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Abstract 

The use of the TRIGA reactor at the Atominstitute in Vienna as an irradiation facility 
in neutron activation analysis has a remarkable history. Present research work includes the 
recent determination of the precise half-life of 182Hf and the participation in an archaeological 
long-term research program (SCIEM2000).  
 

The decay of the now extinct 182Hf is used as an important chronometer for studying 
early processes in the solar system such as the accretion and differentiation of planetesimals 
and the formation of the Earth and the Moon. Since the only available data on the half-life of 
182Hf were measured 40 years ago, the precision is on the order of ±22%. This is absolutely 
insufficient for cosmochronological purposes. The redetermination was carried out in 
cooperation with the Institut für Isotopenforschung und Kernphysik, Vienna, and the ETH 
Zürich. NAA of long-time irradiated samples in combination with isotope dilution techniques 
resulted in a weighted mean (considering correlated uncertainties) half-life of 8,904 ± 0,088 
My.  

A different topic was targeted in the framework of the special research program 
SCIEM2000, an interdisciplinary project for the synchronization of civilizations in the 
Eastern Mediterranean Region in the 2nd millennium B.C. In this case NAA is used for the 
identification of volcanic products, in particular of pumice that has been used widely as an 
abrasive. The distribution patterns of the elements’ concentrations (chemical fingerprint) can 
be used to trace back the archaeologically stratified pumice samples to their respective source 
volcanoes. In some cases, layers of volcanic ash deposited directly from the eruption cloud 
are found in archaeological context and represent valuable dating information. NAA 
contributes additional information about the deposition conditions by quantifying the 
influence from local sediments. A similar onset is followed in another research cooperation to 
elucidate the stratigraphy of a speleothem (cave sediment) in Tilos, Greece, where 
palaeontologists found a rich faunal deposit interbedded with volcanoclastic material.  
 
Introduction 
Radiochemical work at the Atominstitute in Vienna is dedicated mainly to neutron activation 
analysis and the use of the reactor as neutron irradiation facility. Two examples of recent 
research work are presented to show the actuality and relevance of the application of NAA in 
highly different research fields, such as cosmochemistry, geochemistry and humanities.  
 
NAA of long-time irradiated hafnium  
In the last decade 182Hf was used as a chronometer to study fundamental processes in the early 
solar system. These processes include the accretion and differentiation of protoplanets and the 
formation of the Earth and the Moon. One of the most interesting questions to be answered is 
the timing of the separation of the solid protoplanets into core and mantle, during which Hf 
and W are separated according to their geochemical characteristics. Tungsten as a siderophile 
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element partitions preferably into the metallic core while lithophile hafnium remains in the 
silicic melt of the mantle [1-6]. The now extinct radionuclide 182Hf was present in the early 
stages of our solar system and the separation process took place early enough to derive 
chronological information from isotopic abundances. The β-decay of 182Hf with a half-life of 
about 9 million years produces stable 182W via 182Ta (half-life 114 days) and leads to tungsten 
isotopic anomalies in early fractionated materials (Fig. 1). 
 

 
 

Fig. 1. Sector of the Karlsruhe Nuclide chart showing the decay products of 182Hf. 
 
The sole half-life determination was performed 40 years ago in connection with the discovery 
of 182Hf, yielding a value of 9 ± 2 million years [7]. This large half-life uncertainty of ±22% 
was not satisfactory for chronometry. Basically, the half-life can be calculated according to 
the law of radioactive decay, when both the number of 182Hf atoms and their activity are 
measured. The isotopic ratio of 182Hf to 180Hf can be precisely determined by mass 
spectrometry, whereas NAA contributes the quantity of 180Hf in the same sample and γ-
spectrometry adds the activity of 182Hf. The sample material has been produced by Helmer 
and Reich more than 30 years ago, primarily for the investigation of 178m2Hf. They irradiated 
hafnium for up to 2 years with >4×1014 neutrons cm–2s–1 in the research reactors at Idaho 
Falls, USA [8, 9]. The redetermination was carried out in cooperation with the Institut für 
Isotopenforschung u. Kernphysik, Vienna, involving the quantification of Hf by NAA in 
long-time irradiated samples.  
 
Sample preparation 
The sample from Helmer and Reich was originally deposited on a white fibrous filter, covered 
with tape and mounted on cardboard. From this a quantity of 97,7mg of white powder 
containing the actual hafnium material was detached and split into five samples for NAA and 
activity measurements. To allow the calculation of the self-attenuation by a boron 
contamination (sample impurities due to glass filter fibres) one sample was purified by 
dissolution in HF, evaporation of the highly volatile boron compounds and calcination to form 
HfO2. By comparing the hafnium determinations before and after the purification, a boron 
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content of (1,28 ± 0,03)% was found, which was included in the corrections for neutron 
shielding. 
 
Analytical procedure 
The irradiation was performed at the TRIGA Mark-II reactor of the Atominstitute of the 
Austrian Universities in Vienna. To produce similar count rates for 182Hf and the activation 
product 181Hf (half-life 42,39d) in the sample, an irradiation at a flux of 108 neutrons cm-2s-1 
(reactor operation at 25W) was chosen. High purity HfO2 was used as hafnium standard. 
Several hafnium standard samples were irradiated for 5h together with the 182Hf-containing 
samples, and the rotation of the capsule (2 turns min-1) containing the samples guaranteed a 
homogeneous activation. Two irradiation runs of 182Hf-containing samples were performed at 
the conditions described, another one for 129min at 25kW was applied to a chemically 
purified 182Hf sample. 
The activities of 181Hf and 182Hf were measured by γ-spectrometry in three independent 
measurement series. For the activity of 181Hf the gamma line at 482keV, for 182Hf the 270keV 
decay line was used. For this 182Hf-emission line the newly determined branching ratio of 
0,790±0,006 was used [10]. For series 1 and 2 a HPGe-detector with 50% relative photo-peak 
efficiency connected to a Canberra DSP amplifier and a loss-free counting system was used. 
The first series was calibrated with an old QCY46 radionuclide solution (Amersham, 
production July 2002), resulting in imprecise efficiency data in the range of 270keV due to 
low 203Hg activity in this radionuclide solution. Improved data (series 2) were obtained by 
optimizing counting conditions with the same detector, a closer geometry and calibration with 
fresh QCY44 solution (production May 2003). For the third series, an independent check with 
a 30% HPGe, different electronics but the same calibration solution was performed. 
Corrections for self-attenuation of γ-rays were taken into account. 
 
Results 
The NAA in combination with gamma-spectrometry measurements lead to a value of 9,034 ± 
0,251 million years (My) for the half-life of 182Hf. Parallel investigations with another 
material from Helmer and Reich using isotope dilution for the determination of the amount of 
182Hf atoms (performed at the Institute of Isotope Geochemistry and Mineral Resources, ETH 
Zürich) gave 8,896 ± 0,089My [11]. The results are in satisfactory agreement and a weighted 
mean (considering correlated uncertainties) of 8,904 ± 0,088My is proposed (Fig. 2) [12]. 
 

 
 

Fig. 2. Results on the new half-life determinations of 182Hf 
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NAA of volcanic material with archaeological and palaeontological background 
A different topic was targeted in the framework of the special research program SCIEM2000, 
an interdisciplinary project for the synchronization of civilizations in the Eastern 
Mediterranean Region in the 2nd millennium B.C. NAA is used for the identification of 
volcanic products by chemical fingerprinting. The distribution patterns of element 
concentrations can be used to trace back the samples to their source volcano. Earlier studies of 
our research group have shown that the products of numerous volcanic eruptions in the 
Aegaen region can be distinguished with high reliability [13-15]. Pumice, a highly vesicular 
volcanic glass, widely used as abrasive since antiquity, can serve as a relative time mark when 
it is found in archaeological excavations (Fig. 3). The respective layer may not be older than 
the eruption of the source volcano. Up to now a database of all quaternary pumice-producing 
eruptions in the Aegean and of some cappadocian volcanoes was established. This extensive 
study is used as a reference for the identification of several hundred samples of 
archaeologically stratified pumice lumps analyzed over the last years.  
 
In some cases, layers of volcanic ash, deposited directly from the eruption cloud are found in 
archaeological context and represent valuable information as an absolute datum line (Fig. 4) 
[16-22]. Additionally, NAA contributes information about the deposition conditions by 
quantifying the influence from local sediments. A similar onset is followed in another 
research cooperation to elucidate the stratigraphy of a speleothem in Tilos, Greece, where 
palaeontologists found a rich faunal deposit interbedded with volcanoclastic material [23]. In 
general, the eruptions in that region are credibly dated, e.g. by radiocarbon dating of plants’ 
relicts found below the pyroclastic layer or by other radiometric methods [24, 25]. 
 

 
 

Fig. 3. Pumice lump, found in the excavation of Ashkelon, Israel (L. Stager, Harvard) 
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Fig. 4. Volcanic ash layer (Minoan eruption) in the excavation area of Iasos (Turkey) 
 
Sample preparation 
The following procedure is applied to samples from archaeological excavations as well as 
those that have been collected from natural deposits to enlarge the chemical data base. Each 
pumice sample first undergoes a thorough cleaning procedure, optical microscopy and is 
homogenized by grinding in an agate mortar to grain sizes < 3µm. Volcanic ash (tephra) 
samples from drill cores require additional separation by standard petrological techniques, 
such as separations due to magnetic properties, grain morphology and gravity to finally obtain 
a pure tephra sample, which is checked by polarization microscopy. 
 
Analytical procedure 
Instrumental neutron activation analysis (INAA) is a perfectly suitable method for the 
determination of some bulk and trace element concentrations in a matrix with high silica 
content [14]. After preparation, about 150mg of each sample are sealed into SuprasilTM quartz 
glass vials. Neutron activation is performed in the central thimble of the TRIGA Mark-II 
reactor of the Atominstitute of the Austrian Universities in Vienna. The samples are exposed 
to a neutron flux density of 1013cm-2s-1, the irradiation time varies from 35 to 60 hours. A set 
of multielement standards, in particular CANMET reference soil SO1, NIST SRM 1633b 
Coal fly ash, light sandy soil BCR No. 142, and MC rhyolite GBW 07113 is irradiated 
together with the volcanic samples and used for quantification of the elements’ concentration. 
 
After a decay time of 3 days, a first γ-spectrum is measured to obtain the activities of the short 
and medium-lived activation products 24Na, 42K, 76As, 140La, 153Sm and 239Np (decay product 
after 238U(n,γ)239U). At least three weeks later a second measurement is started to detect the 
long-lived activation products 46Sc, 51Cr, 59Fe, 60Co, 65Zn, 86Rb, 95Zr, 124Sb, 131Ba, 134Cs, 
141Ce, 147Nd, 152Eu, 160Tb, 169Yb, 177Lu, 181Hf, 182Ta, and 233Pa (decay product after 
232Th(n,γ)233Th). These 25 elements are usually sufficient to form an elemental concentration 
pattern, that can be used as chemical fingerprint for natural volcanic rocks [14,18]. The 
measuring times are 1800s and 10000s, respectively. All samples are measured using an 
automatic sample changer with a fixed measurement position at a distance of 4cm beside the 
detector. The whole analysis is performed with a 151cm3 HPGe-detector (1,79keV resolution 
at the 1332keV 60Co peak; 50,1% relative efficiency), connected to a PC-based multi-channel 
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analyzer with digital filter and loss-free counting system [26]. In some cases short time 
activation using a pneumatic transfer system (General Atomic) is performed additionally to 
obtain the concentrations of Al, Ca, Ti, V, Mn, and Dy. Irradiation time is 2 minutes; the 
measurements are carried out after decay times of 6 minutes and several hours. For this short 
time activation PE-vials are used.  
 
Usually pumices can be assigned to their source volcano by the 25 element distribution 
pattern. In very tricky cases – the distinction of compositionally highly similar eruptions of 
one volcano – it was found to be helpful to plot the ratios of some elements. A typical 
example are the preminoan rhyolithic eruption cycles of Santorini. Figure 5 shows the ratios 
of the elements Eu, Ta, Th, Ba and Hf found in pumice produced by the Lower Pumice 
eruptions Bu1 and Bu2 (ca 200ky), the Middle Pumice Tuff Bm (ca 100ky), the Cape Riva 
Tuff (ca 21ky) and the Minoan eruption (ca 3,6ky).  
 

 
 

 
 

Fig. 5. Eu/Th vs. Ba/Ta-diagram and Eu/Ta vs. Th/Hf to demonstrate the determination of 
different eruption cycles of Santorini. 
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Results and conclusions 
The following volcanoes have been integrated to the chemical fingerprint data base: 
Santorini, Milos, Kos, Giali, Nisyros, Lipari, and several Cappadocian sources.  
 
From archaeological excavation sites 364 pumice samples have been analyzed during the last 
years and could be assigned to one of the Mediterranean volcanoes with only few exceptions. 
The excavation sites are located all around the eastern Mediterranean: Knossos, Tilos 
(Greece), Miletos (Turkey), Ebla (Syria), Maroni (Cyprus), Tel Nami, Tel Megadim, 
Megiddo, Ashkelon, Tel Lachish (Israel), Tel el Ajjul (Palestine), Tell el Herr, Tell el Hebwa, 
and Tell el Daba (Egypt). 
 
These results demonstrate that NAA consistently is a powerful and highly reliable method for 
chemical analyses. The TRIGA reactor is therefore an indispensable irradiation facility, 
providing a solid basis for substantial progress in physical as well as archaeo- and 
palaeontological research. 
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