
defining a hyperbolic mixing array 
with a hyperbolic parameter (curva-
ture) near 5 (e.g., Moreira and Allègre, 
1998). This suggests that the 3He/22Ne 
ratio is different in these two sources, 
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and provides additional constraints on the composition of the OIB reservoir. The 
He-Ne correlation observed on Figure 5.13 suggests a common, low (U+Th)/3He, 
(U+Th)/22Ne source for all OIB, and different mixing proportions between this 
source and MORB.

Interpretations of the origin of the low (U+Th)/3He and (U+Th)/22Ne mantle 
source and the time of its isolation has varied. This bears on its character and 
likely locations. Perhaps the majority of scientists have suggested that the OIB 
source is an undegassed source enriched in 3He and 22Ne (see also the evidence 
from Xe in Section 4), resulting in low (U+Th)/3He and (U+Th)/22Ne ratios, 
whereas others suggest that on contrary the OIB source has low (U+Th)/3He 
and (U+Th)/22Ne ratios because during melting, U and Th are more incompatible 
than He and Ne. In this model low 4He/3He and 21Ne/22Ne reflect the isotopic 
compositions of ancient, “frozen-in” melt residues, rather than undegassed or 
even primitive reservoirs.

 6.2 The Canonical Model: the Two-layer Mantle

Since the discovery of lower 4He/3He ratios in OIB compared to MORB, it has 
been suggested that OIB are the expression at the surface of a mantle plume 
derived from the lower mantle (Kaneoka, 1981; Kurz et al., 1982a; Kaneoka, 1983; 
Kurz et al., 1983). The bulk lower mantle was proposed by many authors to be 
entirely primitive for noble gases, whereas the upper mantle is degassed. In such a 
scenario, mantle plumes can derive from either the 670 km boundary layer or from 
the core-mantle boundary layer. In the case where mantle plumes are issued from 
the boundary between the upper and the lower mantles, entrainment of a few 
% of lower mantle material can explain their primitive noble gas compositions 
(Allègre and Moreira, 2004). However, this simplest two-layer mantle has been 
criticised because of the seismic observation that slabs penetrate into the lower 
mantle (e.g., Grand et al., 1997; Van der Hilst et al., 1997) and the implication that 
the consequent counter flow would, to some extent, mix upper and lower mantles. 
Whether or not this convective exchange is sufficient to rule out the lower mantle 
as a whole for the source of noble gases has been addressed in several modelling 
studies (e.g., Van Keken et al., 1997; Gonnerman and Mukhadopyay, 2009). It has 
further been suggested that the modern observations of slab penetration into the 
lower mantle reflect a recent change in style of convection and that for most of 
Earth history, the whole lower mantle has in fact been isolated (Allègre, 2002).

Although it has some flaws, this two-layer model had a large impact on 
the chemical geodynamics, and is still, for me, a reference model. Moreover, 
this model is adaptable and has been modified to place the lower layer, not 
at the 670 km boundary, but as a stealth layer deeper in the lower mantle or 
in a region corresponding to the core-mantle boundary (e.g., Tolstikhin and 
Hofmann, 2005). These more recent versions of the layered mantle have also 
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been examined numerically by Xie and Tackley (2004), Samuel and Farnetani 
(2003) and Deschamps et al. (2011), and show promise given a suitably higher 
density lower layer.

 6.3 The Basal Magma Ocean (BMO) Model

A recent variant of the two layered mantle model is to relate the lower layer to a 
largely crystallised deep melt layer, residual to a terrestrial magma ocean formed 
during terrestrial accretion. I reproduce in Figure 6.2 this basal magma ocean 
model (BMO) of Labrosse et al. (2007). This interesting model can be described 
in four stages. The first step is the existence of a planetary-wide magma ocean 
potentially resulting from the Moon forming impact. Such a magma ocean may 
crystallise from the middle, leaving a molten mantle at the surface and also a 
BMO, which itself continues to crystallise. As the BMO crystallises (over billions 
of years), the crystals can be introduced into the convective mantle but the incom-
patible elements will remain in the residual liquid. The liquid also becomes 
iron-rich, ultimately to the point that the crystals are too dense to be further 
convectively entrained and they consequently form piles of crystals above pockets 
of magma. Mantle plumes can entrain a certain percentage of these crystals and 
we will later see that they could have a suitable noble gas isotope signature.

 Figure 6.2  The BMO model of Labrosse et al. (2007). Crystallisation of a basal magma 
ocean produces piles of dense crystals sited above residual enriched melt. 
Mantle plumes can entrain these crystals that contain primodial isotopic 
composition for noble gases.

An important point of this model is that degassing initially occurs in the 
first phase when the Earth is molten, but it continues throughout the history 
of Earth in the convective mantle by the formation of oceanic crust. However, 
the BMO cannot be degassed because it is not in contact with the atmosphere. 
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It is therefore enriched in noble 
gases in the same manner as for 
other incompatible elements. 
The differences between noble 
gases and other l ithophile 
elements rest in the fact that 
the rest of the mantle is strongly 
degassed, and so produces a 
large contrast of concentration 
between the deep melt and the 
convecting mantle. Figure 6.3 
shows the calculated concentra-
tions of elements in the crystal-
lising basaltic melt and in the 
crystals assuming fractional 
crystallisation. If we assume32 
that the noble gas partition 
coefficients between perovs-
kite and the melt are between 
10–2 and 10–3, then the crystals can be enriched in noble gases compared to the 
degassed mantle. The pile of crystals, if sampled by mantle plume, can provide 
the “primitive” noble gas signatures in OIB (Coltice et al., 2011). This is achieved 
even more easily (in terms of mass balance) if this is the melt layer itself sampled 
by mantle plumes, as it is enriched in noble gases by a few orders of magnitude 
compared to the MORB-source mantle (Fig. 6.3).

This model is theoretical and makes many assumptions, both geophysical 
(relative density of melt and crystals; for example) and geochemical (partition 
coefficient; for example). However, I find this model attractive because it provides 
a physical framework to the noble gas systematics.

 6.4 The Core

The ultimate deep-layer of a two-layer model explaining noble gas systematics 
is the core. Indeed, it has also been proposed that primordial noble gases are 
concentrated in the core, assuming they are more soluble in metal than their 
parent (U, K, Th). Porcelli and Halliday (2001) have evaluated the possibility that 
non-radiogenic helium is sited in the core. I recount a similar discussion below. 
No data for noble gas partitioning between silicate and metal exist at the pres-
sures of formation of the core (~50 GPa, 1300 km; Siebert, 2012), but at lower pres-
sure, the partition coefficients are always below 0.1 and decrease with pressure 
down to 3 x 10–4 at P = 10 GPa (Matsuda et al., 1993) (Fig. 6.4). The present day 3He 

32. No experimental data exists on such partition coefficients. This needs to be performed in 
the next years to test the BMO model. 

 Figure 6.3  Simple calculation of fractional cryst-
allisation showing how the melt and 
the crystals can be enriched in noble 
gases if they have partition coeffcient 
between 10 –2 and 10 –3 between 
perovskite and melt (inspired by 
Coltice et al., 2011).
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concentration of the MORB source can be 
estimated to be ~10–10 cm3STP g–1 (Moreira 
et al., 1998). I assume here that the whole 
mantle has this concentration. I also assume 
the core has an isotopic composition similar 
to the primordial Earth (4He/3He ~5000; R/
Ra ~140; see Section 2), implying that the 
gas was sequestered during core formation 
with no associated U, Th or Sm. To produce 
a ratio of 20,000 in a mantle plume by solid 
mixing of core material with MORB mantle 
like material, the 3He concentration in the 
core has to be ~500 times the present-
day concentration in the MORB source. I 
assume here that only 1% of the material in 
the plume is derived from the core to illus-
trate my point, although even this amount 
of core material is unlikely to be directly 
entrained given the constraints provided by 
W isotope systematics (see Scherstén et al., 

2004). This issue was also raised by Porcelli and Halliday (2001). So, the 3He 
concentration in the core has to be, at minimum, ~5 x 10–8 cm3 STP g–1. Bearing 
in mind that the partition coefficient between melt and silicate is 3 x 10–4 or lower 

(Matsuda et al., 1993), the primordial 3He concentration in the Earth before core 
formation would have been higher than 1.5 x 10–4 cm3STP g–1, 106 times the 
present day concentration in the MORB source. This model is unlikely because 
such a high concentration (possibly even higher since the mantle might have been 
degassed by more than 99%) is not observed in meteorites.

A second scenario can be envisaged involving noble gases in the core. It 
consists of a diffusive flux of 3He (and other noble gases) from the core to the 
bottom of the mantle, again assuming the core is rich enough in 3He and suffi-
ciently poor in U and Th, to avoid a radiogenic helium signature developing in 
the core itself. As above, the helium concentration in the core is taken to reflect 
the equilibrium between the primitive material and the metal with a partitioning 
value similar to those measured by (Matsuda et al., 1993). Let us propose a simple 
calculation in which helium is diffusing out of the core and is incorporated into 
silicates in the thermal boundary layer above. The concentration in the boundary 
layer is given by:

  
Cbl t( )

Ccore t( )
κ  

4
3

πa3 Ccore τ( ) – C0[ ] = 4πa2 Dτ Ccore t( )
κ

where k is the metal/silicate partition coefficient (~3 x 10–4 ; Matsuda et al., 1993) 
and Ccore (t) is the concentration in the core at a time t. Note that it is not only 
the concentration gradient that determines the helium flux, but also the ability 
of helium to enter into silicate phase. If we suppose that the life of this thermal 
boundary layer is ~1 Ga, then one can write the following mass balance:

 Figure 6.4  Noble gas par tition 
coefficient for metal/
s i l i cate determined 
for pressure up to 100 
kbars (modified from 
Matsuda et al., 1993).
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4
3

πa3 Ccore τ( ) – C0[ ] = 4πa2 Dτ Ccore t( )
κ

where a is the radius of the core. Note that (D.t)1/2 is the thickness of the silicate 
“helium layer”. The core is supposed to be well mixed.

Figure 6.5 shows the calculated concentrations in the core and in the 
thermal boundary layer as a function of the helium diffusivity. The starting bulk 
Earth 3He concentration used is 10–8 cm3STP cm–3, similar to chondritic 3He 
concentrations. This simple calculation illustrates that under certain conditions 
of diffusivity, the boundary layer can be significantly re-enriched in helium by 
diffusion out of the core. If the core doesn’t contain U and Th (in the order of the 
ppt), the primitive helium signature observed in OIB could potentially reflect this 
mechanism. Figure 6.6 is a cartoon showing the scenario of the primitive reservoir 
being located in the core. Mantle plumes sample the boundary layer and therefore 
could have a primordial helium signature. However, the “helium” boundary layer 
is thin, on the order of ~2 km with D = 10–6 cm2 s–1 (and 1 Ga as the residence 
time for the boundary layer), compared to the thermal boundary layer (~50 km). 
Therefore, it is not clear if this layer enriched in helium could be entrained in 
mantle plumes and if this is an important contributor to the bulk helium budget 
of the plume or if it can be sampled preferentially during melting at surface. This 
short discussion on the possibility that primitive helium might be sited in the 
core needs further work, either from experimental or modelling point of view.

 Figure 6.5  Results from a model of the concentration in the core and in a boundary layer 
assuming helium diffuses out of the core. The core is in equilibrium in this 
calculation with a mantle having 10–8 cm3STP/ 3He and a pressure formation 
of 100 kbars. This simplistic calculation demonstrates that the core could be 
the source of primordial helium as suggested by Porcelli and Halliday (2001) 
considering the existing partitioning data. Indeed, even if the concentration 
in the core is low compared to the primitive mantle, when helium diffusion 
out of the core occurs (because helium is much more soluble in silicates), there 
is a “pumping effect” into the boundary layer, and therefore the thermal 
boundary layer can be very rich in helium, providing the primitive helium in 
the plume source.
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 Figure 6.6  Cartoon explaining how a model in which primordial noble gases are sited 
in the core can explain the primitive signatures measured in OIB. During core 
formation, noble gases are partitioned between the mantle and the core 
according to their partitioning silicate/metal coefficients. Later, diffusion out 
of the core allows replenishment of a boundary layer in noble gases. Diffu-
sion is favoured because noble gases are lithophile. Mantle plumes entrain 
this boundary layer, which is rich in primordial noble gases. At the moment, 
such a model has to be considered to be speculative but it cannot be excluded 
(e.g., Porcelli and Halliday, 2002).
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 6.5 Anderson’s Revolt

The classical models described above generate the non-degassed noble gas 
signatures by convective isolation of a deep layer. This implicitly requires active 
upwelling to deliver this material to the surface, thereby linking OIB to mantle 
plumes (Morgan, 1971). Others have disputed that OIB are the surface expression 
of mantle plumes derived from the deep mantle. This then requires a different 
origin for the distinct noble gas signatures of OIB. As a long term sceptic of 
mantle plumes, in the 90’s Don Anderson developed alternative explanations of 
low 4He/3He ratios that did not require, deep non-degassed reservoir (Anderson, 
1993, 1998, 2000; Meibom et al., 2003).

An important point repeatedly raised by Anderson is the so-called “helium 
paradox”, which notes that submarine glass samples in low 4He/3He hotspots 
and erupted deep enough (or under glaciers) to avoid massive degassing contain 
significantly less helium than MORB which the opposite is expected from their 
isotope systematics (Kurz et al., 1983; Honda et al., 1991, 1993; Moreira et al., 
1995; Harrison et al., 1999; Breddam et al., 2000; Dixon et al., 2000; Moreira and 
Sarda, 2000; Trieloff et al., 2000; Moreira et al., 2001; Kurz et al., 2009; Mukho-
padhyay, 2012). To counter this dilemma it has been suggested that the helium 
loss is pre-eruptive (Hopp and Trieloff, 2008) or that hotspot lavas contain less 
helium because they contain more water and CO2, favouring more extreme 
degassing than in a ridge setting (Hilton et al., 2000b; Yamamoto and Burnard, 
2005; Gonnermann and Mukhopadhyay, 2007).

Anderson has proposed some alternatives to the classical two-reservoir 
model involving a non-degassed reservoir sampled by mantle plumes. Because 
one obvious idea is that low 4He/3He ratios are low because they sample an 
ancient reservoir with no U and Th, the lithospheric mantle is a good target. Lith-
ospheric mantle is a residue of melting; U and Th are very incompatible; therefore 
these two elements should be very depleted in a dunitic/harzburgitic mantle. 
The relative enrichment in He can have two possible origins. Either helium is 
compatible or moderately incompatible during melting in contrast to its highly 
incompatible parents (e.g., Parman et al., 2005), or there is a process that could 
enrich the mantle in helium that is decoupled of the strict solid/melt partitioning.

The second scenario was explored in an experiment of Pierre Schiano illus-
trated in Figure 6.7, which shows that during melt migration within an olivine 
induced by a temperature gradient, the CO2 fluid can be separated from the melt 
and can be “trapped” within the olivine (Schiano et al., 2007). If noble gases 
are concentrated into the CO2 fluid, dunitic or harzburgitic mantle can then 
be enriched in volatiles, including noble gases. This process of trapping CO2 
bubbles within the lithospheric mantle has been proposed by Anderson (1998). 
With Philippe Sarda, we have also suggested such a process to explain the low 
3He/22Ne and 4He/40Ar ratios in mantle xenoliths because this process mimics an 
open system vesiculation (Moreira and Sarda, 2000). However, such a mechanism 
fails to explain the primitive helium and neon signatures in OIB. Whilst some 
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portions of the continental lithospheric mantle can meet the criteria of being 
depleted in U and Th, and being old, the 4He/3He ratios measured in rocks derived 
from the continental mantle (either xenoliths or mafic volcanism) don’t show an 
unradiogenic 4He/3He ratio (Fig. 6.8; Gautheron and Moreira, 2002; Dunai and 
Porcelli, 2002). This peculiar helium isotopic signature in continental-derived 
samples reflects the evolution of a reservoir having a (U+Th)/3He ratio typically 
higher than the MORB and most OIB. The subcontinental lithosphere therefore 
cannot explain the non-radiogenic 4He/3He helium isotopic ratios in OIB.

 Figure 6.7  Experimental melt percolation in an olivine showing the disconnection of the 
CO2-rich fluid from the melt during melt transport in an olivine. This process 
could explain how to enrich the lithospheric mantle in CO2 and noble gases 
relative to lithophile elements, which are transported to the surface with the 
melt (from Schiano et al., 2007, with permission from Science).
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The CO2 trapping within 
the present-day oceanic litho-
sphere also fails to explain the 
primitive helium isotopic ratios 
in OIB. A simple calculation can 
be used to show this hypoth-
esis is untenable. If unradiogenic 
4He/3He helium in OIB is derived 
from the oceanic lithosphere by 
“freezing” the helium isotopic 
signature in CO2 bubbles trapped 
in the lithosphere, then the mantle 
must have had such an unradio-
genic helium ratio at the time of 
the formation of this lithosphere. 
The upper mantle does indeed 
increase its 4He/3He with time as 
a coupled consequence of degas-
sing and decay of U+Th, but in 
recent times the rate of change 
has been quite small. Helium from 
sufficiently long ago needs to be 
trapped to record sufficiently low 
4He/3He for many OIB. To quan-
tify these effects, showing how far 
back in time He (with no associ-
ated U and Th) would need to 
have been trapped to mimic the 
most non-radiogenic OIB signa-
tures, the evolution with time of 
the mantle helium isotopic ratio 
is represented in Figure 6.9 (see 
similar calculation in Porcelli and 
Elliott, 2008). Two model param-
eter sets are used in Figure 6.9, 
which require any trapped gas to 
be at least 700 Ma and plausibly 
much older. Yet the oceanic litho-
sphere is a maximum of ~180 Ma 
and cannot reproduce the helium 
isotopic signatures seen at Hawaii, 
Iceland or Galapagos.

 Figure 6.8  Helium isotopic composition in 
samples from the lithospheric 
mantle (phenocrysts, xenoliths). 
Most of the samples show rela-
tively radiogenic helium isotopic 
ratios compared to the MORB 
mean value. This suggests that 
the sub-continental lithospheric 
mantle typically has a higher 
(U+Th)/3He ratio than the MORB 
and most OIB sources. This reser-
voir can hardly be the source of low 
4He/3He hotspots. It could poten-
tially be involved, however, in the 
genesis of “low 3He” hotspots such 
as the Canaries, Cameroon line, 
or Comoros (Barfod et al., 1999; 
Hilton et al., 2000a; Class et al., 
2005) (modified from Hilton and 
Porcelli, 2003).
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 Figure 6.9  Evolution with age of the helium isotopic ratio in the MORB source. Two 
extreme helium concentrations are considered for the calculation (10–5 and 
10–6 cm3STP g–1). The upper value is derived from the gas rich popping rock 
2πD43 (Moreira et al., 1998). This model includes also 3He degassing at a rate 
of 1000 mol a–1 (e.g., Farley et al., 1995). U content is taken as 6 ppb, typical 
of the depleted mantle. This simple calculation shows that oceanic lithosphere 
(with a maximum age of 180 Ma) cannot have been isolated sufficiently long 
ago to preserve a He isotope ratio comparable to that of the most unradiogenic 
OIB. Therefore, such OIB must be derived from an older (deeper) reservoir 
than the oceanic lithosphere.

 6.6 Is the Low 4He/3He Reservoir a Residue of Melting?

A related mechanism to account for the “primitive” noble gases in OIB is that OIB 
sample a residue of melting. In this case, rather than trapping gas rich samples 
in modern lithosphere, it is assumed that noble gases are less incompatible than 
their parents (U, Th, K). This is an idea particularly driven by Don Anderson or 
more recently by Coltice and Ricard (1999), Parman et al. (2005) and Class and 
Goldstein (2005). Indeed, if helium is less incompatible than uranium during 
partial melting, the residue will have a U/3He ratio lower than that of the crust 
and mantle. If this process is old (the calculations shown in Fig. 6.7 also pertain 
to this model) then it will show a helium isotopic ratio less radiogenic in the 
residue than in the mantle. A possible scenario proposed is the recycling of 
depleted, oceanic lithosphere, which can be much older than extant lithosphere, 
considered in the previous paragraph (Coltice and Ricard, 1999; Parman et al., 
2005; Class and Goldstein, 2005).
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The determination of the relative partition coefficients of uranium, 
thorium, and helium has been a quest for many researchers, culminating in the 
most recent work by Heber et al. (2007). A number of studies on helium partition 
coefficients between olivine/cpx and melt showed that it was small enough to 
consider helium as an incompatible element (Hiyagon and Ozima, 1986; Marty 
and Lussiez, 1993). However, it is the value of this coefficient compared to that 
of uranium and thorium that is critical (Fig. 6.10). Considerable attention has 
also been focussed on experimental determination of U and Th partitioning (see 
review in Blundy and Wood, 2003), but sadly simultaneous determination of the 
partitioning of all three elements is not practical. The different datasets have 
been considered together in Figure 6.10. With these data, no large fractionations 
between (U+Th) and He can be produced without generating a source with very 
little He that would easily perturbed by other components evident in OIB (Porcelli 
and Elliott, 2008).

 Figure 6.10  Partition coefficients during melting calculated assuming 60% olivine and 
40% clinopyroxene in the mantle. Noble gas data from Heber et al. (2007). 
Noble gases are highly incompatible elements. Although very incompatible in 
olivine, U and Th are less incompatible in cpx (e.g., Blundy and Wood, 2003) 
and therefore their bulk D are higher than the partitioning coefficients of 
the noble gases.

A scenario with a residual mantle created a long time ago and stored in the 
deep mantle to become the source of mantle plumes can also be investigated for 
Ne isotopes (Kurz et al., 2009). Galapagos lavas show the most primitive neon 
signature on Earth (Kurz et al., 2009; Raquin and Moreira, 2009) and Figure 6.11 
shows the time evolution of the 21Ne/22Ne ratio in the mantle. If the source of 
Galapagos lavas represents a melt residue, the model age of this melting event 
is >4.3 Ga as demonstrated by Kurz et al. (2009). Similarly, Porcelli and Elliott 
(2008) quantified that, even if U+Th and He could be appropriately fractionated, 
the most unradiogenic OIB 4He/3He isotope ratios required isolation for >3 Ga. 
In conclusion, if OIB don’t sample a primitive reservoir, the “age” of this reser-
voir is old enough that it can be considered as primordial for the isotopic ratios.
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 Figure 6.11  Neon evolution of the mantle and the “model ages” of Galapagos and Iceland 
hotspots. This model considers a (U+Th)/22Ne ratio such as the present-day 
MORB composition is obtained in 4.5 Ga (modified from Kurz et al., 2009; 
Iceland and Galapagos data from Trieloff et al., 2000; Moreira et al., 2001; 
Kurz et al., 2009; Raquin and Moreira., 2009). Time in Ga.

 6.7 Relationship with Lithophile Elements and the Question  
of a Non-chondritic Earth

One of the issues regarding the classical two-layer mantle with a lower mantle 
being undifferentiated is that OIB with non-radiogenic helium does not have 
a chondritic neodymium isotopic ratio and 87Sr/86Sr close to the expected bulk 
silicate Earth. Although correlations between helium and Pb, Sr or Nd can be 
observed at the scale of a single oceanic island (e.g., Kurz et al., 1987; Kurz et al., 
1990; Kurz et al., 2004; Jackson et al., 2007), at a global scale the relationship 
between helium and the other isotopic systems shows a more complicated pattern 
(Fig. 6.12). However, what Figure 6.12 demonstrates is the probable existence of a 
common end-member33 for all OIB having a low 4He/3He (high 3He/4He) ratios 
and unradiogenic strontium, radiogenic neodymium, and moderately radiogenic 
lead, unlike bulk silicate Earth. Recent work on the 142Nd/144Nd ratios of terrestrial 
samples has shown an early terrestrial fractionation producing positive excesses 
of 142Nd in ~3.8 Ga samples from Isua (Greenland) (Harper and Jacobsen, 1992; 

33. Stan Hart observed this common end-member in the isotopic ratio space and named it FOZO 
for focal zone (Hart et al., 1992).
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Boyet et al., 2003; Caro et al., 2003; Boyet and Carlson, 2005) and negative 142Nd 
in similarly ancient samples from Nuvvuagituk, Quebec (O’Neil et al., 2008; Roth 
et al., 2013), compared to homogenous present day mantle-derived samples. This 
suggests an efficient mixing by convection of all primordial isotopic heterogenei-
ties produced by melting during the Hadean.

 Figure 6.12  R/Ra versus Sr and Nd isotopic ratios in MORB and OIB. The SCHEM composi-
tion (Super-Chondritic Earth Model) is taken from Caro and Bourdon (2010) 
and is supposed to represent the bulk Earth Nd isotopic composition if Earth 
is non-chondritic for the Sm/Nd system (modified from Jackson et al., 2007).

Perhaps the most interesting aspect of the terrestrial 142Nd systematics is 
the observation that accessible Earth does not have a chondritic 142Nd/144Nd ratio 
(Boyet and Carlson, 2005). Several explanations have been proposed to explain 
this unexpectedly, non-chondritic terrestrial Sm/Nd ratio inferred from isotopes. 
The first one is the presence of a complementary, deep mantle reservoir, enriched, 
with low 142Nd/144Nd ratio, but never sampled. Indeed, the BMO model described 
above was developed to explain such a reservoir (Labrosse et al., 2007), but for the 
case of Nd, the entrained crystals that carry the noble gas signature contain too 
little Nd to be evident against the higher Nd concentration of the ambient mantle. 
A second model is that crusts of accreting proto-planets were eroded by impacts 
during planetary accretion, leaving the Earth depleted in incompatible elements 
and non-chondritic ratios for some element pairs (Campbell and O’Neil, 2012).

Whatever the exact nature of the process that produces a non-chondritic 
142Nd/144Nd ratio, the inferred 146Sm/144Nd fractionation can be applied to the 
147Sm/144Nd ratio and corresponding present-day 143Nd/144Nd calculated for this 
non-chondritic Bulk Silicate Earth. The resulting 143Nd/144Nd ~0.5130, is typical 
of the ratio measured in very low 4He/3He ratio samples (high R/Ra) (Caro and 
Bourdon, 2010; Jackson and Carlson, 2011). Therefore, the unradiogenic noble 
gas reservoir could be a primitive non-chondritic mantle. Ironically, the need for 
a strictly primitive mantle source, demanded by the classical two-layer model 
has meanwhile been explained by a variety of other models, as elaborated above.
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 6.8 Conclusions

Noble gases provide evidence for at least two reservoirs in the mantle. The first 
one is the source of MORB, and is strongly degassed as seen in Section 4 to 
explain the high 129Xe/130Xe ratios and will be discussed further in Section 8. This 
early degassing cannot have been complete and a gas rich reservoir was retained, 
potentially isolated deep in the mantle. Many mantle plumes need to sample such 
a reservoir. However its location is still unknown. This gas-rich reservoir can be 
the bulk lower mantle (the canonical two-layer mantle model), the D” layer or 
possibly the core itself. Further work on the noble gas partitioning between the 
different phases of the lower mantle, or between silicate and iron, are required 
to provide an answer to this question.
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 7. sUbDUCtION OF AtMOsPHERIC NObLE GAsEs  
INtO tHE MANtLE AND tHE PARADIGM  
OF tHE sUbDUCtION bARRIER

The issue of recycling volatile elements back into the mantle is a leitmotif of 
geochemistry. Carbon, water and perhaps even the halogens are often identi-
fied as volatile elements which are recycled into the mantle, with their current 
abundances possibly at steady state, e.g., where recycled and degassing fluxes 
are equal (Jambon, 1994). Of course, the question arises, what about the noble 
gases? The one major difference is that they are chemically inert and do not 
form phases by themselves, in contrast to, for example, CO2, the key constituent 
of carbonate. The second obvious question that arises is, when was the onset of 
subduction on Earth? Finally, we must also ask if the recycling of atmospheric 
noble gases affects the compostion of OIB, supposedly primitive for noble gases. 
In this Section I will discuss the arguments for a “subduction barrier” and for 
the recycling of atmospheric noble gases into the upper mantle and OIB sources.

It is critical to know what happens in the subduction zone itself and during 
slab dehydration in particular. It is understood that large fractions of subducted 
atmospheric gases are transported back to the surface via dehydration and arc 
volcanism, and one may wonder how much remains in the slab that continues 
into the mantle. This is currently an issue that I believe is not resolved.

Only a few groups have focused on the issue of recycling of atmospheric 
noble gases back to the mantle. One of the most active is the group of Manchester 
directed by Chris Ballentine. Philippe Sarda also often promoted recycling in the 
mantle (Sarda et al., 1998; Sarda, 2004). One of the major difficulties in addressing 
this problem is the atmospheric contamination of oceanic basalt samples. We 
have discussed this problem in Section 5.

Another significant challenge, especially for krypton and xenon, is identi-
fying the composition of the primordial krypton and xenon isotopes in the deep 
mantle. This question was also posed for argon as we have seen in Section 5. To 
reiterate, did Ar have a solar composition at the end of accretion, which subse-
quently became atmospheric in isotopic composition by subduction of atmos-
pheric argon? This possibility, however, requires significant isotopic fractionation 
of the atmospheric noble gases (e.g., Pepin, 1998). Or else did it have a primordial 
Phase-Q or/and implanted solar argon composition, in which case no subduction 
is required, and no isotopic fractionation is necessary to modify the atmospheric 
argon isotopic composition (e.g., Kunz, 1999; Raquin and Moreira, 2008)?
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 Figure 7.1 Depth profile in a section of 11 Ma oceanic crust showing its helium and the 
neon isotopic compositions (Moreira et al. 2003). This figure shows that the 
neon isotopic composition is atmospheric whereas the helium is radiogenic 
compared to the MORB ratio, which should therefore be true of the input to 
subduction zones

 7.1 Subducting Material

Material that enters the subduction zones is clearly enriched in atmospheric noble 
gases. Aged oceanic crust has atmospheric isotopic ratios for all noble gases 
except helium, which shows radiogenic isotopic ratios compared to the mantle 
(e.g., Fig. 7.1) (Staudacher and Allègre, 1988; Kumagai et al., 2003; Moreira et al., 
2003). Serpentine is also enriched in atmospheric noble gases (Kendrick et al., 
2011) as too are oceanic sediments (Staudacher and Allègre, 1988) (Fig. 7.2). Such  
samples can be 100 times more concentrated in 36Ar than the present-day mantle. 
Assuming that all the subducting mantle lithosphere is serpentinised and has a 
36Ar content of 10–8 cm3 g–1 (Fig. 7.2), the atmospheric 36Ar subducted through this 
carrier is a massive 2 x 1014 mol Ga–1, compared to the present day 36Ar budget in 
the upper mantle of 9 x 1012 moles and the present-day degassing rate of ~2 x 1012 

mol Ga–1 34. Obviously, there are some assumptions that are not correct in this 
simple calculation and we can suggest that either the oceanic lithosphere is not 
fully serpentinised or that an important argon loss from the slab occurs during 

34. Calculated using a 3He flux out of the mantle of 1000 mole/year (Farley et al., 1995) and a 
3He/36Ar ratio of 0.5 in the mantle (Moreira et al., 1998). 
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subduction. This process of dehy-
dration, known as the “subduction 
barrier”, was studied by Staudacher 
and Allègre for noble gases in general 
and xenon in particular (Staudacher 
and Allègre, 1988) but the concept 
of this barrier can be extended to 
other volatiles. Staudacher et al. 
(1989) calculated that at least 98% 
of the noble gases are extracted 
from the slab and re-injected into 
atmosphere as a consequence of 
subduction zone processes. Dixon 
et al. (2002) proposed that more 
than 92% of water is extracted from 
the lithosphere during subduction 
dehydration.

Clearly a large fraction of 
the volatiles are removed from the 
slab and not introduced into the 
deep mantle. However, the frac-
tion remaining after this subduc-
tion barrier, particularly for cold 
subduction, could be potentially 
high enough to modify the isotopic 
composition of the noble gases in 
the mantle as suggested by Porcelli 
and Wasserburg (1995), Ballentine’s 
group (Holland and Ballentine, 
2006; Holland et al., 2009) and Kend-
rick (Kendrick et al. 2011).

We also proposed in 1998, that 
atmospheric argon is subducted into 
the mantle (Sarda et al., 1998). This 
suggestion was deduced from the 
40Ar/36Ar – 206Pb/204Pb correlation 
we observed on MORB (Fig. 7.3) and 
that we interpreted as the mixture 
between normal depleted mantle, 
having a radiogenic 40Ar/36Ar and 
unradiogenic lead ratios, and a 
component assumed to be ancient, 
altered, recycled oceanic crust, 
having atmospheric argon and 
radiogenic lead isotope ratios. This 

 Figure 7.2 Kr and Xe concentrations and 
84Kr/36Ar and 130Xe/36Ar ratios 
normalised to atmospheric 
ratios, noted as F84 and F130 
respectively, reported against 
the 36Ar abundance measured 
in high temperature steps in 
serpentine samples (Kendrick 
et al., 2011), bulk aged oceanic 
crust (Staudacher and Allègre 
1988; Kumagai et al. 2003) and 
sediments (Staudacher and 
Allègre, 1988).
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version of the marble 
cake mantle35 (Allègre 
and Turcotte, 1986) for 
noble gases was chal-
lenged by Burnard 
(1999) who judiciously 
proposed that th is 
correlation is induced 
because high 206Pb/204Pb 
ratios are often observed 
on bathymetric anoma-
l ies, and therefore 
argon should be more 
degassed and influenced 
by atmospheric contam-
ination. However, our 
study raised the ques-
tion of the possible 
deep subduct ion of 
noble gases into the 
mantle beyond the 
“subduction barrier”.

 7.2 Chondritic Noble Gases in the Primitive Mantle?

Subduction of noble gases has been often invoked, but in my opinion the most 
noteworthy argument for this process is the discovery of isotopic compositions of 
non-radiogenic xenon (124, 126, 128, 130Xe) that are different in the atmosphere and 
in CO2 well gases (Cafee et al., 1999; Holland and Ballentine, 2006).

These non-radiogenic isotopes, particularly 124Xe and 126Xe are very rare 
and difficult to determine precisely in oceanic basalts (Fig. 7.4). Indeed, their 
abundances are only ~700,000 atoms g–1 even in an undegassed MORB sample, 
such as the popping rock 2πD43 (Staudacher et al., 1989; Kunz et al., 1998; Moreira 
et al., 1998). However, most of the oceanic basalts are degassed and because 
it is the least soluble in melts of the noble gases, mantle-derived xenon, and 
particularly these two isotopes, is extremely rare and hardly detectable with mass 
spectrometry. Therefore, only a few studies had focused their attention on the 
124Xe/130Xe and 126Xe/130Xe ratios in mantle-derived samples before the precise 
measurements of Cafee et al. (1999) and Holland and Ballentine (2006) on CO2 
well gases. Figure 7.5 shows the 124Xe/130Xe and 126Xe/130Xe ratios measured on 
CO2 well gas samples, which contain other noble gas isotope ratios involving 
mantle-derived gases (Staudacher, 1987). Cafee et al. (1999) and Holland and 

35. The marble cake mantle is an expression, coined by Claude Allègre, to describe a mantle 
comprised of peridotite and recycled material that has been stirred and thinned by the mantle 
convection to resemble the said patisserie.

 Figure 7.3 The “Paris group” vision of noble gas subduc-
tion into the mantle. Radiogenic lead is often 
associated with subducted oceanic crust, which 
also has low 40Ar/36Ar. This figure can be inter-
preted in the light of the marble cake mantle 
model that suggests that the mantle contains 
two components: peridotite and pyxoxenite, 
which represents recycled oceanic crust (e.g., 
Allègre and Turcotte, 1986).
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 Figure 7.4 Non-radiogenic xenon isotopes in MORB reported against 129Xe/130Xe. Data 
from (Kunz et al., 1998). The present-day 129Xe/130Xe ratio in the MORB source is 
close to 7.5, suggesting that non-radiogenic xenon isotopic ratios have neither 
chondritic nor solar compositions.

Ballentine (2006) observed slight differences between the non-radiogenic Xe 
isotope ratios between the well-gases and air, which can be interpreted as the 
result of the mixing between air and a component that could be either solar or 
chondritic. A bulk chondritic (AVCC) component 36 was proposed to be the second 
end-member based on measured excesses of krypton isotopic compositions in 
the CO2 well gases (Holland et al., 2009) (Fig. 7.5). An end-member having the 
composition of phase Q exclusively was not considered by Holland et al. (2009) 
because it did not lie on the CO2 well gas mixing line. Because most of the non-
radiogenic isotopic compositions of Xe and the 86Kr/84Kr ratios of phase Q are 

36. The estimate for the AVCC Kr composition can be found in Pepin (2003). 
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 Figure 7.5 Non-radiogenic xenon isotopic ratios in CO2 well gases. Data of CO2 well gases 
are from Holland and Ballentine (2006). The Q composition is derived from 
Busemann et al. (2000) and the AVCC-Xe is from Pepin (2003). The correlation 
observed on CO2-well gases reflects the mixing between the atmosphere and 
a component having the Q-Xe (or AVCC) composition or being eventually solar. 
Holland and Ballentine proposed that the primitive mantle had the Q (or solar) 
composition and that subduction has modified this ratio down to the present-
day composition, which is close to the atmospheric value.

 Figure 7.6 Kr isotopes in CO2 well gases (Holland et al., 2009) showing that the mantle is 
surprisingly non-atmospheric for Kr. The Q composition (orange dot) is from 
Busemann et al. (2000) but is probably over-estimated for 82Kr due to cosmo-
genic reactions. The end member “New-Q” is the calculated Q composition 
assuming a mass fractionation in m1/m2 from solar (see Section 2, Fig. 2.9). The 
uncertainty on this New-Q estimate stems from the uncertainty on the solar 
wind composition. The value for AVCC is derived from Pepin (2003). Whatever 
the value of phase Q is, it is clear the mantle contains chondritic Kr (expressed 
by AVCC or New Q), rather than solar.
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close to the ratio produced by an isotopic fractionation of the solar wind ratios 
with a law of the type m1/m2 (see Section 2), it can be proposed that the 84Kr/82Kr 
and 86Kr/84Kr ratios of phase Q presented on Figure 7.6 is underestimated and 
should be where is the “New-Q” end-member is plotted on the figure. A further 
constraint in determining an appropriate Q end-member may come from the fact 
that 82Kr is produced by spallation reactions in meteorites and therefore the esti-
mate of 82Kr/84Kr for the phase Q composition could have been previously slightly 
overestimated, although this requires further work to confirm this hypothesis.

From the CO2 well gas data, it appears that the mantle has a chondritic 
composition contribution, which is isotopically distinct from atmosphere. The 
interpretation, but not the only one, is that the mantle was initially chondritic 
for Kr and Xe, and that subduction of atmospheric Kr and Xe has modified this 
primordial composition to the present-day composition observed in CO2-well 
gases (e.g., Holland et al., 2009).

Such a scenario can also 
be applied to the non-radio-
genic neon and argon isotope 
ratios (20Ne/22Ne and 38Ar/36Ar). 
However, if the starting compo-
sition is Argon-Q, then mixing 
will not be detectable for argon 
because the phase Q has a 
38Ar/36Ar ratio close to the 
present-day atmospheric compo-
sition. If the primordial 38Ar/36Ar 
and 20Ne/22Ne ratios were solar, 
because it corresponds to a 
primordial solar atmosphere 
dissolved in the magma ocean, 
then the recycling of atmos-
pheric neon and argon could to 
explain the present-day compo-
sition of the MORB and OIB 
sources (Fig. 7.7).

The interpretat ion of 
Holland and collaborators is not 
unique. We can also imagine 
that the primordial bulk Earth 
had isotopic ratios of Kr and 
Xe similar to the present-day 
atmospheric composition. In 
this case the isotopic composi-
tions of the Earth’s atmosphere 
must have been produced during 

 Figure 7.7 A model of subduction into the 
mantle of atmospheric Ne and Ar, 
assuming the primordial mantle 
isotopic compositions were solar 
at the end of the accretion. This 
model is required if the noble gases 
were incorporated into the mantle 
by the dissolution of gases from a 
dense primordial solar atmosphere 
into the magma ocean. Otherwise, 
if the primordial compositions were 
not solar, but chondritic (e.g., neon-
B), this subduction is not necessary 
to explain the present-day isotopic 
composition of Ne and Ar (figure 
modified from Moreira and Raquin, 
2007).
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planetary formation and not after differentiation. Then, the late veneer of chon-
dritic material, which is invoked to account for the Earth’s siderophile element 
abundances and isotope ratios, was incorporated into the Earth’s upper mantle, 
producing the isotopic composition currently observed in the CO2-well gases by 
mixing with the existing ‘air’ component. An argument for an early isotopic frac-
tionation of xenon is the observation that the present-day atmospheric Xe compo-
sition of Mars is identical to the Earth’s atmosphere. It is difficult to understand 
how Mars and Earth, two planets with different masses, could have produced 
the same xenon isotopic signature by xenon loss to space during geological times. 
This discussion on the origin of the isotopic fractionation will be further detailed 
in the last Section.

 7.3 Subduction-Degassing Model and the “Xenon Replenishment”  
of the Mantle

Numerous models have been used to test the idea of recycling atmospheric noble 
gases into the deep mantle. A relatively detailed model should take into account 
subduction, a flux from the lower mantle (or deeper reservoir) to the upper mantle, 
and a degassing term to the surface. As discussed in the Section 8, it might be 
also indispensable to consider that the atmospheric isotopic composition changes 
over geological time, even in its non-radiogenic isotope ratios, due to gas loss to 
space. Of course, the difficulty lies in determining the parameters of subduction 
and mantle degassing. Even if the current degassing term can be determined by 
measuring the flux of 3He at ridges, the fact remains that the subduction term is 
very difficult to estimate. It is a free parameter that must be evaluated in order to 
estimate the feasibility of a possible recycling of atmospheric noble gases in the 
mantle. I will not repeat here the model of Porcelli and Wasserburg (1995) on the 
mantle evolution assuming the mantle is in steady state. This model, although 
an influential benchmark study, has some inconsistencies in the composition of 
xenon inferred for the deep mantle. Namely, if the mantle is in the steady state37, 
this means that to obtain the radiogenic 129Xe/130Xe in the upper mantle, a flux of 
material having a high 129Xe/130Xe is required to compensate for the subduction 
of atmospheric xenon, since the production of 129Xe is now stopped. One impli-
cation of this model is that the deep mantle has a 129Xe/130Xe ratio that needs 
to much greater than recent measurements have documented for the source of 
OIB (Fig. 4.16).

Therefore, I discuss below a simple model of subduction-degassing to assess 
the isotopic ratio 129Xe/130Xe in the mantle over geologic time. I’m assuming 
here that the primitive mantle had xenon-Q value. In addition, I assume that 

37. In this steady state model, outgassing fluxes balanced inputs from subduction and a lower 
mantle reservoir to give modern upper mantle noble gas compositions. 
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subduction began only 2.5 Ga ago. This calculation is just to illustrate the feasi-
bility and the difficulties inherent in such a model. A more detailed approach is 
necessary to address fully the issue of the noble gas subduction in the mantle.

The temporal evolution of a non-radiogenic and stable isotope is given  
 
by: 

    
dN
dτ

= + Φ τ( ) i N – δ τ( ) i C1 , where F is the degassing term (year–1) and d(t)  
 
is the mass of material subducted each year. The signs in the equation are such 
because the equation is written in terms of age. C1 is the concentration of a given 
isotope in the subducting material. N is the total number of moles of a given 
isotope in the upper mantle. The simplest case is when F and d are independent 
of the time. F can be determined using the present day 3He flux and the total 3He 
quantity in the upper mantle. The degassing constant F is 2.2 x 10–10 a–1 using 
1,000 mol a–1 for the 3He flux at ridges (Farley et al., 1995) and a 3He concentration 
of 4.5x 10–15 mol g–1 in the upper mantle (Moreira et al., 1998). The parameter 
F is independent of the gas chosen for the calculation since it reflects a melting 
flux (and it is assumed that all noble gases reasonably approximate to perfectly 
incompatible and completely degassing species).

I illustrate this model using xenon isotopes. The present-day isotopic compo-
sitions are taken to be the highest isotopic ratios measured in CO2 well gases 
(Holland and Ballentine, 2006). Figure 7.8 shows the results for the 129Xe/130Xe and 
124Xe/130Xe ratios using a constant 130Xe subduction flux of 2.2 mol a–1. This flux 
was adjusted so that the 124Xe/130Xe was Q-like in the mantle at 2.5 Ga. The calcu-
lation with this 130Xe flux shows that at 2.5 Ga, the mantle had a Q-124Xe/130Xe 
ratio by hypothesis, but a 129Xe/130Xe ratio of ~25, much more radiogenic than the 
present-day value (~8). A lower 130Xe subduction flux cannot produce the neces-
sary changes in the isotopic composition, the flux being too small. In contrast, 
higher fluxes lead to a mantle having a Q composition only a few million years 
ago, which suggests a massive recent recycling of the atmospheric noble gases.

A total 130Xe subduction flux of 2.2 mol a–1 calculated for the model shown 
in Figure 7.8 has to be considered in the light of the material that currently 
subducts into the mantle. The flux of subducted sediment is ~0.1 x 1016 g a–1 
(Plank and Langmuir, 1998). The flux of oceanic crust is 5 x 1016 g a–1 and the 
lithosphere flux is ~50 x 1016 g a–1. Assuming only one of these materials carries 
the atmospheric xenon, in order to provide the flux of 2.2 mol a–1, they need to 
have the following concentrations: 5 x 10–11, 1 x 10–12 and 1 x 10–13 cm3 g–1 for 
sediment, crust, lithospheric mantle, respectively. These numbers are not unre-
alistic although, they contravene the hypothesis of a subduction barrier. Indeed, 
Staudacher and Allègre (1988) measured 130Xe concentrations to be on the order 
of a few 10–11 cm3STP g–1 in sediments and in altered oceanic crust. However, it 
is possible that the mantle wedge itself is the vector for transfer of noble gases 
into the wider mantle. Namely, volatiles extracted from the slab into mantle 
wedge may not be returned to the atmosphere but instead carried into the mantle 
beyond by convective mixing. At this point, the discussion is highly speculative, 
and requires further work to be considered as a viable scenario.
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 Figure 7.8 Temporal evolution of the xenon isotopic composition of the mantle using 
a model assuming that xenon with an atmospheric isotopic composition is 
subducted into the upper mantle, which is also degassed at mid oceanic ridges. 
Such a model is required if the primordial isotopic composition was chondritic 
for xenon. The model is modified from Moreira and Raquin (2007).

Nevertheless, if we accept 
that the subduction of atmos-
pheric noble gases is respon-
sible for the close-to-air xenon 
isotopic ratios in the mantle, 
then the upper mantle had a 
radiogenic 129Xe/130Xe ratio 
(~25) and contained 10 times 
less 130Xe a few billion years 
ago (Fig. 7.10), before subduc-
tion started. The required 
very radiogenic 129Xe/130Xe 
ratio in the mantle, after a 
massive degassing and before 
the subduction of atmospheric 
xenon, was argued by Stau-
dacher and Allègre (1988) as 
consistent with the subduction 
barrier and against subduction 
of atmospheric noble gases. 
However, from a theoretical 
point of view, such a radio-
genic ratio is possible. Let us 
consider that a single stage of 
fast degassing occurred early in 

 Figure 7.9 Temporal evolution of the amount 
of 130Xe into the upper mantle using 
the model of subduction-degassing 
presented in Figure 7.8 that explains 
the present-day xenon isotopic compo-
sition of the mantle. The amount 
of xenon increases with time in the 
mantle, which is not expected since 
the mantle is supposed to degas. This 
can be called the “replenishment” of 
the mantle. However, in this model, 
the mantle was strongly degassed 
during accretion. The introduction 
of atmospheric xenon started with 
subduction.
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the Earth history for a period of 50 Ma, during the ocean magma stage, when 129I 
was still alive. Two equations can be derived (one for the mantle and one for the 
atmosphere) to model the evolution of the xenon isotopic ratio:

   

Rmantle t( ) = R0 + λµ0
λ – Φ

1 – e– λ–Φ( )t( )

Ra t( ) = R0 +
m0 λ e–Φt – 1( ) + Φ 1 – e–λt( )( )

Φ – λ( ) 1 – e–λt( )

 Figure 7.10 A model of mantle and atmosphere evolution in the early degassing stage 
that can produce a high 129Xe/130Xe of ~25 in the early mantle required if 
xenon is subducted into the mantle (Fig. 7.8). Here the 130Xe concentration in 
the mantle is assumed to decrease exponentially because of the degassing to 
the atmosphere (red curve). For the calculation, I use 130Xe = 130Xe(0).exp(-Ft) 
where F is the degassing term (year–1). Then, in the mantle, 129Xe/130Xe = R(t) 
= R(0)+µ0.λ/(λ-F).exp[- (λ-F)t] where λ is the decay constant of 129I and µ0 is 
the initial 129I/130Xe ratio. A similar equation can be given for the evolution of 
the isotopic ratio in the atmosphere. The parameters of the model (µ0 and F) 
are adjusted in order to produce a 129Xe/130Xe of 25 after the first 50 million 
years of Earth history starting from a solar R(0) of 6 in the mantle, and of 6.5 
in the atmosphere. To explain the high 129Xe/130Xe in the primordial mantle, 
the degassing has to be important (>99% in 37 Ma).

It is possible to produce both a mantle 129Xe/130Xe ratio of 25 and an atmos-
pheric ratio of 6.5 in 50 Ma with F = 1.24 x 10–7 a–1 and µ0 = (129I/130Xe)0 = 0.63. 
This suggests that the degassing of the mantle was fast and efficient (99% of 
primordial xenon is degassed in 37 Ma), and that the 130Xe was depleted in the 
mantle at the end of this degassing stage (~5 x 10–14 cm3 g–1) (Fig. 7.10).
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It is also important to 
observe that, if the Earth’s 
pr imordial composit ion 
was chondritic for Kr and 
Xe (Holland and Ballen-
tine, 2006; Holland et al., 
2009), the subduction of 
atmospheric noble gases 
also affected the OIB source 
since it has been shown 
that the non-radiogenic 
isotopic xenon composi-
tions of Iceland, Galapagos, 
Réunion, Hawaii mantle 
sources are close to atmos-
pheric, distinct from the Q 
or solar Xe compositions 
(Fig. 7.11) (Trieloff et al., 
2002).

It was emphasised 
by Mukhopadhyay (2012) 
that the OIB xenon is 
not a mixture of MORB 
and atmosphere xenon 
(Fig. 7.12). However, recy-
cling of atmospheric xenon 
into the plume source would 
require that it also had a 
high initial 129Xe/130Xe ratio, 
suggesting a possible early 
degassing of this reservoir; 
a hypothesis that needs to 
be discussed in the light of 
all noble gases

Moreover, in such a 
scenario, the xenon isotopic 
fractionation that occurred 
in the Earth’s atmosphere 
either early or during 
geological times has still 
an unknown origin, which 
will be discussed in the next 
section.

 Figure 7.11 Non-radiogenic xenon isotopes of Loihi, 
Iceland, Reunion and Galapagos basalts 
corrected for atmospheric contamina-
tion using neon. Modified from (Trieloff 
et al., 2002), data from Galapagos from 
the author.

 Figure 7.12 Mixing diagram showing the differ-
ence between the 129Xe/130Xe ratio of 
MORB and OIB before the subduction 
of atmospheric Xe, if primordial xenon 
composition was chondritic, requiring a 
very radiogenic 129Xe/130Xe in the Hadean 
mantle. Adapted from Mukhopadhyay 
(2012).
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 7.4 Conclusions

I have tried in this section to develop the arguments suggesting that subduction 
of atmospheric rare gases, in particular the heavy rare gases such as krypton 
and xenon, is possible under certain conditions. The subduction of atmospheric 
xenon in the MORB source implies a very radiogenic 129Xe/130Xe (>25) 4.4 Ga 
ago. The high 129Xe/130Xe ratios required by this assumption were the reason the 
concept of subduction barrier was developed by Staudacher and Allègre (1988), 
who believed such values implausible. However, radiogenic 129Xe/130Xe can be 
obtained under certain conditions, namely a massive primordial degassing of 
xenon, which increases significantly the 129I/130Xe ratio. A calculation of atmos-
pheric xenon subduction shows that it takes a fair amount of atmospheric xenon to 
pollute the mantle. This would suggest that the volatile subduction barrier is not 
very effective, in contrast to what has been previously thought. The values of the 
Kr and Xe isotopic ratios of CO2 well gases give evidence supporting atmospheric 
recycling into the deep mantle. To conclude this section, if the notion of subduc-
tion of atmospheric noble gases in the mantle is reasonable, additional work 
must be performed to confirm or refute this model. In particular, it is important 
to understand the behaviour of the noble gases during subduction.
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 8. DIsCUsssION OF tHE ORIGIN OF NObLE GAsEs  
ON EARtH AND tHE EVOLUtION  
OF tHE MANtLE/AtMOsPHERE sYstEM

In the previous sections, I endeavoured to describe the current state of under-
standing of the geochemistry of noble gases in the mantle compared to the 
elemental and isotopic compositions of the Sun and chondritic meteorites. The 
modest knowledge of the Martian interior and its atmosphere, thanks to analyses 
of SNC meteorites, also offers an essential constraint on the origin of volatiles in 
terrestrial planets. In the following, I will provide general ideas about the origin 
of noble gases on Earth, and the evolution of the mantle/atmosphere system. 
Understanding of origin of volatiles in terrestrial planet atmospheres has been 
explored extensively in the publications of R. Pepin (e.g., Pepin and Porcelli, 2006; 
Pepin, 2003; Pepin, 1997; Pepin, 1991) and J. Pollack (Pollack and Black, 1979; 
1982). Moreover, two excellent reviews have been recently published on this topic, 
and I recommend these two articles for a more detailed discussion of the origin 
of volatiles on Earth and the terrestrial planets (Marty, 2012; Halliday, 2013).

 8.1 Summary of the Previous Sections and General Remarks

Noble gases provide clear evidence for at least two reservoirs in the Earth’s 
mantle, with different elemental and isotopic compositions. One is sampled by 
MORB. Mantle plumes producing oceanic islands sample the second, whose 
exact location is still subject to debate. The first reservoir has more radiogenic, 
fissiogenic and nucleogenic isotopic ratios of all the noble gases relative to the 
oceanic islands reservoir. In contrast, many non-radiogenic isotopic ratios appear 
to be identical in the two reservoirs.

The isotopic ratios of helium and neon in OIB show the existence of an 
ancient (possibly primordial) reservoir in the deep Earth, either in the lower 
mantle or possibly in the core. This reservoir has been isolated since at least 4.4 Ga 
as suggested by the non-nucleogenic 21Ne/22Ne ratios in Iceland and Galapagos 
lavas (Kurz et al., 2009). The radiogenic isotopic ratios of argon and xenon meas-
ured in MORB suggest that their source is more degassed than the OIB sources. 
The core as the source of primordial noble gases cannot be excluded, but for the 
moment, has to be considered as speculative because of unknown silicate/metal 
partitioning at high pressure and uncertain mechanisms of incorporation into the 
plume source. Xenon isotope systematics (particularly the 129Xe) suggests that the 
primordial material in the plume source has been isolated since 4.4 Ga, in agree-
ment with Kurz’s argument using the 21Ne/22Ne ratio. The exact location of the 
primordial reservoir is still a major question of mantle geodynamics. Anyhow, the 
source of OIB samples is a reservoir containing sufficient primordial rare gases to 
provide primitive isotopic ratios without being affected by radiogenic rare gases 
present in recycled material rich in U and K, as suggested by other non-volatile 
isotopic systems (e.g., Sr, Nd, Pb).
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Additionally, the results of measurements of rare gases in meteorites show 
that heavy rare gases in chondrites are carried by a carbonaceous phase, called 
phase Q, which can be degassed only at high temperatures. It is therefore possible 
that the early Earth had this composition for Kr and Xe, as suggested recently 
by Holland et al. (2009). This primordial Q composition in the mantle would 
then have been modified by subduction of atmospheric noble gases, in the whole 
mantle (both OIB and MORB sources). However, this then raises the question 
of the origin of the isotopic fractionation in atmospheric xenon (on Earth and 
Mars) and krypton, as well the as the chronology of this isotopic fractionation.

A composition similar to the implanted solar wind can explain the isotopic 
composition of neon in the Earth’s mantle. This component, named “B” histori-
cally by Black (1971), has a 20Ne/22Ne ratio around 12.5-12.7. In Section 2, I 
proposed a method to revise Black’s proposed value of 12.52 to a new value of 
12.72, on the basis of measurements made on samples of lunar soils analysed 
after the Apollo mission recoveries. This “B” component is present in all classes 
of meteorites and is more abundant relative to other components in reduced 
chondrites, formed close to the Sun, and therefore it is plausible that the primi-
tive mantle has this neon B composition. However, a solar neon isotopic ratio 
in the primitive mantle (as opposed to the implanted solar value of neon B) 
cannot be excluded on the base of the neon measurements in oceanic basalts only 
since atmospheric contamination is ubiquitous in those samples and/or because 
subduction of atmospheric neon has decreased the solar ratio to its present value. 
The 38Ar/36Ar ratio in the mantle is not solar but again, subduction of atmospheric 
argon into the mantle could have changed this from a primordial solar composi-
tion. Nevertheless, the 38Ar/36Ar ratio in the mantle and in the atmosphere is very 
close to that measured in phase Q or is also close to the composition of argon 
from solar wind implanted in dust, as calculated using a model of implantation-
sputtering (Section 2). Therefore, for argon, the chondritic composition appears to 
be the most credible starting isotopic composition for the Earth. This is important 
since a primordial chondritic composition does not require an isotopic fractiona-
tion of the atmospheric argon as it would if the starting composition was solar 
(e.g., Pepin, 1991; Pepin, 1998), which would have been then followed by subduc-
tion of atmospheric argon into the whole mantle.

Finally, an important observation is that the Martian atmosphere has a 
xenon isotopic composition very close to that of the Earth (Fig. 8.1). Additionally, 
the krypton isotopic composition of Mars’s atmosphere shows an isotopic compo-
sition very similar to the solar one (Fig. 8.2) (compositions from Eugster et al., 
2002), and different from the Earth’s atmosphere. These observations are impor-
tant in order to understand when the isotopic fractionation of xenon occurred in 
the atmosphere and what is the possible physical mechanism behind the xenon 
isotopic fractionation without fractionating the Kr and Ar. Indeed, Mars and Earth 
have different sizes and ages of formation, and were not accreted at the same 
location in the disk, and probably not by the same process, if Mars is a planetary 
embryo (Dauphas and Pourmand, 2011). The xenon isotopic fractionation from 
the atmospheres of Mars and the Earth has therefore to be either mass-or-planet 
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independent, or have occurred 
before or during the planet forma-
tions, and also without affecting 
the other noble gases

Another statement that can 
be usefully made in this preamble 
is that it seems problematic for 
the Earth’s mantle noble gas 
compositions to reflect the disso-
lution of solar noble gases in a 
magma ocean. Indeed, Figure 8.3 
shows that if a Jupiter-type solar 
atmosphere was dissolved in a 
magma ocean, the pattern of rare 
gases would show a depletion in 
heavy rare gases because they 
are less soluble in the magmas 
than helium and neon (Fig. 8.3). 
This is not the case in the Earth’s 
mantle, that rather shows enrich-
ment in heavy noble gases similar 

 Figure 8.2 Krypton isotope abundances in the Martian atmosphere compared to the 
terrestrial atmosphere and the Sun, normalised to phase Q Kr composition 
(modified from Busemann et al., 2000). Martian atmospheric krypton is very 
close to the solar composition. The Earth’s atmosphere is either fraction-
ated from solar or represents a mixture between chondritic (Q – corrected 
as discussed in Fig. 7.6 caption), possibly derived from the degassing of the 
mantle, and solar. Mars’ atmospheric composition is taken from (Eugster et al., 
2002). iKr refers to the isotopes (78, 80…).

 Figure 8.1 Xenon isotopic composition of 
Mars’s atmosphere compared to 
Earth’s atmosphere, solar and chon-
dritic compositions. The isotopic 
ratios are normalised to 130Xe and 
to the Q composition. The 129Xe is 
excluded in this figure.
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to chondrites (Moreira et al., 1998; Ballentine et al., 2005). Therefore, the scenario 
of dissolution of solar noble gases from a dense solar atmosphere seems less 
probable than considering they were present in parent bodies on the Earth either 
in phase Q for Kr and Xe, or were incorporated by another mechanism such as 
solar wind implantation for He, Ne and possibly Ar.

 Figure 8.3 Cartoon showing the noble gas elemental pattern in a magma ocean in equi-
librium with a dense atmosphere having a solar composition, compared to the 
mantle and the atmosphere patterns. The noble gas solubilities considered 
here are solubilities in tholeiite (Jambon et al., 1986), which indicate that heavy 
noble gases are less soluble than the light ones. This implies that dissolution of 
a dense primordial solar atmopshere would lead to a depletion in the magma 
of heavy noble gases.

The origin of noble gases on terrestrial planets can obviously be related to 
the origin of other volatiles such as water, N or C, although this is not obliga-
tory. For example, solar wind implantation is a physical process able to enrich 
the noble gases without significantly changing the budget of the most abundant 
volatiles (see Section 2). However, if volatile-rich material such as comets or 
carbonaceous chondrites can explain the abundances of major volatiles, there 
are unknowns about their contribution for noble gases, in terms of elemental 
and isotopic compositions. Figure 8.4 shows the volume of material (cometary 
material or chondrite CI) that is necessary to add to the Earth to explain its water 
budget (mantle + oceans). These volumes are relatively small compared to the 
size of Earth and models of planetary formation such as the “Nice” model can 
easily explain how volatile-rich material is delivered at the end of the accretion 
(Walsh et al., 2011).

However, noble gases have never been measured on cometary ice – only 
on refractory grains from the 81P/Wild2 comet (Marty et al., 2008). Marty and 
co-workers suggested that neon in those grains have an isotopic composition 
close to the one of the phase Q, different from the solar composition and different 
from the mantle neon. However the grains collected on Wild2 were refractory 
grains, and may not represent the bulk comet. The simplest assumption that 
can be made is that noble gases trapped in cometary ice have a solar isotopic 
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 Figure 8.4 Mass of the water on Earth represented as spheres depending on different 
concentrations. The white object would be cometary material (100% H2O) 
whereas the rocky object represents the equivalent sphere when using a chon-
dritic concentration (~15% H2O). Next to the spheres are given the number of 
objects with a radius of 100 km that would be necessary for the Earth’s water 
budget. Note that an enstatite chondrite concentration (0.05% H2O) leads 
to a sphere with the same radius as Earth. A small fraction of cometary or 
carbonaceous chondritic material among the parent bodies will provide enough 
water on Earth. The question that arises is the time constraint of this process.

composition because ice reflects the condensation of nebular gas. However, this 
has to be considered as speculative until new measurements are performed on 
real material. Laboratory experiments of noble gas trapping on ice at low temper-
ature have demonstrated an interesting feature. The elemental pattern of ice 
formed from a gas having a solar composition shows a remarkable coincidence 
with the elemental pattern of the Earth’s atmosphere (Fig. 8.5). Experiments on 
noble gas trapping on ice at low temperature suggest that atmospheric noble 
gases may derive both from comets and from degassing of the Earth’s interior (the 
Dauphas dual origin of the atmosphere) (Owen et al., 1992; Owen and Bar-Nun, 
1996; Bar-Nun and Owen, 1998; Dauphas et al., 2000; Dauphas, 2003). Such a 
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model could explain the Kr isotopic compositions of the terrestrial and Martian 
atmospheres since they both show a solar contribution in their isotopic signa-
tures (Fig. 8.2). Earth’s atmospheric krypton could then be the mixture of these 
solar-gas rich comets and degassing of Q-Kr from the mantle, that could have 
had this Q composition at the end of accretion (Holland et al,. 2009) (Section 7). 
This scenario is however not possible in such a simple way for the xenon, as we 
will discuss below.

The issues I am going to address in this last Section are:

 − What is the exact neon isotopic ratio in the mantle: solar or neon B?

 − How and when did mantle degasing occur ?

 − Was the atmosphere always a closed system for noble gases? Were there 
any late additions or gas losses to space?

 − What is the general picture of the origin and evolution of noble gases 
on Earth?

 Figure 8.5 Elemental noble gas pattern of the phase Q, the atmosphere and solar noble 
gases trapped on ice at 22-27 oK (Notesco et al. 2003). The green field repre-
sents bulk carbonaceous chondrites from Mazor et al (1970).

 8.2 Neon B or Solar Neon in the Mantle?

An important constraint on the mechanism of noble gas incorporation in the 
Earth’s interior is the Ne isotopic composition. Neon is depleted in the phase Q, 
the main carrier of heavy noble gases in chondrites, relative to the heavy noble 
gases. Therefore, it seems unlikely that the neon is derived from phase Q in Earth. 
Moreover, the 20Ne/22Ne isotopic ratio in the mantle suggests that neon is derived 
from a solar-like component. Two possibilities can explain the high 20Ne/22Ne 
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ratios observed in the mantle. The first one is that the primordial mantle had a 
ratio that is exactly solar (~14), and the second scenario is that it is close to the 
so-called neon B present in chondrites and which reflects solar wind implanta-
tion (see Section 2). These isotopic ratios reflect different mechanisms of neon 
incorporation into the primitive mantle. Solar neon can be inherited from the 
dissolution of a dense primordial atmosphere with solar elemental and isotopic 
compositions. However, as discussed earlier, the noble gas elemental pattern is 
not fully coherent with such a hypothesis. Neon B reflects solar irradiation of 
dust before accretion of parental bodies. The Earth is accreted closer to the Sun 
than most chondrites, with the exception of enstatite chondrites. It is therefore 
credible that Earth’s parent bodies contain more implanted solar wind than do 
carbonaceous or ordinary chondrites like enstatite chondrites (see section 2), 
suggesting that Earth could have been formed from bodies that acquired their 
neon by solar wind implantation, assuming that sputtering was associated with 
implantation as suggested by Raquin and Moreira (2009).

Determining the exact neon isotopic composition of the mantle is there-
fore fundamental to constrain the mechanism of noble gas incorporation in the 
primordial Earth. In Section 5, I described the neon isotopic compositions in 
oceanic basalts and I have shown that most of the samples with precise meas-
urements have 20Ne/22Ne ratios lower than 12.8 in the OIB source and 12.6 in 
the MORB source. However, atmospheric contamination at the surface could 
have systematically lowered the mantle-derived ratio from the solar ratio (~14; 
Grimberg et al,. 2006; Grimberg et al., 2008 ; Heber et al., 2009 ; Pepin et al., 2012) 
to the present-day 20Ne/22Ne maximum values of the samples of ~12.7. However, 
Ballentine et al. (2005) have also concluded that the shallow mantle 20Ne/22Ne 
ratio is close to 12.5, based on the measurements of CO2 well gases, using a 
method allowing correction for air contamination. Therefore, the systematic 
contamination of oceanic basalts is not a viable explanation.

Such a ratio of ~12.7, lower than the solar value, could also represent 
subduction of atmospheric neon as discussed in Section 7. However, the simi-
larity between the determination of the present-day neon isotopic ratio of the 
mantle and the neon B is a strong argument suggesting that subduction of atmos-
pheric neon is negligible and that step-crushing or step-heating techniques have 
successfully removed the atmospheric contamination. This scenario excludes an 
exactly solar composition in the primordial mantle.

Nevertheless, it must be noted that Yokochi and Marty (2004) and Ballen-
tine et al. (2005), and more recently Mukhopadhyay (2012), have proposed that 
plume source has a solar isotopic ratio, and not neon B. Indeed, Yokochi and 
Marty (2004) have measured a 20Ne/22Ne of 13.04±0.40 (2s) in one crushing 
step on a magnetite sample from plume-related Devonian rocks from Kola 
(Russia). Similarly, Mukhopadhyay (2012) has measured a ratio of 12.88±0.06 
in one crushing-step on a glass sample from Iceland. This value is close to the 
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neon B ratio of 12.72 proposed in Section 2, although outside the reported errors. 
Further neon analyses are required in oceanic basalts to conclude about the “true” 
20Ne/22Ne ratio in the mantle.

Unless future results show clearer evidence for a solar neon ratio in mantle-
derived samples, I consider that the most probable origin for helium and neon in 
the Earth’s mantle is the solar wind irradiation on dust that will accrete to form 
the Earth’s building blocks, in keeping with inferences from well gas measure-
ments (Ballentine et al., 2005). The origin of Ar-Kr-Xe is more complex, and 
certainly involves a significant contribution from the phase Q, enriched in those 
noble gases relatively to He and Ne.

 8.3 Mantle Degassing

The large amount of 40Ar present in the atmosphere is an argument suggesting 
that mantle is degassed, although not completely, as discussed in Section 4. 3He 
is still degassing at a rate of 500 to 1000 mol a–1, which is an unambiguous proof 
of degassing (Craig and Lupton, 1981; Farley et al., 1995; Bianchi et al., 2010). It 
is therefore clear from noble gas systematics that degassing of the mantle has 
formed a large part of the atmosphere, if not all of it.

The chronology of this degassing can be discussed using models of mantle 
degassing applied to the radiogenic and the non-radiogenic noble gases. More-
over, the completeness of mantle degassing can be examined in the light of the 
MORB-OIB isotopic dichotomy shown in previous sections. Indeed, the differ-
ence between the MORB and OIB sources is observed not only for the helium 
isotopic ratio but also for all noble gas radiogenic isotopic ratios as discussed in 
Sections 3, 4 and 5. These different isotopic ratios reflect distinct parent/daughter 
ratios (e.g., K/36Ar, U/3He etc) and time of fractionation. Noble gas degassing 
induces parent/daughter fractionation. Since Shillibeer and Russell (1955), many 
publications have discussed coherent models of mantle/atmosphere evolution 
able to explain the isotopic ratios of the mantle reservoirs (e.g., Ozima, 1973; 
Schwartzman, 1973; Ozima, 1975; Tolstikhin, 1975; Hamano and Ozima, 1978; 
Staudacher and Allègre, 1982; Allègre et al., 1983b; Sarda et al., 1985; Allègre et al., 
1986; Kunz et al., 1998; Tolstikhin and Marty, 1998).

They all use the simple concept expressed by the following differential 
equations describing the evolution of a radiogenic noble gas isotope in the mantle 
and in the atmosphere (F and Fatm):

   

dF
dt

= – deg + prod

dFatm
dt

= + deg
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Here deg is a degassing term that depends of the time and prod is the 
radiogenic production, which itself depends on the time evolution of the radio-
active parent concentration induced by the continental crust extraction, slab 
subduction, etc.

Similar equations can be written for non-radiogenic isotopes (e.g., 130Xe, 
3He etc.), without the production term, of course. Complex modelling can obvi-
ously be performed, including gas loss to space with or without mass fractionation 
as discussed later in this section, subduction of atmospheric noble gases into the 
mantle (as seen in Section 7), a late veneer of chondritic or cometary material 
(Marty, 2012), continental crust extraction, hidden reservoirs, etc.

Figure 8.6 shows a cartoon describing different fluxes that are needed 
to develop a comprehensive model of the mantle/atmosphere evolution. The 
expert of such complex modelling is Igor Tolstikhin (see Section 3 and Azbel and 
Tolstikhin, 1993; Tolstikhin and Marty, 1998), and it is always a great fun to attend 
to his oral presentations! I recommend this.

 Figure 8.6 Cartoon showing fluxes between reservoirs that have to be considered in 
order to describe the mantle/atmosphere evolution with time. The expert of 
such multi-parameter models is our colleague Igor Tostikhin.

It is beyond the scope of this article to give a solution to such a complicated 
modelling but I want to stress here that the degassing term is the fundamental 
parameter that explains the noble gas isotopic compositions in the MORB and 
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OIB sources. Indeed, degassing is the physical mechanism able to significantly 
fractionate the parent/daughter ratios of the different noble gas isotopic systems. 
This is particularly true for any primordial degassing that occurred if the Earth’s 
mantle was molten in the early Hadean. Degassing of a magma ocean cannot be 
simulated numerically due to its very high Rayleigh number, but it seems certain 
that a magma ocean was efficiently degassed of its noble gases.

The present-day degassing flux (e.g., ~500-1,000 mol a–1 of 3He; Farley et al., 
1995; Bianchi et al., 2010) is not high enough to have produced a large 4He/3He 
(and other noble gas isotopic ratios) dichotomy between MORB and OIB in 4.5 
Ga (see Section 3 for the helium isotopic observations in oceanic basalts). This 
is true even if one considers the depletion by continental crust extraction in very 
incompatible elements such as U and K of the MORB source. Moreover, the 
different 129Xe/130Xe isotopic ratios between the MORB and OIB sources suggests 
an early separation of these two reservoirs (Section 4), as well as an early degas-
sing of the xenon, before 129I was extinct (~170 Ma) (e.g., Fig. 8.7).

 Figure 8.7 Result of a two stage degassing model applied to the mantle/atmosphere 
system and to the two isotopic systems 129I-129Xe and 40K-40Ar. To produce the 
present-day atmosphere and mantle isotopic ratios, the degassing constants 
have been fitted and are then used to produce the evolution of the concentra-
tion in Figure 8.8. MORB ratios are derived from Section 4.
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The incorporation of all the radiogenic noble gases in a degassing model, 
and not only the use of just one noble gas such as helium, necessitates the use of 
a minimum of two degassing stages (e.g., Allègre et al., 1986). Without any equa-
tion, this can be easily understood if we consider that, in order to produce vari-
ations in the 129Xe/130Xe ratio, an early degassing is necessary. However in order 
to have radiogenic argon in the atmosphere (which was produced throughout 
the Earth history), and to produce the observed 3He flux at ridges, a more recent 
degassing is required. Such a simple argument is confirmed by modelling, which 
also provides better time constraints and predicts the relative proportion of these 
two degassing stages.

The simplest model that can explain the noble gas isotopic ratios on Earth 
can be expressed with an equation having the following form:

   

S t( )
S0

= Ae–αt + 1 – A( )e–βt ,

where S(t) represents the number of moles of a stable and non-radiogenic isotope 
in the mantle (e.g., 3He, 36Ar, 130Xe), S0 being the initial content in the mantle. 
This model assumes that the mantle is degassed in two stages, but it neglects 
subduction of atmospheric noble gases into the mantle. It also supposes no gas 
loss to space. The previous sections have shown that this can be questioned, but 
such a simple calculation can provide essential ideas about the mantle degassing 
before studying more complex models. The model can be applied to the 129I-129Xe 
and 40K-40Ar systems, which are both short and long half-lived isotopic systems. 
For the radiogenic isotopes, and assuming the same degassing process, one can 
write the following equation:

  
dF
dt

= – Ψ t( ) F + λP

 
with 

  
Ψ t( ) =

αAe–αt + 1 – A( )βe–βt

Ae–αt + 1 – A( )e–βt
 

being the degassing term (used for S(t)), and  
 
the second term of the equation is the radiogenic production from the parent P. 
Detailed calculations from such models can be found in few publications such 
as Sarda et al. (1985; Allègre et al. (1986), Coltice et al. (2009) and Turner (1989) 
with more or less detail. The term A in the previous equation is a constant that 
gives the “proportion” between the two stages of degassing. The terms a, β are 
constants in year–1 that describe the vigour of each of the degassing. P(t) is the 
evolution of the concentration in the mantle of the radioactive parent isotopes 
such as K, U etc. Finally, similar equations can be written for the evolution of 
stable and non-radiogenic isotopes and also for the radiogenic isotopes in the 
atmosphere. The constraints to obtain the values of the different constants are 
the isotopic ratios of the mantle and of the atmosphere. Figure 8.7 shows an 
example of results of such a calculation applied to the 40Ar/36Ar and 129Xe/130Xe 
ratios in the MORB source and in the atmosphere. The deduced evolution of their 
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concentrations in the mantle, which 
reflects the evolution from degas-
sing, is given in Figure 8.8. It 
clearly shows that in the context of 
this two-step degassing, the major 
step of degassing occurred during 
the first 100 Ma, when Earth was 
still accreting, and possibly molten 
at its surface, favouring degassing. 
Rates of degassing decreased at 4.4 
Ga and a more “ tranquil“ period 
of degassing started, which is plau-
sibly linked with plate tectonics.

To conclude on mantle 
degassing and the formation of 
the atmosphere, it seems clear that 
massive degassing of the mantle 
occurred very early in Earth history 
and rapidly produced a large part 
of the atmosphere. The residual 
quantity of pr imordial noble 
gases was in the order of 1%. This 
process provides an explanation for 
the high 129Xe/130Xe ratios meas-
ured in MORB compared to the 
atmosphere. A stronger degassing 
would have had to occur during 
this period if we assume subduc-
tion of atmospheric xenon into the 
mantle as discussed in the previous 
Section. On the contrary, to explain 
high 40Ar/36Ar ratios in MORB, the 
degassing has to be continuous and later since the 40Ar is dominantly present 
from the decay of the relatively long-lived (1.3 Ga) 40K in the Earth history, and 
this degassing is still happening as illustrated by the 3He flux at ridges. This is 
linked to the plate tectonic regime of the Earth’s mantle convection. Therefore, a 
two-stage degassing model is needed in order to explain the noble gas systematics 
on Earth. It has to be mentioned that this first-order model has neglected impor-
tant fluxes of noble gases to the atmosphere such as a late veneer of cometary 
or chondritic material and has also assumed the atmosphere did not lose noble 
gases to space, which might be questioned as discussed below. The question of 
the subduction of atmospheric noble gases has been addressed in the Section 
7, and remains one of the major open questions in the noble gas geochemistry. 
Therefore, progress in improving our understanding of the mantle/atmosphere 
system requires the inclusion of these new terms in the models.

 Figure 8.8 A two-stage degassing model 
that is able to produce the 
present-day radiogenic isotopic 
compositions of He, Ne, Ar 
and 129Xe/130Xe (represented in 
Fig. 8.7). The first stage consists 
of a strong degassing of the 
mantle, probably because it was 
molten, whereas the second 
stage corresponds to the plate 
tectonic regime. The first stage 
is very early (> 4.4 Ga ago) and 
therefore the primordial atmo-
sphere might have been sensi-
tive to elemental and isotopic 
fractionation due to external 
conditions in the Solar System. 
Please note that in such a simple 
model, there is no gas loss to 
Space, nor gain, and that subduc-
tion is neglected.
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 8.4 Atmosphere: a Closed System (Loss or Addition)?

As discussed above, a part of the atmosphere derives from the degassing of the 
mantle. It is not however clear if the present noble gas budget represents the 
totality of what has been degassed. In this section, I discuss the possibility that 
either noble gases were added to the atmosphere by extra-terrestrial sources after 
mantle degassing (solar krypton?), or that noble gases were lost to the space, 
particularly the neon, but also, as it will be discussed in the next section, xenon.

8.4.1 Late veneer of chondritic material in order to explain (or not) 
the atmospheric neon

Marty (2012) has recently reproposed (he first suggested this idea in 1989) that 
the neon composition of the atmosphere (20Ne/22Ne ~9.8) reflects a late addition of 
material having the “planetary” component (“A”, 20Ne/22Ne ~8.5) to a primordial 
atmosphere with solar neon (20Ne/22Ne ~14). In his exposition he notes that the 
solar composition (also his primordial mantle and atmosphere), the present day 
MORB source (Depleted mantle DM), the present-day atmosphere and the plan-
etary end-member (component “A”) are on the same mixing line, suggesting a 
possible mixture between solar and chondritic (Marty, 2012) (Fig. 8.9). This could 
suggest that a late veneer of chondritic gas into the atmosphere changed its neon 
isotopic composition, which was supposed here to be solar at the end of accretion.

However, statistically, the neon composition of the incoming material as 
sampled by present-day falling meteorites appears to have a composition inter-
mediate between neon “A” (20Ne/22Ne ~8.5) and neon B (20Ne/22Ne ~12.5) instead 
of the component “A” alone (Section 2; Ott, 2002). Moreover, the component “A” 
used by Marty was shown to be in fact the mixture of the two components P3 
and HL (e.g., review in Ott, 2002), both being pre-solar diamonds, and it is clear 
that heavy noble gases (e.g., Ar) in chondrites are carried by phase Q, which has 
then to be considered in this scenario.

On Figure 8.9, I use the same reasoning as Marty, using recent estimates 
of solar, Q, P3 (A2) compositions (e.g., Ott, 2002; Heber et al., 2009)) in order to 
find the possible composition of the material that was possibly accreted on Earth 
after the atmosphere was created. I assume here that a chondrite is a mixture 
of three components: Q (the carrier of heavy noble gases) and HL-P3 (pre-solar 
material). Neon B is excluded as a possible component (if late veneer material is 
constituted of CI, for instance, see Section 2). If neon B is a major component 
in the late veneer material this scenario becomes untenable. In this conceptual 
model, neon is mostly carried by HL and P3 components whereas argon is carried 
by the phase Q. The 36Ar/22Ne of this late veneer material is then ~32, close to 
the atmospheric ratio (Fig. 8.9 top). Figure 8.9 (bottom) represents the 38Ar/36Ar 
plotted against the 22Ne/36Ar for the same components. Starting from a primor-
dial composition that is also solar for argon, most of the argon in the atmosphere 
and the mantle would derive from the late chondritic veneer. Thus this scenario 
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 Figure 8.9 Model of Marty (2012) proposing that atmospheric neon reflects the addi-
tion of a late veneer of chondritic material. Here, his model is modified using 
a different composition for the late veneer. Instead of taking the neon A 
composition (comprised of pre-solsar diamond components HL and P3, labelled 
A1 and A2, a mixture between pre-solar diamonds and phase Q is preferred. 
Atmosphere is supposed to be a mixture between a primordial solar (or 
neon B) atmosphere and chondritic material derived from the late veneer. In 
his model, Marty (2012) does not consider that the late veneer could have a 
neon B contribution. In the bottom figure, the model is applied to the argon 
isotopic composition. The “?” marks the theoretical composition of the late 
veneer that is necessary to explain the atmospheric composition.

implies an important subduction of neon and argon from the late veneer mate-
rial into the mantle in order to modify the primordial solar argon composition 
of the mantle to the observed isotopic compositions. As sketched in Figure 7.7, 
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the curvature of mixing for this subducted material may be such that only the 
mantle Ar isotope ratio is significantly influenced. The scenario of a late chon-
dritic veneer of noble gases developed by Marty is an elegant explanation for the 
neon isotopic composition of the atmosphere but makes an important assump-
tion by considering that the material of the late veneer does not have a neon B 
contribution, which is however observed in most chondrite classes (Section 2)38.

Another scenario can explain the non-solar neon isotopic composition of 
the Earth’s atmosphere. Neon loss from atmosphere accompanied with mass 
fractionation might be also a viable explanation. A model that may elucidate this 
isotopic fractionation is the hydrodynamic escape model of Hunten et al. (1987). 
Although there are many unknown (but adjustable) parameters in this model, it 
offers a physical process able to fractionate neon isotopes (and maybe those of 
other noble gases). This theory proposes that a EUV flux at high altitude drives 
thermal loss of H2, which allows entrainment of heavier species such as the noble 
gases. If we follow Hunten et al. (1987) or Pepin (1991), we can assume there is 
a UV flux such that the critical mass mc, below which the species cannot escape 
is 25 amu, so we don’t lose the heavy noble gases. We can therefore estimate 
that the neon isotopic ratio can decrease from the solar or neon B values to the 
present day atmospheric ratio of 9.8 by this process with only a loss of 40% loss 
of the 22Ne (30% if we start from neon B). This neon loss is compatible with the 
present-day neon inventory.

Therefore, we have two possible explanations for the peculiar neon isotopic 
composition of present day atmosphere, starting initially with either a solar or 
neon B isotopic composition, two scenarios are offered. One is a late veneer 
of “chondritic” material that does not contain solar-like neon and argon, as 
suggested by Marty (1989, 2012), and the second scenario is a neon loss to space 
accompanied with mass fractionation (e.g., Hunten et al., 1987). In both cases, 
the atmosphere cannot be considered as a closed system and either neon was 
lost or was gained.

8.4.2 A different atmospheric xenon composition in the Archean

Another observation showing that the Earth’s atmosphere is not a closed system, 
is the fundamental observation that the xenon isotopic composition of the atmos-
phere has changed with time, not just as a result of radiogenic and fissogenic 
contributions (Pujol et al., 2009; Holland et al., 2013). This observation can be 
coupled with the measurements of Kr and Xe in CO2 well gases (Cafee et al., 
1999; Holland and Ballentine, 2006; Holland et al., 2009), which show that the 
primordial mantle seems to have been chondritic rather than atmospheric in its 
Kr and Xe isotopic compositions (non -radiogenic). As discussed in Section 7, this 
scenario implies however the subduction of Kr and Xe into the whole mantle, in 
disagreement with the “subduction barrier” hypothesis.

38. Except maybe CI. 
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Figure 8.10 shows the interpretation of Pujol et al. (2011) of the isotopic 
composition of Archean atmospheric xenon. They analysed xenon in fluid inclu-
sions trapped in quartz, sampled from a drill core in a 3.5 Ga aged terrain in 
Western Australia. Although the interpretation is difficult because they needed to 
correct for a) the addition of 130Xe due to the double electron capture of 130Ba, a rare 
nuclear process but one that can play a role in such ancient samples (Hennecke 
et al., 1975; Bryman and Picciotto, 1978; Kirsten et al., 1983; Moreira, 2007) and 
b) for the fission-derived xenon on the heavy isotopes 131–136Xe. After correcting 
the measured xenon isotope abundances for these two effects, they derived the 
isotopic composition of the atmosphere 3.5 Ga ago, which yields a xenon isotope 
pattern different from the one of the present-day atmosphere (Fig. 8.10). They 
proposed that the Archean atmosphere had a xenon isotopic composition similar 
to either the chondritic composition or to the solar one. However, they do not 
provide a physical mechanism able to fractionate significantly only the xenon 
isotopic composition without affecting the lighter noble gas isotopic fractionation, 
including the krypton. Pujol et al. (2011) however noticed that xenon has a low 
first energy ionisation compared to the other noble gases, which could suggest 
that ionisation of the atmosphere could play a role in this fractionation of the 
xenon. This was clearly illustrated by Halliday in a figure from his recent review 
in which he represents the first potential ionisation energy as a function of the 

 Figure 8.10 Xenon isotope spectrum in fluid inclusions from core drilled in the 3.5 Ga-old 
terrain at North Pole, (Western Australia). After correction for double electron 
capture of 130Ba and for the spontaneous fission from U, Pujol et al. (2011) 
propose that the xenon composition of the atmosphere was different in the 
Archean compared to that of today.
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normalised abundances of noble gases and other volatiles on Earth (Halliday, 
2013). A limit of ~13.5 eV for the first potential ionisation energy separates the Xe 
and other volatiles from the lighter noble gases. This limit maybe has a physical 
sense in terms of irradiation in the Solar System, but this requires further work.

The issue of the chronology of this important isotopic fractionation of the 
xenon also has also to be addressed (Fig. 8.11). Pujol et al. (2011) propose this is 
a continuous process (Fig. 8.12), although in my opinion, this is still subject to 
debate because the methodology to obtain the isotopic composition in Archean 
rocks is accompanied by large uncertainties (Fig. 8.10) (see Pepin, 2013 for a 
comment of the Pujol’s paper). Beside the fact that there are still issues to be 
addressed, this observation is extremely important for understanding the forma-
tion of the atmosphere, and the depletion in xenon of the atmosphere. Xenon was 
probably lost from the atmosphere, at some moment in the Earth’s history, and 
this was accompanied by an important isotopic fractionation, without affecting 
the other noble gases (Kr, see Fig. 8.2, or argon if its primordial isotopic composi-
tion was Q-like or solar wind implanted). It is useful to repeat here, that Mars’ 
atmosphere shares the same xenon isotopic composition as the Earth’s atmos-
phere and also has a similar depletion in xenon compared to other noble gases 
and to the chondritic elemental compositions. This suggests that if the xenon 
was lost from the atmosphere, the physical process that produced this loss is not 
dependent of the planet size.

 Figure 8.11 Schematic interpretation of the evolution of the atmospheric xenon, starting 
from a chondritic isotopic composition. The issue that needs to be addressed 
here is the source and the chronology of this important isotopic fractionation, 
which is also observed on the Mars atmosphere.
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 Figure 8.12 Pujol et al. (2011) have suggested that the isotopic fractionation of the xenon 
is continuous over the age of the Earth, suggesting xenon loss from the atmo-
sphere by an unknown physical process. This figure is modified from Pujol et al. 
(2011). Dots represent barites and quartz samples from the Archean. The brown 
area represents the xenon compositions in fluids from Timmins (Canada) that 
have been isolated from the surface since at least 1.5 Ga (Holland et al., 2013). 
The Timmins “age” is the in situ radiogenic age determined using radiogenic/
fissiogenic ages based on U-Th-K concentrations of the crystalline basement. 
This very recent work (published during the editing of this book) is the first 
confirmation of the Pujol’s observation of the xenon isotopic evolution of 
the Earth’s atmosphere.

 8.5 The Krypton-Xenon Systematics and the Dual Origin  
of the Atmosphere

Krypton isotopes provide another constraint on the origin of volatiles. Figure 8.13 
shows the isotopic pattern for the atmosphere and of the Sun, normalised to 
the Q composition. This figure shows that the Earth’s atmosphere (and also the 
mantle, although it displays a little difference compared to air; Holland et al., 
2009) has an isotopic composition intermediate between the solar and this major 
chondritic composition. This is obviously quite different from the xenon isotopic 
pattern (Fig. 8.13, bottom) where the Q-composition is intermediate between 
solar and the Earth’s atmospheric xenon isotopic composition. Isotopic frac-
tionation during gas loss, starting from the Q composition, should deplete the 
residual atmosphere in the light Kr isotopes preferentially, like for xenon. This 
is not the case and therefore it has to be proposed that krypton did not suffer 
the isotopic fractionation experienced by xenon (see above the discussion on the 
first ionisation energy). On the contrary, the simplest explanation to produce 
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the krypton pattern is the addition of solar krypton to a Q-like krypton, as for 
Mars’ atmosphere (Fig. 8.2). Adding solar xenon into a chondritic-atmosphere 
through cometary material cannot be excluded since they have close isotopic 
patterns. Moreover, the xenon is subsequently isotopically fractionated, and such 
a fractionation has “erased” the primordial atmosphere composition. The atmos-
pheric krypton isotopic signature can then be interpreted as the mixture between 
Q-krypton degassed from the mantle and solar-Kr rich material, which could be 
cometary (Fig. 8.13) as suggested by Dauphas (2003). Subsequent subduction of 
atmospheric krypton into the mantle would have “atmospherised” the mantle 
krypton (Holland et al., 2009).

 Figure 8.13 Kr and Xe isotopic patterns in the Earth’s atmosphere and their possible inter-
pretation in terms of a mixture between Q and Solar (comets?) subsequently 
followed by an isotopic fractionation of the xenon (“à la Dauphas”). Here it 
is assumed that the primitive mantle (and therefore the primitive atmosphere 
formed by degassing) has a chondritic Kr and Xe isotopic composition (Holland 
et al., 2009). The value used here for the isotopic composition of phase Q is 
derived from Busemann et al. (2000), except for 82Kr as it has been discussed 
in Figure 7.6. iKr and iXe refers to the isotopes of Kr and Xe, respectively.

Another possible scenario is that atmospheric krypton could simply be 
a mixture of solar and Q already in the parent bodies, and then it is logical to 
observe similar krypton isotopic ratios in the mantle and in the atmosphere, 
without the need for subduction (Trieloff and Kunz 2005). Then, the differ-
ence between air and the source of CO2-well gases for the krypton (Holland 
et al., 2009) could reflect late addition into the mantle of chondritic late veneer as 
already suggested in the previous section.
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 8.6 Conclusions

Radiogenic noble gas systematics suggest that a fraction of the Earth’s atmos-
phere was formed by degassing of the mantle in two stages, the first stage corre-
sponding to the accretion period, when the Earth was partially molten whereas 
the second stage reflects the more continuous processes associated with plate 
tectonics, in particular the degassing at mid oceanic ridges.

Mantle neon has a 20Ne/22Ne composition close to ~12.6-12.8 (see Section 
5). This neon isotopic composition either reflects the subduction of atmospheric 
neon into a primitive mantle having solar composition or it could reflect solar 
wind implantation in parent body’s precursors as discussed in Sections 2 and 
5. A similar interpretation can be proposed for argon. The 38Ar/36Ar ratio in the 
mantle is identical to the atmospheric ratio (Kunz 1999; Ballentine and Holland, 
2008; Raquin and Moreira, 2009; Mukhopadhyay, 2012). This can be interpreted 
either by the fact that the atmosphere was degassed from a mantle having a 
primordial composition that is a mixture of chondritic (Q) and solar implanted 
argon or solar, or by assuming subduction of atmospheric argon in the whole 
mantle that had previously solar isotopic composition. The atmospheric argon is 
therefore the result of either an isotopic fractionation accompanying a gas loss 
(Pepin, 1998) or to the addition of a chondritic late veneer (Marty, 2012). The 
present-day krypton and xenon isotopic compositions (non-radiogenic isotopes) 
are (almost) atmospheric in the mantle. Again, this could reflect the subduc-
tion of atmospheric Kr and Xe into a mantle that had, at the end of accretion, a 
chondritic isotopic signature (Holland et al., 2009). Xenon is highly isotopically 
fractionated in Earth’s atmosphere; it is enriched in heavy isotopes compared 
to solar or chondritic. Krypton does not show the same feature. Atmospheric 
krypton isotopic signatures seem to reflect the mixing of material having solar 
and chondritic compositions and do not show an isotopic fractionation that could 
have had enriched the atmosphere in heavy Kr isotopes (like for xenon).

The process that has fractionated the xenon isotopes is however unknown 
but it is identical for the atmospheres of Mars and Earth. The chronology of the 
fractionation is also unknown. Pujol et al. (2011) suggest is a continuous process 
that spreads all over the Earth history. Moreover, xenon could be the only noble 
gas to have been fractionated isotopically because it has the lowest potential 
ionisation energy (e.g., Halliday, 2013).

Knowing these constraints on the noble gas signatures, I propose here 
two possible scenarios for the origin of noble gases on Earth. They are illustrated 
on Figure 8.14. There are obviously many other possibilities, and I just want to 
provide the reader with a general idea of the possible scenarios based on the 
noble gas systematics on Earth.

a) The Earth’s primordial noble compositions were chondritic, which 
includes neon B and a minor contribution of argon B and Kr and Xe 
with a Q-composition. Earth is built from such material and there-
fore this hypothesis is realistic. A fraction of the atmosphere was 
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then degassed from the mantle producing a primordial atmosphere 
with a composition similar to the mantle (e.g., chondritic). Addition 
of cometary material (e.g., Dauphas, 2003) can produce the krypton 
isotopic ratios of the present-day atmosphere, which shows a solar 
contribution. Xenon was then lost to space, accompanied by enrichment 
in Xe heavy isotopes (Pujol et al., 2011). In this scenario, to explain the 
Kr and Xe isotopic composition of the mantle, subduction of atmos-
pheric Kr and Xe is necessary (Holland and Ballentine, 2006; Holland 
et al., 2009). Such as scenario has one major unknown, which is the 
origin and the chronology of the xenon isotopic fractionation and one 
important hypothesis, which is the subduction of noble gases. Ionisa-
tion of the atmospheric xenon appears to be involved in the fractiona-
tion process since it concerns only the xenon, but it raises the question 
of why Mars’ atmosphere has the same xenon isotopic composition as 
the Earth, despite having only ~10% of its mass.

b) A second scenario that can be proposed suggests that the “atmos-
pheric” Kr and Xe isotopic compositions were already present in the 
Earth’s parent bodies, and that the chondritic contribution observed in 
the mantle, as sampled by CO2 well gases reflects chondritic material 
addition to the mantle. Such a scenario does not require atmospheric 
subduction and neither requires xenon loss to space accompanied with 
isotopic fractionation, but this model raises the question of the origin 
of the atmospheric Kr and Xe compositions in the parent bodies, which 
are not observed in meteorites. If addition of solar and chondritic Kr 
can produce the “atmospheric” Kr isotopic composition, there is still 
a question about how the xenon isotopic composition was obtained 
in these parent bodies since addition of solar and chondritic cannot 
produce the atmospheric xenon isotopic composition (Fig. 8.13).

An important constraint that requires confirmation is the observation that 
the Martian mantle Xe seems to have solar (or Q eventually) isotopic composi-
tions (Matthew and Marti, 2001; Section 2), suggesting that Martian parent 
bodies did not have an “atmospheric” xenon isotopic signature, which is however 
observed in the Mars’s atmosphere. If this observation of solar-like xenon in 
the Martian interior is confirmed, then the first scenario is clearly more realistic 
than the second and requires that the Martian atmospheric xenon is isotopically 
fractionated compared to its interior. A better understanding of the xenon isotopic 
fractionation in planetary atmospheres is however required, as well as the quan-
tification of the noble gas subduction into the mantle in the case of Earth. Such 
work is in progress in different laboratories and answers to these two issues will 
(hopefully) come soon.
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 Figure 8.14 Two extreme scenarios can be proposed in order to reproduce on the first order 
observations on the noble gas isotopic compositions of the Earth. The first 
one (case 1) is based on the assumption that Earth had a chondritic composi-
tion (Q) (which includes the contribution of neon B and argon B). To explain 
the atmospheric krypton, cometary material with a solar isotopic composi-
tion can be added to the atmosphere (originally degassed from the mantle 
with a chondritic signature) at the end of the accretion (e.g., Walsh et al., 
2011). Xenon has to be lost and this is accompanied with an important mass 
fractionation in order to produce the observed xenon isotopic composition 
(and the xenon deficit in the atmosphere). Subduction of atmospheric noble 
gases is required to explain the present-day Kr-Xe isotopic compositions in the 
mantle (Holland and Ballentine, 2006; Holland et al., 2009). Case 2 supposes 
that the chondritic contribution observed in CO2 well gases represents the 
addition of a post-accretion veneer of chondritic material to the mantle. In 
such a model, the fractionated terrestrial noble gas isotopic signatures were 
already present in the parent bodies (‘Atm’). Neon was modified in the atmo-
sphere either by gas loss, either by addition of chondritic material having the 
neon A signature, without affecting the Kr and Xe isotopic compositions as 
suggested by Marty (1989; 2012).
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 9.  
CONCLUDING COMMENts AND QUEstIONs

I hope the reader will have been convinced that noble gases provide important 
constraints on the mantle structure and on the origin of volatiles on terrestrial 
planets. I have attempted to give the reader some information on how noble gases 
are essential, although not unique of course, to address the issue of the origin 
of planetary atmospheres (here, terrestrial planets, but also giant planets). Some 
results and interpretation can be considered as established and unanimously 
accepted by the community; some others are still debated and require further 
work to be confirmed or invalidated. Below is a series of questions that, to my 
opinion, need to be answered or confirmed in order to provide a comprehen-
sive model of the origin of volatiles on terrestrial planets. Some will have an 
answer certainly in the next few years, some others will need more time, and 
will certainly require new samples or new analytical procedures.

a) Where is the “primordial” reservoir sampled in OIB located? Core, 
D”, piles or lower mantle? Is the canonical two-layer mantle model 
coherent with all the geochemical and geophysical observations? New 
high-pressure experiments are required to determine the partitioning 
of noble gases in the different lower mantle phases.

b) How effective is noble gas subduction in the mantle? Are the atmos-
pheric noble gases subducted into the whole mantle? Is there a frac-
tionation between noble gases during subduction?

c) What is the physical process producing the observed isotopic frac-
tionation of xenon in Mars and Earth atmospheres? Is it affecting only 
xenon? When did it occur? What is the time evolution of the xenon 
isotopic signature of the atmosphere?

d) Is the neon isotopic ratio solar (and not B) in the mantle source of OIB? 
Answering this question will provide important constraints on the 
mechanism of incorporation of volatiles into the deep mantle (solar 
wind implantation vs. dissolution).

e) What is the noble gas composition of Mars’ interior (chondritic, solar)? 
Although having the same answer for Venus would be great, I have to 
be reasonable! Earth’s mantle appears to have a chondritic composition 
for Kr and Xe. Why would Mars have a solar signature as suggested by 
the Chassigny meteorite? Then, why do Earth and Mars atmospheres 
have the same xenon isotopic compositions which are different from 
any other known object in the Solar System?

f) What are the elemental and isotopic compositions of cometary mate-
rial? Is it solar for the noble gas isotopic compositions? Does this 
 material contribute significantly to the planetary noble gas budget?
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g) What is the origin of the isotopic composition of the phase Q in mete-
orites (solar wind implantation or adsorption under special physical 
conditions of irradiation)?

h) Was there a late veneer of volatile-rich material in the Earth’s atmos-
phere? Is it required for noble gases?
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GLossAry 

2πD43:  Name of a gas–rich sample collected at 14 °N on the Mid Atlantic 
Ridge. This sample is a “popping rock” because it is so rich that on 
the bridge of the ship, the sample popped due to decompression.

AMu:  Atomic Mass Unit.

Angra dos reis: An angrite meteorite, derived from the crystallised igneous 
crust of a differentiated asteroid. Similar to eucrite meteorites but 
derived from a different parent asteroid. Angra dos Reis is widely used 
to inter-calibrate different meteorite chronometers.

AvCC:  AVCC is a bulk chondrite composition, hence representing a mixture 
of phase Q and other components such as pre-solar grains.

bMo:  Basal Magma Ocean. Labrosse et al. (2007) have suggested that the 
deep mantle of the Earth was molten during a long part of the Earth’s 
History. Its crystallisation may have produced peculiar chemical and 
isotopic signatures in the deep mantle.

bse:  Bulk Silicate Earth. This reservoir corresponds to the Bulk Earth minus 
the core. BSE contains all the non-siderophile elements.

CAi:  Calcium-Aluminium Inclusions. These inclusions rich in Ca, Al, Ti are 
found in chondrites. They are the first solids to condense from a hot 
gas in the Solar System. Their age is estimated at 4.567 Ga.
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Cm3 stP g–1: Concentration of gas in a sample expressed in cubic centimetres 
(at standard pressure and temperature) per gram of sample.

Chass-s:  Name of the xenon isotopic composition in Mars’ Interior following 
Matthew and Marti (2001).

Chondrites: Chondrites are the most primitive meteorites. They are undifferenti-
ated objects (i.e. unmelted), having the chemical compositions close to 
the Sun, except for the very volatile elements. Chondrites are cosmic 
sediments. They are comprised of chondrules, metal and refractory 
inclusions in a fine-grain matrix. There are different types of chon-
drites: carbonaceous, enstatite, ordinary and rumuruti.

Ci:  Caronaceous chondrites of the Ivuna group. CI are the most primitive 
chondrite group. They have the chemical compositions that are the 
closest to that of the Sun.

Cosmogenic: Nuclides produced by interaction of cosmic rays (high energy extra-
solar system particles) with samples. For example 3He is produced as 
a product of the spallation of original sample atoms by cosmic rays.

Cv:  Carbonaceous chondrites of the Vigarano group.

DiCe:  Name of a sample collected in Iceland (under-glacier pillow) (Harrison 
et al., 1999). This sample is gas-rich allowing the precise measurement 
of noble gases in the OIB source. This is the equivalent to the MORB 
sample 2πD43 for OIB.

DuPAL: The DUPAL anomaly (from DUPré and ALlègre) is the name of 
geochemical province, located mostly in the Indian Ocean. MORB 
and OIB from the Indian Ocean present peculiar isotopic ratios of 
lithophile elements compared to that of the other mantle domains.

ePr:  East Pacific Rise.

eucrites: Meteorites from the crystallised, igneous crust of a differentiated 
asteroid, believed to be Vesta 4.

fissiogenic: Nuclides produced by the fission of heavy nuclides. For example, the 
heavy Xe isotopes 131Xe-136Xe are products of the spontaneous fission 
of extant 238U and now extinct 244Pu.

Genesis: Space mission to collect solar wind on different collectors and return 
to Earth for analysis.

hiMu:  In the isotopic systematics developed by Hart (1988), HIMU is 
the name of a mantle component having extreme, radiogenic lead 
isotopic signatures. The acronym derives from “High µ” where µ is the 
238U/204Pb ratio. Most of the scientists agree to say HIMU represents 
recycled oceanic crust into the mantle, old enough to have produced 
radiogenic lead isotopic ratios.

hL:  A type of pre-solar grain, carrier of the signature.
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Late veneer: An addition of meteoritic material to the Earth after the main phase 
of accretion and notably post core formation. This flux (~0.5% by mass 
of the Earth) dominates the budgets of elements sequestered into the 
core (the highly siderophile elements) and potentially volatile elements 
lost during accretion.

Morb:  Mid Ocean Ridge Basalts. Samples from the oceanic crust.

neon A and e: Name of components observed in meteorites having peculiar 
neon isotopic signatures. These components reflect the presence of 
pre-solar diamonds in chondrites. They also have the name P3 or HL.

neon b:  Name of a component in meteorites and on the Lunar soil having a 
neon composition distinct to that of the Sun and the Earth’s atmos-
phere. It certainly represents solar wind implantation that is accom-
panied with isotopic fractionation.

nucleogenic: Nuclides formed by the reaction of naturally occurring neutrons 
(from the spontaneous nuclear fission of actinides, such as U) with 
host atoms in a sample. For example the addition of a neutron to 24Mg 
resulting in the ejection of an alpha particle and production of 21Ne.

Popping rock: A gas-rich MORB sample (see 2πD43).

Pre-solar Grains: Micron-sized (and smaller) grains (diamonds, graphite, SiC) 
that formed outside our solar system. These grains survive in primi-
tive (chondritic) meteorites and are identified by their exotic isotopic 
signatures, e.g., the Neon A and E signatures. Pre-solar grains are 
often derived by aggressive dissolution of the meteorite host to leave 
these resistant grains in various acid-treated residues.

oib:  Oceanic Island Basalts. Intra-plate lavas that form the ‘hotspot’ islands 
in oceanic basins, which many workers link with deep-seated mantle 
plumes.

P3:  A type of pre-solar grain, carrier of Neon A.

Primitive: A portion of mantle little-affected by magmatic processes since 
formation. Thus primitive mantle is thought to have un radiogenic 
He isotope ratios (low 4He/3He or high R/Ra).

Primordial: A portion of mantle un-affected by magmatic processes since forma-
tion. Often used synonymously with ‘primitive’, see above and to 
describe unradiogenic He isotope ratios.

Q (Phase Q): Name of the main carrier of heavy noble gases in chondrites. The 
Q stands for “quintessence”. It can be isolated after HF-HCl acid diges-
tion of chondrites. Phase Q is carbonaceous.

r/ra:  Sample 3He/4He relative to atmospheric 3He/4He. This traditional 
nomenclature reports He isotope ratios in a manner inverse to the 
standard approach of radiogenic isotope of non-radiogenic isotope. 
Thus He isotopes are also reported as 4He/3He.
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radiogenic: Daughter nuclides formed by the decay of radioactive parents. For 
example 40Ar produced by electron capture of 40K.

seP:  SEP refers to Solar Energetic Particles. They correspond to solar flares. 
Until Genesis probe return, it was proposed that the neon B compo-
nent reflects a mixture of normal solar wind and SEP implantation.

snC:  Name of a group of meteorites supposed to come from Mars (S for 
Shergotty, N for Nakhla, C for Chassigny).

u-Xe:  U-Xe is named after “Ur-xenon” for primitive in German (e.g., 
ursprünglichen = initial). This is a mathematical construct to address 
particularly the issue of the xenon pattern in Earth’s atmosphere. U-Xe 
defined by Pepin and Phinney (1976) is similar to the “primitive” 
xenon of Takaoka (1972).

Well-gases: Natural, CO2-rich gases with high noble gas contents with a mantle 
affinity.
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