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INTRODUCTION

The volcanic layer of the “Minoan” eruption of the
Thera volcano between 1450 and 1650 B.C. is a clear
time marker in the stratigraphy of the surrounding
area. Therefore, the general idea of this study was to
settle the volcanic products of this major eruption,
which lasted only a few days, within the relative
archaeological chronologies of the Eastern Mediter-
ranean region in correlation to its different time
frames. Although the date of the eruption is still
object of intense debates,' the eruption products
can be used as tangible evidence for contemporane-
ity or at least post-eruption dating of the respective
strata wherever found within well-defined stratigra-
phies of an archaeological site.

The majority of the erupted material consists of
chemically rather homogeneous pumice and
pumiceous flow deposits, the so-called “Minoan tuff”
or “Oberer Bimsstein” (Bo, upper pumicez). Gener-
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ally, the term tephra designates all fragmental vol-
canic ejecta produced during an eruption. The vol-
ume estimations for the tephra output of the
Minoan eruption range from 16 to 35 km? of dense
rock equivalent.” The impact on the contemporary
civilizations is evident and alluvial pumice as well as
direct fallout from the eruption cloud is reported
from several sites on Greek islands and Asia Minor
(see e.g.,' and references therein). The fallout
formed a synchronous layer of volcanic ash (tephra
with grain size <2 mm) that can be used directly as a
datum line. Provided a reliable identification, it can
be used for chronology wherever found in primary
deposits. Pumice, on the contrary, floats on water
and was transported over large distances all over the
Eastern Mediterranean region due to marine cur-
rents and wind.” It can be assumed that within weeks
after the eruption large amounts of pumice were
accumulated along the shorelines. Pumice is a quite
useful abrasive which has been collected and traded
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Fig. 1 Geographical distribution of pumice samples found in archaeological excavations of the Eastern Mediterranean
that were included in this study

since prehistoric times. The applicability for chrono-
logical purposes has been checked in earlier studies
by demonstrating that the “Minoan“ pumice is suffi-
ciently homogeneous and can be distinguished from
the numerous other Aegean pumice sources by com-
paring normalized trace element distribution pat-
terns (“chemical fingerprinting”).® Additionally,
these studies have shown that instrumental neutron
activation analysis (INAA) is a perfectly suitable tech-
nique to identify such material.

Nevertheless, for the identification of tephra
deposits in greater distance to the volcano a chemi-
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comparsion to alluvial pumice deposits in the Eastern
Mediterranean region, Journal of Radioanalytical and
Nuclear Chemistry 224, 7-14; BICHLER M., Per1z C.,
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cally relevant effect has to be considered. The erupt-
ed material consists mainly of highly vesicular sili-
cate glass (pumice) with a certain percentage of
crystals having formed during melt ascent (e.g.,
pyroxene, quartz, feldspar, titanomagnetite). Sever-
al elements are enriched in these mostly sub-mm
sized crystals, which numerically decrease with grow-
ing distance from the volcano due to separation by
gravity.” Previous studies from our working group®
showed significant differences in the compositions
between bulk pumice and the pure glass fraction.
The occurrence of Minoan tephra deposited direct-
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ly from the eruption cloud is not restricted to the
Aegean region. It has also been found in lake sedi-
ments from Koéycegiz, Golcik Golu, Golhisar Gola
(Turkey) and even in deep-sea cores from the Black
Sea.” The estimated orientation and extent of the
tephra layer differs greatly depending which types of
deposits (e.g. lacustrine and continental deposits,
deep-sea drill cores) are considered. This is due to
the difficulty to decide whether deep-sea tephra lay-
ers have been produced by fallout from the erup-
tion cloud or if there is a major contribution by
sunken, fragmented, and compacted pumice. The
amount of this contribution is governed by the
direction of the marine currents and the time span
until the pumice starts to sink. Experiments and
observations have shown that this can last for
months'’ and therefore a significant amount can be
expected even in areas where actually no eruption
cloud fallout has been deposited.

SAMPLES AND ANALYTICAL TECHNIQUES

In this study 286 samples of archaeologically strati-
fied pumice collected in excavations at Tell el-Dabca
(Egypt), Sinai, Tel Nami, Tel Gerisa, Ashkelon, and
Megadim (all Israel), Miletos (Turkey), and Knossos
(Crete) were identified due to their mineralogical
composition and by chemical fingerprinting. For an
overview on the geographical situation see Fig. 1.
The pumice pieces vary in size between one and 15
cm in diameter, and are whitish to brown in color
mostly with abundant crystals of feldspar, biotite,
quartz, or ore minerals. The tephra layer found in
the excavation site of lasos, Turkey (Fig. 2) was ana-
lyzed on the elemental distribution within the layer.

Sample preparation

Each archaeological sample was treated as follows:
after thorough surface cleaning with distilled water
in an ultrasonic bath and the microscopical investi-
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Fig. 2 Overview of the tephra layer at Iasos, Turkey.
This layer was found below a roman pavement

gation, about 1g (or more, if available) of each sam-
ple was crushed exclusively with polyethylene (PE)
tools and transferred to polypropylene (PP) beakers
to avoid any contamination. Drying for about 90
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hours and homogenization by grinding in an agate
mortar to grain sizes < 3 micrometers were followed
by additional drying to constant weight at 110°C.

The tephra-layer from the excavation site at Iasos
has an average thickness of about 16cm over an
accesible length of several meters. It was sampled in
eight units of 2 cm each (see Fig. 2). To prepare the
samples for instrumental neutron activation analysis
(INAA) they were first dried for 12 h at 110°C then
weighed and decarbonatized. To remove the car-
bonaceous compounds, 20 ml HNOg3 ¢one. diluted
with 80 ml triple-distilled water were added to about
25g of each dried sample in PP-beakers. A reduction
of the fine-grained fraction (< 5 micrometers) con-
taining clay minerals was achieved by decanting the
supernatant after one hour. This procedure was
repeated at least three times until the solution was
clear. Five reiterations were needed for the upper-
most section of the layer because of its high con-
tamination by organic material from the overlying
soil. The residual solid fractions were dried in coni-
cal cups made of Teflon™ at 110°C. The decanted
fine-grained fractions were rinsed with tri-distilled
water and acetone, and dried in Teflon™ cups, too.
All fractions were re-weighed to determine the total
amount of volatilized components. The fractions
were named from bottom (Iasos 1) to top (Iasos 8)
in the stratigraphic sequence.

Optical microscopy

The pumice samples were thoroughly examined
under the binocular microscope to determine the
amount and size of crystals (especially biotite) as
well as the vesicularity and the texture of the glassy
matrix.

The volcanic glass shards separated from the
layer at Iasos were studied with a ZEISS Axiolab
polarization-microscope with variable magnification
up to 1000. From the separated material about
1 mm3 (~ 5000 particles) was investigated by optical
microscopy. These glass shards show characteristic
shapes and appear as single grains as well as trans-
parent aggregates. They are are optically isotropic,
single shards clear, the aggregates with a more
whitish appearance.

1 WestpHAL G.P. (1995), Digital Implementation of the
Preloaded Filter Pulse Processor, Journal of Radioanalyt-
ical and Nuclear Chemistry 193, 81-88; WESTPHAL G.P.

Chemical fingerprinting

For INAA about 150 mg of each sample were sealed
into Suprasil™ quartz glass vials. The samples were
irradiated together with certified reference material
for 100 hours in the KFKI-reactor of the Atomic
Energy Research Institute, Budapest, Hungary, at a
thermal neutron flux of 7x1013 cm=2s-1. The multi-
element standards used for the quantitative analysis
were the CANMET reference soil SO1, NIST SRM
1633b Coal fly ash, BCR No. 142 light sandy soil, and
MC rhyolite GBW 07113. The quartz sample vials
were decontaminated and packed into polyethylene
vials fitting the automatic sample changer facilities
of the Atominstitut. After a decay time of 5 days, a
first gamma-spectrum was measured to obtain the
activities of the short and medium-lived activation
products As-76, K-42, La-140, Lu-177, Na-24, Np-239
(U), and Sm-153. Three weeks later, a second meas-
urement was started to detect the long-lived activa-
tion products Ba-131, Ce-141, Co-60, Cr-51, Cs-134,
Eu-152, Fe-59, Hf-181, Lu-177, Nd-147, Pa-233 (Th),
Rb-86, Sb-124, Sc-46, Ta-182, Tb-160, Yb-169, Zn-65,
and Zr-95. The measuring times were 1800 s and
10000 s, respectively. All samples were measured
using an automatic sample changer with a fixed dis-
tance of 2 cm beside the detector. The whole analy-
sis was performed with a 151 cm3 HPGe-detector
(1.8 keV resolution at the 1332 keV 60Co peak), con-
nected to a PC-based multichannel analyzer with
preloaded filter and loss-free-counting system.'' Pos-
sible contributions by fission products to the Ce and
Nd abundances were checked with the coal-fly-ash
standard having a high U-content of 8.79 mg/kg
resulting in no detectable influences.

RESULTS AND DISCUSSION
Pumice

The results of the chemical analysis are presented in
Table 1. Normalizing these abundances to the aver-
age elemental abundances of Santorini Bo
(“Minoan”) pumice, a clear identification of the vol-
canic sources can be achieved (see Table 2). The
results indicate that in the excavations pumice from

the Southern Hellenic island arc (including Milos,

(1982), Real-time correction of counting losses in
nuclear pulse spectroscopy, Journal of Radioanalytical
and Nuclear Chemistry 70, 387-410.
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Santorini, Nisyros, Giali, Kos), from the Aeolian
islands (Lipari, Italy), and from Central Anatolia
was found. The associated volcanic eruption ages
are given in Table 3. The elemental concentrations
of some pumice samples (Tel Nami, Megadim) have
been published" previously, for a better overview
they are added to Table 1.

The conformity of all elemental concentra-
tion data related to chemical fingerprinting is
demonstrated for the pumice samples from Tell el
Dabca, Series L in Fig. 3 a—f. The shaded areas rep-
resent the natural variation of the element concen-
trations found in the respective deposits (data
from ). The samples can be clearly identified as
“Minoan”, from the greek islands Nisyros and Giali,
or from Pre-Minoan eruptions of Santorini called
Bu 2 and Cape Riva. Nevertheless, two samples
could not be identified with the database actually
available. Sample L-2 shows the same distribution
pattern as three of the samples from Ashkelon (E-
80, E-146, E-174), but all of them can be distin-
guished from the Santorini Bo pumice.

Generally the patterns agree quite well with the
natural variation ranges, nevertheless some excep-
tions have to be explained. The slight deviations are
due to the very small quantities taken from the orig-
inal pumice. The virtual enrichments in Cr and Co
are most probably due to contamination during
excavation work with steel tools, whereas the differ-
ences in Sb and As are due to the geochemical
behavior (volatility) of these elements. Another pos-
sibility is the virtual dilution due to quartz grains in
the samples. On the other hand only minor changes
in composition due to leaching effects are found
although glass hydration effects and strongly weath-
ered rock surfaces were observed especially in the
water-saturated sedimentary environment of Tell el
Dabca. All these effects lead to misinterpretations in
statistical programs, since they cannot consider the
“robustness” of elements under all possible geo-
chemical and environmental influences during
pumice storage in the various archaeological sites.
To confirm the identifications, binary trace element
ratio plots represent a good means,'” such as the Eu
versus Ta or Eu/Ta versus Ba/Th graph (Fig. 4).
This graph is one example of an entire series of ele-

2 Huper H., BICHLER M. (2003), Geochemical correla-
tion of archaeological sites using tephra from the
Minoan eruption, Czechoslovak Journal of Physics 52,
A47-A60.

ment ratio graphs especially designed to distinguish
the different pumice-producing eruptions of the
Santorini volcano. The samples from Tell el Dabca
Series L plot very clear in the fields of Santorini Bo
(Minoan Tuff), Bu (Lower pumice), and Cape Riva.

Iasos tephra layer

In Fig. 5 the trace element pattern normalized to
Santorini Minoan Tuff (Bo, “oberer Bimsstein”) is
presented. The layer can be identified as Santorini
Bo and shows a rather homogeneous composition.
For the majority of the elements, depletions by a fac-
tor of 0.9 on the average can be observed. Excep-
tions are the elements As (mean enrichment factor
1.31), Cr (6.8), Co (1.18), Sb (1.44), and K (1.16).
These enrichments are due to environmental con-
tamination and were found at even higher levels in
the separated fine-grained fraction containing the
samples’ clay mineral content (see Table 4; sample
Tasos 1f).

Nevertheless, comparing the elements through-
out the different layers (Fig. 6 a—d) the variations
for most of the elements add up to the same trend.
The layers with lowest carbonate abundances (e.g.,
3 & 7) show the highest contents in all other ele-
ments determined and vice versa. Iasos 4, the unit
with 20d-highest carbonate content is depleted in
Na, K, Fe, and most of the trace elements. The same
phenomenon is found in layers 1 and 8, which are
highly contaminated by the over- and underlying
soil, leading to depletions in all elements deter-
mined. In layer 4, a contamination with carbona-
ceous muddy material mixed with silica could be
the reason for the observed depletion of all ele-
ments determined.

On the contrary, layer 3 seems to be a very pure
tephra-layer, such as layer 7. Since these two layers
are separated by the carbonate-rich layer 4, the sce-
nario seems to be as follows: Layer 1-3 represent the
original tephra sequence, layer 4 shows the first
intake of carbonaceous material from the environ-
ment, layer 5—7 is slumped material washed in either
during the deposition process or shortly afterwards.

Another possible explanation would be to
assume that the minima of carbonaceous contami-
nation (samples 1-3, 5 and 7) represent the first

¥ Perrz C., ScuMip P, BicHLER M. (1999), INAA of
Aegean pumices for the classification of archaeological
findings, Journal of Radioanalytical and Nuclear Chemistry
242, 361-377.



88 Heinz Huber, Max Bichler, Andreas Musilek

three phases of the Minoan eruption. However, this
can be ruled out, since the chemical signature is
typically for the first (Plinian) phase of this erup-
tion, and the variations within all sub-units of the
sequence are negligible compared to those found
for the different phases of the Santorini eruption.

CONCLUSIONS

Pumice samples from diverse excavation sites
throughout the whole Eastern Mediterranean
region (Turkey to Egypt) have been identified using
chemical fingerprinting and mineralogical investi-
gations. Those samples that could not yet be identi-
fied can be clearly differentiated from Santorini Bo
pumice and from all other sources already investi-
gated in our research group. Samples taken during
an excursion to Cappadocia (Central Anatolia,
Turkey) in summer 2003 will significantly enlarge
the analytical database and enhance our ability to
identify pumice findings accordingly.

The tephra layer at Iasos is a good example for
studying geochemical changes by post-depositional
effects on such tephra falls. The modification start-
ed with the deposition and slumping of different
sequences within the layer and was carried on by the
infiltration of solutions bearing carbonate, silica,
and other agents related to soil and even anthro-
pogenic deposits. This process leads to a progressive
alteration of the layer ending up in the decomposi-
tion of the vitric particles and ingrowth of clay min-
erals such as Kaolinite and Montmorillonite. Fur-

ther research on possible chemical changes during
transport in the stratosphere is presently being car-
ried out.
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Provenance

Kxcavation site Number
Tell el Dab‘a 105
Ashkelon 78
Tel Gerisa 32
Tel Nami 32
Miletos 29
Megadim 7
North Sinai 2
Knossos 1

101 Santorini (95 Bo, 2 Bu, 4 Cape Riva), 2 Nisyros, 1 Giali, I non-Bo
60 Santorini (52 Bo, 1 Bu, 7 Bm). 8 Giali, 1 Kos, 5 Nisyros, 4 non-Bo
23 Santorini Bo, 6 Giali, 3 Nisyros
25 Santorini Bo, 3 Nisyros, 1 Kos, 3 Giali
4 Santorini Bo, 4 Giali, 9 Nisyros, 12 non-Bo
1 Santorini Bm, 1 Nisyros, 2 Kos, 2 Giali, 1 Lipari
1 Santorini Bo, 1 non-Bo

1 Santorini Bu

Table 2 Compilation of identified pumice samples. The unidentified samples are most likely of Anatolian origin
Bo ... oberer Bimsstein (Minoan Tuff), Bm... Middle Tuff Sequence, Bu ... unterer Bimsstein (Lower Pumice Tuff);
non-Bo ... unidentified, but definetly of non-Minoan origin

Eruption Age |ky] Reference
Santorini Cape Therma 257+ 31 DRUITT et al (1999)
Santorini Lower Pumice (Bu) 180 — 205 DRUITT et al (1999)
Kos Plateau Tuff 145 KELLER et al (1990)
Santorini Middle Tuff (Bm) 100 DRUITT et al (1999)
Santorini Cape Riva 21 DRUITT et al (1999)
Giali main quarry > age of Nisyros KELLER et al (1990)
Nisyros caldera >12.5 KELLER et al (1990)
Giali top layer < age of Nisyros KELLER el al (1990)
Lipari Mt. Pilato ~5 PICHLER (1981)
Santorini Minoan Tuff (Bo) ~3.6 FRIEDRICH et al (1990)

Table 3 Compilation of volcanic eruption ages associated with pumiceous deposits

Drurtt T.H., EDWARDS L., MELLORS R.M., PYLE D.M., SPARKS R.S.]., LANPHERE M., DAVIES M., BARRIERO B.
(1999), Santorini volcano. Geological Society Special Publication, Geological Society of London 19, 165 pp.
KELLER J., REHREN TH., STADLBAUER E. (1990), Explosive Volcanism in the Hellenic arc: a summary and
a review, in: HARDY D.A., RENFREW A.C. (eds.), Thera and the Aegean World III, Vol. 2, 13-26.

PicHLER H. (1981), Italienische Vulkan-Gebiete 111, Gebr. Borntrager, Berlin-Stuttgart, 20 pp.

FRIEDRICH W.L., WAGNER P., TAUBER H. (1990), Radiocarbon dated plant remains from the Akrotiri excavation
on Santorini, Greece, in: HARDY D.A., RENFREW A.C. (eds.), Thera and the Aegean World III, Vol. 3, 188-196.
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Sample Na K Fe Decarb  Sc Cr Co Zn As Rb Zr Sb Cs
[wt.%] [wt.%] [wt.%] [wt.%]
Iasos 1 3.079 2715  2.106 6.27 8.68 838 438 540 348 979 233 0.38 290
Iasos 2 2.906  2.646  2.155 5.72 8.82 11.1 471 522 376 89.7 203 043 284
Iasos 3 3.136 2903 2473 4.71 100 372 595 599 365 106 244 045 337
Iasos 4 2992 2783  2.009 9.86 813 777 406 51.0 347 928 224 039 281
Iasos 5 3153 2956  2.236 6.13 910 9.60 459 56.6 375 105 246 0.42 3.19
Iasos 6 2989 2885  2.267 9.24 896 145 515 575 416 99.0 223 048 3.17
Iasos 7 3.030 2.894  2.335 7.02 9.39 855 472 595 349 109.2 252 0.46 3.31
Iasos 8 2.849  2.681  2.199 11.6 880 106 4.62 558 328 99.0 230 0.42 3.06
Iasos 1f 1.749  3.169  2.329 43.6 122 158 492 568 712 957 227 118 4.15
All concentrations in mg/kg, except as noted

Sample Ba La Ce Nd Sm Tb Yb Lu Hf Ta Th U

Iasos 1 477 274 525 221 464 085 085 435 065 690 077 169 496
Iasos 2 442 26.0 475 174 446 080 0.76 375 057 635 0.71 152 474
Iasos 3 529 281 559 264 493 092 088 444 0.66 746 0.83 181  4.90
Iasos 4 464 285 51.0 220 459 079 080 398 061 669 075 163  5.05
Iasos 5 527 287 555 214 464 087 090 440 0.66 743 0.82 180 545
Iasos 6 486 284 516 204 456 081 081 403 063 695 080 165 501
Iasos 7 547 282 577 238 464 090 093 455 070 774 087 187  5.00
Iasos 8 496 266 527 214 428 083 085 417 065 710 080 17.0 4.83
Iasos 1f 128 248 464 167 474 066 072 377 059 726 082 195 5.00

All concentrations in mg/kg

Table 4 Major and trace element contents of eight sub-units from the tephra-layer at Iasos.
“Decarb” designates the amount removed by the decarbonatization and purification process








