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Abstract

New archaeointensity results have been obtainech filee study of four ceramic
collections coming from archaeological sites in €& The age of the ceramic
fragments, based on archaeological constrains asidaarbon analysis, range from
2200 BC to 565 AD. Low-field magnetic susceptilpilitersus temperature reveals a
good thermal stability for most of the samples. ldoer, for some samples the
thermomagnetic curves are not reversible indicatimgeralogical changes during
heating. Isothermal remanent magnetization (IRMjugition curves and thermal
demagnetization of three orthogonal IRM componéatge also been performed. The
rock magnetic results identify magnetite and/ or fhagnetite as the main magnetic
carriers in the studied samples. Classical Theligoeriments with regular partial
thermoremanent magnetization (pTRM) checks haven beenducted on 125
specimens belonging to 34 independent ceramic feaggn Only 61 archaeointensity
determinations (at specimen level) that correspontinear NRM-TRM plots were
used for the calculation of the site mean archaepsities. The effect of the
anisotropy of the thermoremanent magnetization (JRN cooling rate upon TRM
intensity acquisition have been investigated inth# specimens. The maximum
difference between the TRM anisotropy corrected andorrected intensities is

around 30% at specimen level confirming that theViT&fect can be very important
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in ceramic samples. Cooling rate correction fact@termined per specimen are up to
10% with only one exception that reaches 35%. Deshe moderate success rate of
archaeointensity determination (around 50%) refiabkan site intensities have been
obtained, within situ intensities ranging from 53.6 + 4.1 to 69.3 =+ 39,
corresponding to virtual axial dipole moments fré2 + 0.7 to 11.9 + 0.7 x 1®
Am?. The new data are reasonably consistent with @thaitable data for the studied
region as well as with the SV reference curvesGoeece and the South Balkan
Peninsula, and the regional and global geomagfietit models results. Combined
with previous published data from the area, theyfiom that important changes of
the Earth’s magnetic field intensity occurred inre€ge during the last five millennia.
For some periods, the available archaeointensity fda the Balkan area show a large
dispersion, even for data corresponding to higHityuatensity standards, whereas
for other periods their limited number preventebable description of geomagnetic
field intensity changes. This evidences the neeche reliable and well dated
archaeointensity data in order to obtain a robwsticdption of geomagnetic field
intensity changes during the last five millennidhis area.

Keywords: Archaeomagnetism; Archaeointensity; Thellier metlereece

1. Introduction

Archaeomagnetic data are an important source afrnmdtion in order to
retrieve the variations of the Earth’s magnetiddfiduring the past few millennia.
During the last decades, a significant number ¢d thas been produced and compiled
in various datasets of regional (e.g., Schneppl.et2804; Gomez-Paccard et al.,
2006a and 2008; Tema et al., 2006; Tema & Kondapgw011) and global coverage
(Korte et al., 2005; Genevey et al., 2008; Donadliral., 2009). These data have been
used for the computation of secular variation (8\fives for certain regions such as
France (Gallet et al., 2002), Germany (Schnepp &olsa 2005), Italy (Tema et al.,
2006), the Iberian Peninsula (Gomez-Paccard et28l06b; 2008), the Balkan
Peninsula (Tema & Kondopoulou, 2011) and regioRavpbn-Carrasco et al., 2009;
2010) and global (Korte & Constable, 2005; Valetakt 2008; Korte et al., 2009)
geomagnetic field models. However, there are gdgeraore directional than

intensity data (Korte et al., 2005; Donadini et 2D09). That is mainly because the
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laboratory procedure necessary to determine thkaaaintensities is more time-
consuming compared to the directional protocols semkral mechanisms can cause
failure of the archaeointensity experiments. Theeaded heatings of the specimens
during the laboratory treatment often cause physkemical transformations that can
change their TRM acquisition capacity. Other phgistoechanisms as the influence
of the anisotropy of the thermoremanent magnetimafif RM) and the cooling time
dependence of the TRM intensity must also be inyatstd and these effects must be
considered in order to obtain accurate archaeaittes.

Systematic archaeomagnetic studies in Greece witisged around the 80’s
and contrary to the general situation in Europe&haeointensity data are more
abundant than directional data (De Marco, 2007 Maeco et al., 2008; Spatharas et
al., 2011; Tema & Kondopoulou, 2011). However, tjuality of some of the Greek
archaeointensity results has often been disputdide.Marco et al. (2008) have
compiled a database including all available intigndata from Greece. They noticed a
large dispersion, especially during the first rmheum BC, where the majority of the
data are concentrated. Following Chauvin et al0OQ2Ghese authors also evaluated
the Greek data and assigned a weighting factorderao discriminate the variable
reliability of the Greek archaeointensity data. &ference SV curve for Greece
calculated by Bayesian modelling and covering #s¢ $even millennia has also been
proposed (De Marco et al., 2008). In a recent std@&yna & Kondopoulou (2011)
have studied the SV of the geomagnetic field in So@thern Balkan Peninsula and
they also observed a large scatter in their intgmEta compilation. Even though the
reasons for such scatter are not clear, the sumgeatterpretations of the Arai
diagrams, the different laboratory protocols usgdhe different research groups, the
often low number of specimens analysed per sitepften missing TRM anisotropy
and cooling rate corrections and/or dating errordat be some of the possible causes
(Chauvin et al., 2002; Donadini et al., 2009; Te&n&ondopoulou, 2011). On the
other hand, the study of seven contemporaneous &igavated in Murcia (Gomez-
Paccard et al.,, 2006c) where exactly the same eoah@nsity protocol has been
used, suggests that probably there is a precision linked to the experimental
archeointensity procedure even for studies whichowo the most high quality
procedures. The acquisition of new, well-datedhhygality archaeointensity data is

therefore crucial to obtain a reliable geomagniid intensity evolution. Well dated
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high-quality data can also be used as referengapfor assessment of the reliability
of older data.

We present here new archaeointensity results feorpllection of Greek
ceramics that come from four different archaeolalggites with ages ranging from
2200 BC to 565 AD. Archaeointensity experiments evperformed at Torino and
Barcelona Palaeomagnetic laboratories by splitiivegsamples and sharing the same
experimental protocols. The new absolute archaewasity data are based on several
archeointensity determinations per ceramic fragnaewct per site and were obtained
using the Thellier classical method (Thellier & Tiee 1959) with regular partial
thermoremanent magnetization (pTRM) checks. Theceféf TRM anisotropy and
cooling rate upon TRM acquisition has been investid in all the specimens.
Therefore, the new data can be considered as Ieelmbrkers of past geomagnetic
field intensity in Greece. Finally, the new interes are compared with previously
published data from Greece and nearby countrieweds as with the SV curves
available for Greece and the South Balkan Peninanth the regional and global
geomagnetic field models results.

2. Archaeological context and samples description

The ceramic fragments studied come from the ardbgmal sites of
Archontiko (ARH), Skala Sotiros (SKS) and Tempi MEsituated at Northern and
Central Greece and from the archaeological sitParbikia (PAR), in Paros island
(Fig. 1). Sites description, from the most recerthi older, is as follows:
TEMPI (TEM) . During 2008 extended excavations were carriedroparallel with
public works along the axis of the Tempi valley @entral Greece. Close to the
tunnels of Kissavos mountain, remains of palaestihn period were unearthed.
Among them, a small part of a cemetery and fewdmugjs, mostly artisanal, hosted
several ceramic products. An orthogonal kiln, we#served, and traces of a second
one, provided the various types of collected fragisieThe settlement was developed
in two habitation phases: during th® dnd the B centuries AD, with important coin
collections supporting these chronologies. Nevégts all ceramics found are dated
from 518 to 565 AD, at the emperor’'s Justinian me(&drolia, 2009). From this
collection 9 independent ceramic fragments werkectad.
PAROS (PAR). A Late Hellenistic-Early Roman ceramic workshopsvexcavated at

Paroikia (Hasaki, 2004), hosting six ceramic kilmsich operated between thé 1
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century BC and *Lcentury AD. Their last use is dated to the earipérial period on
the basis of stratigraphy, kilns’ type and cerami@racteristics. The workshop’s
production was primarily utilitarian. Four out ohea six kilns have been
archaeomagnetically sampled and the full geomagffietd vector results of one kiln
(PAR1) have been published by now (De Marco, 2@¥ Marco et al., 2008). In the
present study, pottery fragments from inside thekalwop as well as from the
auxiliary depository situated on the opposite safethe workshop, have been
collected and studied. In the depository area,lleatmn of sherds and pottery were
found and their contemporaneous date and closgorel® the kilns is confirmed by
archaeological evidence (Hasaki 2005, personal aamoation). The studied
collection comprises 10 independent ceramic fragse® coming from the kilns
(PRCA) and 2 from the depository (PRCB).

SKALA SOTIROS (SKS)-Island of Thasos.The prehistoric settlement of Skala
Sotiros, situated at the western part of Thasoandsl has been systematically
excavated between 1986 and 1991 by the IH’ Ephahterehistoric and Classical
Antiquities at Kavala (Koukouli-Chrysanthaki, 1988hd was classified as Early
Bronze age. Two habitation phases were uneartiepdyated by a destruction level.
Radiocarbon analysis on three coal samples tf&ages as follows: 1. 3867+63 BP,
calibrated at 68% 2464-2210 BC; 2. 3845+37 BP pecaled at 68% 2453-2281 BC,;
3. 3802+39 BP, calibrated at 68% 2322-2147 BC (Kalik Chrysanthaki, 1990).
Additional radiocarbon results on two animal bofi€sukouli- Chrysanthaki, 2011
personal communication) give ages: 4. 3703+30 Bfprated at 68% 2140-2030 BC
and 5. 3595+30 BP, calibrated at 68% 2015-1905Bf@.observed scatter of ages in
quite important, nevertheless the site habitaticas veontinuous and time limits
between different phases difficult to set. The aediogists consider as upper limit of
the habitation the 2500 BC and lower limit 1900 E&iven that the studied samples
come from the younger phase, this allows a safengldietween 2200-2000 BC
(Koukouli- Chrysanthaki, 2011 personal communiagtiand an age of 2100-2200
BC can be considered representative for our samplegt of 6 independent pottery
fragments were collected from this site.

ARHONTIKO (ARH). The ancient city of Arhontiko is located on a trapdal
mound at the edge of the homonymous village, 4 wayafrom the ancient town of
Pella. Since 1991, the Department of Archaeologythef Aristotle University of

Thessaloniki, is excavating systematically the ,sitevealing a settlement with
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successive phases between the end of Early Brageeaad the beginning of the
Middle Bronze age. Several radiocarbon studies vpenrdormed, determining the
oldest and main phases of the settlement from Z3D@o 1900 BC (Maniatis et al.,
2002). The ceramic collection used for the prestmtly comes from the youngest
excavated up to now habitation horizon |, phasarfl has been studied in the context
of a Master Thesis (Deliopoulos, 2007). Radiochlogical analysis of one sample,
dates this phase more precisely at 1516-1414 B@affgpoulou, 2002), thus at the
Late Bronze age. The up to now evaluation of thernés favours rather a 15
century BC age. A total of 9 independent ceramio@as from this site have been

collected and studied.

3. Magnetic mineralogy

Magnetic mineralogy experiments have been doneeafAt.P Palaeomagnetic
laboratory (Peveragno, Italy), the Palaeomagnaboratory of Thessaloniki (Greece)
and the Centre de Physique du Globe of the Roya¢ddelogical Institute (Dourbes,
Belgium). Low-field magnetic susceptibility versugemperature experiments,
isothermal remanent magnetization (IRM) acquisitiaurves and thermal
demagnetization of three orthogonal IRM componéntsvrie, 1990) have been used
for the evaluation of the thermal stability of tk@mples and the identification of the
main magnetic minerals. The temperature dependesfcdow-field magnetic
susceptibility from ambient temperature up to 78D was monitored using a
Bartington MS2B susceptibility meter in combinatiafth a MS2WF heating unit.
Thermomagnetic curves are useful indicators for tiermal stability of baked
materials and thus for the suitability of the mitefor archaeointensity studies. For
Paros and Tempi the obtained heating and coolimgesuare reasonably reversible
(Fig. 2 b and d) indicating that no important malegical changes took place during
heating. On the contrary, for some samples fromhédmntiko and Skala Sotiros the
thermomagnetic curves show no reversible beha\egr, Fig. 2 a and c) indicating
mineralogical transformations during heating.

The IRM of representative samples was investigaed the ALP
Palaeomagnetic laboratory (sites PAROS and TEMRngu an ASC pulse
magnetizer for imparting the IRM and a JR6 spinmagnetometer (AGICO) for

measuring the remanence, and at the Dourbes Pageetic laboratory (sites ARH
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and SKS) using a 2G Enterprises impulse magnefmedel 66) for imparting the
IRM and a 760 model SQUID cryogenic magnetomete® (Enterprises) for
remanence measurements. Stepwise magnetic fieltls 2F were applied. Samples
from all sites show almost similar magnetic projsttThe IRM curves indicate that
the saturation of the magnetization is generalacihed at low fields varying from 0.2
to 0.4 T indicating the presence of a low-coergiwitineral such as magnetite (Fig. 3).
Only few samples from Paros (e.g., sample PRCA4L,3Fa) remain unsaturated after
1.6 T peak field and probably contain some minahkgoercivity mineral, most
probably hematite. Thermal demagnetization of tiree¢ IRM components (Lowrie,
1990) induced along the three sample axes, appfiisigthe maximum field (1.3 T)
along Z-axis, then the intermediate field (0.5 Tong the Y-axis and finally the
minimum field (0.1 T) along the X-axis, shows th@ndnating role of the
magnetically soft fraction (< 0.1 T) with unbloclinemperatures ranging between
480 and 560C (Fig. 4). These results point to magnetite onikignetite as the main
magnetic carrier in the studied samples.

4. Archaeointensity analysis

Between four to six specimens per ceramic fragmeete prepared for
archaeointensity experiments. When possible, cap&cimens of 2 cm side were
prepared directly. For the remaining material, speas of about 1 cm x 1 cm and
variable heights were cut and packed into saltefgel{following Rodriguez-Cejat
al., 2009) of about 2 cm side. Archaeointensity expents were conducted at the
Palaeomagnetic Laboratories of Peveragno (ltalg)the Institute of Earth Sciences
Jaume Almera (UB-CSIC) in Barcelona (SpaiA)total of 125 specimens coming
from 34 independent ceramic fragments were measUieg thermal treatment was
conducted using a MMTD-80 (Magnetic Measurements) a TD-48 (ASC) oven.
Remanent magnetization was measured using a JRBespnagnetometer (AGICO)
and a SRM755R (2G Enterprises) three axes cryogsuoerconducting rock
magnetometer. The original Thellier method (ThelBeThellier, 1959) with regular
partial thermoremanent magnetization (pTRM) checkas used to estimate
archaeointensities. Samples were heated from 100 $€mperatures at which more
than 85% of the initial magnetization was lost.videtn 8 and 19 temperature steps

from room temperature up to 590 °C were neededelixents were made in air and
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a laboratory field of 6QuT was applied. At each temperature step, specimemns
first heated and cooled with the laboratory fielgpleed along the Z-axis of the
samples and successively a new heating- coolingecivas repeated setting the
laboratory field in the opposite sense. Every temperature steps a pTRM check
was performed in order to detect any change inTR® acquisition capacity. TRM
anisotropy and cooling rate dependence upon TR¥hsity were taken into account
to correct the archaeointensities. The TRM aniggttensor has been calculated for
each specimen from the acquisition of a TRM indifkerent directions. The cooling
rate dependence of TRM intensity was also analjaedach specimen by applying a
supplementary cycle of measurements consistinguf TRM acquisition steps and
performed during the Thellier experiments. Durihg archaeointensity experiments,
the typical laboratory cooling time is about 1.5uf® Archaeological information,
however, indicates that the natural cooling timgesponding to the manufacture of
the ceramics could be much higher and, in somescas@ last one day. In order to
estimate the cooling rate effect upon TRM intensitg used a slow cooling time of
about 12 hours which is considered to approximhee rtatural cooling time. The
comparison between rapid (about 1.5 hours) and stming results (about 12 hours)
has been used to quantify the cooling rate eff@cnuTRM intensity estimates at
specimen level. A detailed description of the TRMisatropy and cooling rate
experimental protocols can be found in Gomez-Pdcebtal. (2006c).

5. New archaeointensity data from Greece

Archaeointensity determinations were attempted 85 4pecimens coming
from the four different archaeological sites. TH#tained results were plotted and
interpreted using NRM-TRM (Arai) diagrams togetherth the corresponding
Zijderveld plots (Fig. 5)Two types of behaviour during Thellier experimehtsre
been observed. Most of the specimens show a veak wecondary component that
was easily removed at the first, low temperatuepst After the removal of this soft
component, they showed a well-defined straight goeng toward the origin of the
Zijderveld diagrams (Fig. 5a-d). This componenwésy stable and most probably
corresponds to the TRM acquired during the manufacbf the pottery fragments.
The maximum unblocking temperatures observed raeggeen 470 °C (e.g., Fig. 5a)

and 590 °C (e.g., Fig. 5d), which is in agreemeitit the rock magnetic results. For
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these specimens linear plots in the Arai diagrawehaeen observed (Fig. 5 a-d).
Nevertheless, there is a second group of sampksstiow a more complex or
unstable behaviour during the experiments (tworaeanponents of magnetization in
the Zijdelverd diagrams, concave NRM-TRM plots andZlear magneto-chemical
alteration during heating). These specimens havebeen considered for further
analysis (Fig. 5 e, f).

Several criteria were used to select specimens waibeptable Thellier
experiments and they are summarized in Table 2sd bdteria are mainly based on
the linearity of the NRM-TRM, the quality factorsoposed by Coe et al. (1978), the
maximum angular deviation (MAD, Kirschvink 1980)datine deviation angle DANG
(Selkin & Tauxe, 2000). Following Chauvat al (2005) the maximum potential error
of the paleointensity caused by acquisition of cisaimremanent magnetization
(CRM parameter give as a percentage of the appbét) must be lower than 15%.
However, it should be noted that the DANG or theMCRarameter are not always
sufficient criteria to detect mineralogical changethe direction of the NRM and the
magnetic laboratory field are sub parallel durirfgellier experiments (Hervét al
2011). A total of 54 archeointensity results s&tfthe applied selection criteria and
were considered reliable (Table 3). Additionalfy,specimens with MAD values
between 5 and 10° and 1 specimen with a DANG vaf%avere also retained as they
satisfied all the other criteria.

During the preparation of the salt- pellets, notamrabout the position of the
specimens inside them was possible and thus noemdes of the direction of the
principal axes of the TRM anisotropy tensor can dmhieved. Only differences
between the uncorrected and TRM anisotropy cordeetehaeointensities can be
analyzed (Fig. 6a). In general such differencepr@ssed as a percentage of the TRM
anisotropy corrected values) are lower than 20%oatjh for some specimens can
reach higher values, up to ~30%. The importantcefié TRM anisotropy upon TRM
intensity is consistent with the kind of materiabé/sed (e.g., Chauvin et al., 2000).
Cooling rate corrections led to differences betwemcorrected and cooling rate
corrected intensities lower than 10% for all thesmens except four. The highest
value is ~35% for specimen TP-7. This value is eglitgh compared to the value
obtained for the sister specimen (TP-7a) or otleues from the same collection
(Table 3) and although no indication of magnetteration is present was considered

as unreliable. These results confirm the need tioge TRM anisotropy and cooling
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rate corrections when ceramic fragments are studhedrder to obtain reliable
archaeointensities.

In general, archaeointensity determinations fotesispecimens are very
similar (e.g., sample PRCA-02 and SKS-04); nevégtise in some cases, differences
are also observed (e.g., sample TP-05). Howevesysiematic differences have been
noticed between the salt pellet and the untreaetpkes (Table 3). This indicates that
the preparation of salt pellet samples can beiabtel solution for the cases where the
original ceramic fragments are too small or tomtho allow the preparation of
palaeomagnetic samples of standard dimensiongdir ¢o calculate mean fragment
intensities at least two specimens per fragmentewemnsidered and only mean-
fragment intensities for which the standard dewratis lower than 10 % of the
intensity value have been considered. The weightntpr w defined by Prévot et al.
(1985) was used in order to calculate weighted nilsagment intensities. This factor
takes into account the different qualities of thhehaeointensity determinations as
expressed by the quality parameters given in Tal€oe et al., 1978; Prévot et al.,
1985).

Mean site intensities were calculated using attléa® mean fragment
intensities. Four new archaeointensity values rapfiom 53.6 + 4.1 t0 69.3 + 3.9 uT
have been obtained for Greece. The standard dawsatiround the means are lower
than 10% for ARH and SKS (5.6 % and 7.6% respegiivand higher than 10% for
PAROS and TEMPI (11.1 % and 16.8 % respectivelyese s.d. values are of the
same order than most of the available archaeoiityedata (e.g., Genevey et al.,
2008; Donadini et al.,, 2009) and are probably lthite the precision limit of the
archeointensity method and/or different ages of ceeamic fragments inside the

interval proposed by archaeologists (Gomez-Pacsiaat, 2006; Hill et al., 2007).

6. Discussion
6.1 Comparison with previous available archaeointesity data

In order to compare our new results with previawvailable data, the new
intensities have been relocated at the latitud€hafssaloniki (40.60N) through the
virtual axial dipole moment. The compilation of yieus data available from Greece
and nearby countries (data within a 700 km ciraleuad Thessaloniki) recently

published by Tema & Kondopoulou (2011) has beerd.uslwever, as thoroughly

10
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discussed by Chauvin et al. (2000) and De Marcoalet(2008), not all the
archaeointensity data can be regarded as equdlbBblee The establishment of
objective criteria to select the most reliable datacertainly a very difficult task.
Nevertheless, this is a crucial issue if refinedcadgtions of geomagnetic field
intensity changes are to be obtained. In this stodyy the intensity data obtained
from at least three specimens, characterized layivel standard deviation lower than
10% and dated within an age uncertainty lower tB@D years have been retained. It
is worth to notice that the number of independeam@es is often not clear in the
available published results (Genevey et al., 2068y. this reason the number of
specimens has been used. However, future archaeetiagtudies must be focused
on the study of several independent fragments/ Esnper site.

In order to discriminate the reliability of the aeted data, a classification and
a weighting of the data were performed followinge throcedure proposed and
analytically described by Chauvin et al. (2000)rehweights were defined, one for
the technique used, one for the number of sammesife and one for the type of
materials studied. Due to often missing informatam already pointed above, the
number of specimens has been used here insteheé alimber of samples, although
the best approach would have been to consideruh®er of independent samples.
The maximum total weight is 16 and correspond$iése studies where the classical
Thellier archaeointensity method has been used@ganied by TRM anisotropy and
cooling rate corrections, more than 5 specimensipgzs have been analysed and
material usually characterized by small anisotrafy TRM (kilns rather than
ceramics) have been studied (Chauvin et al., 2D@Marco et al., 2008). For our
dataset, we obtained weights between 9 (consideresl reliable) and 16 (more
reliable). It is worth to notice that only 5 arcbagensities coming from the most
recent studies correspond to the maximum weightNIaeco et al., 2008; Hill et al.,
2008; Tema et al., 2010). Another set of 60 previdata, together with the new
intensities for Greece presented here, are alsgidenmed as highly reliable with
weight equal to 14 or 15 (Fig. 7a). All the weightarchaeointensities are plotted
versus their age in Fig. 7a together with the nesults.

Comparison with previously existing results showgad agreement between
the new data and those from the literature (Fig. The intensity obtained for the
SKS site is in good agreement with other data ftoenEarly Bronze age even though
the number of data available for the 2300-2000 B€od is very limited. Excellent
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agreement can be observed between the ARH redlilth@narchaeointensity from a
kiln in Bulgaria (Kovacheva et al., 2009) that redd at Thessaloniki is 67.6+ 1.7 uT.
However, more high quality data are still neededraher to confirm intensity values
of around 70uT for this period. The archaeointensity determifi@in the ceramic
collection of Paros (PAR) is close to other intgnsesults available from the same
period. However, comparison between the PAR sitammetensity (68.7 + 7.@T,
relocated at Thessaloniki) and the intensity ola@infrom the study of a
contemporaneous kiln (PAR1) from the same archgamb site (De Marco et al.,
2008), which gives a value of 60.1 + 5uZ (relocated at Thessaloniki), shows a
difference of about QT. Differences of about 5-1(AT between contemporaneous
sites are of the same order than those observethan regional datasets (Genevey et
al., 2008), even if only high quality data are édased (Gomez-Paccard et al., 2006c;
2008). TEM intensity is in satisfactory agreemeithvother results from the same

time period but it fits better the lower intensstie

6.2 Comparison with regional SV curves and geomagtie field models

The new Greek intensity results have also beerpaosa with the Greek (De
Marco et al., 2008) and the Balkan (Tema & Kondapoo, 2011) intensity reference
SV curves (Fig. 7b) as well as with the predictiohglobal (Valet et al., 2008; Korte
& Constable, 2005; Korte et al., 2009) and regiofidvon-Carrasco et al., 2009;
2010) geomagnetic field models (Fig. 7c).

The Greek intensity SV curve is based on 336 daim fGreece, western
Turkey and Former Yugoslavia and has been calallaseng the Bayesian statistics
(De Marco et al., 2008). The Balkan SV curve isabkshed applying the moving
window technique on a reference dataset of 62hsitieresults included within a 700
km circle around Thessaloniki, mainly coming frorme€ce, Bulgaria, Serbia and
South Italy (Tema & Kondopoulou, 2011). Comparisuinthe new data with the
Greek and Balkan SV curves (Fig. 7b) shows a gapdeanent for almost all sites,
when the error bars of both data and curves arsidered. The intensity calculated
for SKS fits well the Balkan curve and it is inckdlin the 95% confidence envelope
of the Greek curve. The ARH intensity fits both Balkan and Greek SV curves at
their upper error band limit and seems to supgwethigh intensity shown for this
period mainly if its younger 1516 BC age limit svbured. The intensity calculated

from the PAR ceramic fragments, even though ihigaod agreement with other data
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from the same time period (Fig. 7a) and includedhi@ uncertainty band of the
Balkan SV curve, it is around 8 higher than the Greek SV curve for the 100 BC to
100 AD period. A possible reason for such diffeeenould be some inaccuracies on
the reference data of the Greek curve that for gkisod includes a large number of
low intensities characterised by low reliabilitycacding to the weight assigned by De
Marco et al. 2008 (Fig. 11 in De Marco et al. 2008)e TEM result is in very good
agreement with both the Greek and Balkan SV curves.

During the last years, apart from the local SV estvseveral global
geomagnetic field models have been proposed toridesthe geomagnetic field
variations in the past. Korte & Constable (2005pduced a continuous global
geomagnetic field model, CALS7K.2 that is deterrdity regularized least squares
inversion of archaeomagnetic, volcanic and lakeinsedt data using spherical
harmonics in space and cubic B splines in timgHerpast 7000 years. More recently,
Korte et al. (2009) proposed the ARCH3K.1 archaegmatc model using only data
from archaeological material and volcanic rocksezong the last 3 millennia. An
intermediate approach between global models aral B¥ curves is the calculation
of regional models. Pavon-Carrasco et al. (2009 bsed only archaeomagnetic
determinations from archaeological material and cuwated a regional
archaeomagnetic model (SHA.DIF.3K) that producesgigomagnetic field variations
in Europe for the last 3000 years, modelling togettine three geomagnetic field
elements. Pavon-Carrasco et al. (2010) have rgcemtended the SCHA.DIF.3K
model back in time, up to 6000 BC, and proposed3GelA.DIF.8K regional model
that is based on a selected compilation of botimsattary and archaeomagnetic data
(Pavon-Carrasco et al., 2010). Comparison of thve data with the models’ results
(Fig. 7c) shows a very good agreement for the SK& BEM results and some
differences for the ARH and PAR determinations. Bi¥S intensity fits well the
SCHA.DIF.8K curve and confirms that for the BC pes the CALS7K.2 model
shows lower intensities than those determined byatikthaeomagnetic data as already
noticed in previous studies (Valet et al., 2008; Rarco et al., 2008; Tema &
Kondopoulou, 2011) and therefore it should be caisly used for archaeomagnetic
purposes. The TEM result fits greatly the SCHA.BK-.curve and it is in good
agreement with the ARCH3K.1 and CALS7K.2 modelstfag 500 AD period. The
PAR intensity is higher than the models resultsitier 100BC-100 AD but fits them if

its lower intensity limit is considered. On the tramy, the ARH intensity does not fit
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neither the CALS7K.2 nor the ARCH3K.1 curve. Thestnprobable reason for this

difference is that for this period, the regionatl @obal model predictions show very
smooth intensity variations, probably due to the o$ lake sediment data in the
reference datasets which tend to smooth the vamigtattern (Pavon-Carrasco et al.,
2010). Indeed for the BC periods the models showrgrortantly smoother variation

path when compared with the reference archaeoityetista (Fig. 7a) and the local

SV curves (Fig. 7b). This confirms that new relealarchaeointensity data are still
needed in order to better refine the geomagnetdid fmodels.

6.3 Geomagnetic intensity changes in Greece for thest five millennia

The new data obtained together with previously ighleld ones confirm that
important changes of the Earth’s magnetic fielduoed in Greece during the last
five millennia. Low intensities around @0 are well constrained for 2700 BC and a
clear intensity increase of around @b is noticed up to 2500 BC. The limited number
of data for the 2300-700 BC period do not permitledailed description of the
intensity variations for this period but a constizgtease of the field intensity can still
be recognised. Two high reliability results showhhintensities around 700 and 300
BC. Undoubtedly more high quality results are nesags to confirm a possible
intensity maximum at 700 BC. For the 300-200 B@ interesting to notice that there
Is an important dispersion of data even when dméyrhost reliable data with weights
higher than 14 are considered (Fig. 7a). Such igpe could be explained by errors
on the dating of the sites. However, it also shdhat even when high quality
procedures for archaeointensity determinationda@lawved, with continuous control
of mineralogical changes through pTRM checks, TRNsatropy and cooling rate
corrections, the study of several specimens pepkaand the application of strict
selection criteria to the results, there is stiligpersion between sites of the same age.
This dispersion could be also related to the aminéensity experimental protocols
and to the kind of material analysed. For the Rorpanod only small intensity
variations are noticed in Greece. An abrupt intgnscrease can be seen around 700
AD. A second intensity maximum around 900 AD is madmonstrated by at least
four high quality results available for the 800-00AD period. On the contrary, the
intensity peak seen around 1600-1700 AD is defimgednly lower weight data and
more high quality data for this period are needmdadnfirm it. From 1700 AD to

nowadays the geomagnetic field’s intensity is cantdy decreasing.
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Many of the main characteristics of the geomagrfetld variations in Greece
are well described by the SV curves for Greece Balkans and the regional and
global geomagnetic field model results but theeestitl some features that can not be
clearly seen in these reference curves. Both theelGrand the Balkan curves
successfully describe the intensity variation fog 8000-2500 BC, the high intensity
peak around 400-500 BC and the small variationsndguthe Roman period. The
Balkan curve also show two intensity peaks arouf@ @nd 900 AD in good
agreement with the high quality data. Neverthelessh local SV curves are
characterised by large uncertainty envelopes thatad allow the detailed description
of the fine characteristics of the geomagnetiadfigitensity variations at small time
scale. On the other hand, the regional and glolmalets, even if they are based on a
very large number of data and show detailed vanatifor the last 3000 years, it
seems that still they do not successfully fit thghhintensity periods (e.g., 300 BC
and 600 AD). For the BC periods, regional and dlabadels show very smooth
intensity variations and do not fit most of theereihce data. This clearly shows that
more attention should be pointed on the reliabibfythe reference data used for
regional and global modelling. The use of sedingndata should also be avoided if
the detailed short term intensity variations areb® described, for which the

maximum precision is desired.

7. Conclusions

Four new high quality archaeointensity data havenbebtained from four
ceramic collections with ages from 2200 BC to 565. Aeveral selection criteria
have been applied for the acceptance of only thest meliable intensity
determinations. The archaeointensity experimentsieca out using the classical
Thellier method (with pTRM checks and anisotropy TRM and cooling rate
corrections) givan situ mean intensities ranging from 53.6 £ 4.1 to 69.3.2 pT
with corresponding VADM values from 9.2 + 0.7 to.4% 0.7 x 16 Am®. The new
results are reasonably consistent with previous, daith the SV reference curves for
Greece and the South Balkan Peninsula and wittomagiand global geomagnetic
field models results. The new data obtained coetbimith previously published data
confirm that important changes of the Earth’'s m#égnkeld occurred in Greece
during the last five millennia. This illustratesettpotential of geomagnetic field

intensity changes as a dating tool in this areawd¥er, for some periods, the
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available archaeointensity data for the Balkan aremawv a large dispersion, even for
data reaching high quality standards. This disparsiould be explained by age
uncertainties but also by the precision limit of #xperimental protocols followed to
determine past archaeointensities. To better mnsthe evolution of the Earth’'s
magnetic field strength in Greece for the last fin#lennia, it is therefore necessary
to have as many as possible well and preciselydd#t@ossible with age errors less
than a century) and high-quality archaeointensigtedninations from several
independent studies per time period, as it is diredone for constructing SV

directional curves.

Acknowledgments

Miriam GoOmez-Paccard acknowledges the financiapetipgiven by a CSIC JAE-
Doc postdoctoral research contract (MGP), the SbaMinistry of Education and
Science (project: CGL2008-02203/BTE) and Banco &addr - Universidad
Complutense de Madrid (Grupo de Investigacion 96p3Despina Kondopoulou has
benefitted from the hospitality and laboratory udethe Section de Physique du
Globe, Insitut Royal Meteorologique de Belgiqued @rs. J.Hus and S.Spassov are
warmly thanked. The archaeologists Dr. Ch. Kouk@iirysanthaki, Dr. E. Hasaki,
Mrs. S. Sdrolia and Mr. G. Deliopoulos are highlgk@mowledged for sampling

permission and archaeological information provided.

References

Chauvin, A., Garcia, Y., Lanos, Ph., Laubenheinfrey,2000. Paleointensity of the
geomagnetic field recovered on archaeomagnetic $rtem France.Phys. Earth
Planet. Int, 120, 111-136.

Chauvin, A., Roperch, P., Levi, S., 2005. Reliapibf geomagnetic palaeointensity
data: the effects of the NRM fraction and concapesehaviour on palaeointensity
determinations by the Thellier methoBhys. Earth Planet. Int..150, 265-286.
doi:10.1016/j.pepi.2004.11.008.

16



© 00 N O 0o &~ W N P

W W W W W N N DN DD DN DD DD DNDNDNN P PP PP PR, R RE PR
A WO NP O O O N O O A W NP OO O0CLNO OO0 b W N, O

Coe, R. S., Grommé, S., Mankinen, E. A., 1978. Gapmtic paleointensities from
radiocarbon-dated lava flows on Hawaii and the toesof the Pacific non dipole
low. J. Geophys. Res33 (B4), 1740-1756.

De Marco, E., 2007. Integrated magnetic and araghagoetic measurements in
archaeological sites: contribution to secular weracurves for Greece. Ph.D. thesis,

Aristotle University of Thessaloniki, Thessaloni@reece, pp. 293.

De Marco, E., Spatharas, V., Gomez-Paccard, M.u@haA., Kondopoulou, D.,
2008. New archaeointensity results from archaeokdgsites and variation of the
geomagnetic field intensity for the last 7 millemm GreecePhys. Chem. Eartl83,
578-595.

Deliopoulos, G., 2007. The ceramics of the «stamement» phase in the prehistoric
settlement of Archontiko-Giannitsa. Master Thesi&ristotle University of
Thessaloniki, Thessaloniki, Greece, pp. (54Greek)

Donadini, F., Korte, M., Constable, C. G., 2009.0@agnetic field for 0-3 ka: 1.
New data sets for global modellinggeochem. Geophys. Geosydt), Q06007,
doi:10.1029/2008GC002295.

Downey, W.S. & Tarling, D.H., 1984. Archaeomagnekating of Santorini volcanic
eruptions and fired destruction levels of Late Mincivilization.Nature 309, 519-
523.

Evans, M.E., 1986. Palaeointensity estimates frdaliah kilns. J. Geomag.
Geoelectr, 38, 1259-1267.

Gallet, Y., Genevey, A., Le Goff, M., 2002. Thredlemnia of directional variation of
the Earth’s magnetic field in Western Europe agaéd by archaeological artefacts.
Phys. Earth Planet. Inter131, 81-89.

Genevey, A., Gallet, Y., Constable, C., Korte, Mylot, G., 2008. Archeolnt: An

upgraded compilation of geomagnetic field intensigta for the past ten millennia

17



© 00 N O 0o A W N P

W W W W W N N DN DD DN DD DD DNDNDNN P PP PR PP R PR
A WO NP O O 0O N O O D W NP OO O0CLNO OO0 b W M~ O

and its application to recovery of the past dipalement. Geochem. Geophys.
Geosyst 9, Q04038, doi: 10.1029/2007GC001881.

GOmez-Paccard, M., Catanzariti, G., Ruiz-Martiné%;., Mcintosh, G., Nufez, J.1.,
Osete, M.L, Chauvin, A., Lanos, Ph., Tarling, D.Bernal-Casasola, D., Thiriot, J.,
and “Archaeological Working Group”, 2006a. A catple of Spanish
archaeomagnetic data. Geophys. J. Int.,, 166, 112B3; doi:10.1111/;.1365-
246X.2006.03020.x.

GoOmez-Paccard, M., P. Lanos, A. Chauvin, G. McbistoM. L. Osete, G.
Catanzariti, V. C. Ruiz-Martinez, Nunez, J. |., @B0First archaeomagnetic secular
variation curve for the Iberian Peninsula: Comparisvith other data from Western
Europe and with global geomagnetic field mod&@sochem. Geophys. Geosygt.,
Q12001, doi:10.1029/2006GC001476.

GOmez-Paccard, M., Chauvin, A., Lanos, P., Thirdot,Jiménez-Castillo, P., 2006c.
Archaeomagnetic study of seven contemporaneous kil Murcia (Spain)Phys.
Earth Planet. Int.157, 16-32.

GOmez-Paccard, M., Chauvin, A., Lanos, P., Thirdot,2008. New archaeointensity
data from Spain and the geomagnetic dipole monmewaestern Europe over the past
2000 years.J. Geophys. Resl 13 (B9), B09103.

Hervé, G., Schnepp, E., Chauvin, A., Lanos, P., ammyk, N., 2011.
Archaeomagnetic results on three Early Iron Agélgals from Moyenvic (France).
Geophys. J. Int185, 144-156, doi: 10.1111/j.1365-246X.2011.04933

Hill, M., Lanos, Ph., Chauvin, A., Vitali D., Laebheimer, F., 2007. An
archaeomagnetic investigation of a Roman amphormadksivop in Albinia (Italy).

Geophys. J. Int.169, 471-482.

Kirschvink, J.L., 1980. The least-squares line gmldne and the analysis of
paleomagnetic dat&eophy. J. Royal Astr. Sp62, 699-718.

18



© 00 N O O &~ W N P

W W W W N DN N DN NN NN DN DNMNDNDMNDNPEPEP P P PP PP PR
wWw N P O © 0 N OO O A W NP O O 00 N O OO0 W M P O

Korte, M. & Constable, C.G., 2005. Continuous gegnatic field models for the past
7 millennia: 2.CALS7K. Geochem. Geophys. Geosystt, QO02H16, doi:
10.1029/2004GC000801.

Korte, M., Donadini, F., Constable, C. G., 2009ofdagnetic field for 0-3 ka: 2. A
new series of time-varying global modeBeochem. Geophys. Geosy$0, Q06008,
doi:10.1029/2008GC002297.

Korte, M., Genevey, A., Constable, C., Frank, Wchi&pp, E., 2005. Continuous
geomagnetic field models for the past 7 millendiaA new global data compilation.
Geochem. Geophys. Geosy8.Q02H15, doi:10.1029/2004GC000800.

Koukouli-Chrysanthaki, Ch., 1989. An early Bronzgean Skala Sotiros, Thasos. In
Archaeological Works in Macedonia and Thra8&EMTH, 3, 507-512,i( Greek.

Koukouli-Chrysanthaki, Ch., 1990. Excavation in [BkaSotiros 1990. In
Archaeological Works in Macedonia and Thra8&EMTH, 4, 531-545(in Greek)

Kovacheva, M., Boyadziev, Y., Kostadinova-Avramovh]., Jordanova, N.,
Donadini, F., 2009. Updated archaeomagnetic dataf $ke past 8 millennia from the
Sofia laboratory, Bulgaria.Geochem. Geophys. Geosysil0, Q05002, doi:
10.1029/2008GC002347.

Lowrie, W., 1990. Identification of ferromagnetiagrmarals in a rock by coercivity and

unblocking temperature properti€seophys. Res. Letll7, 159-162.
Maniatis, Y., Facorellis, Y., Pilali, A., PapanttomPapaefthimiou, A., 2002. Firing
temperature determinations of low fired clay stwes. In: Modern Trends in

Scientific Studies on Ancient CeramiB#R International Series, 1011, 59-68.

Papadopoulou, E., 2002. Small clay findings fronchantiko-Giannitsa. Master
Thesis, Aristotle University of Thessaloniki, Thalesiki, Greece (nh Greek.

19



© 00 N O O &~ W N P

W W W W W N N DN DD DN DD DD DNDDDNDMDNN P PP PP PR, R PR PR
A WO NP O O 0O N O O A W NP OO 00LNO 000 b W M~ O

Pavon-Carrasco, F. J., Osete, M.L., Torta, J. Mya=Piqué, L. R., 2009. A regional
archaeomagnetic model for Europe for the last 3Q@adrs, SCHA.DIF.3K:
applications to archaeomagnetic datingeochem. Geophys. GeosysiQ (3),
Q03013, doi:10.1029/2008GC002244.

Pavon-Carrasco, F. J., Osete, M.L., Torta, J., 2(R€gional modeling of the
geomagnetic field in Europe from 6000 BC to 1000 BEochem. Geophys. Geosyst
11, Q11008, doi: 10.1029/2010GC003197.

Pick, T. & Tauxe, L., 1993. Holocene palaeointaasit Thellier experiments on
submarine basaltic glass from the East Pacific .Rid3eGeophys. Res98, 17949-
17964.

Prévot, M., Mankinen, E.A., Coe, R.S., Grommeé, C1985. The Steens Mountain
(Oregon) Geomagnetic Polarity Transition. 2. Fidigtensity Variations and
Discussion of Reversal Models Geophys. Res90, 10417-10448.

Rodriguez Ceja, M., Goguitchaichvili, A., Moralek, Ostrooumov, M., Manzanilla,
L. R., Aguilar Reyes, B., Urrutia-Fucugauchi, J009. Integrated archaeomagnetic
and micro-Raman spectroscopy study of pre-Columbtanamics from the
Mesoamerican formative village of Cuanalan, Teadan Valley, Mexico.J.
Geophys. Resl114, B04103, doi:10.1029/2008JB006106.

Schnepp, E. & Lanos, Ph., 2005. Archaeomagnetialaewariation in Germany
during the past 2500 yeafSeophys. J. Int163, 479-490.

Schnepp, E., Pucher, R., Reindeers, J., Hambaclgdffel, H. & Hedley, 1., 2004. A
German catalogue of archaeomagnetic dagphys. J. Int157, 64-78.

Sdrolia, S., 2009. Palaeochristian findings in thgion of KissavosProceedings of

the third Archaeological Symposium of Thess¥lylos, Greecdn press

Selkin, P. A. & Tauxe, L., 2000. Long-term variai#oin palaeointensity. Phil. Trans.
R. Soc. Lond. A, 358, 1065-1088.

20



© 00 N O O &~ W N P

I o T e T o e e
© O N O U DM W N PP O

Spatharas, V., Kondopoulou, D., Aidona, E., Eftladis, K., 2011.New magnetic
mineralogy and archaeointensity results from Grkiks and baked claysStud.
Geophys. Geaod55, 131-157

Tema E., Hedley, I., Lanos, Ph., 2006. Archaeomiggmein Italy: a compilation of
data including new results and a preliminary ltalsecular variation curvé&eophys.
J. Int, 167, 1160-1171. doi:10.1111/j.1365-246X.2006.@B8L 5

Tema, E. & Kondopoulou, D., 2011. Secular variatddthe Earth’'s magnetic field in
the Balkan region during the last 8 millennia based archaeomagnetic data.
Geophys. J. Intin press

Thellier, E. & Thellier, O., 1959. Sur l'intensitky champ magnétique terrestre dans
le passé historique et géologigdan. Geophys15, 285-376.

Valet, J.P., Herrero-Bervera, E., LeMouél, J.L &meér, G., 2008. Secular variation

of the geomagnetic dipole during the past 2000syé&aeochem. Geophys. Geosyst
9, Q01008, doi: 10.1029/2007GC001728.

21



© 00 N O o &~ W N P

W W W W N DN N DN DN NN DN DNMNDNDMNDNPEP P P PP PP PR
wWw N P O © 0 N OO O A W NP O O 0 NO 00 M W N P O

Table caption

Table 1. Information about the location and archagoal ages of the the studied

ceramics.

Table 2. Reliability of archaeointensity determioas: selection criteria used in this

study for retaining only high-quality intensity deminations.

Table 3. Summary of the new archaeointensity res8ite, (Age), name of the
archaeological site where the material has beesvesed, (archaeological age of the
site); Name, name of the specimen studied (samebaersmindicate specimens
corresponding to the same fragment); Lab., namehef laboratory where the
archaeointensity experiments were performed; Tymample, description of the type
of sample analyzed; n —Tmax temperature interval used for the slope caloutain
°C; n, number of data points within this tempermatunterval; f, fraction of the NRM
component used in the slope calculation; g, gapofaq, quality factor; MAD,
maximum angle of deviation; DANG, deviation angleRM, potential error on the
estimation of the paleointensity due to the actjoisiof CRM as a percentage of the
applied field;p, ratio of the standard error of the slope to theotute value of the
best-fit slope for the data on the NRM-TRM diagrdt oF, mean intensity and
standard deviation per sample without TRM anisagtrogrrection; Fe, mean intensity
per sample with correction of TRM anisotropy; Fns.d., TRM anisotropy corrected
mean intensity per fragment and standard deviakpo; weighted mean intensity per
fragment,ATRM (12 h), correction factor per sample for a aogltime of about 12 h;
alt (12 h), alteration factor per sample for a eupltime of about 12 h; Fpocr,
weighted mean intensity per sample after TRM armggt and cooling rate
corrections. Site mean: n= number of specimens faethe calculation of the final
mean intensity; N= number of samples; F + sd= fim&lan intensity per site after
TRM anisotropy and cooling rate corrections anddaad deviation; fres+ sd= final
mean intensity per site and standard deviation utatled at the latitude of
Thessaloniki (40.66N); VADM= virtual axial dipole moment calculateding the

mean intensities corrected both for the cooling eatd TRM anisotropy effects.
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Figure captions

Fig. 1. Location of the studied sites.

Fig. 2. Representative continuous magnetic susagptiversus temperature curves.

Fig. 3. Representative isothermal remanent acgqunsitRM) curves for the four sites.

Fig. 4. Thermal stepwise demagnetization of thRfd components for representative
samples. Symbols: dot = low- (0.1 T); diamond =etintediate- (0.5 T); square =

high- (1.3 T) coercivity component.

Fig. 5. Examples of NRM-TRM diagrams and associ@igerveld and NRM decay

diagrams from a-d) successful and e-f) rejectetdamaintensity experiments. F is the
archeointensity determined, f, the fraction of teM used for slope computation
and g the quality factor. Black (white) dots in tRRM-TRM diagrams indicate the

points considered (rejected) for slope computations

Fig. 6. Effect of the a) TRM anisotropy and b) ¢ogl rate effect upon TRM
acquisition. Both are expressed as a percentagieofcorrected archeointensity

values.

Fig. 7. a) The new intensity results (black triaas}lplotted versus age together with
literature intensity data from the Balkan area ygaed black circles); b) the new data
plotted together with the regional SV curves addafor Greece and the South
Balkan Peninsula; ¢) CALS7K.2 and ARCH3K.1 globaldaSCHA.DIF.3K and
SCHA.DIF.8K regional geomagnetic field models résubll data are reduced at the
latitude of Thessaloniki (40.6MN).
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Archaeological Site Code Geographic  Number of Archaeological
Coordinates independent Age
fragments
Skala Sotiros SKS 40.73, 2455 E 6 2200-2100 BC
Archontico ARH 40.79N, 22.47E 9 1516-1414 BC
Paros PAR 37.08N, 25.15E 10 100 BC-100AD
Tempi TEM 39.86 N, 22.53E 9 518-565 AD

Table 1
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Reliability of archeointensity determinations : sel ection criteria used for retaining archeointensity results

At specimen level

Well defined straight lines going through the origin in the Zijderveld diagrams

MAD (Kirschvink 1980) and DANG (Selkin & Tauxe 2000) must be lower than 5°.

The archeointensity is determined using the same temperature interval for which the primary magnetic component was
isolated

Linear segments in the NRM-TRM plots

At least 5 temperature steps and ~50% of the initial NRM must be involved for slope computation

Maximum potential error caused by chemical remanent magnetization (CRM parameter) must be lower than 15%
(normalized by the applied field)

The ratio of the standard error of the slope to the absolute value of the best-fit slope for the data on the NRM-TRM
diagram (B parameter) must be lower than 0.05

Positive pTRM checks: maximum difference between the original pTRM and the pTRM check of about 10% of evolution

normalised by the total TRM

The effect of TRM anisotropy upon TRM acquisition must be considered

The effect of cooling rate correction upon TRM acquisition must be investigated. Magnetic alteration during the cooling
rate procedure must be lower than the cooling rate factor applied to archeointensity estimations.

At fragment level

At least two specimens per fragment must be considered in order to calculate mean intensities per fragment
We fixed a limit of ~10% for the standard deviation around mean intensities per fragment (normalised by mean intensity
values)

At age group level

At least two fragments per site in order to calculate site mean intensities

abwinN
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Site

TEMPI

(518-565 AD)

TEM-1A

TEM-1B

TEM-1C

TEM-2A

TEM-2B

TEM-2C

TEM-4A

TEM-4B

TEM-4C

TEM-5A

TEM-5C

TEM-5

TEM-5B

TEM-6B

TEM-6

TEM-6D

TEM-7

TEM-7A

TEM-8A

TEM-8C

Barcelona
Barcelona

Torino

Barcelona
Barcelona

Torino

Barcelona
Barcelona

Torino

Barcelona
Torino
Torino

Barcelona

Barcelona

Torino

Torino

Torino

Barcelona

Barcelona

Torino

Type of
sample

salt pellet
salt pellet

salt pellet

salt pellet
salt pellet

salt pellet

salt pellet
salt pellet
salt pellet
untreated
cube
salt pellet
untreated
cube

untreated
cube

untreated
cube
untreated
cube
salt pellet
untreated

cube

salt pellet

salt pellet

salt pellet

150-500

150-530

100-440

200-500

200-530

150-470

150-440

150-440

150-470

100-400

100-350

200-470

100-350

100-530

150-530

200-470

200-470

200-530

200-500

150-500

11

10

0.69

0.64

0.72

0.69

0.57

0.57

0.75

0.73

0.74

0.73

0.68

0.77

0.69

0.71

0.56

0.61

0.54

0.64

0.85

0.83

0.87

0.84

0.78

0.79

0.83

0.75

0.73

0.70

0.71

0.86

0.85

0.82

0.83

0.85

0.83

0.85

100.9

225

16.7

32.7

56.6

13.6

9.4

30.3

29.9

145

15.8

15.6

39.2

35.4

35.5

21.9

17.0

12.2

14.2

MAD  DANG
G A b F
7.0 13
38 11
28 1.9
38 26
25 06
2.1 1.0
4.4 0.4
33 16
2.0 05
26 2.4
2.9 15
46 2.4
16 0.9
38 08
5.4 2.9
1.0 0.7
4.2 1.6
48 1.8
4.9 37
2.9 46

5.7

2.3

35

5.9

4.3

2.8

6.4

6.6

12.0

8.4

6.0

7.1

1.0

7.0

18

5.7

11.0

0.03

0.03

0.02

0.01

0.03

0.05

0.02

0.02

0.04

0.03

0.03

0.02

0.02

0.02

0.02

0.03

0.04

0.04

F +oF Fe
N ___em
48.0 + 0.66 51.1
45.4 + 031 47.2
63.9 + 1.67 51.2
58.9 + 1.87 45.7
60.4 +1.15 47.4
55.4 + 0.57 54.3
456 + 15 48.2
52.0 £2.5 54.7
56.3 + 1.15 51.0
78.1 + 1.44 72.2
81.6 + 3.01 78.9
81.0+ 2.60 73.6
70.6 + 2.17 71.4
76.7 + 1.30 65.0
58.5 + 0.98 62.5
62.1 + 1.01 64.5
62.1 + 1.31 52.6
60.3 + 1.84 54.4
465 + 1.71 49.04
56.2 + 2.16 54.5

49,8 £2,3

49,1 +4,6

51,3 £3,3

74,0 £34

64,0 +1,3

535 1,3

513 £2,9

Fpo

@D _ o _ e _ W)

48.9

50.9

50.9

73.7

64.1

53.3

51.2

AM
(12h)

1.9
3.0

-0.5

3.4
3.7

0.9

13
2.3

0.3

0.2

0.3

0.1

19
-13.0

7.0

35.6

-1.6

2.9
5.2

alt.
(12h)

-3.2
-21

-0.4

11

0.1

1.0

-4.7

-2.0

-2.0

-3.9

-0.4

-1.8

-1.2

-1.7

-1.0

Fpocr

48.1

49.7

50.4

73.7

64.8

53.3

49
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TEM-8D Torino salt pellet 200-530 9 0.67 0.80 20.5 2.4 15 3.0 0.03 52.2 + 1.37 50.4 4.8 -0.3
TEM-9B Barcelona salt pellet 150-500 9 0.70 0.86 312 3.0 0.5 2.6 0.02 51.7 + 1.00 60.8 63,7 +2,7 64.2 1.3 0.2 62.9
TEM-9C Torino salt pellet 150-500 9 0.60 0.86 354 23 14 2.7 0.02 515 + 0.75 64.3 -5.4 1.6
TEM-9D Torino salt pellet 100-470 9 0.83 0.86 57.7 2.4 1.6 4.8 0.01 53.1 + 0.66 66.0 6.9 -0.3
Site mean: n=24 N=8 F +s5d=56.5+9.5 pT Frnes +5d =57.0 9.6 uT VADM= 9.78 + 1.6 (10%* Am?)
untreated
PAROS PRCA-02A Barcelona cube 150-500 9 0.74 0.82 24.6 2.1 3.9 9.1 0.03 67.8 +1.66 69.0 69,1+ 0,6 69.1 -2.0 -0.9 67.6
(100 BC-100 AD) PRCA-02B Torino salt pellet 100-470 9 0.76 0.87 22.6 23 15 4.9 0.03 60.7 £1.76 68.6 4.5 -3.0
untreated
PRCA-02D Barcelona cube 200-530 9 0.86 0.84 245 3.8 4.3 9.9 0.03 68.2 £2.01 69.8 3.7 1.6
PRCA-03A Torino salt pellet 100-440 8 0.70 0.81 26.4 1.8 25 4.5 0.02 66.9 +1.43 67.0 65,3+2,5 64.9 2.7 1.2 62.3
untreated
PRCA-03C Barcelona cube 100-500 10 0.88 0.83 47.7 23 2.7 10.5 0.02 62.2 £0.95 63.5 4.8 -1.2
PRCA-04A Torino salt pellet 100-470 9 0.86 0.85 43.9 25 13 4.0 0.02 48.3 +0.80 61.6 50,2+ 1,8 62.7 5.2 -0.1 60.8
untreated
PRCA-04C Barcelona cube 200-470 7 0.58 0.80 27.4 29 2.4 5.3 0.02 52.1 +0.9 64.1 -3.1 -4.3
untreated
PRCA-05A Barcelona cube 200-530 9 0.57 0.86 18.3 4.4 1.6 3.1 0.03 55.6 +1.51 56.5 554+1,6 55.6 3.9 -0.7 53.3
untreated
PRCA-05C Barcelona cube 200-530 9 0.59 0.87 11.7 3.6 1.0 4.4 0.04 53.6 + 2.34 54.2 4.0 -1.3
untreated
PRCA-06A Barcelona cube 100-440 8 0.52 0.81 7.7 7.9 4.9 115 0.06 66,2 + 3,6 60.4 62,5+3,0 63.8 -15.9 -5.5 65.7
PRCA-06C Torino salt pellet 100-470 9 0.82 0.86 329 25 15 4.9 0.02 59.1 + 1.25 64.6 0.9 -2.3
untreated
PRCA-08B Barcelona cube 100-530 11 0.80 0.89 56.6 4.2 1.8 10.8 0.01 60.5 + 0.76 70.0 68,9+1,6 69.2 1.4 2.2 69.2
PRCA-08C Torino salt pellet 100-470 9 0.72 0.87 311 1.5 2.7 3.1 0.02 547 + 1.1 67.8 1.7 -3.0
untreated
PRCB-01A Barcelona cube 100-500 10 0.75 0.87 289 2.4 0.6 11.0 0.02 70.3 + 1.58 73.3 77,0+4,1 76.2 -2.2 -0.1 77.7
untreated
PRCB-01B Barcelona cube 100-500 10 0.74 0.87 35.6 1.6 0.2 6.9 0.02 73.7 + 1.33 76.3 -2.5 -0.2
PRCB-01C Torino salt pellet 100-440 8 0.68 0.85 13.8 25 2.2 6.2 0.04 71.7 * 3.02 814 -0.5 -3.2
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PRCB-02A Torino salt pellet 200-470 7 0.53 0.82 29.0 2.1 3.8 4.4 0.02 58.4 + 0.87 68.8 734+48 72.7 6.4 -1.0 70.6
untreated
PRCB-02C Barcelona cube 200-530 9 0.73 0.87 219 4.6 1.0 11.6 0.03 67.3 + 1.95 78.4 0.0 6.6
untreated
PRCB-02D Barcelona cube 200-470 7 0.54 0.82 124 4.7 18 6.4 0.04 91.6 + 3.3 73.1 -0.3 -0.4
Site mean: n=19 N=8 F +sd=659+7.3 pT Frnes 50 = 68.7 7.6 uT VADM= 11.78 +1.3 (10*2 Am?)
ARH ARH-1F Torino salt pellet 250-560 9 0.69 0.86 29.1 5.1 4.1 13.3 0.02 841 + 1.72 85.7 -10.7 -0.9
(1516-1414 BC)
ARH-3D Torino salt pellet 300-590 9 0.73 0.85 275 8.1 25 13.9 0.02 66.6 + 1.51 62.1 -7.9 -1.9
untreated
ARH-4A Barcelona cube 200-560 10 0.68 0.81 11.7 6.5 2.0 115 0.05 814 + 3.82 729 69,6 +4,7 68.3 -8.2 -3.7 69.9
untreated
ARH-4B Barcelona cube 200-560 10 0.70 0.84 26.6 4.4 3.5 9.6 0.02 835 + 1.85 66.3 0.5 -1.6
untreated
ARH-5A Barcelona cube 200-590 11 0.88 0.81 29.0 2.2 2.2 3.6 0.03 645 + 16 69.0 68,9 +0,2 68.9 0.9 -4.6 729
untreated
ARH-5B Barcelona cube 200-590 11 0.86 0.81 28.4 3.9 3.4 9.1 0.03 613 + 15 68.6 -8.8 4.6
untreated
ARH-5C Barcelona cube 200-590 11 0.88 0.80 34.0 2.7 0.9 9.8 0.02 68.6 + 1.42 69.0 -8.3 -8.0
ARH-6D Torino salt pellet 200-440 6 0.59 0.75 41.1 3.6 1.6 10.0 0.01 65.7 + 0.7 69.6 0.2 -0.1
untreated
ARH-7A Barcelona cube 300-530 7 0.62 0.73 14.6 4.4 29 8.6 0.03 79.4 + 243 70.2 67,6 +3,9 67 2.3 0.3 65.2
untreated
ARH-7B Barcelona cube 350-530 6 0.59 0.63 10.0 5.2 1.4 5.1 0.04 66.3 + 2.44 69.4 7.5 -2.8
ARH-7D Torino salt pellet 300-500 6 0.59 0.77 16.4 4.5 2.1 6.1 0.03 64.4 + 1.79 63.1 0.3 -2.7
Site mean: n=8 N= F+ sd=69.3+3.9 uT Frnes +5d = 69.2 3.9 uT VADM= 11.86 +0.67 (10" Am?)
untreated
SKS SKS-3A Barcelona cube 350-560 7 0.73 0.83 30.0 53 4.7 10.1 0.02 62.8 + 1.26 53.3 56,1 +5,4 58.6 6.1 -0.5 56.5
untreated
(2200-2100 BC) SKS-3B Barcelona cube 350-560 7 0.75 0.82 34.0 5.2 53 10.0 0.02 611 + 1.11 53.9 3.4 -1.8
untreated
SKS-3C Barcelona cube 400-590 7 0.63 0.81 30.3 4.4 3.3 6.5 0.02 59.4 + 1.01 53.1 5.6 -1.0
SKS-3D Torino salt pellet 300-470 5 0.53 0.74 67.9 13 1.9 3.2 0.01 69.8 + 0.5 64.2 25 -3.2
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untreated

SKS-4A Barcelona cube 150-530 10 0.71 088 336 32 8.0 11.7  0.02 75.2 £ 1.39 65.7 712 £6,2 724 1.1 1.7 50.7
SKS-4B Barcelona unéﬁ?ée‘j 150-530 10 0.75 088  47.0 3.4 5.3 114 001 75.8 £ 1.07 69.9 0.9 2.8
SKS-4C Barcelona unéfgeted 150-530 10 0.81 0.88  63.0 3.6 5.2 105 0.01 75.3 + 0.85 77.9 2.7 5.4

Site mean: n=7 N=2 F+ sd=53.6+4.1 T Frnes 5d =53.5 +4.1 uT VADM= 9.18 +0.7 (102 Am?)

Table 3
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