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EXOTIC ARCHAEOLOGY: SEARCHING FOR SUPERHEAVY
ELEMENTS IN NATURE AND DATING HUMAN DNA WITH
THE '“C BOMB PEAK

WALTER KUTSCHERA, FRANZ DELLINGER, JAKOB LIEBL and PETER STEIER

Vienna Environmental Research Accelerator (VERA)
Faculty of Physics — Isotope Research, University of Vienna, Austria
walter.kutschera@univie.ac.at

This contribution conveys the power of accelerator mass spectrometry (AMS) to mea-
sure ultra-low traces of long-lived radionuclides in two highly divers fields: Astrophysics
and molecular biology. Our search for nuclides of superheavy elements (SHE) in several
natural materials did not confirm the claims of positive evidence for SHEs reported by
the group of Amnon Marinov from Jerusalem, even though the sensitivity of our AMS
measurements were several orders of magnitude higher. We also report on the investiga-
tion by the group of Kirsty Spalding from Stockholm to date human DNA with the =g
bomb peak. This allows one to determine retrospectively the birth date of cells in-sections
of the human body. Ongoing efforts to miniaturize carbon samples down to the level of
10 pg C for AMS measurements will allow one to venture into ever smaller subsections
of the human brain.

1. Introduction

The advancement of accelerator mass spectrometry (AMS) some 30 years ago
opened the possibility to detect both natural and man-made, long-lived radionu-
clides down to isotopic abundance levels of 10716, Tt literally became possible to
explore our world atom by atom in almost every section of the environment.! A well-
known application of AMS is radiocarbon (*4C) dating in archaeology and other
fields, which can be performed with samples of only 1 mg of carbon. This is at least
thousand times less than what is required for the classical beta-counting method.

A basic feature of any AMS facility is the ability to achieve good overall effi-
ciency (the fraction of atoms in the sample actually detected), and at the same time -
providing utmost selectivity for the ultra-rare nuclide, in order to separate it from
a usually overwhelming background. If the analyzing magnets are strong enough,
an AMS facility can be tuned to any nuclide of the nuclear chart, even allowing one
to venture into unexplored areas.

A universal AMS facility such as the Vienna Environmental Research Accelera-
tor (VERA) in Vienna can therefore be used to explore ‘white’ areas of the nuclear
landscape, such as the predicted ‘island of stability’ where long-lived Super Heavy
Elements (SHEs) may exist (see e.g. the overview of Flerov and Ter-Akopian®). It
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may therefore not be unreasonable to look with a very sensitive method such as
AMS for minute traces of long-lived SHEs in natural materials. Such measurements
were recently performed at the AMS facilities of Munich® and of Vienna,* after the
startling reports about positive findings of SHEs by the group of Marinov.>" In
Section 2 of this contribution, these experiments will be described.

The above example attempts to find nuclides, which may have been synthesized
in stars before our solar system formed some 4.6 billion years ago. In Section 3
14C AMS measurements are discussed which trace events of the last 50 years. Tt
is well known that atmospheric nuclear weapons testing during the late 1950s and
early 1960s doubled the *C content in atmospheric CO5.8 After the Nuclear Test
Ban Treaty in 1963, the exchange of COy with the biosphere and the ocean led to
a rapid decrease of this extra 4C transferring it to the respective reservoirs. It is
interesting to note that the instantaneous labeling of atmospheric CO5 with ‘bomb’
14 has wide-reaching implications for studying the dynamics of the COy exchange
of the atmosphere with the biosphere and the hydrosphere, respectively.

The latter is important in studying the uptake of COy in the ocean, which is
an essential ingredient in understanding the global COy cycle and the fate of the
anthropogenic CO; increase in the atmosphere. And this extra C also allows one
to study retrospectively the time of formation of new cells in the human body.®

2. Search for Superheavy Elements in Nature

Calculating the stability of heavy nuclei has always been a challenge to nuclear
theorists. In the 1960s an exciting possibility emerged, when shell-model correc-
tions to the liquid-drop model indicated that there may be a neutron-rich ‘is-
land of stability’ beyond any known nuclide.!%13 Nucleosynthesis calculation in-
dicated that such nuclei may be produced under stellar r-process conditions.
For the superheavy nucleus with Z = 110 and N = 184 a halflife of 2.5 bil-
lion years was calculated.’® A specific AMS search for this isotope was therefore
performed in 1980 on a platinum nugget.'® It was assumed that element 7Z =
110 "has similar chemical properties as platinum. No events of a 294110 isotope
were observed with an abundance limit of 2°4110/Pt = 1 x 10~!!. Assuming a
supernova-produced 2*110/Pt ratio of 0.02 to 0.06'* one can conclude from the
observed abundance limit that the half-life must be less than about 200 million
years, provided, that element 110 follows platinum throughout the geochemical and
geophysical history. Many other searches for SHEs in natural materials were per-
formed.®!? To this day, no confirmed evidence for long-lived SHEs in nature ex-
ist, even though some evidence has been reported for the occurrence of long-lived
neutron-deficient isotopes of thorium® and of Roentgenium (Z = 111) in natural
gold,’ and of a SHE (Z ~ 122) nuclide of mass 294 in thorium.” These mea-
surements were performed with high-resolution ICP-SFMS (Inductively Coupled
Sector Field Mass Spectrometry). Since it seems difficult to measure the reported
abundance levels in the 1070 to 10~!2? range with ICP-SFMS, these extraordi-




635

nary claims certainly need independent verification by other experimental tech-
niques.

So far two searches with AMS were performed. One at the Maier Leibniz Lab-
oratory of the LMU and TU Munich,® and another one and at the VERA Lab of
the University of Vienna.? Figure 1. shows a schematic presentation of the AMS
facility in Vienna, indicating the setup for measuring ultra-low abundances of long-
lived nuclides in thorium materials.* Compared to ICP-SFMS, which essentially
identifies the claimed SHEs only through high-resolution mass measurements, the
AMS set-up at VERA utilizes a system which eliminates background by a highly
redundant filtering process. This clearly is an advantage for proving the existence of
such a rare species once a positive signal is observed. However, it must be pointed
out that the complexity of the AMS system requires a very good calibration with
known pilot beams (see Fig. 2), in order to be sure that the set-up is sensitive for a
possible detection of SHE nuclides. Simply speaking it is easier to miss rare species
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Fig. 1. Schematic presentation of the setup to search for 292Fka-Th with VERA. The high
selectivity to find rare events is indicated by the nine-fold filtering process of the ion beams
generated from samples in the Cs-beam sputter source: (1) negative ion production, (2) en-
ergy/charge selection, (3) momentum/charge selection (mass sensitive), (4) break-up of molecules
in the gas-stripping process, (5) momentum/charge selection, (6) energy/charge selection, (7) mo-
mentum/charge selection, (8) time of flight (velocity) measurement, (9) residual energy measure-
ment.
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Fig. 2. Residual energy versus time-of-flight spectra measured in searching for the superheavy
nuclide EkaTh-292. The left spectrum is recorded when the AMS system is set up for this nuclide
only. The right spectrum shows an overlay of spectra, when the system was tuned to different pilot
beams for calibration. No events for EkaTh-292 were recorded in the expected window.

with AMS than with ICP-SFMS. On the other hand, it is very difficult to be sure
that events observed with ICP-MS are not caused by an unidentified background.
Figure 2 shows the events observed in the search for 2?2Eka-Th at VERA.4 No
events were observed in the region where one should have seen at least 1000 events
if SHEs at the abundance level claimed by the Marinov group” were present.

Table 1. Summary of rare isotope measurements in thorium

- ICP-SFMS? AMS Munich® AMS Vienna®
Rare isotope (ATh/?32Th) (M 1283 (A'Th/23%Th)
292Fka-Th (1—10)x 10~ 12 not measured <4x10715
Allepp (1-10) x 10—11 <9 16713 <8 1018
L (1—10) x 10~11 < 1.2 % 10~12 (7 x 1016 — 8 x 10—15)d
“Liph (1-—10) x 10—11 < 6.6 x 10~13 (1 x 10716 — g x 10—15)d
2T h (1-10) x 10712 < 24 w1012 <BX 1518

a2l 1_118Th,5 292Eka—Th7
bRef. 3
“Ref. 4

dfor 213Th two events, and for 217 Th one event was observed. These are, however,
uncertain, see Ref. 4.

In Table 1 a comparison of the results for ICP-SFMS and AMS measurements
performed so far in thorium materials is presented. It is clear that the limits of
both AMS measurements are orders of magnitude lower than the observations of
the Marinov group. The AMS results therefore exclude the existence of long-lived
neutron-deficient thorium isotopes and of a ?%2Eka-Th nuclide at the level reported
by the ICP-SFMS measurements.%7?

At VERA the search for SHEs is continued with natural materials including
platinum and gold nuggets, galenite (PbS), and bismuth ochre (BizOs). Here the
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Fig. 3. 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.?! The basic figure
is adopted from Stoyer,?? with the nuclides studied at VERA indicated by red squares.

assumption is that the eka-elements, Eka-Pt (Ds, Z = 110), Eka-Au (Rg, Z =
111), Eka-Pb (Z = 114), and Eka-Bi (Z = 115) follow the corresponding elements,
although due to relativistic effects this may not be necessarily the case.’®'® Of
particular interest is gold, since positive results for the observation of long-lived
isotopes of roentgenium (2%, 26°Rg) in gold have been reported by ICP-SFMS
measurements.® So far, we have not found any evidence for these nuclides with
three to four orders of magnitude higher sensitivities than the reported level of
(1 —10) x 107198 In addition, extensive searches for SHE nuclides in-the vicinity
of A ~ 300 have not yet resulted in any positive evidence for the existence of
such nuclides. Figure 4 summarizes the preliminary results of these searches, with
abundance limits ranging from 10714 to 10716,20

3. Dating Human DNA with the *C Bomb Peak

Tt 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 at-
mosphere. This produced a number of radioisotopes, among them also 4C. This
happens because nuclear bomb explosions are accompanied by large neutron fluxes,
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Fig. 4. Historical photo from the White House Treaty Room, where President John F. Kennedy
(centre) signed the Nuclear Test Ban Treaty on October 3rd, 1963. On the far right is Vice
President Lyndon B. Johnson (Photograph by Robert Knudsen, White House, in the John. F.
Kennedy Presidential Library and Museum, Boston).

which convert nitrogen into 4C through the “N(n,p)**C reaction. Also natural 14C
is produced by the same reaction, with the neutrons coming from spallation reac-
tions of cosmic ray protons on nuclei of the atmosphere.???* Atmopsheric nuclear
testing continued until 1963, when the Nuclear Test Ban Treaty (NTBT) put an
end to atmospheric nuclear weapons testing (Fig. 4). By that time the *C content
in atmospheric COy had increased by 100%, but rapidly decreased thereafter due
to the exchange of atmospheric COy with the biosphere and the ocean (see Fig. 5).

Due to the exchange of atmospheric '*CO4 with the ocean, the dynamics of this
important process can be studied. On the other hand, it is remarkable that every
species living in the second half of the 20th century got labeled with some bomb
140, since *COgy enters the biosphere through the photosynthesis of plants. In 2005,
an interesting paper was published in the journal Cell® reporting on the use of the
14C bomb peak to retrospectively determine the birth date of cells in humans.

The basic idea is that *C in genomic DNA. reflects the birth date of cells. The
authors state in their paper?:

“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 *C integrated into genomic DNA should thus reflect the level in the
atmosphere at any given time point, and we hypothesized that determination of 14C
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Fig. 5. (a) Variation of the *C content in atmospheric CO2 during the last 4000 years including
the 14C bomb peak.? Deviations from the 14C reference level (14C/12C = 1.2 x 1072) are given.
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levels in genomic DNA could be used to retrospectively establish the birth date of
cells in the human body.”

The task of actually measuring 4C/*2C ratios in human DNA can be assessed
from Table 2 which summarizes its basic constituents. Even though the DNA
molecule is very large containing about 10* carbon atoms, one needs DNA from
10 cells to obtain one #C atom. With DNA extracted from 15 million cells, one
obtains 1.5 million *4C atoms and 36 ug of carbon. Since about 2% of the *C atoms
can be counted with AMS, there is enough signal to determine the 14C/2C ratio.
However the small amount of total carbon available for these measurements is still
a challenge to the AMS technique. In recent years, progress in sample preparation
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Table 2. Composition of the DNA molecule and its *C content (a physicist’s view)

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 0/120:

DNA of 10 cells:

15 million cells:

C from DNA of 15 million cells:

Tote #C AMS detection efficiency:

Macromolecule with 3 x 109 base pairs (bp)
Ca0Ha3N7013P2 and C19HgaNgOi13P2

~630 Daltons (Da) per base pair, total ~ 1.9 x 1012 Da
2 DNA percell =2 x 3 pg = 6 pg

24 pg

2 x 3 x 109x (0.34 nm, distance between bp) = 2 m
2x3x109% (20 C) = 1.2 x 10! C atoms |
1.2 x 1012

~ 1 C atom

1.5 million C atoms

~ 36 ug C

~ 2% —~ 30,000 14C atoms detected
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Fig. 6. The C content of different human cells indicates the time after birth when the respective
cells were formed.® The vertical line shows the birth date of the individual.

and background reduction allows one to reliably measure **C in samples down to

10 pug carbon.?®

An example of the different times when human cells are formed after a person’s
birth is shown in Fig. 6. It is obvious from the figure that the 4C 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,
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they were formed.® Two individuals (A, B) were born after the bomb peak, and two (C, D) were
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one can see that cells of the cerebellum are generated closer to the person’s birth
date than the ones of the cortex. In Fig. 7 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. Differentiation into neuronal and non-neuronal cells shows that the
cortical neurons are closest to the birth, whereas non-neuronal cells of the cortex
point to a substantial production at a later stage in life. The method has been
applied by the Stockholm group also for other questions such as the neurogenesis of
the human neocortex,?8 turnover of fat cells in humans,?” and the renewal of heart

cells (cardiomyocites) in humans.?®

4. Conclusion

AMS is capable of tracing long-lived radionuclides at ultra-low levels in almost any
domain on Earth. This allows one to study natural and anthropogenic radionuclides
at unprecedented low levels, literally ‘atom by atom’. The two examples discussed
here present two extreme applications of AMS. On the one hand, a search for long-
lived superheavy elements in nature did not confirm the positive reports on their
existence. On the other hand, the **C bomb peak — once considered only a menace
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to man — turned out to be a valuable tool in studying one of the most interesting
questions in molecular biology: When do cells in the human body form, and what is
their renewal rate. AMS thus demonstrates its analytic power of studying questions
about the beginning of our Solar System as well as of the intricacies of cell formation
in the human body.
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