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SUMMARY

We present the results of palacomagnetic analysis on Late Bronge Age pottery from Santorini
carried out in order to estimate the thermal effect of the Minoan eruption on the pre-Minoan
habitation level. A total of 170 specimens from 108 ceramic fragments have been studied. The
ceramics were collected from the surface of the pre-Minoan palacosol at six different sites,
including also samples from the Akrotiri archaeological site. The deposition temperatures of
the first pyroclastic products have been estimated by the maximum overlap of the re-heating
temperature intervals given by the individual fragments at site level. A new statistical elabo-
ration of the temperature data has also been proposed, calculating at 95 per cent of probability
the re-heating temperatures at each site. The obtained results show that the precursor tephra
layer and the first pumice fall of the eruption were hot enough to re-heat the underlying ce-
ramics at temperatures 160-230 °C in the non-inhabited sites while the temperatures recorded
inside the Akrotiri village are slightly lower, varying from 130 to 200 °C. The decrease of
the temperatures registered in the human settlements suggests that there was some interaction
between the buildings and the pumice fallout deposits while probably the buildings debris layer
caused by the preceding and syn-eruption earthquakes has also contributed to the decrease of

the recorded re-heating temperatures.
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1 INTRODUCTION

The Minoan eruption of Santorini that occurred during the Late
Bronze Age (Betancourt 1987; Aitken et al. 1988; Hughes 1988;
Manning 1988; Friedrich et al. 1990; Pyle 1990; Manning et al.
2006; Friedrich & Heinemeier 2009; Hoflmayer 2012) is considered
as one of the most catastrophic explosive events in the Mediter-
ranean area. It produced a huge volume of volcanic products that
covered the whole island and changed its morphology burying all
human settlements under metres of pyroclastic deposits. Its impact
on the society was very important and it is often related to the de-
struction of the Cycladic culture and Minoan civilization in southern
Aegean (McCoy & Heiken 2000).

Archaeological and historical evidence available since the last
century reveals that under meters of pyroclastic deposits, a Bronze
Age civilization with advanced society organization life was in
flourish. Systematic excavations carried out at the archaeological
site of Akrotiri, at the southern part of Santorini, brought into light
an important settlement, with advanced drainage system, sophis-

ticated multiple floor buildings, beautiful wall-paintings and elab-
orated furniture and vessels that give proof of great development
and prosperity. The excavations preserve the evidence of several
earthquakes that occurred before and during the destructive vol-
canic event and show that the whole village was totally buried by
the volcanic products of the eruption (Cioni ez al. 2000).

In the present study, we use standard palaeomagnetic techniques
in order to estimate the thermal effect of the Minoan volcanic prod-
ucts on the pre-Minoan habitation level. Pottery fragments collected
from the surface of the pre-Minoan palaeosol at five sites as well
as samples from the archaeological site of Akrotiri have been sys-
tematically studied (Fig. 1). The deposition temperatures of the first
pyroclastic products have been estimated by the maximum overlap
of the re-heating temperature intervals given by the individual frag-
ments at each site (Cioni ef al. 2004). A new statistical treatment,
based on the Gaussian distribution of the temperature range given
by each studied specimen, has also been applied for the first time
here. The results of the two techniques have been compared and the
deposition temperatures of the pyroclastic products at site level have
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Figure 1. Map of Santorini with the location of the sampled sites. The star represents the presumed position of the inferred vent of the Minoan eruption.

been estimated. The obtained results contribute to better understand
the equilibrium temperature of the pyroclastic products that came
in contact and covered the pre-Minoan soil while pottery collected
inside the human settlement of Akrotiri has been used for the first
time as a recorder of deposition palacotemperatures in Santorini.

2 VOLCANOLOGICAL SETTING
AND PREVIOUS STUDIES

The volcanological characteristics of the Minoan eruption prod-
ucts have been extensively studied by several researchers (Bond &
Sparks 1976; Heiken & McCoy 1984; Druitt et al. 1989; Heiken
et al. 1990; Sparks & Wilson 1990; McCoy & Heiken 2000). Ac-
cording to these studies, the Minoan deposits are generally divided
in four main phases reflecting changes on vent’s geometry and
eruption mechanisms (Fig. 2a). Before the beginning of the main
Minoan eruption, a thin precursor tephra layer (around 4 cm) was
first deposited. This layer has been interpreted as an initial phreatic
eruption that together with earthquakes could have been responsi-
ble for evacuation of the island before the main eruption (Heiken &
McCoy 1984).

The eruption began with the deposition of a typical Plinian
pumice fall (Phase 1), the first volcanic product of the main erup-
tion that came in contact with the pre-Minoan palaeosol, covering
almost all the island with deposits locally up to 7 m high (McCoy
& Heiken 2000). In this phase, a continuous discharge of magma
in dry conditions was driven only by magmatic gas. The distribu-
tion of the fall deposits indicate the position of the inferred vent
somewhere between the present-day Nea Kameni Island and the

city of Fira (Bond & Sparks 1976; Sparks & Wilson 1990; Mc-
Coy & Heiken 2000; Fig. 1). After the Plinian air fall deposits,
the intensity of the eruption increased. The deposition of surges
and phreatomagmatic pyroclastic flows (Phase 2) is associated with
clear phreatomagmatic explosive activity. These deposits consist
of stratified and cross-bedded sequences that arrive up to 12 m,
strongly controlled by the palacotopography. During Phase 3, mas-
sive, poorly sorted mixtures of pumice and ash containing abundant
lithic blocks with diameters up to 2 m were emplaced. The pres-
ence of such large lithic blocks with compositions similar to flows
and hyaloclastites from the northern part of the island suggests that
during this phase the caldera collapsed (Heiken & McCoy 1984).
Finally, Phase 4 deposits, still under discussion, are probably a se-
quence of interbedded ignimbrites, lithic-rich base surge deposits,
lithic-rich and debris flows (Bond & Sparks 1976; Heiken & McCoy
1984). They are mostly confined to coastal plains where they form
sea cliffs of massive to stratified deposits that may reach a thickness
of tens of meters.

Even though the volcanological characteristics of the deposits
have been already thoroughly studied, till now only limited infor-
mation about their deposition temperature and their effect in inhab-
ited areas are available. Cioni et al. (2000) studied the impact of
the eruptive products on the human settlement of Akrotiri. Their
research showed that the Akrotiri settlement was badly damaged
by earthquakes before the beginning of the eruption that created a
building debris layer covering the Minoan soil. The fallout pumice
bed (Phase 1), mantling the ruins, caused a partial destruction of the
settlement while the deposition of the following pyroclastic flows
(Phase 2) completed the entire coverage of the site.
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Figure 2. (a) Stratigraphy of the Minoan eruption deposits. The wall shown in the lower part of the section represents the human settlements of Akrotiri
archaeological site that interacted only with the first and second phases of the eruption (figure redrawn from McCoy & Heiken 2000). (b) General view of the
volcanic deposits at the Megalochori quarry. The white line and arrow indicate the contact of the deposits with the palacosol from which the studied samples
have been collected. Inset: photo of the collected pottery fragments.
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Table 1. Sampling sites and collected samples.

Sampling site

Geographic coordinates

Number of pottery fragments ~ Number of studied specimens

Megalochori quarry—SMC 36°22' 00" N, 25° 25 12.0" E 22 31
Apothikes (Remezzo)—PCI1F 36° 21/ 36.6” N, 25° 24’ 14.7" E 25 46
Vlichada (Bar Theros)—BTC 36° 20" 42.9" N, 25° 25 30.0" E 9 16
Agia Eirini (Tsikoura beach)—CAEIR 36° 23/ 35.8" N, 25° 26’ 17.2" E 11 16
West Almyra—WAC 36°20' 55" N, 25°25'9.1" E 8 14
Akrotiri archaeological site—AKROTIRI 36° 21" 05" N, 25° 24" 13" E 33 47

The deposition temperature of these deposits was first investi-
gated by Downey & Tarling (1984) and following by Tarling &
Downey (1989) and Downey & Tarling (1991) who used palaeo-
magnetic measurements on Minoan tephra samples. Even though
clear information about the type of samples studied and the exact
sampling sites are not available in these publications, their results in-
dicate emplacement temperatures that range from 250 to 400 °C for
the Plinian airfall and 300-500 °C for the base surge deposits. Mc-
Clelland & Thomas (1990) investigated the emplacement tempera-
tures of the four phases of the Minoan eruption collecting pumice
and lithic clasts from three sites and applying systematic thermal de-
magnetization procedures. Regarding Phase 1, they studied samples
from two sites (Fira and Oia quarries, located in central and north-
ern part of the island respectively, Fig. 1) and obtained a wide range
of emplacement temperatures that vary from 150 °C to 350 °C,
with the maximum distribution around 250-300 °C. McClelland
et al. (1996) also studied the spatial distribution of emplacement
temperatures of lithic clasts within Plinian tephra deposits of nine
Santorini eruptions. In particular, for the Plinian airfall of the Mi-
noan eruption, they studied five sites and estimated temperatures
from 130 to 250 °C at site level. These results, coming from differ-
ent authors, show an important distribution of temperatures while
important within-site temperature variability is also observed.

More recently Tema et al. (2013a) studied both lithic clasts in-
corporated in the Plinian airfall of the Minoan eruption and ceramic
fragments covered by the volcanic deposits, collected at Megalo-
chori Quarry (Fig. 1). Systematic palacomagnetic measurements
revealed deposition temperatures ranging from 180-240 °C from
lithic clasts and 140—180 °C from ceramic fragments. In their study
they showed that the ceramic fragments covered and re-heated by
the Minoan deposits can reliably represent the equilibrium temper-
ature between the cold palacosol and the overlying hotter pumice
airfall. Compared to the lithic clasts, traditionally used up to now
in most pyroclastic deposition temperature estimation studies (e.g.
McClelland & Druitt 1989; Bardot & McClelland 2000; Zanella
et al. 2008; Porreca et al. 2008; Paterson et al. 2010; Lesti et al.
2011), ceramic fragments present the advantage to be more ther-
mally stable and to have a less complicated thermal history (they
were cold when covered by or embedded in the volcanic deposits;
see Zanella et al. 2007; Di Vito et al. 2009; Tema et al. 2013a,b).
For this reason, in the present study we have focused our interest
on deposition temperatures estimated through the study of pottery
fragments coming from six different locations.

3 PALAEOMAGNETIC SAMPLING

Systematic sampling was carried out during three sampling cam-
paigns that took place between 2011 and 2013. The studied ceramic
fragments come from six localities: Megalochori Quarry, Apothikes
(Remezzo), Vlichada, Agia Eirini, West Almyra and the archaeo-
logical site of Akrotiri (Table 1). All sites are situated at the southern
part of Santorini island (Fig. 1), at distances that range from 5 to

9 km from the inferred vent of the Minoan eruption, probably lo-
cated somewhere between the Nea Kameni Island and the present
Fira town (Bond & Sparks 1976; Heiken & McCoy 1984; Sparks &
Wilson 1990; McCoy 2009). At the northern part of the island, no
pottery fragments were found at the contact between the palacosol
and the Minoan fallout.

All pottery fragments come from the contact between the pre-
Minoan palaeosol and the first volcanic products of the Minoan
eruption (Fig. 2b). They were spread on the palaeosol surface dur-
ing the eruption and subsequently covered by the precursory vol-
canic activity ashes and/or incorporated at the first centimetres of
the pumice fall. All collected fragments are small, generally varying
from 1-4 cm, with only very few exceptions of bigger pieces up to
6 cm (Fig. 2b). Their small dimension makes it difficult to identify
their exact provenance or use. However, most probably they were
pieces of storage vessels used in the everyday life. The small dimen-
sions, position and the very loose surrounding pumice matrix made
impossible the in sifu orientation of the collected pottery fragments;
however a casual error was drawn for the laboratory measurements.

Sampling at the archaeological site of Akrotiri was realized in
collaboration and under the guidance of the archaeologist Dr. Tania
Devetzi. After several decades of systematic excavation, almost all
the volcanic deposits that covered the excavated part of the Akrotiri
archaeological site have been removed. Nowadays, remains of the
pumice fall and pyroclastic surge deposits that had covered the an-
cient city can only be seen in few parts of the excavation, where
they have been left as stratigraphic balk. Moreover, earthquakes that
took place before and during the eruption importantly damaged the
buildings, creating a debris destruction level that covered most of
the structures (Cioni et al. 2000). These facts significantly limited
our sampling, as most of the ceramics were already removed by the
archaeologists or covered by the debris level and the places where
they were still in situ and in direct contact with the volcanic deposits
are very few. A total of 17 pottery fragments were collected from
the open place of the ‘Terrace of the Beds’, south of the House of
the Anchor, and from the open place north of the ‘House of the
Ladies’, close to the roof’s pillar. These were open places where a
great number of domestic ceramic vases were accumulated, proba-
bly during an attempt of the habitants to restore their houses after
some early precursor earthquakes. Archaeologists also provided us
with two pottery collections of 16 pottery fragments found during
the opening of the manholes 76 and 63I1. All studied ceramics were
completely covered by Phase 1 Plinian fallout. Contrary to the case
of Pompeii in Italy (Zanella et al. 2007), at the Akrotiri excavation
no ceramic fragments or roof tiles were found embedded in the py-
roclastic surge deposits of the second phase of the eruption. This is
probably due to strong earthquakes that had already destroyed the
roofs of the houses or/and the more violent pyroclastic surge flows
draw everything away, most likely submerging them in the nearby
sea coast.

A total of 108 pottery fragments were collected. Due to the
small size of the samples, the preparation of standard cylindrical
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specimens (diameter 25.4 mm; height 22.5 mm) was not possible.
To measure the small samples, plastic boxes and white plasticine
were used, following the procedures described by Cioni ez al. (2004).
In the case of samples larger than 2 cm, two specimens were pre-
pared from individual fragments in order to improve the accuracy
in the estimation of the deposition temperature interval (Zanella
et al. 2008). Following this procedure, 170 ceramic specimens were
prepared and studied. Results from the Megalochori Quarry have
been previously published by Tema ef al. (2013a) and we have
re-elaborated them here. Preliminary results from Apothikes and
Vlichada can be found in Tema et al. (2013b); more results from
these sites are presented here together with results of new sites and
the archaeological site of Akrotiri.

4 METHODOLOGICAL RATIONALE
AND MEASUREMENTS

The palacomagnetic method used for the estimation of deposition
temperature of volcanic rocks was first introduced by Aramaki &
Akimoto (1957) and since then it was further developed and ap-
plied in several cases (e.g. Hoblitt & Kellogg 1979; Kent et al.
1981; Downey & Tarling 1984; McClelland & Druitt 1989; Bardot
2000; Cioni et al. 2004; Zanella et al. 2007; Sulpizio et al. 2008;
Paterson et al. 2010). In most of these studies, standard thermal de-
magnetization procedures were applied on lithic clasts embedded in
the deposits to estimate the deposition temperatures of pyroclastic
density currents. Cioni et al. (2004) further developed such studies
including also the analysis of the magnetization of roof tiles from
Roman buildings at Pompeii and Herculaneum that were destroyed
by the 79 AD eruption of Somma Vesuvius. More recently, Zanella
et al. (2007) and Di Vito et al. (2009) also used baked clay human
artefacts such as bricks, tiles and pottery embedded in volcanic de-
posits in order to estimate the deposition temperatures and to better
understand the interaction between volcanic deposits and human
settlements.

The methodological approach applied here is based on the main
principles of palaco- and archacomagnetism. Baked clay artefacts
contain magnetic particles that, when heated at high temperatures
and cooled in the presence of the Earth’s magnetic field, may acquire
a thermal remanent magnetization (TRM) with direction parallel to
the direction of the local field. Following this procedure, tiles, bricks
and pottery have a primary magnetization acquired at the time of
their initial heating during their production. If they are subsequently
partly re-heated at temperatures lower than the Curie temperature
of the included magnetic minerals, then a part of their initial mag-
netization with unblocking temperatures less than or equal to the
maximum re-heating temperature will be lost and a new partial ther-
moremanent magnetization (pTRM) will be acquired. Such pTRM
can be often acquired by ceramics found in contact with or incorpo-
rated into pyroclastic deposits; if the volcanic products were warm
when deposited over the ceramic fragments, then once the ther-
mal equilibrium between the hot pyroclastics and the cold ceramics
is reached, the ceramics will be partially remagnetized, acquiring
a secondary low-temperature magnetic component. In the case of
oriented in situ baked clay artefacts, the original high temperature
magnetic component would be casually oriented while the sec-
ondary low-temperature component would be uniformly oriented
with direction parallel to the Earth’s magnetic field at the time of
the eruption. In the case of non oriented samples, the two magnetic
components can still be distinguished as they will normally have
different directions between them.

Palaeomagnetic analysis on pottery, Santorini 37

In the case of pottery used for cooking in the antiquity (cook-
ing ware), it is possible to have a magnetic component acquired
during their anthropogenic heating for food preparation. In such
cases, the magnetic component that corresponds to the re-heating
due to the pyroclastic deposits would always be the last acquired
magnetic component, since the coverage from the deposits was the
last heating event experienced by the ceramics. As stated before,
due to the small dimensions of our samples, it is not possible to
identify their use and recognize if they have been used for cooking
or not. Nevertheless, their previous use still does not influence our
results. If the temperature at which the ceramics were heated during
cooking was higher than the temperature of the pyroclastic deposits
produced by the eruption, then three components of magnetization
should be identified: a high temperature component acquired dur-
ing the initial heating of the ceramics (during their production), a
intermediate component acquired due to their partial re-heating dur-
ing their use as cooking vessels and a low-temperature component
acquired at last, after their coverage by the pyroclastic products.
On the other hand, if the cooking temperature was lower or equal
to the temperature of the volcanic deposits, then it will have been
overwritten and only the last magnetic component acquired during
the deposition of the pyroclastic products will be preserved. In any
case, the pyroclastic overprint will always correspond to the last
registered magnetic component.

In order to investigate and separate the magnetic components
present in the pottery fragments, systematic stepwise thermal de-
magnetization was applied. In the present study, all the specimens
were thermally demagnetized at the ALP Palacomagnetic Labo-
ratory (Peveragno, Italy) using a TSD-2 Schonstedt furnace for
heating/cooling and JR5/JR6 spinner magnetometers for measuring
the magnetic remanence. Thermal demagnetizations were carried
out in steps of 40 °C between a starting temperature of 60 °C and
a maximum temperature varying between 500 and 620 °C. When
twin specimens from individual samples were available, a second
demagnetization group was carried out following the same 40 °C
step but starting from 80 °C. After each step, the bulk magnetic
susceptibility of all specimens was measured with a KLY-3 Kap-
pabridge in order to detect possible mineralogical changes due to
heating. In the case of large ceramic pieces, the remaining material
was used for magnetic mineralogy experiments. Isothermal rema-
nent magnetization (IRM) curves were obtained using an ASC pulse
magnetizer to stepwise impart magnetic fields up to 1 T. Thermal
demagnetization experiments of the three IRM components (Lowrie
1990) induced along the three sample axes were also performed on
representative samples. First the maximum field (1.2 T) was applied
along the Z-axis, then the intermediate field (0.5 T) along the Y-axis
and finally the minimum field (0.1 T) along the X-axis. The tempera-
ture dependence of low-field magnetic susceptibility from ambient
temperature up to 600 °C was monitored at the Palaeomagnetic
Laboratory of IPGP (Paris) with a CS3 Kappabridge.

5 RESULTS

5.1 Magnetic mineralogy

Rock magnetic experiments were carried out in order to investigate
the magnetic mineralogy and the thermal stability of the studied
material. Most experiments were performed on representative sam-
ples from the different sites; however the limited number of samples
collected from the Akrotiri archaeological site and their very small
dimensions prevented any mineralogy experiment for this site.
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Figure 3. Isothermal remanent magnetization (IRM) acquisition curves for
representative samples from the various studied sites.

IRM curves (Fig. 3) are very similar for all studied samples and
indicate that the saturation of the magnetization is generally reached
at fields varying from 0.2 to 0.4 T. No fraction remains unsaturated
after the application of 1 T field, indicating the presence of a low-
coercivity mineral such as magnetite. Thermal demagnetization of
the three IRM components (Lowrie 1990) induced along the three
sample axes also confirms the dominance of the magnetically soft
fraction (<0.1 T). The medium component is generally weak and
the hard component is almost negligible (Fig. 4). These results point
to magnetite as the main magnetic carrier while minor quantities of
hematite may be also present in some samples.

The thermal stability of all specimens was investigated by mea-
suring the low-field bulk magnetic susceptibility at room tempera-
ture after each thermal demagnetization step. The studied samples
show a general stable behaviour with only small magnetic suscepti-
bility variations with increasing temperature (Fig. 5). These results
are also confirmed by the continuous thermomagnetic curves ob-
tained for representative samples (Fig. 6). The continuous heating
and cooling curves are acceptably reversible. However, in some
samples (e.g. samples SMC-1 and SMC-16 from Megalochori site),
a low Curie phase with Curie temperature around 250-300 °C can
be observed. Evidently, the thermomagnetic curves, performed only
on representative samples, cannot guarantee the absence of mag-
netic changes for all the studied samples and some of them can
still be affected by even more important mineralogical transforma-
tions. Nevertheless, pottery fragments that are normally heated at
high temperatures during their production procedure are generally
magnetically stable and they represent some of the most reliable
recorders of the geomagnetic field. In any case, to guarantee that
our results are not affected by possible secondary chemical overprint
due to mineralogical transformations, we have addressed particular
attention on the interpretation of the thermal demagnetization re-
sults. In the cases that some evidence of mineralogy changes was
available, mainly perceived by overlapping blocking temperature
spectra (McClelland et al. 2004), results were rejected or very cau-
tiously treated (see the discussion in Section 5.2).

5.2 Principal component analysis

The results of the demagnetization analysis have been represented as
intensity decay curves, Zjiderveld diagrams and equal area projec-
tions (Fig. 7). A re-heating (7}) temperature interval was determined
for each ceramic fragment analyzing the corresponding Zjiderveld
diagrams. Most of the studied specimens show two TRM com-

ponents, a low-temperature magnetization component, generally
erased at 180-240 °C, and a high-temperature one, up to ~580—
620 °C. In 72 per cent of the cases, the magnetic behaviour dur-
ing demagnetization corresponds to type C of Cioni et al. (2004),
that is, two magnetization components with different direction and
blocking temperature (7},) spectra. This characteristic allows an es-
timation of the 7; in a range of 40 °C, which corresponds to the
laboratory heating step. Examples of type C behaviour are shown
in Figs 7(a) and (b), for specimens CAEIR6a from Agia Eirini and
ACGU-3a from the House of Ladies at the Akrotiri archaeological
site, respectively. In both cases the T interval was determined by the
knee-path in the Zijderveld diagrams. Type C is the most favourable
case of magnetization behaviour, as it provides well-defined tem-
perature range clearly determined by the separation of the two TRM
components. In the 12 per cent of the cases, type D behaviour (Cioni
et al. 2004) is observed. In this type, two magnetization components
are also present, but they are characterized by partially overlapping
unblocking temperature spectra. This means that it is not possible
to clearly separate the two components in a narrow temperature
range, as in the case of type C behaviour, but the 7; interval may
only be reliably defined within a more wide overlapping tempera-
ture interval (Zanella ef al. 2015). Such behaviour may be caused
by the presence of multidomain (MD) grains, which typically show
low stability, while a secondary chemical remanent magnetization
(CRM) may be also possible (McClelland ef al. 1996; Bardot & Mc-
Clelland 2000; Paterson et al. 2010), ascribed to the syn-eruptive
oxidation of magnetite to maghemite. In the case of MD grains, the
observed overlapping could be also related to the fact that in these
cases blocking and unblocking temperature spectra are not equal. In
the case of possible mineralogical transformations, the presence of
a CRM can cause curvature to the vector plots and in these cases the
re-heating temperatures may be over estimated (McClelland et al.
2004). For this reason, we have been particularly cautious in the
interpretation of the re-heating temperatures from type D samples
and we have considered a wide temperature interval, defined by the
last point of the clearly low-temperature component and the first
point of the clearly high temperature component. In this way, even
if the temperature interval is wider than the one defined by type
C samples, we are confident that the true re-heating temperature
indicated by the secondary TRM (in type D, possibly overwritten
by a partial CRM) is included in the wide re-heating interval con-
sidered. Examples of type D behaviour are given in Figs 7(c) and
(d) for specimen BTC-8b, from Vlichada, and WAC-3a, from West
Almyra, respectively. The T interval for type D is in the range of
120-180 °C, but the temperature interval can be wider with the in-
crease of the overlapping spectra. None of the specimens falls in the
A and B types of Cioni et al. (2004), which indicate the presence of
a single TRM component, one with 7, lower than the minimum 7},
and one with 7; higher than the maximum 75, respectively (Zanella
et al. 2015). In total, it was possible to determine a 7; interval,
mostly of high quality, in the 84 per cent of the specimens.

In the remaining cases, we were not able to couple the specimens’
demagnetization behaviour to any of the previously discussed types.
In most of the remaining specimens, demagnetization data were
tightly clustered (Fig. 7e), while in other cases, the two possible
magnetization components differed in direction by small angles
(<5°), so that the separation of the two components was not clear
and their interpretation could have been arbitrary. In few specimens
from the AC63P ceramic group collected at the archaeological site
of Akrotiri, the demagnetization path was not towards the origin of
the Zijderveld diagram. While the first two points evidence a limit
in a clear interpretation of the Zijderveld diagrams, the third point
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Figure 5. Normalized bulk magnetic susceptibility variations during the
thermal demagnetization, measured after each heating—cooling circle.

is characteristic of a remagnetization process, occurred in the field
or during the laboratory heating. To guarantee the quality of our
results, all specimens with such demagnetization behaviour have
been discarded.

5.3 Estimation of the deposition temperatures

The experimental 7, intervals calculated for each specimen from
the interpretation of the Zijderveld diagrams have been used for
the estimation of the deposition temperature (Tg.p) at site level. To
obtain the Tyep, two different approaches have been applied.

First, T, temperatures at specimen level have been plotted and the
Tyep for each site has been estimated by the maximum overlap of the
specimens’ T, intervals, as described in Cioni et al. (2004, Fig. 8a).
This approach is based on the fact that all ceramics coming from the
same site should have experienced the same thermal effect caused
by the overlapping warmer pyroclastic deposits. The capacity of
each individual ceramic fragment to register this temperature varies
according to the ceramic characteristics such as magnetic miner-
alogy, grain size and type. Nevertheless, the common temperature
registered by the maximum number of specimens and given by the
maximum overlap of the 7, intervals can be reliably considered
as the most representative deposit temperature, after the thermal
equilibrium between the cold ceramics and the warmer overlapping
pyroclastic deposits was obtained. This approach for estimating the
Ty4ep at site level is the one used up to now in similar studies (e.g.
Cioni et al. 2004; Sulpizio et al. 2008; Zanella et al. 2008; Di
Vito et al. 2009; Tema et al. 2013a) and even though it is often
subjective, based only on the visual overlap of the 7, intervals, it
can reliably give an estimation of the deposition temperatures of
volcanic products.

Together with the ‘traditional’ overlapping method previously
discussed, we have applied here for the first time a statistical ap-
proach for a more objective, mathematical calculation of the de-
position temperatures at site level. According to this approach, the
temperature range for each specimen has been translated to a Gaus-
sian distribution considering the minimum (7,) and maximum (7y;)
temperature given by the interpretation of the Zijderveld diagrams.
The difference between both values of temperatures provides the
standard deviation of the Gaussian distribution (o = T\/2 — T1,/2)
centred at the mean values of the temperatures (1 = Ty/2 + Tw/2).
After that, the probability density function (pdf) at site level is cal-
culated as the normalized product (combination) of the different
Gaussian distributions (Fig. 8b). The combined pdf estimates at any
probability the range of temperature for the selected site. We have
used here the 95 per cent of probability to define the temperature
intervals given by the 95 per cent of the total area under the com-
bined pdf. In Fig. 8(b), the different Gaussian distributions as well
as the final combined pdfs are illustrated for representative sites,
showing the re-heating temperature intervals calculated at 95 per
cent of probability. The values of Ty, calculated using this math-
ematical method have been included in the Table 2 together with
the values obtained by the ‘overlapping method’. As expected, the
results from the two techniques are in very good agreement, but the
new statistical approach proposed here guarantees a more objec-
tive and mathematically based method for deposition temperature
estimation at site level.

6 DISCUSSION

The Minoan eruption of Santorini is one of the most important and
well studied catastrophic events in the Mediterranean area. Nev-
ertheless, its thermal effects on the Pre-Minoan palaeosol and on
the Late Bronze age settlements of the island are still poorly in-
vestigated. The results presented here aim to enrich our knowledge
on the temperatures experienced by the habitation level when the
equilibrium between the palacosol and the pyroclastic deposits was
obtained, offering for first time temperature data from the archae-
ological excavation of Akrotiri. Such data can be further used for
volcanological and archaeological interpretations, as the tempera-
ture of the deposits is closely related to the destructive effects of the
eruption and to volcanic hazard assessment.

Our study confirms that the use of palacomagnetic methods can
be a powerful tool for such investigations and the ceramics cov-
ered and/or embedded in the volcanic products can be excellent
recorders of the equilibrium deposition temperatures. The T, tem-
peratures given by each ceramic fragment at site level are very
consistent and even though in some cases temperature ranges of
single specimens can be as large as 160 °C (e.g. Apothikes site:
specimen PC1F-7a, Fig. 1 of supplementary material), the overlap-
ping temperatures at site level are very well constrained by almost
all studied samples, varying from 20 to maximum 40 °C (Fig. 8a).
For example, for AC63P site, 7/7 T, intervals fall in the range 140—
180 °C; in Agia Eirini site, the deposition temperature is defined
within a 20 °C range, from 180 to 200 °C, with only two outliers that
do not fall in this range (Fig. 8a). The temperatures estimated for
each site using the ‘traditional” overlapping method are confirmed
by the Gaussian statistical method proposed here, showing that they
are well defined and independent of the elaboration technique used.
The difference on the estimated temperatures from the two applied
techniques are for all sites less than 30 °C, with the statistical ap-
proach giving slightly wider temperature ranges (Table 2 and Fig. 8).
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Figure 6. Continuous variation of the magnetic susceptibility with temperature for representative samples.

Nevertheless, the statistical approach guarantees a mathematical and
objective treatment of the results, and calculates with 95 per cent of
probability the deposition temperature of the volcanic deposits as
experienced by the underlying ceramic fragments. For this reason,
the statistically obtained temperatures at site level (rounding them to

the nearest whole number) are here used for further considerations

and this statistical approach is recommended for future studies.

The obtained results show that the precursor tephra layer and
the first pumice fall of the eruption were hot enough to re-heat
the underlying ceramics at temperatures of 160-230 °C (Fig. 9).
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Table 2. Estimated re-heating temperatures at site level.

Site Overlapping approach  Statistical approach
n/N Tr-over (°C) Trstat (°C)
Megalochori quarry—SMC 21/24 160-180 164-186
Apothikes (Remezzo)—PCI1F 32/36 180-200 177-196
Vlichada (Bar Theros)—BTC 11/14 220-240 195-229
Agia Eirini (Tsikoura beach)—CAEIR 13/15 180-200 181-213
West Almyra—WAC 10/13 180-200 159-193
Akrotiri archaeological site—Manhole AC63P 10/10 140-180 129-177
Akrotiri archaeological site—Manhole AC76 717 140-180 132-172
Akrotiri archaeological site—‘House of Ladies’  10/11 160-200 162-200
Akrotiri archaeological site—‘Terrace of Beds’ 7/8 180-200 154-200

Site: re-heating temperature ranges estimated using the ‘overlapping approach’; n/N: number of
specimens with re-heating temperatures included in the overlapping temperature range/number of
specimens studied; Tr.oyer: temperature range in °C estimated with the ‘overlapping approach’;
Ti-stat: temperature range in °C calculated from the ‘statistical approach’.
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Figure 9. Geographical distribution of the estimated 7 in the different sampling sites across Santorini island and inside the archaeological site of Akrotiri.
(The Akrotiri excavation topographical map was downloaded from: http://commons.wikimedia.org/ wiki/File:Map_Akrotiri_1600_BC-en.png).

These temperatures are in good agreement with the temperatures
estimated from lithic clasts from the pyroclastic pumice fall of the
first eruption phase that indicate temperatures in the 180-240 °C
range (Tema et al. 2013a). It is interesting to note that the obtained
temperatures from all sites are very similar and no systematic varia-
tion with distance from the inferred vent of the eruption is observed.
Agia Eirini site that is the closer one to the vent yields temperatures
between 180-210 °C while Vlichada site that is the most distant one
yields temperatures between 190-230 °C. It is difficult to say if the
registered temperatures represent the temperature of the minor pre-

cursor tephra, the temperature of the pumice fall or the total thermal
effect caused by the whole volcanic deposits volume, including also
the probably much hotter pyroclastic surge deposits of the second
and third eruption phases. Our results however, clearly show that
the pre-Minoan habitation level experienced temperatures around
200 °C, and only small variations of few tens of degrees were reg-
istered between the different sites, probably depending on the local
characteristics and topography.

Temperatures recorded by the ceramics collected from the ar-
chaeological site of Akrotiri are also well defined and vary from
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130 to 200 °C (Fig. 9). All the studied ceramics indicate simi-
lar re-heating temperatures and differences in temperature across
the village are rather small. The ceramic collection AC76 coming
from the northern part of the excavation has registered the lower
re-heating temperatures 130-170 °C while few meters in the south
the ceramic collection coming from the open space close to the
‘House of Ladies’ records the higher temperatures 160200 °C,
that however differ only by 30 °C from those of AC76. Very similar
temperatures are also recorded on the other ceramic collections,
sampled from the southern part of the excavation (Fig. 9). These
fairly uniform temperatures observed across the Akrotiri settlement
suggest a relative homogeneity in the conditions during the thermal
equilibrium of the ceramic fragments and the underlying volcanic
deposits.

The temperatures registered inside the Akrotiri village are lower
than those recorded in the other sampling sites that are not related
to inhabited areas (Table 2 and Fig. 9). The record of lower tem-
peratures in the Akrotiri habitation surface is probably due to the
building debris layer that covered most of the streets and squares
of the Akrotiri village, related to the partial destruction of the vil-
lage from earthquakes that preceded the Minoan eruption (Doumas
1990; Cioni et al. 2000). Even though evidence for clearance and
restoration works after the initial earthquakes and before the main
eruption are given by the presence of piled boulders and large blocks
at the sides of roads and buildings, still in several sites of the ex-
cavation, a layer of dust mixed with mortar, up to 10 cm thick,
was interbedded between the building debris layer, the tephra of
the eruption’s opening phase and the Plinian fallout (Cioni et al.
2000). This layer could be related to the deposition and/or following
reworking of the dusty material generated during the earthquake-
induced collapse of the houses and can have caused the decrease of
the temperatures recorded by the ceramics collected from different
parts of the excavation.

The reduced temperatures registered inside the Akrotiri settle-
ment, could be also caused by the interaction between the warm
volcanic deposits with the cold human constructions. Similar lower
deposition temperatures inside human settlements in respect to the
undisturbed deposits have also been registered in other ancient vil-
lages destroyed by volcanic deposits such as Pompeii and Hercu-
laneum (Cioni et al. 2004; Zanella et al. 2007). However, in the
case of Pompeii, Zanella et al. (2007) have studied tiles and bricks
embedded inside the pyroclastic density currents (PDCs) and the
temperatures estimated correspond to the deposition temperatures
of the PDCs and do not represent the re-heating temperatures at the
habitation level. Nevertheless, their detailed study showed that the
low temperature registered inside the archaeological site of Pompeii
were caused by the interaction of the volcanic flows with the human
settlements and the deposition of the PDCs was also importantly
controlled by the topography of the village, with clear canalization
of'the flows in the roads and open spaces (Gurioli et al. 2005; Gurioli
etal. 2007). In the case of Akrotiri village, no tiles, bricks or ceram-
ics were found inside the pyroclastic flows of the second eruption
phase; the human constructions were covered by the opening phase
tephra and the Plinian fallout of the first main eruption phase while
the pyroclastic surges deposited over the fallout probably were too
violent, destroying and taking away the roofs and the upper parts
of the houses. Even though the first fallout travelled through air
and was deposited over the village, the lower temperatures inside
the archaeological site presented here in respect to those in other
non-inhabited sites indicate that there was still some interaction be-
tween the settlement and the fallout, resulting to its slightly cooling.
The pumice fallout covered Akrotiri with a minimum thickness of
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120 cm up to local thickness of around 170-200 cm, with pref-
erential accumulation close to the buildings (Cioni et al. 2000),
and filled also internal parts of the houses entering by the doors
and windows. Building blocks were also found throughout the se-
quence of the pumice fallout, giving evidence of continuous, in-
tense, syn-eruptive seismic activity and probably causing a drop of
the temperatures experienced by the ceramics lying on the habitation
surface.

Taking into consideration that Santorini is an active volcano,
better understanding the characteristics of its past eruptive history
is undoubtedly important for the assessment of future catastrophic
events and volcanic hazard. The estimation of the deposit temper-
atures and their thermal effect on the habitation level provided in
this study, incorporated with other volcanological and archaeolog-
ical data, aims to contribute towards this direction. Certainly more
data on the deposition temperatures of the different phases of the
eruption would be still very important in order to reconstruct the
thermal evolution of the eruption that completely destroyed but at
the same time preserved for ever a part of the Aegean Late Bronze
age civilization and culture.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure 1. (a) Determination of the deposition temperature (7ycp)
at site level for the sites not included in Fig. 8 based on
the maximum overlapping of the individual specimen re-heating
temperature ranges; (b) Determination of the Ty, at site level
based on the individual normalized Gaussian distributions for
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each specimen (left). The combined probability density func-
tion (pdf) for each site is calculated and the range of tem-
peratures at 95 per cent of confidence are illustrated with
red colour (right) (http://www.gji.oxfordjournals.org/lookup/suppl/
doi:10.1093/gji/ggv267/-/DC1).
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