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It is well established that isotopic abundances are subject to small variations (mass fractionations) in
essentially all physical and chemical processes. These variations – no matter how slight - can be traced
with ever growing precision in natural and artificial materials. They thus constitute a way to follow
processes in our environment at large. If radioisotopes are involved, temporal evolution of processes can
be traced as well. The enormous progress of mass spectrometric techniques in both low-energy mass
spectrometry (MS) and accelerator mass spectrometry (AMS) allow us to ‘read’ the isotope language in
ever more detail in almost any terrestrial and extraterrestrial matter. In this review, a few examples of the
application of stable isotopes of light elements (H, C, N, O) and of some heavy ones (Sr, Pb), measured
by MS, are described. Two unusual applications for the measurement of long-lived radioisotopes with
AMS are also presented: The use of the 14C bomb peak for dating retrospectively human DNA, and the
search for superheavy elements in nature.
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1.Introduction

2. Stable Isotopes
Mass fractionation effects are more pronounced in isotopes of light elements than in
heavy ones, because the relative mass difference between isotopes is larger. Some of the most
important light elements on Earth are hydrogen, carbon, nitrogen, and oxygen. The isotopic
abundances for these elements are given in Table 1. Their stable isotopic abundances vary by at
most four orders of magnitude. For comparison, the ultra-low isotopic abundance of the wellknown radioisotope 14C is also given in the table. It is not possible to measure this most
important cosmogenic radioisotope by MS because of interfering background. Only the greatly
enhanced selectivity of AMS made this possible. Light stable isotopes are being traced in many
of the domains mentioned above, and provide a wealth of information. For example the
fractionation of hydrogen and oxygen isotopes in water (H2O) can be used to measure the origin
and temperature of water sources. It is easy to understand that in phase transitions (e.g.
evaporation of water) the lighter isotopes are preferred in the gas phase over the heavier ones.
2
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Isotopes were first recognized as a unique property of matter some hundred years ago
[1, 2]. Frederick Soddy received the Nobel Prize in Chemistry 1921 for the concept of isotopes,
which essentially stated that “certain elements exist in two or more forms which have different
atomic weights but which are indistinguishable chemically”. It is interesting to note that the
neutron as a constituent of the atomic nucleus was unknown at the time and was discovered
much later [3]. Nevertheless, isotopes were found for many elements, chiefly with the mass
spectrograph developed by Francis Aston (Nobel Prize in Chemistry 1922) and others. It was
also found that the abundances of rare stable isotopes are seldom below the permil level within
an element.
As the precision of measuring isotopic abundances improved, it was noticed that they
are subject to small variations (usually called ‘mass fractionation’) in essentially all physical
and chemical processes. These variations can now be traced with ever growing precision in
natural and man-made materials. They thus constitute a way to follow processes in our entire
environment encompassing the atmosphere, the hydrosphere, the biosphere, the cryosphere, the
lithosphere, the cosmosphere, and the technosphere [4]. If radioisotopes are involved, temporal
evolution of processes can be traced as well. The enormous progress of mass spectrometric
techniques in both low-energy mass spectrometry (MS) chiefly used for high-precision stable
isotope analysis, and accelerator mass spectrometry (AMS) used for long-lived radioisotopes,
allows one to decipher the ‘isotope language’ written into terrestrial and extraterrestrial matter.
This contribution will try to convey the great power of gaining information about many fields
by reading the isotope language. A few important examples for the application of stable isotopes
will be given (e.g. connected to climate change), but emphasis will be placed on applications of
AMS covering examples from diverse fields such as archaeology, geophysics, biochemistry,
and astrophysics.
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Thus, every phase transition induces such changes. In addition, the amount of fractionation also
depends on the temperature. The lower the temperature the larger the fractionation effects. For
chemical reactions one cannot predict a priori whether the lighter or heavier isotopes are
preferred.
Table 1. Isotopic abundance of some light elements
_____________________________________________________
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The results of mass fractionation measurements are usually reported in the delta (δ)
notation. This means that the ratio of a heavier to a lighter isotope is measured relative to this
ratio in an isotopic standard material. The deviations are reported in units of %ο (10-3). Recently
the precision of MS measurements are sometimes pushed into the ε (10-4) or even ppm (10-6)
range. It is then possible to trace fractionation effects of heavier isotopes as well [5, 6]. For light
isotopes the following conventions for δ values exist:

δD = (D/Hsample – D/HSMOW)/ D/HSMOW
δ13C = (13C/12Csample – 13C/12CPDB)/ 13C/12CPDB

SMOW = Standard Mean Ocean Water
PDB = PeeDee Belemnite carbonate standard

δ N = ( N/ Nsample – N/ NAIR)/ N/ NAIR AIR = Nitrogen ratio in the atmosphere
δ18O = (18O/16Osample – 18O/16OSMOW)/ 18O/16OSMOW
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In the following sections, examples for the use of δ13C and δ15N for paleodiet studies,
and δ18O as a paleothermometer in ice cores will be discussed.
2.1.Paleodiet
It is well known that in the photosynthesis of plants CO2 from the atmosphere is used to
built cellulose and other compounds containing carbon. In this biochemical process, carbon
isotopes from the CO2 are fractionated (the lighter ones react more readily). As it happens, there
are two groups of plants which fractionate the carbon isotopes differently. Starting with a δ13C
of –7 %o in the CO2 , so called C3 plants (e.g. rice, wheat, barley, potatoes) produce carbon
3
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2.2. Paleotemperature
With the ongoing debate about global warming, the study of temperature changes in the
past are of great interest [10]. Both δD and δ18O values in ice cores from Greenland [11] and
Antarctica [12,13] offer particularly valuable records to trace temperature changes back through
the ice ages.

Fig. 1. Temperature record of the last 120,000 years as measured by the δ18O values in the
NGRIP ice core from Greenland [11]. The figure indicates warmer (red) and colder (blue)
period, with the abrupt temperature changes numbered by the Daansgard-Oeschger events
(courtesy of Th. Stocker, University of Bern)
Fig. 1 shows the high-resolution isotope-temperature record from Greenland for the last
120,000 years. During the long cold period between the present warm period (Holocene) and
the previous warm period (Eemian), one observes rapid temperature changes by up to 10 ºC.
The origin of these so called Daansgard-Oeschger events are largely unknown, one is only sure
that there were not caused by human impact.
4
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compounds with δ13C of –25 %o and C4 plants (e.g. sugar cane, maize, papyrus) form carbon
compounds with δ13C of –10 %o. Humans who feed on wheat or on maize take up different
carbon isotope ratios, which is reflected in their bone collagen. For example, it was possible to
see the influence of Inkas (maize eaters) on the Chachapoya tribe in Peru being mainly C3
plants eaters by measuring δ13C in the bone collagene of Chachapoya mummies [7]. If
combined with 14C dating, even the time period of this influence can be determined. Another
interesting signature is the fractionation of nitrogen isotopes. As it happens, the δ15N value
increases by +3 %o with every step (trophic level) in a feeding chain [8]. Here the heavy isotope
of nitrogen reacts more readily. It is thus possible to study the dietary preference (carnivorous or
herbivorous) of ancient humans by measuring δ15N in collagen [9].
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In fig. 2 the longest isotope-temperature record in ice is compared with the oxygen
isotope record in planktonic foraminifera shells from deep sea sediment cores which reflect the
isotopic signature of ocean water [14]. As the land-locked ice volume increases during glacial
periods, the ocean water becomes isotopically enriched in heavier isotopes. One can see this in
the marine δ18O record of fig.2, since the δ18O values increase during glacial times. The effect is
distinct but small, since only a few percent of the ocean water is transferred into land-locked ice
sheets. The coming and going of ice ages is reasonably well explained by the astronomical
theory of Milankovic [15], which calculates the insulation of the sun as a function of changing
orbital parameters including the excentricity of the Earth’s orbit (~100,000 year period), the tilt
of the Earth’s axis (~41,000), and its precision (~23,000). Many papers discuss this important
theory [16, 17]. A well readable description can also be found in Scientific American [18].
2.3. The origin and migration of the Iceman “Ötzi”
In 1991, a frozen body was discovered accidentally by mountain hikers at the border between
Italy and Austria in the Ötztal Alp. The top of the male body, quickly nicknamed “Ötzi”,
surfaced form a shallow, ice-filled depression at a high-altitude pass (Tisenjoch, 3120 m a.s.l.).
The age of the body was determined by 14C dating of bone and tissue samples from Ötzi at the
AMS facilities of Oxford [19] and Zürich [20]. It turned out that Ötzi had lived somewhere
between 5300 and 5050 years ago [21]. In an extensive study using various isotopes (Table 2)
the origin of the Iceman was determined [22]. For this study small samples (µg to mg) from
teeth and bones of the iceman were taken, and isotope ratios of 18O/16O, 87Sr/86Sr, and
206
Pb/204Pb were measured.
5
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Fig. 2. Comparison of the δD isotope-temperature record from ice cores in Antarctica [12, 13]
with the δ18O isotope record from marine sediments [14], throughout the last 800,000 years.
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Table 2. Isotopes used to study the Iceman Ötzi
_____________________________________________________________________________
Isotope Half-life Source
Measured
Range
Mass Spec
Information
(years)
isotope ratio
method
_____________________________________________________________________________
5.7x103

14

87

4.9x1010

87

238

4.5x109

238

40

1.3x109

40

C
Rb
U

K

N(n,p)14C

14

C/12C

Rb → 87Sr

87

Sr/86Sr

10-15 – 10-12

AMS a

biolog. age

0.725 – 0.750

TIMS b

soil origin

U → 206Pb

206

Pb/204Pb

18.25 – 19.50

MC-ICPMS c

soil origin

K → 40Ar

40

Ar/39Ar

10 – 60

Laser-GMS d

geolog. age

O
stable
fractionation
δ18O
-25 – +25 %o GMS d
water origin
_____________________________________________________________________________
a
accelerator mass spectrometry
b
Thermal Ionisation Mass Spectrometry
c
Multi Cup Inductively Coupled Plasma Mass Spectrometry
d
Gas Mass Spectrometry
18

Fig. 3. Pb versus Sr isotope data from tooth enamel and bones of the Iceman, together with data
from soil leachates from various geological formations in the environment of the Iceman [22].
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3. The 14C bomb peak dating of human DNA
It is well known that after the Second World War, the superpowers (USA and USSR)
started to test ever bigger nuclear bombs (fission and hydrogen fusion) in the atmosphere. This
produced a number of radioisotopes, among them also 14C. This happens because nuclear bomb
explosions are accompanied by large neutron fluxes, which convert nitrogen into 14C through
the 14N(n,p)14C reaction. The very same reaction produces also natural 14C, with the neutrons
coming from spallation reactions of cosmic ray protons on nuclei of the atmosphere [24].
Atmopsheric nuclear testing continued until 1963, when the Nuclear Test Ban Treaty (NTBT)
put an end to atmospheric nuclear weapons testing. By that time the 14C content in atmospheric
CO2 was doubled (see Figure 4).
It is interesting to note, that every species living in the second half of the 20th century
got labeled with some bomb 14C, since 14CO2 enters the biosphere through the photosynthesis of
plants. Due to the exchange of atmospheric 14CO2 with the ocean, the dynamics of this
important process can also be studied. In 2005, an interesting paper was published in CELL [25]
reporting on the use of the 14C bomb peak to retrospectively determine the birth date of cells in
humans. The basic idea is that 14C in genomic DNA reflects the age of the cell. The authors state
[25]:
“Most molecules in a cell are in constant flux, with the unique exception of genomic
DNA, which is not exchanged after a cell has gone through its last division. The level of
14
C integrated into genomic DNA should thus reflect the level in the atmosphere at any
given point, and we hypothesized that determination of 14C levels in genomic DNA
could be used to retrospectively establish the birth date of cells in the human body.”

7
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In Fig. 3 the strontium and lead isotope ratios from soils of different geological
formations in the environment of the Iceman are plotted together with the values for the teeth
and bones. It is obvious that certain geological formations can be excluded. The oxygen isotope
ratios measured in the calcium phosphate (apatite) of teeth and bones can be related to the water
the iceman was drinking [23]. Since the δ18O values on the northern slopes of the European
Alps have slightly more negative values that the one from the southern slopes, another isotope
signature of the whereabout of the Iceman can be established. In addition, from small mica
samples in the intenstine Ar-Ar ages were determined which gave geological ages. Putting all
the evidence together, the Eisack valley in South Tyrol (Italy) was established [22] as the most
likely place were the Iceman spent his childhood, and most of his later life also south of the
main Alpine divide.
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Fig. 4. (a) Variation of the 14C content in atmospheric CO2 during the last 4000 years including
the 14C bomb peak [25]. Deviations from the 14C reference level (14C/12C = 1.2 x10-12) are given.
(b) Detail of the bomb peak during the last 50 years from measurements of 14C in atmospheric
CO2 in the northern and in the southern hemisphere [26].
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In Table 3 some facts about the DNA molecule are listed, including the calculation from how
many cells one has to extract the DNA in order to get enough 14C atoms for an AMS
measurement.

Table 3. Composition of the DNA molecule and its 14C content (a physicist’s view)
_____________________________________________________________________________
Macromolecule with 3x109 base pairs (bp)
C20H23N7O13P2 and C19H22N8O13P2
~630 Daltons (Da) per base pair, total ~1.9x1012 Da
2 DNA per cell = 2 x 3 pg = 6 pg
2.4 pg
2 x 3x109 x (0.34 nm, distance between bp) = 2 m
2 x 3x109 x (20 C) = 1.2x1011 C atoms
1.2x10-12
~1 14C atom
1.5 million 14C atoms
~36 µg C
~2% → ~30,000 14C atoms detected

______________________________________________________________________

An example of the different times when human cells are formed after a person’s birth is shown
in Fig. 5.It is obvious from the figure that the 14C content of the DNA from brain cells point to a
time much closer to the birthdate than cells from the intestine, which are known to be frequently
renewed. As for the brain itself, one can see that cells of the cerebellum are closer to the
person’s birth date than the one of the cortex. In Fig. 6 a further differentiation into neuronal
and non-neoronal cells shows that the cortical neurons are closest to the birth, whereas nonneuronal cells of the cortex point to a substantial production at a later stage in life. In Fig. 6 the
brain of four different individuals were investigated, two of them born after the bomb peak (A
and B), and two before the bomb peak. Due to the very different shape of the curve, additional
information about the separation of different brain cells can be studied. The method has been
applied by the Stockholm group also for other interesting questions such as the neurogenesis of
the human neocortex [27], turnover of fat cells in humans [28], and the renewal of heart cells
(cardiomyocites) in humans [29].

9
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Basic composition of DNA:
Chemical sum formula per bp:
Molecular weight:.
Mass of DNA per cell:
Mass of carbon (40 wt% C):
Total length of DNA per cell:
C atoms of DNA per cell:
14 12
C/ C:
DNA of 10 cells:
15 million cells:
C from DNA of 15 million cells:
Tote 14C AMS detection efficiency:
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Fig. 6. Separation of neurons from non-neuronal cells show the different times after birth where
they were formed [25]. Two individuals (A, B) were born after the bomb peak, and to (C, D)
were born before the bomb peak.
10
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Fig. 5. The 14C content of different human cells indicates the time after birth when the
respective cells were formed [25]. The vertical line shows the birth date of the individual.
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2. Search for Superheavy Elements in Nature

Fig. 7. Upper end of the chart of nuclides indicating the region of increased stability (dark
shaded background) where superheavy nuclides are expected to be particularly stable [46]. The
basic figure is adopted from Stoyer [42], with the nuclides studied at VERA indicated by red
squares.
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Calculating the stability of heavy nuclei has always been a challenge to nuclear theorists. In
the 1960s an exciting possibility emerged, when shell-model corrections to the liquid-drop
model indicated that there may be a neutron-rich ‘island of stability’ beyond any known nuclide
[30-33]. Nucleosynthesis calculation indicated that such nuclei may be produced under stellar
r-process conditions [34]. For the superheavy nucleus with Z = 110 and N = 184 a half-life of
2.5 billion years was calculated [35]. A specific AMS search for this isotope was therefore
performed in 1980 on a platinum nugget [36]. It was assumed that element Z = 110 has similar
chemical properties as platinum. No events of a 294110 isotope was observed with an abundance
limit of 294110/Pt = 1x10-11. Many other searches for SHEs in natural materials were performed
[37, 38]. To this day, no confirmed evidence for long-lived SHEs in nature exist, even though
some evidence for the occurrence of neutron-deficient isotopes in thorium [39], and SHEs in
gold [40] and thorium [41] have been reported from measurements with ICP-SFMS (Inductively
Coupled Sector Field Mass Spectrometry. These extraordinary claims certainly need verification
by other experiments before one can accept it as evidence for the existence of SHEs in nature.

Short title

Speaker Name

In Fig. 7 the regions of superheavy nuclides which are investigated at VERA are shown.
Except for the results published by Dellinger et al. on the thorium isotopes [44], the limits set
for the nuclides marked in red have to be considered as preliminary [47]. As can be seen, we try
to cover with our search the centre of the island of stability. We use natural materials with the
assumption that the corresponding eka-elements follow the corresponding elements, although
due to relativistic effects this may not be necessarily the case [48, 49]. Materials investigated so
far include Platinum nuggets (Eka-Pt, Z = 110, Ds), Gold nuggets (Eka.Au, Z = 111, Ds),
Galenite – PbS (Eka-Pb, Z = 114), Bismuth ochre – Bi2O3 (Eka-Bi, Z = 115), and Thorianite –
ThO2 (Eka-Th, Z = 122). So far we have not found a candidate for a SHE nuclide in the
indicated region at abundance levels in the range of 10-14 to 10-16, but the search goes on …

4. Conclusion
The examples discussed in this review were chosen in order to convey the power of
reading the isotope language in a variety of different applications. Since mass spectrometric
methods – both with and without accelerators – are continuously refined, it is likely that new
ground will be broken in future. It is hoped that reading and interpreting the isotope language
will help to disentangle some of the complex processes influencing our climate on Earth.
Isotope studies will also naturally cross disciplines, which will help to promote ‘integrated’
research – in some cases even beyond fields of natural sciences extending into the realm of the
humanities.
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It is well known that the ‘peak’ on the island of stability around Z = 114 and N = 184
cannot be reached with current heavy-ion reactions. However it was possible to explore the less
neutron-rich ‘shore’ of the island with heavy ion reactions, which established many short-lived
isotopes of elements all the way up to Z = 118 [42, 43]. In order to check the claims for SHE
observation at natural abundances by the group of Marinov et al. [39-41], we have embarked at
VERA on an extensive SHE search using AMS. This allows one to identify possible SHE
events more stringently than is possible with ICP-SFMS. So far, we have set limits for thorium
isotopes, which are about 3 orders of magnitude lower [44] than the one reported in [38, 40].
With somewhat less sensitivity, the Munich AMS group did also not confirm the evidence for
neutron-deficient thorium isotopes [45].
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