293
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ABSTRACT: Alluvial pumice beds from Greek shores were investigated by INAA and compared to the pumice database compiled in the course of
the SCIEM2000 research programme. This database contains the compositional data on 25 quaternary volcanic eruptions in the Mediterranean re-
gion that produced relevant amounts of pumice. The so-called chemical fingerprint, consisting of the concentrations of the elements 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 is used to relate pumice to its source volcano. Thereby, a per-
fect compositional agreement of the Greek alluvial pumice with a number of pumice finds from archaeological excavations in the Levant was observed.
Though the source volcano of this material is still unknown, it is demonstrated that the composition indicates a source in the Southern Hellenic is-
land arc, probably in the neighbourhood of Milos.
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MEPIAHYH: Aciypota, and otpodpata kionpng aArovplokng tpoérevong, and Tig oktég g dutikng [lelonovviicov, g dutikng Kpring kabaog
Kot amd To TapdAte TG votloavatoAkhs Mesoyeiov (Levant), ovaivOnkov ynukd, pe tn pébodo g verpovikig evepyonoinong (INAA). Akorod-
0mg, éytve oYKpLon TG GVGTAONG TOVG e TN PdcT dedopévav yia Kionpn mov gixe dnpovpyndel 6To TAaico TOV EPEVLVNTIKOD TPOYPALLLOTOG
SCIEM2000. H Bdon avtn, mepiéyet dedopéva yio. Tig GLOTAGELS TG Kionpng mov £xetl dnpovpyndel amd 25 SlopopeTikég TETAPTOYEVEIS NPALGTEL-
akég ekpNetg oty mepoyn s Mecoyeiov.

To Aeydpevo ymuikd SAKTLAKO aTOTOTMOO, TO OO0 CLVIGTATL GTIG GLYKEVIPMOGELS TV ototyeiov As, Ba, Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La,
Lu, Na, Nd, Rb, Sb, Sc, Sm, Ta, Tb, Th, U, Yb, Zn, ko1 Zr, ypnoylonotdnke yio va TpocdoploTel 1 TPOoELELON TOV SEIYUATOV TG KIGT)PNG.

H yeoympkn perétn anédetée o téleto ovppovio (€0g TaTion) 611 6VGTACT TOG0 TV SEIYHATMV THG KioNpNg, ard ta Tapdiie TG SVTIKNAG
[Tehomovviicov kat g dvutikng Kpritng 060 kat g cepds Setypdtov amd TG opYotoA0YIKES OVOCKAPES GTO VOTLOOVATOAKE TapdAta TG Meco-
yeiov (Levant).

Av Kot 1 Ty TPOELEVONG AVTOV TOV NPALGTELOKOD VAIKOD dgV EYEL OO EVTOMIOTEL Ie akpifelo, 1 ¥NHIKN GOGTOGT TOL, GLVIYOPEL Y10 Lo

£VL0{0 POLGTELOKT YT GTO VOTLOL TUH O TOV NQAGTELOKOV TOEOV TOL Atyaiov, Thavdg TNy meployn g Miiov.
AgEerc-kherdna: [ swynueio, avaloon ue VETPOVIKY EVEPYOTOINGH, 1YVOTTOLYELQ, KIONPH, NPOLOTELAKO TOLO VoTiov Atyaiov.

INTRODUCTION

The long-term investigations of volcanic material found in
the context of archaeological excavations in the eastern
Mediterranean region allowed to identify the sources of hun-
dreds of pumice finds by comparison of their compositions,
the so called “chemical fingerprinting®. These investigations
and the compilation of the analytical data base on Mediter-
ranean pumice sources have been carried out in worldwide
cooperations in the framework of the special research pro-
gramme SCIEM 2000, the “Synchronization of Civilizations
in the Eastern Mediterranean region in the 2" Millennium
BC. The results were obtained by neutron activation analysis
(NAA) and compiled in several publications (PELTZ et al.,
1999; STEINHAUSER ef al., 2006b; STEINHAUSER et al., 2007).
NAA was chosen because it allows to simultaneously deter-
mine a large number of geochemically significant elements in

very small samples (STEINHAUSER et al., 2006a) with ade-
quate accuracy and precision. The most recent analytical
work and some exemplary archaeological details are given
in STEINHAUSER et al. (2010). The identification of volcanic
material enables to backtrack transport routes for natural as
well as for trading connections. An additional chronological
aspect stems from the fact that for a known date of the re-
spective eruption, pumice can act as a time mark, giving a
datum post quem for the deposition of the pumice bearing
Strata.

However, in the course of this SCIEM2000-related re-
search, a few archaeological samples remained unidentified,
but attracted attention due to their highly similar composi-
tion. These pumice finds were unearthened at the famous
sites of Tell-el-Dabca (the ancient Hyksos capital Avaris) in
the Nile Delta and at Ashkelon (Palestine). The respective
strata were dated to the Middle Bronze Age, one to the Iron

* T1pocdloptopdg pe ovarvTikég HeBod30Vg TG KOWNG TPOELEVONG GTPOUATMV KIGNPNG IOV £X0VV EVIOTIGTEL TS 0KTEG TG SuTikhg [Tehomovvijoov Kot dv-
Tikng Kpning, kabog Kat 6g apyaioloykons ¥dpous, 6To VOTLOaVaToAKA Tapdiia Tng Mecoyeiov (Levant)
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Age, and one remained undatable. With this background, the
discovery of pumice bearing coastal sediment beds in the
Gulf of Kyparissia, western Peloponnesus and the first ana-
lytical results (BATHRELLOS ef al., 2009) led to a cooperation
between the Faculty of Geology & Geoenvironment, (Na-
tional and Kapodistrian University of Athens) and the Atom-
institut (Vienna University of Technology). Comparative
analyses were carried out in order to identify the source vol-
cano via the SCIEM2000 database. Additionally, the accu-
racy and reproducibility of the different analytical methods
were checked. Pumice samples from a newly discovered
pumice-bearing bed, located in northwest Crete Island
(Kissamos bay) were added to this investigation. With the
first analytical run it was clear that the alluvial pumice lumps
from Kyparissia and Crete belong to the same compositional
group as the unidentified archaeological samples mentioned
above. The aim of this work is to narrow down the range of
the possible source volcanoes. The geographical situation of
the find spots is presented in Fig. 1, a photographic overview
for the pumice finds from Kissamos bay is given in Fig. 2.

SAMPLING

Pumice is a highly vesicular volcanic eruption product that
consists mainly of foamy silicate glass and floats on water due
to its low bulk density. This property leads to wide-spread
pumice distribution by marine currents and wind when erupted
from sources close to the sea or even submarine volcanoes (e.g.
SUTHERLAND, 1965). Accordingly, floating pumice accumu-
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lates along the shorelines and in some cases, workable deposits
like that near Ayia Irini (Cyprus) were formed (MOORE, 1960).
As pumice is a useful abrasive, pumice deposits have been ex-
ploited and products like lumps and powder traded since pre-
historic times. This is known from descriptions of the various
applications by the roman author C. Plinius Secundus (PLINIUS
SEcuNDUS, T 79 A.D.) as well as by findings from archaeo-
logical excavations (see e.g. FAURE, 1971; WARREN &
PucHELT, 1990; PELTZ & BICHLER, 2001; HUBER & BICHLER,
2003; STEINHAUSER et al., 2006b).

The Kyparissia pumice bed is described in BATHRELLOS e?
al. (2009), as a pumice-bearing horizon of about 10 cm, lying
in a depth of 30 cm below siliceous sand. It consists of
mainly flattened pumice pebbles with sizes from 0.2 cm to
6 cm in diameter and, rarely, bivalve shells (pectinidae).

The Kissamos bay pumice deposit is hosted in a reddish
unconsolidated bed that is composed of clayey materials, an-
gular fragments of the Mesozoic substrate and older beach
rocks, as well as the rounded pumice pieces [varying in size
from <1 cm up to 10 cm], and overlies paleosol and beach-
rock formation. It lies some 50 m from the present day littoral
line and in an altitude of ~10 m above sea-level. The outcrop
is lensoid and up to 20 cm thick, thinning southwards and
northwards.

In Milos Island the early volcanic activity (Middle—Late
Pliocene) has produced a thick (>120 m) succession of felsic,
pumice-rich, submarine units. Moreover, the recent volcan-
ism (Late Pleistocene to Present) that has been subaerial, has
formed two rhyolitic pumice cones among the other volcanic
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Fig. 1. Geographical situation.
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Fig. 2. Pumice bearing sediment at the Kissamos bay (Crete). The red-
dish bed is the one that hosts rounded pieces of pumice, externally stai-
ned by iron oxides.

rocks (FYTIKAS et al., 1986). Sampling has been performed at
several places coverimg the prominent pumice outcrops near
Plakes, Mavrovouno (1 km east of Ag. Sofia), Sarakiniko
beach, Papafrangas and Trachilas. A detailed description can
be found in PELTZ ef al. (1999) and PELTZ (1999). For analy-
sis only lumpy pumice or pumice lapilli were used to limit the
investigation to the fresh magmatic components of the re-
spective eruptions.

ANALYTICAL TECHNIQUES

From the hosting formations at Kissamos Bay and the Ky-
parissaikos Gulf, pumice pebbles ranging in size between
0.2 cm and 6 cm were sampled. Consequently, the pumice
pebbles were washed-out by deionized water. Mineralogical,
textural and microprobe analysis of the pumice pieces were
performed in thin sections, using an optical microscope and
a scanning electron microscope at the laboratories of the
NKUA, Geology and Geoenvironment Faculty (JEOL JSM-
5600 equipped with Oxford Link ISIS 300 Energy Disper-
sive microprobe analytical system, beam current: 0.5 nA and
2 pm diameter).

In addition, Instrumental Neutron Activation Analysis
(INAA) was applied to determine the major and trace ele-
ment abundances. In particular, the elements 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 were determined. The applicability of
this technique for the distinction of chemically rather similar
eruption products of various pumice sources, such as San-
torini, Kos, Giali, Nisyros, and Milos from the southern Hel-
lenic volcanic island arc, Lipari (Aeolian islands) and
Cappadokia has been demonstrated in earlier studies (PELTZ
et al., 1999; BICHLER ef al., 2004; STEINHAUSER et al., 2006b;
STEINHAUSER et al., 2007). The first application to archaeo-
logically stratified pumice from excavations at Tell-el-Dab‘a
(Egypt) showed that even long storage under wet conditions
as in the Nile-Delta sediments does not affect the proper clas-

sification by chemical fingerprinting (PELTZ & BICHLER,
2001), although chemical adsorption reactions do take place
under certain conditions (STEINHAUSER & BICHLER, 2008;
STERBA et al., 2008).

All samples were prepared in our routine analytical pro-
cedure for pumiceous material including a thorough clean-
ing procedure in distilled water in an ultrasonic bath,
microscopical investigations, and homogenization of a repre-
sentative amount using agate mortar and pestle. Quantities
of about 100 mg of each sample were weighed into
Suprasil™ quartz glass vials, sealed, and irradiated together
with internationally certified standard reference materials in
the neutron flux of the TRIGA Mark II reactor at the Atom-
institut in Vienna. The multielement standards used for the
quantitative analysis were the CANMET reference soil SO1,
NIST SRM 1633b (Coal Fly Ash), BCR No. 142 (Light
Sandy Soil), NIST SRM 2702 (Inorganics in Marine Sedi-
ments) and the MC rhyolithe GBW 07113. After decay times
of 5 days and 4 weeks, respectively, the activation products
were measured by y-spectrometry and the concentrations of
the respective elements were calculated.

RESULTS AND DISCUSSION

The analytical results are presented in Table 1. Fig. 3 shows
the perfect agreement with data from the literature by dis-
playing “chemical fingerprints” (BATHRELLOS ef al., 2009).
These element distribution patterns are obtained by normal-
isation of the measured concentrations to those in the upper
crust, as given by TAYLOR & MCLENNAN (1985). BATHREL-
LOS et al. (2009) made the assumption that the source of the
material could be from the western part of the southern
Aegean volcanic arc, at or near the island of Milos. This as-
sumption is corroborated by the fact that the composition
falls clearly in the range observed by PELTZ et al. (1999) for
selected pumice from Milos. Fig. 4 shows this compositional
range in comparison to the alluvial samples found in Ky-
parissia and Crete. However, none of the 14 single pumice
patterns that form the overall range for Milos exactly matches
the alluvial samples. To demonstrate this misfit and the ef-
fectiveness of the identification method by chemical finger-
printing, Fig. 5 shows a comparison of the alluvial samples
to a set of 8 pumice samples obtained from the Sarakiniko
beach outcrop. The pumice-bearing layers have been sam-
pled all over the full thickness of this deposit. For analysis,
only the pure pumice resembling the juvenile magmatic com-
ponent has been used. The extraordinary homogenity of this
material as well as the precision of the data can be recognised
at one glance. For sampling and preparation details see PELTZ
et al. (1999).

Fig. 6 contains the fingerprints of 13 pieces of pumice
found in the archaeological excavations at Tell el Dab‘a and
Ashkelon and demonstrates their most remarkable similarity
with the alluvial samples from Kyparissia and Crete. The out-
liers in Sb and As are explained by local anthropogenic con-
taminations and have been observed also at other occasions
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TABLE 1
Element concentration (mg/kg) of pumice analyzed in this study and literature values used for comparison.

The analytical error is <10 % for the elements Cr, Nd, Sm, Lu, and U and <5 % for all other elements.
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Fig. 3. Upper-crust normalized element abundance patterns of alluvial
pumice samples from the Gulf of Kyparissia and Crete, comparing data
obtained by INAA (this work) and other methods (BATHRELLOS et al.
2009). Normalization factors are taken from TAYLOR & MCLENNAN
(1985).
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Fig. 4. Upper-crust normalized element abundance patterns of alluvial
pumice samples from the Gulf of Kyparissia and Crete in comparison
to pumice from Milos. The grey shaded area shows the range of values
derived from the data set compiled in PELTZ ef al. (1999). Normalization
factors are taken from TAYLOR & MCLENNAN (1985).

in archaeological samples (e.g. STERBA et al., 2009; BICHLER
et al., 2003). The larger scattering for Sc, Cr, Fe and Co in the
archaeological samples is more likely to be related to the
small size of the archaeological samples. Inhomogeneous dis-
tribution of crystalline particles with higher concentrations
in these elements like ore minerals, pyroxenes or amphiboles
could lead to the aberration from the bulk composition of a
representative sample. This problem has been investigated in
earlier studies (SCHMID et al., 2000, SAMINGER et al., 2000)
by separation and analysis of the glass matrix. However, ab-
sorption from natural weathering solutions could easily in-
crease the very low concentrations of these elements in the
pumice, too. This agrees also with the high absorption po-
tential of pumiceous material, observed in an earlier study
(STEINHAUSER & BICHLER, 2008). From the abundances of
the elements less affected by this problem, it can be con-
cluded that the source volcano of the investigated archaeo-
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Fig. 5. Upper-crust normalized element abundance patterns of alluvial
pumice samples from the Gulf of Kyparissia and Crete in comparison
to pumice from Sarakiniko beach, Milos. The grey shaded area shows
the range of values for 8 samples from this outcrop (PELTZ et al., 1999).
Normalization factors are taken from TAYLOR & MCLENNAN (1985).
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Fig. 6. Upper-crust normalized element abundance patterns of pumice
from archaeological excavations compared to the mean values in the
samples from Kyparissia and Crete. Normalization factors are taken
from TAYLOR & MCLENNAN (1985).

logical samples from Egypt and the Levant is identical with
that of the alluvial pumice collected from Kyparissia and
Crete.

Further research should be carried out in order to locate
the true source volcano which could lead to a chronological
use e.g. by radiocarbon dating of organic material underlying
a primary deposit.
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