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AAbbssttrraacctt

The pumiceous products of the large scale explosive
eruptions at Santorini like the Lower Pumice erup-
tions 1 and 2 about 200 000 years ago and the
“Minoan eruption” show a high grade of similarity as
well in their optical appearance as in their composi-
tion. The demand for a clear classification of San-
torinian eruption products raised from archaeologi-
cal research, where the widely used abrasive pumice
can be interpreted as a “post-eruption” time marker.
The aim of this work was to find elements that
underwent significant changes during the geochemi-
cal evolution of the volcano and therefore could be
indicative for a distinction of pumice produced by

the five major explosive eruptions (Lower Pumices 1
and 2, Middle Tuff sequence, Cape Riva Tuff and the
Minoan Tuff). INAA of 25 elements, in particular As,
Ba, Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La, Lu, Na, Nd, Rb,
Sb, Sc, Sm, Ta, Tb, Th, U, Yb, Zn, and Zr allows a
clear classification and contributes new information
on the chemical evolution of Santorini volcano.

IINNTTRROODDUUCCTTIIOONN

The use of pumice as a time marker for post-erup-
tion-dating in archaeology led to the demand for a
clear classification of Santorinian eruption products.
This problem became evident as the pumiceous
products of some of the lare scale eruptions like the
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Fig. 1  Santorini volcanic complex, geographic situation of the sampling sites and a typical volcanic sequence near Athinios: Lower
Pumice Tuff units 1 and 2 (Bu1, Bu2), Middle Tuff (Bm) and Minoan Tuff (Upper Pumice, Bo). The Cape Riva Tuff is not visi-
ble in that part of the caldera cliff
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Lower pumice 1 and 2 eruptions and the Minoan
eruption show a high grade of similarity as well in
their optical appearance as in their chemical compo-
sition. Instrumental neutron activation analysis
(INAA) already has been applied successfully to dis-
tinguish Minoan eruption products from material
produced by other volcanoes in the Aegean archipel-
ago – such as Milos, Kos, Giali, and Nisyros.1 The
least compositional differences were found in mater-
ial from Santorini itself, in particular the Lower
Pumice Tuff eruptions 1 and 2 (“unterer Bimsstein”
Bu1 and Bu2, 203 000 ± 24 000 years and ca. 180 000
years), the Middle Tuff (“mittlerer Bimsstein”; Bm,
ca. 100 000 years), and the Cape Riva pumice (ca.
21 000 years). The investigation of the composition
of pumice produced during these large scale explo-
sive events revealed not only crucial differences but
also a geochemical evolution that has not been
reported during years of intensive volcanologic
research at Santorini. Sample series from the erup-
tion cycles mentioned above were collected at the
caldera cliffs at Cape Plaka, Cape Athinios, and
Ammoudi. The geographical situation and a view of
the typical appearance of the volcanic sequence is
shown in Fig. 1. 

SSAAMMPPLLEESS AANNDD AANNAALLYYTTIICCAALL TTEECCHHNNIIQQUUEESS

The samples were taken during a field trip to the
island of Thera in March 2002. From literature and
previous geochemical investigations the optimized
sampling sites were chosen and samples of about 1 kg
were taken after removing the weathered surfaces to
a depth of about 10 centimeters.2 For a detailed
description of the sampling sites see Duma.3

Pumice and pumice dust underwent a thorough
cleaning by submersion in aqua destillata and appli-
cation of an ultrasonic bath. By sonicating the sam-
ples for several minutes, impurities (e.g. remnants of
plants, microorganisms or soil particles etc.) were
removed thoroughly. For this procedure the samples
were transferred into a beaker containing distilled
water. Due to the low density of pumice it is necessary
to place a second beaker with a smaller diameter
above the samples to make sure that all parts are sub-
merged totally. After the sonicating was finished, the

pumice pieces were removed, rinsed with fresh dis-
tilled water and dried at 110°C for at least 24 h. For
INAA, about 100 g of pure, xenolith-free pumice were
used. The samples were ground in an agate mortar to
a grain size <3 mm and dried to constant weight at
110°C. To avoid contamination of the samples, every
step of the sample preparation was done using exclu-
sively polyethylene and quartz-glass tools. Traces of
these materials would not interfere with INAA as the
neutron irradiation of their constituents C, Si, O and
H produces only very short-lived or practically no
gamma-emitting activation products. 

Then ~150 mg were weighed into Suprasil™
quartz glass irradiation vials. The samples were irra-
diated together with international certified reference
material for 100 hours in the KFKI-reactor of the
Atomic Energy Research Institute, Budapest, Hun-
gary, at a thermal neutron flux of about 1013 cm–2s–1.
The multielement standards used for the quantitative
analysis were the CANMET reference soil SO1, NIST
SRM 1633b Coal fly ash, light sandy soil BCR No.
142, and MC rhyolite GBW 07113. The sample vials
were decontaminated and packed into polyethylene
vials fitting the automatic sample changer facilities
of the Atominstitut. After a decay time of 7 days, a
first gamma-spectrum was measured to obtain the
activities of the short and medium-lived activation
products. Three weeks later, a second measurement
was started to detect the long-lived activation prod-
ucts. The measuring times were 1 800 s and 10 000 s,
respectively. All samples were measured using an
automatic sample changer with a fixed measurement
position at a distance of 4 cm beside the detector. The
whole gammaspectroscopic analysis was performed
with a 151 cm3 HPGe-detector (1,79 keV resolution
at the 1332 keV 60Co peak; 50,1% rel. eff.), connect-
ed to a PC-based multichannel analyser with pre-
loaded filter and loss free counting system.4

RREESSUULLTTSS

The results have been published recently and are pre-
sented in Table 2 and agree well with previously pub-
lished analyses.5 Slight but reproducible deviations
are observed for the elements La and Ce, where the
reported values obtained by XRF (for X-Ray-Fluo-
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1 PELTZ et al.1999.
2 DRUITT et al. 1999; VITALIANO et al. 1978; VITALIANO et al.

1990.
3 DUMA 2002.
4 WESTPHAL 1982, WESTPHAL 1995.

5 PELTZ et al. 1999; DRUITT et al. 1999; VITALIANO et al.
1978; VITALIANO et al. 1990; EASTWOOD et al. 1999; PEARCE

et al. 1999; BICHLER et al. 2007.
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Distinction of Pre-Minoan Pumice from Santorini, Greece 51

Fig. 2a  Santorini Bo-normalized element abundance pattern of pumice samples from the Santorini Lower Pumice Tuff units 1
and 2 (Bu1, Bu2). The natural variation of the Minoan Tuff (Bo) is inserted as shaded area

Fig. 2b  Santorini Bo-normalized element abundance pattern of pumice samples from the Santorini Middle Tuff sequence (Bm).
The shaded area shows the natural variation of the Minoan Tuff (Bo)

049_058 Bichler.qxd  08.05.2007  15:24  Seite 51



Max Bichler, Barbara Duma, Heinz Huber, and Andreas Musilek52

Fig. 2c  Santorini Bo-normalized element abundance pattern of pumice samples from the Santorini Cape Riva Tuff. 
The shaded area gives the natural variation of the “Minoan” Tuff (Bo)

rescence Analysis) or ICP-MS (for Inductive Coupled
Plasma – Mass Spectrometry) are about 10–20%rel
lower than the INAA results. However, other INAA
data on “Minoan pumice” are in perfect agreement
with this work.6 Blank values for the Suprasil™
quartz glass irradiation vials were measured and
found negligible. Errors due to counting statistics are
calculated by ± 1s and range between 5 to 10% rel.

DDIISSCCUUSSSSIIOONN

The primary aim of this work was to find reliable
arguments for a distinction of pumices from the dif-
ferent Santorinian eruption cycles. Instead of apply-
ing statistical analysis, it has been necessary to find a
set of the most suitable elements, as statistic pro-
grams usually cannot include element properties such
as volatility or solubility in hydrothermally active
environments. The elements should meet the follow-
ing requirements: different concentrations in the
deposits in question, homogeneous distribution
throughout the deposit, low solubility and volatility

during weathering, and, last but not least, nuclear
properties that are suitable for INAA. A comparison
of the element distribution patterns is given in Fig. 2.
A normalization is applied in order to exclude the
atomic number depending odd-even effect due to
nuclear stability. Elements with an even number of
protons (Z) are typically more abundant than those
with an odd number. Exceptions are hydrogen (Z = 1)
and Be (Z = 4). The reason for this effect is that our
terrestrial element inventary has been produced by
stellar burning and supernovae. During such process-
es nuclear properties dominate the production rates
of elements. One of these properties is that nuclei are
especially stable if nucleons can “pair up” with their
spins in opposite directions. This works for neutrons
as well as for protons, but if Z is even, the protons can
pair up, while if Z is odd, there must always be an
unpaired proton. This lead to the obsereved abun-
dance alternation which therefore is usually called
the odd-even effect. Additionally, the normalization
to the mean concentrations of the respective ele-

6 WARREN AND PUCHELT 1999; BICHLER et al. 1997.
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Fig. 3a  Concentration ratios of Eu/Th versus Ba/Ta for the distinction of Minoan pumice

Fig. 3b  Concentration ratios of Eu/Ta versus Th/Hf for the differentiation of Lower pumices Bu1 and Bu2, 
Middle Tuff Bm and Cape Riva pumice
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eelleemmeenntt aaccttiivvaattiioonn  pprroodduucctt hhaallff--lliiffee gg--eenneerrggyy  [[kkeeVV]]

As 76As 25,87 h 559
Ba 131Ba 11,50 d 496
Ce 141Ce 32,50 d 145
Co 60Co 5,27 a 1173
Cr 51Cr 27,70 d 320
Cs 134Cs 2,07 a 796
Eu 152Eu 13,50 a 1408
Fe 59Fe 44,50 d 1099
Hf 181Hf 42,40 d 482
K 42K 12,40 h 1525
La 140La 40,30 h 1596
Lu 177Lu 6,70 d 208
Na 24Na 15,00 h 2 754
Nd 147Nd 11,00 d 531
Rb 86Rb 18,60 d 1077
Sb 124Sb 60,20 d 1691
Sc 46Sc 83,80 d 1121
Sm 153Sm 46,30 h 103
Ta 182Ta 114,40 d 1221
Tb 160Tb 72,30 d 879
Th 233Pa # 27,00 d 312
U 239Np # 56,60 h 278
Yb 169Yb 32,00 d 177
Zn 65Zn 244,30 d 1116
Zr 95Zr 64,00 d 757
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Fig.4  Concentrations of Th and Hf in pumice from Santorini

# … 233Pa and 239Np are produced by the b-decay of 233Th (T½ = 22.3 min) and 239U (T½ = 23.5 min), 
which were formed by neutron capture of 232Th and 238U, respectively

Table 1  Activation products, half-lives, and gamma-energies used for quantitative analysis
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7 BICHLER et al. 2007. 8 BICHLER et al. 2004

ments in Minoan pumice (Bo) greatly improves the
visibility of compositional differences. It can be seen,
that only a few elements such as Sc, Fe, Sb, Ba, Eu,
Hf, Ta and Th show differences acceptable for a dis-
tinction. These elements are highly suitable for
INAA, but some of them are not very significant as
their concentration could easily be influenced by
mobilization like sulfide decomposition or contamina-
tion from infiltrating solutions under weathering con-
ditions. The best differentiation is obtained by using
Ba, Eu, Hf, Ta and Th. Fig. 3a. shows the binary plot
of the ratios of Eu/Th against Ba/Ta, which allows a
clear distinction of the Minoan Tuff from the other
eruptiva. The plot Eu/Ta versus Th/Hf separates the
rest of the Theran deposits investigated (Fig. 3b). In
agreement with their geochemical properties, a per-
fect correlation was found for the elements Hf and
Th. Figure 4 shows a binary plot of their concentra-
tions and there are three clearly separated distribu-
tions in the five eruptive cycles observed. The correla-
tion coefficients are 0,987 (Bu1), 0,997 (Bu2), 0,982
(Bm), 0,996 (Cape Riva), and 0,902 (Bo). These
extremely high values indicate geochemical processes
like melt differentiation and magma mixing. This

results are in perfect agreement with petrogenetical
assumptions published in DRUITT (1999)  and are dis-
cussed in another publication.7

CCOONNCCLLUUSSIIOONNSS

The chemical evolution of the volcanic products of
Santorini with respect to the major explosive cycles
led to only minor changes in their composition. The
determination of 25 elements by INAA revealed dif-
ferences that can be used for geochemical interpre-
tation. Additionally, this allows the identification of
these products if they are found beyond their nat-
ural environment. The choice of a set of suitable
elements such as Ba, Eu, Hf, Ta, Th and the appli-
cation of INAA allows a clear classification and can
be used for the identification of pumice. This possi-
bility contributes valuable information for the
intensive discussion on the date of the Minoan erup-
tion at Santorini by classifying archaeologically
stratified findings of pumice. The presence of a cer-
tain material gives evidence for the decision that a
stratum has been deposited after the respective
eruption. The applicability to archaeological find-
ings is demonstrated in this volume.8
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