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Abstract: Noble gases are very rare elements in most relevant samples in geochemistry and cosmochemistry. 
Noble gases may perhaps also look rather boring to chemists, as they do not form any stable compounds. 
However, it is precisely their rarity and chemical inertness which makes noble gases versatile elements in a very 
wide range of fields, such as oceanography, climatology, environmental sciences, meteorite studies, rock dating, 
early solar system and early Earth history, and many others. Mass spectrometry is by far the main analytical tool 
in noble gas geochemistry and cosmochemistry, partly because the rarity of noble gases often allows research-
ers to recognize in the same sample different noble gas ‘components’ of different origin and hence different 
isotopic composition. This contribution attempts to illustrate the wide range of applications of noble gas mass 
spectrometry in the Earth sciences with selected examples. 
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1. Noble gas analysis
Noble gas mass spectrometry in Earth and Planetary sciences 

differs in several aspects from other gas mass spectrometry tech-
niques. This is due to two fundamental properties of the noble gas-
es: they are ‘noble’, i.e. they do not form (stable) compounds, and 
they are (very) rare in most environments, hence their alternative 
name ‘rare’ gases. The second property requires a high detection 
efficiency, which in most cases implies ‘static’ mass spectrometry. 
This means that valves to vacuum pumps need to be closed before 
noble gases from a sample are let into the mass spectrometer. In 
contrast, stable isotopes of gases such as H, N, or O are usually 
analyzed in ‘dynamic’ mode, i.e. gas is continuously fed into the 
mass spectrometer whose valves to vacuum pumps remain open, 
allowing for fast switching between sample and standard gas. The 
‘nobility’ of noble gases facilitates static analyses, because the 
background levels of chemically active gases such as H

2
, CH

4
, 

H
2
O, CO, CO

2
, etc. can be kept low by binding or adsorbing them 

onto chemical getters, e.g. metals such as Zr, Ti or alloys thereof. 
Fast switching between standard and sample gas is not pos-

sible in static mode, which is one reason why the precision of 
isotope ratio measurements for noble gases is usually lower (typi-
cally not better than a few per mill) than what can be achieved 
for traditional stable isotope gas mass spectrometry. However, the 
precision of a noble gas analysis anyway is often governed by the 
available sample size, hence ion counting statistics, and by blank 

or spectrometer ‘memory’ corrections. ‘Memory’ means gas from 
previous analyses released during a later measurement. This not-
withstanding, the extreme rarity of noble gases in the environment 
is the decisive factor for the very low detection limits for noble 
gases, which may be just a few hundred atoms for rare isotopes. 
Argon-40 may serve as an example, although it has one of the 
highest detection limits among the noble gas isotopes. This iso-
tope is constantly produced by the radioactive decay of 40K with a 
half-live of 1.27 Ga. Yet, although only ~10% of the decaying 40K 
end up as 40Ar atoms, while ~90% are converted to 40Ca, the po-
tassium-argon method is one of the most widely used age dating 
techniques in the geosciences, whereas potassium-calcium dating 
has found only niche applications. This is because the abundance 
of Ca in rocks exceeds that of Ar by many orders of magnitude. 

Another major characteristic of noble gas geo- and cosmo-
chemistry is that in most cases one also is interested in measuring 
gas amounts, unlike for many other elements, for which often 
only isotope ratios are of interest. One reason for this is that the 
intrinsic rarity of noble gases often allows one to detect in the 
same sample noble gases of several ‘components’, produced or 
trapped by particular processes. An example are interactions of 
high-energy cosmic ray particles with target atoms in a meteorite. 
Such ‘cosmogenic’ noble gases are easily detectable, while result-
ing isotopic shifts in other elements are extremely minor. 

Because noble gas mass spectrometry is a rather minor dis-
cipline in Earth- and Planetary sciences, often requiring special-
ized skills and equipment, for a long time researchers such as 
John Reynolds in Berkeley[1] built their own instruments. Today, 
however, most laboratories rely on commercial spectrometers 
offered by several companies. Gases are commonly ionized by 
electron impact, with electron acceleration voltages on the order 
of 100 V. The standard mass separation technique uses a variable 
electromagnetic sector field, as pioneered by A. O. Nier,[2–4] but 
high-voltage scanning or other techniques like quadrupole mass 
filters are also used. Ions are collected either by Faraday cups, 
electron multipliers or Daly detectors. Multiple detectors may al-
low simultaneous detection of different isotopes. Relatively small 
and inexpensive quadrupole mass spectrometers are often used for 
gas concentration measurements but are also becoming popular 
for isotope ratio measurements.[5,6] In some cases, a quadrupole 
instrument is also used in combination with a sector field instru-
ment, the former to determine gas amounts, the latter isotope ra-
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In the following, I will discuss a few major applications of noble 
gas mass spectrometry in Geochemistry and Cosmochemistry and 
the implications of these data for Earth and Planetary Sciences. I 
will start with work on extraterrestrial samples, ranging from me-
teorites to comets, the latter studied, e.g., by mass spectrometers 
on space missions. A fundamental understanding of the noble gas 
inventories of the Earth’s interior and atmosphere also requires 
insights into how the early Earth acquired its noble gases from the 
solar accretion disk and its building blocks.

2. Noble Gases in Cosmochemistry 
Many meteorites – the so-called undifferentiated meteorites or 

chondrites – have a remarkable property: the abundances of most 
elements agree quite closely with their abundances in the Sun. 
For a very rare chondrite class, elemental abundances are identi-
cal to solar values to within mostly 10–20%.[14] This is excellent 
evidence that undifferentiated meteorites broadly represent mat-
ter accreted during solar system formation. The most remarkable 
exception are the noble gases. Especially the light noble gases are 
many orders of magnitude less abundant in meteorites than in the 
Sun. Expressed in atoms per atom, the He abundance in the Sun is 
about 8%, that in meteorites typically on the order of a tenth of a 
ppm or less. For the very rare Xe, the difference is much smaller, 
abundances being roughly 1 ppb in the Sun and up to ~3×10-2 ppb 
in meteorites. Their rarity does in no way mean, however, that 
noble gases in meteorites are not very useful to study early solar 
system processes. While reading the noble gas record is not easy, 
the rareness of these elements allows one to recognize processes 
difficult or impossible to study with other elements, as should 
become clear in the following. 

In meteorites and other solid samples, we distinguish between 
in situ produced and trapped noble gases.[15] Among the former 
are the radiogenic gases, e.g., 40Ar from radioactive decay of 40K 
(half-life T

1/2
 = 1.27 Ga) and 129Xe, the decay product of 129I (T

1/2
 

= 15.7 Ma). Another important in situ component are the ‘cosmo-
genic’ noble gases, produced when high-energy particles of the 
cosmic radiation interact with atoms in the crystal lattice. The new 
isotopes usually have a lower atomic mass than the target isotope, 
e.g., 21,22Ne are produced from 24,25,26Mg. Thanks to the intrinsic 
rarity of noble gases, their cosmogenic fractions are detectable 
very much easier than those of other stable nuclides. Trapped no-
ble gases have been incorporated into (solid) samples from known 
or unknown reservoirs by known or unknown processes. Their 
abundances and isotopic composition allow one to study their 
source reservoirs, e.g., the Sun (represented by atoms implanted 
by the ‘solar wind’), the early solar nebula (the gas- and dust 
cloud out of which Sun and planets formed 4.6 Ga ago), or even 
‘presolar’ grains, originating from star generations older than 
the Sun (Fig. 2). All these different processes are mirrored in a  
wide variety of noble gas components in meteorites, distinguished 
by characteristic isotopic and elemental fingerprints in different 
carrier phases. In the following, I will address a few crucial aspects 
of radiogenic, cosmogenic, and trapped noble gases in meteorites.

2.1 Dating by the 39Ar–40Ar and I-Xe Methods
Likely the by far best-known application of noble gas mass 

spectrometry is dating by the K-Ar method,[16] one of the first iso-
tope-based rock dating techniques. Today, the radioactive decay 
of 40K to 40Ar is mainly explored by the 39Ar-40Ar technique, where 
the concentration of the parent element potassium is determined 
by irradiating samples with neutrons in a nuclear reactor, thus pro-
ducing radioactive 39Ar from 39K. Monitor samples of known age 
are irradiated next to the samples of interest. This allows to deter-
mine parent and daughter concentrations with noble gas analyses 
alone. An even more important advantage is that the technique 
allows to recognize partial losses of the radiogenic isotope 40Ar 
by extracting the gas in several steps at increasing sample tem-

Fig. 2. Presolar silicon-carbide grain extracted from the Murchison me-
teorite. Presolar grains condense in the cooling envelopes of ancient 
stars in the final phases of their lifetimes. Some presolar grains are high-
ly resistant against acids and therefore can be extracted by dissolving 
the bulk meteorite in HF and HCl. They carry fingerprints of element syn-
thesis processes in their parent star in the form of extreme differences 
of the isotopic composition of many elements compared to normal solar 
system compositions. Cosmogenic noble gases in single presolar grains 
allow to estimate that these grains had been formed between tens of 
million years up to several billion years before their incorporation into the 
nascent solar system some 4.6 Ga ago. Figure courtesy of Philipp Heck.

tios. Calibration of spectrometer sensitivity and mass discrimina-
tion is mostly done by peak-height comparison with a separate 
analysis of a standard gas mixture of known amount and isotopic 
composition. Alternatively, a gas strongly enriched in a particular 
isotope can be added to the sample gas. This does not require an 
independent calibration run and is mostly used when the accurate 
amount of gas in a sample is of primary interest, e.g., for K-Ar 
dating. More details about analytical techniques in noble gas mass 
spectrometry are given in refs [7,8]. 

A crucial task in most noble gas analyses is the extraction of 
the gases from a sample, followed by their purification, i.e. the 
removal to the extent possible of chemically active volatile spe-
cies (H

2
, CH

4
, H

2
O, CO, CO

2
, etc.). In many cases, the different 

noble gases (He – Xe) are separated from each other and analyzed 
sequentially. More often than not, gas extraction and cleaning sys-
tems are tailored to a laboratory’s specific needs, reflecting the 
wide diversity of sample types and scientific problems. Noble gas-
es are found in solid samples, in fluids, as trace constituents in gas 
mixtures, trapped in ice or sediments, etc., with sample masses 
ranging from, e.g., subnanogram-sized presolar grains up to kilo-
grams of ice. Gases are extracted in ultra-high vacuum systems by 
heating samples, either in furnaces or by lasers and perhaps in dif-
ferent temperature steps, by crushing rocks, by intense shaking of 
water-filled containers, by melting of ice, etc. Given this diversity, 
a ‘standard’ noble gas extraction and purification system does not 
exist. Examples can be found in overview volumes[7,9,10]and many 
specific publications, some of which will be referred to below. As 
an example, Fig. 1 shows the line presented by Stanley et al.[11] 
for noble gas analysis in water samples. Progress in the miniatur-
ization of mass spectrometers[12] also results in developments of 
portable mass spectrometry systems in Earth and environmental 
sciences, allowing, e.g., analyses of noble gases and biogeochemi-
cally active gases directly in the field.[13] The immediate avail-
ability of such data may greatly facilitate proper sample collection 
and reduce field-work logistics.

Fig. 1. Schematic of gas processing and analysis line for noble gas 
measurements in water samples presented by Stanley et al.[11] HIMS is 
a sector field mass spectrometer for He isotopes, QMS a quadrupole 
mass spectrometer for the other noble gases. WVC, SSC, and ACC are 
three different cryotraps used to trap water and to separate the different 
noble gases prior to analyses. Figure courtesy of American Geophysical 
Union and Geochemical Society.
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2.2 Cosmic-ray Exposure Dating
Galactic cosmic ray protons and alpha particles (4He nuclei) 

with energies between a few hundred MeV to a few GeV penetrate 
up to a few meters into solid matter. The ‘cosmogenic’ nuclides 
produced when the cosmic ray particles interact with atoms of the 
target rock allow us thus to date the time a meter-sized body (e.g., 
a meteorite) spent in the interplanetary space from the moment it 
broke off its parent asteroid upon an impact until it fell onto Earth.[20] 

In practice, by far the most important cosmogenic nuclides are the 
noble gases and some radioactive nuclides of suitable half-lives, 
e.g. 10Be (T

1/2
 = 1.38 Ma), because of their very low detection lim-

its. Beryllium-10 and other radionuclides such as 14C and 26Al are 
primarily measured by Accelerator Mass Spectrometry (AMS).[21] 

Exposure age distributions of different meteorite classes reveal 
that a large fraction of the meteorites in our collections derive 
from a few individual collisions in the asteroid belt. For example, 
Fig. 4 shows that about one out of five meteorites in the world’s 
collections derives from one impact about 7 Ma ago. 

With today’s computational power, the venerable science of 
celestial mechanics is strongly improving our understanding of 
how meteorites find their way to Earth. Cosmic ray exposure age 
distributions help to provide ‘ground truth’ to test such theories. 
In the 1980s it was realized that bodies orbiting in resonance 
with Jupiter or Saturn will rapidly change their eccentricity in an 
unpredictable way, and hence may collide with an inner planet 
within perhaps a million years or less.[22] Such resonances occur, 
e.g., for meteorites or asteroids at 2.5 AU (1 AU equals the mean 
distance Earth-Sun), which complete exactly three orbits around 
the Sun in one Jupiter year. Because these transfer times are much 
shorter than indicated by the cosmic ray exposure ages of mete-
orites of typically tens of Ma (Fig. 4), the meteorites must spend 
most of their lives as small objects in the asteroid belt itself. The 
‘Yarkovski effect’ has been identified as a non-gravitative process 
driving small bodies slowly into resonant orbits in the asteroid belt 
by absorption and reemission of sunlight.[23]

Cosmogenic nuclides are also important in studying the dy-
namics of the surface ‘regoliths’ of planetary bodies. These are a 
mixture of fine dust, pebbles, and larger rock fragments. A well-
known example is the lunar surface. Samples brought back by 
the Apollo astronauts revealed that in some locations the top few 

perature. If the 40Ar/39Ar ratio at low temperatures is relatively 
low but increases to a plateau value at intermediate to high tem-
peratures, then 40Ar loss, e.g., from low-retentivity sites, can be 
quantified, and the plateau steps yield the time when 40Ar started 
to quantitatively accumulate in higher-retentivity sites (Fig. 3). 
39Ar-40Ar dating is one of the most widely used isotopic age dating 
techniques in Earth sciences (see also the section on Noble Gases 
in Geochemistry), but it has been developed with meteorites and 
lunar samples.[17] Ar-Ar studies of lunar samples revealed that lu-
nar lava flows that formed the dark Mare regions were emplaced 
as early as some 3.9 Ga ago.[18] The Ar-Ar technique is also par-
ticularly well suited to date impacts, for example on asteroids, as 
large impacts led to partial degassing of the radiogenic 40Ar, as 
exemplified in Fig. 3.

Iodine-xenon dating is based on the same principle as Ar-
Ar dating.[19] Radioactive 129I with a half-live of 15.7 Ma was 
present in the early solar system as a product of nucleosynthe-
sis in heavy stars near the end of their lives. It decayed into 
129Xe within the first approx. 100 Ma of solar system history. 
Irradiation of meteorite samples in a nuclear reactor converts 
stable 127I into 128Xe and a Xe analysis in several temperature 
steps allows to determine a sample’s I-Xe age. An important dif-
ference to Ar-Ar dating is that the radioactive parent isotope 129I 
is extinct today. The iodine-xenon system therefore is primarily 
a relative chronometer, ‘only’ yielding age differences between 
events that happened in the first few ten Ma years of solar system 
history. However, the high temporal resolution of the I-Xe sys-
tem allows to study this history in exquisite detail. Also, when 
referenced to a standard meteorite of independently known age 
(for example based on U-Pb dating), the I-Xe system becomes 
an accurate absolute chronometer. Below we will see that the ra-
diogenic fraction of 129Xe in the Earth is also of interest to study 
acquisition and loss processes of the terrestrial atmosphere and  
mantle.

In the following, I will discuss a few major applications of noble 
gas mass spectrometry in Geochemistry and Cosmochemistry and 
the implications of these data for Earth and Planetary Sciences. I 
will start with work on extraterrestrial samples, ranging from me-
teorites to comets, the latter studied, e.g., by mass spectrometers 
on space missions. A fundamental understanding of the noble gas 
inventories of the Earth’s interior and atmosphere also requires 
insights into how the early Earth acquired its noble gases from the 
solar accretion disk and its building blocks.

2. Noble Gases in Cosmochemistry 
Many meteorites – the so-called undifferentiated meteorites or 

chondrites – have a remarkable property: the abundances of most 
elements agree quite closely with their abundances in the Sun. 
For a very rare chondrite class, elemental abundances are identi-
cal to solar values to within mostly 10–20%.[14] This is excellent 
evidence that undifferentiated meteorites broadly represent mat-
ter accreted during solar system formation. The most remarkable 
exception are the noble gases. Especially the light noble gases are 
many orders of magnitude less abundant in meteorites than in the 
Sun. Expressed in atoms per atom, the He abundance in the Sun is 
about 8%, that in meteorites typically on the order of a tenth of a 
ppm or less. For the very rare Xe, the difference is much smaller, 
abundances being roughly 1 ppb in the Sun and up to ~3×10-2 ppb 
in meteorites. Their rarity does in no way mean, however, that 
noble gases in meteorites are not very useful to study early solar 
system processes. While reading the noble gas record is not easy, 
the rareness of these elements allows one to recognize processes 
difficult or impossible to study with other elements, as should 
become clear in the following. 

In meteorites and other solid samples, we distinguish between 
in situ produced and trapped noble gases.[15] Among the former 
are the radiogenic gases, e.g., 40Ar from radioactive decay of 40K 
(half-life T

1/2
 = 1.27 Ga) and 129Xe, the decay product of 129I (T

1/2
 

= 15.7 Ma). Another important in situ component are the ‘cosmo-
genic’ noble gases, produced when high-energy particles of the 
cosmic radiation interact with atoms in the crystal lattice. The new 
isotopes usually have a lower atomic mass than the target isotope, 
e.g., 21,22Ne are produced from 24,25,26Mg. Thanks to the intrinsic 
rarity of noble gases, their cosmogenic fractions are detectable 
very much easier than those of other stable nuclides. Trapped no-
ble gases have been incorporated into (solid) samples from known 
or unknown reservoirs by known or unknown processes. Their 
abundances and isotopic composition allow one to study their 
source reservoirs, e.g., the Sun (represented by atoms implanted 
by the ‘solar wind’), the early solar nebula (the gas- and dust 
cloud out of which Sun and planets formed 4.6 Ga ago), or even 
‘presolar’ grains, originating from star generations older than 
the Sun (Fig. 2). All these different processes are mirrored in a  
wide variety of noble gas components in meteorites, distinguished 
by characteristic isotopic and elemental fingerprints in different 
carrier phases. In the following, I will address a few crucial aspects 
of radiogenic, cosmogenic, and trapped noble gases in meteorites.

2.1 Dating by the 39Ar–40Ar and I-Xe Methods
Likely the by far best-known application of noble gas mass 

spectrometry is dating by the K-Ar method,[16] one of the first iso-
tope-based rock dating techniques. Today, the radioactive decay 
of 40K to 40Ar is mainly explored by the 39Ar-40Ar technique, where 
the concentration of the parent element potassium is determined 
by irradiating samples with neutrons in a nuclear reactor, thus pro-
ducing radioactive 39Ar from 39K. Monitor samples of known age 
are irradiated next to the samples of interest. This allows to deter-
mine parent and daughter concentrations with noble gas analyses 
alone. An even more important advantage is that the technique 
allows to recognize partial losses of the radiogenic isotope 40Ar 
by extracting the gas in several steps at increasing sample tem-

Fig. 2. Presolar silicon-carbide grain extracted from the Murchison me-
teorite. Presolar grains condense in the cooling envelopes of ancient 
stars in the final phases of their lifetimes. Some presolar grains are high-
ly resistant against acids and therefore can be extracted by dissolving 
the bulk meteorite in HF and HCl. They carry fingerprints of element syn-
thesis processes in their parent star in the form of extreme differences 
of the isotopic composition of many elements compared to normal solar 
system compositions. Cosmogenic noble gases in single presolar grains 
allow to estimate that these grains had been formed between tens of 
million years up to several billion years before their incorporation into the 
nascent solar system some 4.6 Ga ago. Figure courtesy of Philipp Heck.

Fig. 3. Apparent 39Ar-40Ar ages (in million years) of three splits from the 
same meteorite (impact melt breccia LAP02240) as a function of the 
fraction of 39Ar produced in a reactor from 39 K by neutron irradiation.[77] 
Argon extraction temperature increases from left to right. Low apparent 
ages at low-T steps indicate a partial resetting of the K-Ar clock by an 
impact on the meteorite’s parent body roughly around 1100 million years 
ago. ‘Plateau ages’ at high temperatures around 3940 Ma likely repre-
sent the age of the early impact that generated the melt rock. Figure 
courtesy Wiley.
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lunar regolith which has been exposed to the solar wind for four 
billion years.[29] The solar wind is particle radiation emitted by the 
Sun, with energies leading to implanation depths of a few tens of 
nanometers. Solar wind noble gases have also been measured at 
the University of Bern in the aluminum foils exposed on the Moon 
by the Apollo astronauts[30,31] and later by several groups in targets 
exposed by the ‘Genesis’ space mission. An early very important 
result of the Apollo Solar Wind Composition experiment was the 
final proof that the D/H ratio in the Earth’s oceans and meteor-
ites is about an order of magnitude higher than the protosolar 
value.[32] Deuterium is converted into 3He in the very young Sun, 
before hydrogen started to be ‘burned’ to 4He, the energy source 
of the present Sun. The finding by Geiss and Reeves[32] set new 
constraints on how the Earth acquired its water and other volatiles. 

The Genesis mission sampled ions from the solar wind during 
about 2 years at a position about 1.5 million km sunwards from 
the Earth.[33] In many people’s minds this mission was a failure, 
as the parachutes of its landing capsule did not open, leading to 
a crash landing. Yet, a large part of the solar wind bearing targets 
could be recovered, though mostly just as small shards. By now, 
most of the mission’s anticipated goals have been met and partly 
even exceeded. The elemental abundances and the isotopic com-
position of all noble gases in the Sun, including the rare Kr and 
Xe, are now known with high precision.[34,35] The same is true for 
oxygen, another crucial element for cosmochemistry, whose solar 
nebula composition was completely unknown prior to Genesis. 
The oxygen analysis was particularly challenging, as contamina-
tion by terrestrial atmospheric oxygen needed to be completely 
avoided and also the very minor isotope 17O needed to be analysed 
with high precision. The solution was found at the University of 
California in Los Angeles[36] by combining the front part of a sec-
ondary ion mass spectrometer (SIMS) with an accelerator mass 
spectrometer. Crucial auxiliary data were provided by neon mea-
surements.[37] Genesis illustrates the strengths of planetary sample 
return missions, as progress in cosmochemistry often demands 
precision only allowed by analyses in terrestrial laboratories. On 
the other hand, mass spectrometers flown in space allow a much 
more detailed sampling. For example, the composition of the solar 
wind as a function of parameters such as speed, sampling window 
within the solar activity cycle, etc. can be studied in situ in much 
more detail.

Primordial noble gases in meteorites are important to under-
stand early solar-system processes as well as the noble gas bud-
gets of the Earth and other planets. A general feature of primordial 
noble gases is their strong depletion of the light noble gases rela-
tive to solar abundances. Some primordial noble gases and their 
presolar carrier grains testify to element synthesis in stars prior to 
the birth of the solar system, as mentioned in the previous section. 
The excess of 129Xe provided for the first time clear evidence for 
the existence of a now extinct radioactive nuclide (129I) in the early 
solar system.[38] Iodine-129 had been produced upon the explosive 
deaths of massive stars not more than 100 million years before the 
birth of the solar system. Other ‘exotic’ noble gas components 
with very unusual isotopic signatures paved the way to ultimately 
isolate bona fide presolar grains in meteorites such as the one 
shown in Fig. 2. Noble gas analyses in single presolar grains are 
possible but remain challenging.[39]

Mass spectrometers are often also an important part of the 
suite of instruments flown on planetary exploration missions. For 
example, they are used to determine the composition of a plan-
etary atmosphere, including its noble gases. A few measurements 
during the descent in the atmospheres of Venus and Jupiter provid-
ed global information on the respective planet. These instruments 
need to be compact and to consume little energy. An early example 
was a double-focusing instrument (an electrostatic followed by a 
magnetic analyzer in a Mattauch Herzog geometry) flown on the 
Viking I mission to Mars.[40] The instrument had a limited mass 

meters of the lunar regolith had remained undisturbed for at least 
several hundred million years, except for the top few cm.[24] This 
is one of the rare studies based on stable cosmogenic nuclides 
of elements other than noble gases, namely Sm and Gd. Several 
isotopes of these two elements have extremely large cross sections 
for the caption of slow secondary cosmic ray neutrons. In 2010 
the Japanese Hayabusa mission brought back a small number of 
grains from the surface of Asteroid Itokawa. The analyses of cos-
mogenic noble gases in a few of these tiny grains was an analytical 
challenge, but the data show that the grains had been in Itokawa’s 
surface layer for a few million years only, probably because the 
asteroid quickly loses material due to its low gravity.[25,26] The 
planetary science community is eagerly awaiting the first results 
of new sample return missions, such as the Chinese Chang'e 5, 
which brought back about 1.7 kg of material from the Moon and 
the new asteroid missions Hayabusa 2 and Osiris Rex.

A spectacular type of extraterrestrial samples is the presolar 
grains (Fig. 2). They formed around stars in the final phases of 
their life and their extreme isotopic compositions in many ele-
ments much improved our understanding of how the chemical 
elements form during stellar nucleosynthesis. Cosmogenic noble 
gases in such grains allow to estimate lifetimes of such grains 
in the interstellar medium before they were incorporated in the 
gas- and dust cloud out of which our solar system formed.[27] 
These analyses were done with a special-purpose mass spectrom-
eter developed at ETH Zürich.[28] The instrument very efficiently 
compresses the sample gas into the ion source with a molecular 
pump, increasing the sensitivity for He and Ne analyses by about 
two orders of magnitude. 

2.3 Noble Gases Trapped by Extraterrestrial Samples
Trapped noble gases in extraterrestrial samples represent a 

bewildering variety of components. The main distinction is be-
tween ‘solar-like’ components with an affinity to the noble gases 
in the Sun and ‘primordial components’ which very broadly re-
semble the noble gases in the terrestrial atmosphere (and those 
of Mars and Venus). Solar noble gases are abundant, e.g., in the 

Fig 4. Exposure age histogram of the H-chondrites, one of the major 
classes of undifferentiated meteorites, representing about 40% of the 
meteorites in the world’s collections. The data are based on a large 
number of noble gas cosmic ray exposure ages.[78] As with most other 
stony meteorite classes, exposure ages of H-chondrites vary between 
roughly 1–100 Ma. The age distribution shows peaks at ~7, 24, and 33 
Ma, indicating large collisional events on the H-chondrite parent body in 
the asteroid belt between Mars and Jupiter. The very conspicuous peak 
at 7 Ma encompasses about 45% of all H chondrites. Hence, one large 
collision in the asteroid belt 7 Ma ago is responsible for about 20% of all 
meteorites falling to Earth today. 
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resolution but provided data on the abundances of N
2
, Ar, and O

2
 

in the atmosphere of Mars. These became crucial data to confirm 
earlier suspicions that a rare class of meteorites (the ‘SNC’) are 
from Mars. A few of the SNC contain gas-filled bubbles, verified 
by the Viking data to represent Martian atmosphere. Later mis-
sions to Mars provided more accurate data, including some iso-
topic compositions, e.g., a quadrupole mass spectrometer on the 
Curiosity mission.[41] Other isotope ratios in Mars’ atmosphere 
are, however, still only constrained by meteorite data.[42]

Spectacular data on the volatile composition of the comet 
Churyumov-Gerasimenko were provided by the Rosina instru-
ment suite on the Rosetta mission developed at the University 
of Bern, consisting of a double focusing Mattauch-Herzog mass 
spectrometer and a time of flight mass spectrometer, allowing 
analysis of neutrals and ions.[43] From a noble gas perspective, 
the Xe isotopic composition obtained by the Mattauch-Herzog 
instrument (Fig. 5) is most remarkable,[44] as it may solve one of 
the big mysteries of ‘xenology’. As will be discussed in the next 
section, Xe in the Earth’s atmosphere is isotopically fractionated 
relative to the solar composition, with the heavy isotopes enriched 
in terrestrial Xe. However, the two heaviest isotopes (134Xe and 
136Xe) in the atmosphere are less enriched than expected. This 
means that the formation and evolution of the terrestrial atmo-
sphere is ill-understood. A contribution of Xe from comets during 
the early history of the Earth is now the leading hypothesis to 
explain this mystery, because Xe in Churyumov-Gerasimenko is 
largely depleted in 134,136Xe relative to Xe in the Sun[44] (see Fig. 
6 and following section). If the Xe in Churyumov-Gerasimenko 
should be typical for comets in general, this would mean that Xe 
in the comet-forming region in the outer solar system would con-
sist of a different nucleosynthetic mix than the Xe in the inner 
regions. The challenge would then be to explain how inner and 
outer regions would have received different Xe contributions from 
different stellar precursors. 

3. Noble Gases in Geochemistry
The range of applications of noble gas analyses in the Earth sci-

ences is arguably even wider than in cosmochemistry. Formation 
ages of rocks or their cooling history, the early and later history 
of volatile element accretion and losses as well as their fluxes be-
tween mantle, crust and atmosphere are some of the major topics. 
Noble gases are also powerful tracers for many processes in cli-
matology, oceanography, groundwater hydrology, oil, and natural 

Fig. 5. Double-focusing mass spectrometer for in situ analysis of  
elemental and isotopic compositions of volatiles emitted by comet 
Churyumov-Gerasimenko during the Rosetta space mission.[43] This in-
strument provided, e.g., the isotopic composition data of xenon emitted 
by the comet (see main text). Size from left to right about 50 cm. Figure 
courtesy of Springer. 

gas exploration, etc. Extraterrestrial He in sediments testifies to 
environmental changes, induced, e.g., by impacts of asteroids on 
Earth or large collisions in the asteroid belt. In the following we 
will once more note how scientific progress and instrumental de-
velopments go hand in hand. Examples are the ultrahigh-precision 
isotopic analyses by dynamic noble gas mass spectrometry, which 
drives paleoclimate research, the portable mass spectrometry sys-
tems allowing analyses in the field, and the extremely sensitive 
method of counting ultralow amounts of rare noble gas radionu-
clides by Atom Trap Trace Analysis (ATTA).

3.1 Dating of Rocks and Thermochronology 
As in cosmochemistry, the probably best known application of 

noble gases in the Earth Sciences is dating rocks by the K-Ar meth-
od, mostly using the 39Ar/40Ar technique (see Cosmochemistry 
section). Recent methodical advances and many applications 
are presented in ref. [17]. The classical book by McDougall and 
Harrison[45] and the review by Kelley[46] are also recommended. 
With modern analytical techniques, rock ages as low as 100’000 
years can be dated, and in favourable cases the age limit is even 
considerably lower.[47] A particular advantage of 39Ar/40Ar dat-
ing is that various potassium-bearing minerals have different and 
sometimes large ranges of temperatures at which Ar is retained 
partially. This makes the system a very useful thermochronom-
eter, allowing to determine not only the time when the K-Ar clock 
was completely reset, e.g., by forming a rock from a melt or by a 
large impact, but also to reconstruct its cooling history. Because 
the temperature near the Earth’s surface increases with depth, this 
allows to study Earth-surface processes and interactions between 
tectonics, erosion, and climate.[48] Also 4He, the other well-known 
radiogenic noble gas isotope, has become an important tool in 
thermochronometry in the past few decades. Helium-4 results 
mainly from the radioactive decay chains of U and Th into Pb and 
was the very first isotope proposed to be used for dating U-rich 
minerals or even the age of the Earth.[49] However, the method was 
hardly applied because most minerals lose He already at moder-
ate temperatures over geologic times. This only changed when 
Zeitler and coworkers[50] proposed to explore this fact to study the 
thermal history of rocks at low temperatures. In addition to He and 
Ar, also fission tracks are widely used in thermochronology.[51] 
Fission tracks are lattice damages in uranium-rich minerals cre-
ated as a result of the spontanous fission of 238U. They can be made 
visible by chemical etching. At elevated temperatures the tracks 
progressively shorten and eventually disappear completely at a 
mineral-specific annealing temperature. Combining the fission-
track, 4He-U-Th, and 39Ar-40Ar techniques allows thus to study  
the thermal history of samples in the temperature range of  
~60–250 ºC. 

 
3.2 Noble Gases in the Earth’s Atmosphere and Interior

Noble gas analyses of samples representing the silicate mantle 
and the crust of the Earth, such as basalts from mid ocean ridges 
(plate spreading centers) or oceanic islands like Hawai’i made it 
clear that the overwhelming part of the Earth’s noble gas budget 
resides in the atmosphere.[52] The easily accessible atmospheric 
noble gases therefore provide first order information to under-
stand our planet’s acquisition of volatile elements from its build-
ing blocks (to first order represented by meteorites and comets) 
or the gaseous solar accretion disk, as well as subsequent loss 
processes of these elements. Much more difficult to obtain are 
good constraints on the noble gas budgets of the Earth’s interior, a 
task representing one of the major efforts of present day noble gas 
geochemistry. Progress again relies on the selection of suitable 
samples and developments in sampling methods and gas extrac-
tion procedures. These should limit to the extent possible con-
tamination of a sample’s mantle signatures by atmospheric noble 
gases. For example, Péron and Moreira[53] released noble gases by 
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In oceanography, noble gases are used to study the gas ex-
change between atmosphere and water, which is crucial to under-
stand the biogeochemical cycle of climatically important gases 
such as CO

2
, or the interaction between ocean water and ice.[60] 

The decay of tritium (3H, T
1/2

 = 12.3 a) to 3He allows to study 
ocean circulation.[60,61] Most of the tritium in the contemporary 
oceans derives from the atmospheric nuclear bomb tests in the 
1960s. At the ocean surface, He efficiently exchanges with the 
atmosphere, but once a water parcel is decoupled from the atmo-
sphere, the freshly produced tritiogenic 3He will lead to an in-
crease of the 3He/4He ratio above the atmospheric value. Two 
consecutive mass spectrometric He measurements of a water 
sample (the second one after a few months of storage of the sam-
ple degassed upon the first analysis) will thus provide the concen-
trations of both the radiogenic 3He and its parent 3H, yielding a 
3H-3He ‘age’ of the water parcel. This nominal age may not neces-
sarily be equal to the true time when a water mass was separated 
from the atmosphere but may also reflect mixing of different wa-
ter masses. Fig. 7[62] shows that tritium concentrations in the 
Greenland Sea started to decrease below 2000 m ocean depth 
around 1980, while at the same time nominal 3H-3He ages start to 
increase in parallel with time. This reflects a decrease of ‘deep 
water formation’ (the sinking of water from surface regions to 
larger depth) in the North Atlantic at around 1980 due to a reduc-
tion of convection flows. Analyses as those shown in Fig. 7 require 
a very large sample throughput and have triggered automation of 
noble gas sample preparation and analysis techniques.

Noble gases are also powerful proxies of the Earth’s climate 
history in the relatively recent past. Polar ice cores are the best-
known archives. Air bubbles trapped in cores from Greenland and 
Antarctica allow to reconstruct the atmospheric concentrations of 
greenhouse gases such as CO

2
 and CH

4
 over the past 800’000 

years.[63] Noble gases from these cores provide a record of the 
temperature history of the local atmosphere and even the global 29

.

Fig. 7. Tritium concentrations (upper panel) and tritium-3He ages (lower 
panel) in the Central Greenland Sea from the sea surface down to ~3750 
m depth as a function of time between ~1970–1995.[62] Color-coded T 
concentrations are given in T-units [1 TU = 1T atom per 1018 H atoms]. 
Around 1980 tritium concentrations started to decrease below ~2000 
m while 3H-3He ages started to increase in parallel with time, reflect-
ing a decrease of deep-water formation (see text). Figure courtesy of 
American Geophysical Union.

stepwise crushing a gas-rich ‘popping rock’. They collected and 
stacked the xenon of only those steps showing low atmospheric 
Ne contamination. This allowed them to obtain a large enough xe-
non sample for precise isotopic analysis, and to conclude that ef-
ficient recycling of volatiles from the atmosphere into the mantle 
started about three billion years ago.

Radiogenic noble gas isotopes such as 40Ar and 129Xe are 
not only useful for dating terrestrial and extraterrestrial rocks as 
discussed above, but also allow us to constrain extent and tim-
ing of degassing of the Earth’s volatile elements. As a first order 
conclusion, almost half of the 40Ar ever produced in the Earth’s 
interior has been degassed into the atmosphere, the rest remain-
ing in mantle and crust. In contrast, only about 0.8% of the total 
radiogenic 129Xe from the decay of 129I is found in the atmosphere 
today, and only a small additional fraction remains in the mantle or 
crust. Because of the short half-life of 129I of 15.7 Ma, most of the 
129Xe was produced during the first approx. 100 Ma of Earth’s his-
tory. Therefore, the very small fraction remaining today, together 
with the almost quantitative retention of 40Ar, indicates that the 
Earth – or partly already its building blocks – almost quantitatively 
lost its Xe very early on, not later than some 100 Ma after the 
Earth’s formation.[54] One popular idea today is that the Earth was 
almost completely degassed upon the Giant Impact that formed the 
Moon.[55] While noble gases provide very important constraints 
on degassing of the Earth, inferences on other volatiles such as 
water nevertheless need to be taken with care, as losses of water 
may have occurred at different epochs than those covered either  
by 129Xe or 40Ar. A ~50% retention of radiogenic 40Ar does not 
mean that the Earth also retains about half of its original water 
budget.[52]

Although only little radiogenic 129Xe remains in the Earth’s 
interior, this small fraction reveals much about the accretion and 
subsequent mixing history of the Earth’s mantle. Basalts from 
oceanic islands (sampling the lower part of the mantle) have lower 
129Xe/130Xe ratios than those from mid ocean ridges which repre-
sent the upper mantle.[56] This means that the lower and the upper 
mantle accreted xenon and other volatile elements from at least 
two different sources. Neither the Giant Impact nor subsequent 
mantle convection during more than four billion years completely 
erased the signature of Earth’s heterogeneous accretion provided 
by its noble gas record. Many details about the sources of Earth’s 
noble gases remain unclear, but the big picture is that the Earth’s 
mantle retains He and Ne broadly resembling in its isotopic com-
position the He and Ne in the Sun, whereas the Kr and the Xe in 
the mantle is similar to Kr and Xe in primitive meteorites.[57–59] 
That He and Ne predominantly originate from the gaseous solar 
nebula but Kr and Xe predominantly from solid matter is perhaps 
not so surprising given the largely different relative abundances of 
light and heavy noble gases in the two different sources. 

As noted above, atmospheric Xe cannot be straightforwardly ex-
plained as isotopically fractionated solar Xe. This is a long-standing 
conundrum, as shown in Fig. 6. The abundances of the two heaviest 
isotopes 134Xe and 136Xe in the atmosphere are lower than expected 
if Xe in the Earth’s atmosphere would derive from a solar source 
only. Relative to solar Xe, the abundances of 134Xe and 136Xe are 
also substantially lower in the comet Churyumov-Gerasimenko.[44] 
A substantial admixture of such cometary Xe to the Earth on top 
of isotopically fractionated solar (or meteoritic) Xe could therefore 
explain the terrestrial Xe isotopic composition. This explanation 
might solve the terrestrial xenon conundrum, if Xe in Churyumov-
Gerasimenko would be typical for Xe in other comets and if com-
etary-like matter would have contributed substantially to the Earth. 

3.3 Noble Gases as Geochemical Tracers
Noble gases are widely used as chemically (and biologically) 

inert tracers. An overview of such tracer applications is given in 
ref. [7]. Here I summarize a few examples. 

Fig. 6. Xenon isotopic composition of the terrestrial atmosphere (solid 
circles) and the comet Churyumov-Gerasimenko as measured by the 
Rosetta mission[44] (red triangles). Isotopic abundances are normalized 
to solar composition and 130Xe; 124,126Xe are not shown, as they were not 
measured in the comet. Isotope numbers are given at the bottom of the 
figure. Also shown are ‘expected’ values for the terrestrial atmosphere 
(open squares), if terrestrial Xe would be derived from solar composition 
by mass fractionation, as deduced by the four isotopes 128,130,131,132Xe. 
Xenon-129 is affected to variable degree by a radiogenic contribu-
tion from 129I decay, and hence not diagnostic here. The lower than 
‘expected’ abundance of 134,136Xe in the measured atmosphere could 
be due to a contribution of Xe from comets of the type of Churyumov-
Gerasimenko. 
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In oceanography, noble gases are used to study the gas ex-
change between atmosphere and water, which is crucial to under-
stand the biogeochemical cycle of climatically important gases 
such as CO

2
, or the interaction between ocean water and ice.[60] 

The decay of tritium (3H, T
1/2

 = 12.3 a) to 3He allows to study 
ocean circulation.[60,61] Most of the tritium in the contemporary 
oceans derives from the atmospheric nuclear bomb tests in the 
1960s. At the ocean surface, He efficiently exchanges with the 
atmosphere, but once a water parcel is decoupled from the atmo-
sphere, the freshly produced tritiogenic 3He will lead to an in-
crease of the 3He/4He ratio above the atmospheric value. Two 
consecutive mass spectrometric He measurements of a water 
sample (the second one after a few months of storage of the sam-
ple degassed upon the first analysis) will thus provide the concen-
trations of both the radiogenic 3He and its parent 3H, yielding a 
3H-3He ‘age’ of the water parcel. This nominal age may not neces-
sarily be equal to the true time when a water mass was separated 
from the atmosphere but may also reflect mixing of different wa-
ter masses. Fig. 7[62] shows that tritium concentrations in the 
Greenland Sea started to decrease below 2000 m ocean depth 
around 1980, while at the same time nominal 3H-3He ages start to 
increase in parallel with time. This reflects a decrease of ‘deep 
water formation’ (the sinking of water from surface regions to 
larger depth) in the North Atlantic at around 1980 due to a reduc-
tion of convection flows. Analyses as those shown in Fig. 7 require 
a very large sample throughput and have triggered automation of 
noble gas sample preparation and analysis techniques.

Noble gases are also powerful proxies of the Earth’s climate 
history in the relatively recent past. Polar ice cores are the best-
known archives. Air bubbles trapped in cores from Greenland and 
Antarctica allow to reconstruct the atmospheric concentrations of 
greenhouse gases such as CO

2
 and CH

4
 over the past 800’000 

years.[63] Noble gases from these cores provide a record of the 
temperature history of the local atmosphere and even the global 29

.

Fig. 7. Tritium concentrations (upper panel) and tritium-3He ages (lower 
panel) in the Central Greenland Sea from the sea surface down to ~3750 
m depth as a function of time between ~1970–1995.[62] Color-coded T 
concentrations are given in T-units [1 TU = 1T atom per 1018 H atoms]. 
Around 1980 tritium concentrations started to decrease below ~2000 
m while 3H-3He ages started to increase in parallel with time, reflect-
ing a decrease of deep-water formation (see text). Figure courtesy of 
American Geophysical Union.

ocean.[64] These analyses require much higher accuracies than 
can be obtained by static noble gas analyses. Hence, much larger 
sample amounts are needed to allow dynamic isotope ratio mass 
spectrometry, by alternately feeding standard and sample gases 
into the mass spectrometer, similar to stable isotope analyses of, 
e.g., oxygen or nitrogen. Using the gas from about 1 kg of an ice 
core, Bereiter et al.[65] achieved isotope ratio precisions of up to 
1 ppm per mass unit. 

Atmospheric gases are steadily trapped in the ‘firn layer’, 
the 50–100 m thick snow layer on top of polar ice sheets. If the 
mean atmospheric temperature changes with time, a tempera-
ture gradient will exist over centuries in the firn layer, which 
is an excellent thermal insulator. The resulting fractionated air 
stored in bubbles firmly enclosed in the ice at the low end of 

the firn layer records the atmospheric temperature changes.[66] 

Particularly ambitious is the idea to derive past mean ocean tem-
peratures from the elemental abundances of noble gases in air 
trapped in ice cores.[67] The solubility of noble gases is strongly 
temperature-dependent, e.g., the concentration of Xe in water in 
equilibrium with the atmosphere at T = 25 ºC is only about half 
as high as its value at T = 5 ºC. This temperature dependence 
is much more pronounced for Xe (and Kr) than for the lighter 
noble gases. A warming ocean will therefore outgas part of its 
heavy noble gases, thereby altering the elemental abundances of 
noble gases in the atmosphere. With a suite of 78 samples from 
an Antarctic ice core, Bereiter and coworkers[67] showed that the 
mean global ocean temperature increased by about 2.5 ºC over the 
last glacial transition from ~20,000 to 10,000 years ago. The data 
interpretation also required modelling ocean circulation and water 
exchange between deep and surface water reservoirs. However, 
the noble gas method pioneered by these authors has the potential 
to provide information about deep ocean paleotemperatures not 
unambiguously reflected by the classical paleotemperature proxy, 
i.e., the oxygen isotopic composition of benthic foraminifera, mi-
croorganisms living at ocean floors.[64] 

The temperature dependence of solubilities of noble gases in 
water is also used to determine paleotemperatures from archives 
such as groundwater and speleothems.[68,69] A suitable aquifer 
will conserve the noble gas concentrations acquired at the inter-
face of atmosphere and groundwater table at the recharge area 
of the aquifer. If no later equilibration with the atmosphere has 
occurred, water samples at different positions downstream will 
record the mean annual soil temperature at the time of ground-
water infiltration. Infiltration ages of samples can be determined 
with 14C or radiogenic noble gas isotopes. In addition to a careful 
aquifer selection, to assure that sampled water has never been in 
contact with the atmosphere after infiltration, also gas exchange 
upon sampling needs to be carefully avoided. Noble gases are 
particularly suitable recorders of past temperatures because they 
are insensitive to biological and chemical processes, which often 
complicate the interpretation of other temperature proxies. The 
temperature difference between the Holocene and the preceding 
glacial period has been determined with many aquifers.[70] A dif-
ference on the order of 5–10 ºC had been derived by the noble 
gas method since the 1970s for mid-northern latitudes on several 
continents. In contrast, other temperature proxies often suggested 
considerably lower temperature differences in tropical regions. A 
new review of many noble gas studies now confirms, however, 
that also the tropics were significantly cooler by about 6 ºC dur-
ing the last glacial period,[70] a result which receives significant 
attention in the paleoclimate community. 

Stalagmites are a widely used paleoclimate archive, e.g., using 
hydrogen and oxygen isotopes.[71] Because the noble gas tempera-
ture proxy is independent of other environmental variables, the 
noble gas paleothermometer can help to improve the understand-
ing of these other isotope records. Progress in noble gas analysis 
now also allows to use the minute quantities of water stored in 
fluid inclusions in stalagmites to determine mean annual cave 
temperatures at the time of inclusion formation.[69] Apart from 
the low noble gas amounts in the typically few mg of water in a 
suitable sample, a further experimental challenge is the separation 
of noble gases from fluid inclusions which carry the paleotem-
perature signal from those in water free inclusions contributing 
only noble gases with atmospheric composition. 

3.4 Analyses of Very Rare Noble Gas Radionuclides
Some very rare radioactive noble gas nuclides are valuable 

tracer isotopes in the geosciences, in particular in hydrology. The 
most important ones are 81Kr (T

1/2
 = 229,000 a), 85Kr (T

1/2
 = 10.8 a), 

and 39Ar (T
1/2

 = 269 a). While 81Kr and 39Ar are produced by cosmic 
rays in the atmosphere, a major source of 85Kr are reprocessing 
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plants for spent nuclear fuel. These nuclides are, for example, used 
to date the subsurface residence time of groundwater, a topic of 
high societal relevance, as more than 1.5 billion people depend 
on groundwater as their primary source of drinking water.[72] 
Concentrations of 85Kr and 39Ar in water samples can be deter-
mined by counting their radioactive decays in low-level counting 
facilities or by accelerator mass spectrometry, but required sample 
amounts of sometimes tons of water limit their application.[73] The 
advent of Atom Trap Trace Analysis (ATTA) has the potential to 
change this. ATTA is an extremely sensitive atom counting meth-
od. Neutral atoms of an isotope of interest are trapped in a vacuum 
chamber using laser beams and then counted by a photo sensor 
recording their laser-induced fluorescence.[74] The method has the 
potential to measure 81Kr in a few tens of kg of water or ice and 
85Kr and 39Ar in even considerably smaller samples.[75]

4. Conclusions
Noble gases are an indispensable tool in geochemistry and 

cosmochemistry and have led to many fundamental insights. 
Halliday[76] notes that “first discoveries include presolar com-
ponents in our solar system, extinct radionuclides, primordial 
volatiles in the Earth, the degassing history of Mars, secular 
changes in the solar wind, reliable present day mantle degassing 
fluxes, the fluxes of extraterrestrial materials to Earth, ground-
water paleotemperatures and the ages of the oldest landscapes 
on Earth”. Some of these topics have been addressed here and 
it should have become clear that the chemical inertness and the 
rarity of noble gases in most environments often make them par-
ticularly powerful for many studies. By far the major analytical 
technique of noble gases in the geosciences is ‘conventional’ 
mass spectrometry (as opposed to accelerator mass spectrom-
etry, AMS). ‘Conventional’ here does not mean, however, that 
noble gas analytics are in any sense routine. In contrast, most 
applications require highly specialized equipment and relevant 
know-how. Even though by now sophisticated noble gas mass 
spectrometers are offered by several companies, the sample 
preparation and noble gas extraction and cleaning systems in 
most cases require individual solutions tailored to specific sci-
ence goals. 
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