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Abstract

Archaeomagnetism combines the magnetic properties of baked materials with Archaeology. The ar-
chaeomagnetic method can be applied to any kind of permanent - in situ or displaced- burnt struc-
tures, such as kilns, ovens, hearths, burnt floors, tiles, bricks and pottery fragments, the latter for
intensity measurements only.

In this study we present the latest archaeomagnetic results from archaeological sites which are dis-
tributed in N. Greece (Polymylos, Sani, Thesssaloniki). The Natural Remanent Magnetization (NRM)
and the magnetic susceptibility of the samples have been initially measured. The samples have been
subjected to magnetic cleaning (AF and Thermal demagnetizations) and this procedure revealed
the characteristic component of the ancient magnetic field. Rock magnetic experiments such as ac-
quisition of the Isothermal Remanent Magnetization (IRM) and thermomagnetic analysis have been
performed in pilot samples in order to identify the main magnetic carriers. Finally the secular vari-
ation curves for Greece and the SCHA.DIF.3K model were used in order to date these archaeolog-
ical structures. This dating improved or modified the estimated archaeological ages.
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1. Introduction

Archacomagnetism is the discipline of palaeomagnetism which studies archaeological materials
such as kilns, ovens, bricks and tiles and in general any kind of burnt clays, since they usually carry
a stable magnetization that is almost entirely a thermoremanence. This stable magnetization has
‘fossilized’ the direction and the intensity of the field at the time and the place of the last firing. The
main purpose of archacomagnetism is first the establishment of accurate secular variation curves
(SVC) from well dated —with other independent methods- structures and second the potential dat-
ing of relevant material for places and periods where such curves are available.

During the last decades several authors have studied the variations in intensity and direction of the
geomagnetic field for the last 7000 and 5000 years respectively in Greece. Intensity data reported
since 1980 (Liritzis and Thomas 1980) are by far more numerous (for a thorough review see De-
Marco et.al., 2008) whereas directional data appeared in 1984 (Downey and Tarling, 1984). Re-
cently new archaeomagnetic data have been obtained following severe selection criteria (Evans &
Kondopoulou, 1998, Kovacheva et al., 2000, Spatharas et al., 2000, Kondopoulou & Spatharas,
2002, Tarling et al., 2004, Evans 2006) which leaded to the construction of new intensity (Spatha-
ras, 2005, DeMarco et al., 2008) and directional SVC for Greece (DeMarco, 2007).
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In this paper we present new archaecomagnetic data obtained from three archaeological sites in N.
Greece and we attempt to date them using the secular variation curves available for Greece and the
regional model SCHA.DIF.3K (Pavon-Carrasco et al., 2009).

2. Description of sampling sites

Samples were collected from 3 different archaeological sites situated in N. Greece as shown in Fig.1.
Short description of the sites is given below, respecting a chronological order.

Polymilos (ML and SO)

The recent excavations, due to the construction of the New Egnatia Road, close to the ancient set-
tlement of Polymilos, brought to light a part of an ancient city inhabited from the prehistoric times
until the Late Antiquity. The main activity of the city was during the 3" century B.C. The two ce-
ramic kilns sampled were in an excellent condition and destinated to preservation (Fig.1). Therefore
sampling was delicate and restrained only to the kilns floor. A total of fifteen samples were obtained
from both kilns (7 samples from ML and 8§ samples from SO).

Sani (Megali Kipsa - SANS)

Few years ago, the excavation of a palaeochristian farm in Megali Kipsa of Kassandra has started.
This complex consists of several buildings but the most impressive feature of the site is the ceramic
kilns complex. The archaeological excavation brought to light nine, well preserved, kilns while the
remains of other three were detected. From the archaeological investigation it appeared that this
complex operated as a small ceramic industry not only for the construction of the settlement but
also for providing bricks to other adjacent areas. On the basis of coins found in the site it is believed
that these kilns started to be in action at the beginning of the 4™ Century AD. From this site one kiln
was sampled (Fig.1) and in total 10 samples were collected.

Thessaloniki (RS1)

The archaeological excavations in the centre of Thessaloniki due to the construction of the subway
revealed a laboratory area with several ceramic kilns in front of the actual main Railway Station. The
archaeological information indicates that this workshop area was in use for several centuries (Roman
and Byzantine times) as it is shown from the coins and the potteries found in the site. One kiln was
sampled and in total eighteen independently oriented samples were obtained.

3. Sampling and measurements

All the collected samples were independently oriented with regard to the geographic north and the
local horizontal plane by means of a small plexiglas plate glued on the top of the material. The dip
was measured with a bubble inclinometer and the azimuth by using magnetic and sun-compasses.

A total of 43 hand samples were collected from the four kilns and from them 149 specimens (stan-
dard cylinders or 2x2cm cubes) were prepared in the laboratory.

The remanent magnetization was measured using a Minispin magnetometer (Molspin, Newcastle,
UK). Alternating Field (AF) demagnetization was performed at the field strength of 5-60mT with 5
mT interval and 60 — 100 mT with 10mT interval by using an Molspin-MSA2 AF- tumbler demag-
netizer (Molspin, Newcastle, UK). The magnetic susceptibility was measured using a KLY-2 sus-
ceptibility bridge (Agico, Brno, Czech Rep.). The anisotropy of magnetic susceptibility was measured
using a Kappa bridge KLY 2 and a MF K1. Anisotropy parameters i.e lineation (L), foliation (F), de-
gree of anisotropy (P’), shape factor (T) reflecting the alignment of particles and shape of magnetic
susceptibility ellipsoid, have also been calculated using the program ANS 21 (Jelinek, 1977).
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Fig. 1: Simplified map showing the geographical distribution of the sampled archaeological sites and the corre-
sponding photos of the kilns: on the left side the two kilns (ML and SO) from Polymilos are shown, while on the right
side the kiln (RS1) from Thessaloniki and the kiln SANS from the archaeological site of Megali Kipsa are presented.

High-temperature behavior of magnetic susceptibility (thermomagnetic analysis) for determination
of the Curie point of magnetic minerals present in the material was performed on a Bartington sus-
ceptibility meter with a furnace attached, and a Kappa bridge KLY 2. Magnetic susceptibility changes
were recorded continuously from room temperature up to 700°C and back.

In pilot samples from each site an isothermal remanent magnetization (IRM) was imparted with a
pulse magnet and a maximum field of 2.5 T and a stepwise acquisition curves of IRM were obtained
for selected samples.

Thermal stepwise demagnetisation of composite IRM (Lowrie, 1990) was performed in selected
samples in order to obtain unblocking temperatures of soft-, medium- and hard magnetic compo-
nents. The following strengths of the magnetic field to induce the three components were used: soft
—0.1T, medium — 0.5T, hard — 2T.

4. Results
4.1 Rock magnetism

The identification of the magnetic carriers is critical in order to evaluate the suitability of material
for obtaining reliable archaecomagnetic results. IRM curves revealed the dominance of magnetite
(or titanomagnetite) in most of the cases (Fig.2a). Only in the case of Thessaloniki (RS1) two dis-
tinct groups are observed. One, with a low coercivity component which saturates at about 100 mT
and a second one with two magnetic mineral phases, with low coercivity and high coercivity re-
spectively which is not able to saturate at 1200mT. The thermal demagnetization of the 3- axes com-
posite IRM results are shown in Fig.2b.The demagnetization along the x axis (soft component)
revealed unblocking temperatures from 580° to 650°C indicating magnetite with different Ti con-
tents and small portions of hematite. In the case of the RS1 the highest magnetization is recorded
along the z axis (hard component) with a sharp decrease at about 200°C, indicative for the presence
of goethite. The variation of the low-field susceptibility with temperature exhibits a stable behav-
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Table 1. Mean anisotropy parameters for the magnetic susceptibility anisotropy ellipsoids for the
studied sites. N = number of samples, L = lineation, F = Foliation, P = anisotropy degree,
T = shape parameter of Jelinek (1981).

Site N L F P T
Thessaloniki 23 1.019 1.055 1.075 0452
Polymilos 35 1.032 1.040 1.058 0.598
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Fig. 2: Rock magnetic experiments. a) IRM curves from the three archaeological sites. b) Demagnetization of
the 3-axes composite IRM of pilot samples, and c¢) thermomagnetic curves. (For details see text).

ior, even if the shape of the thermomagnetic curves differs from sample to sample. Heating and cool-
ing curves are almost reversible, indicating minor mineralogical changes. The Curie temperatures
vary from 500° to 580°C, characteristic for the presence of magnetite or titanomagnetite.

The anisotropy of magnetic susceptibility was measured in selected samples from the archaeologi-
cal sites of Thessaloniki and Polymilos. Since the effect of the shape anisotropy can be substantial
for bricks and tiles and minor for baked clays, we performed indicative anisotropy measurements to
the samples of Sani. The anisotropy degree ranges from 2% to 4% which is insignificant. The mean
anisotropy parameters for the other two studied sites are reported in Table 1. The shape of the AMS
ellipsoid is oblate (T>0) in both cases. Generally, the samples were not particularly anisotropic, with
the degree of anisotropy (P) varying between 2 and 14% for Polymilos and a mean value of 1.058
(Spatharas, 2005), while in Thessaloniki, samples seem to be more anisotropic with P values vary-
ing from 4% to 15% and a mean value of 1.075.
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Fig. 3: Stereographic projection of the NRM distribu-
tion of samples from Thessaloniki. Dots represent
specimens measurements (full dots correspond to pos-
itive inclinations while open dots indicate negative in-
clinations). Black arrows point to the rejected data.

4.2 Archaeomagnetic results

The NRM of all 149 specimens from the three archaeological sites has been measured using a Mol-
spin spinner magnetometer. At least one specimen from each sample was demagnetised, in order to
define the characteristic magnetic component. The NRM directions seem to group satisfactorily.
Nevertheless, in some cases directions of specific samples were rejected since they show values to-
tally different from the expected ones as it is seen in the stereographic projection of the distribution
of NRM (Fig. 3).

The magnetic cleaning reveals the presence of one stable component of magnetization with a weak
viscous component (Fig.4a). The majority of the samples were demagnetised successfully up to
100mT, but there were cases where the demagnetization was not complete up to 100mT (Fig.4b).

The demagnetization of the rejected samples (due to their deviating NRM directions) did not mod-
ify their directions. With a more careful observation of these samples position into the kilns, we no-
ticed that they gathered either in the entrance or in the outer part of the kiln and most probably they
have not been sufficiently burnt and therefore in their original magnetization was not totally cancelled
(Jordanova et al, 2004, Aidona et al., 2008). Consequently, these results were not included to the
computation of the mean characteristic remanence direction of the sites.

The characteristic remanent magnetization (ChRM) directions were calculated using the principal
component analysis (Kirschvink, 1980). In the final calculations we did not take into consideration
samples with variations in declinations bigger than 20° with respect to the mean value and ay5 big-
ger than 10°. The mean calculated directions and their statistics are presented in Table 2 and their
stereographic projection in Fig. 5.

In order to obtain a full archacomagnetic record for the archaeological site of Sani, paleointensity
measurements were performed. A total of 11 specimens with a volume of about 0.75 cm? have been
analyzed using the continuous high temperature magnetization measurement method, shortly de-
fined as the “Triaxe” technique (Le Goff and Gallet, 2004; Gallet et al., 2006). The technique in-
volves several continuous zero field heating and cooling cycles up to a maximal temperature of 650°
C with a rate of 25°C/min and one in-field cooling cycle. During the latter cycle, a field of 40 or 50
pT was applied parallel to the NRM. Magnetization was monitored through all cycles with a three-
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Fig. 4: Stereographic projection, Zijderveld diagram and demagnetization curve of a) specimen where the de-
magnetization is successful up to 100mT, b) specimen where the demagnetization is not complete up to 100mT

Table 2. Mean ChRM directions for each archaeological site. n: number of samples; D: declination;
I: inclination; F: intensity; k: precision parameter; a,s:semi-angle of cone of confidence

. R o Archaeological |Archaeomagnetic
Site LatiLong | n | D I k | ay |F(ul) age dating
Polymilos 40°/21.9° | 14 | 348.1 | 52.6 |57.18]53 | 66.0 | 300-200 B.C 393-170 BC
Sani 40.07°/23.3°| 6 | 3572 | 49.1 |159.8|53 | 619 3rd-4"AD 350-475 AD
Thessaloniki | 40.7°/23.1° | 14 | 3585 | 569 |81.73| 44| - 4th-13"AD | 700-1054 AD

= Thessaloniki ¥ Sani i Polyﬁ'nilos

Fig. 5: Stereographic projection (lower hemisphere) of the samples (black dots) used for the calculation of
mean directions (red dot) for the three sites respectively.
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axis vibrating sample magnetometer within a Helmholtz coil system covered by a mu-metal shield.

The mean intensity value calculated from the samples which met all required criteria (details in Gal-
let et al., 2006) is 61.9 £ 2.2uT.
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Fig. 8: Archacomagnetic dating of Pol at 95% of probability level, using the declination, inclination and in-
tensity curves as proposed by Pavon-Carrasco et al., 2009.

5. Archaeomagnetic dating

In the last decade archaeomagnetic dating became an attainable and common practice due to the de-
velopment in statistical treatment of archaecomagnetic data based on bivariate statistics or Bayesian
hierarchical technique (Le Goff et al., 2002; Lanos et al., 2005).

The archaecomagnetic dating is possible only in regions where a well established secular variation
curve is available. The first directional SVC for Greece have been constructed by DeMarco (2007),
while for the intensity the first attempt was made by Spatharas (2005). A new, improved version
was published by DeMarco et al., 2008.

In order to date archaeomagnetically our results, the obtained data for the studied areas (Table 2) have
been recalculated to the geographical coordinates of Athens, where the Greek SVC also referred to
as a reference site. The relocation was made by using the virtual geomagnetic pole (VGP) method
proposed by Noel and Batt (1990). The dating was performed by using the Bayesian hierarchical ap-
proach (Lanos et al., 2005). This method allows the calculation of the probability densities separately
for each geomagnetic field element after comparison with the reference SV curves. The final dating
interval is obtained by combining the separate probability densities in order to find the best solution.

In Figs. 6,7 the final dating for Thessaloniki and Sani sites is presented. For Thessaloniki site, the
comparison of the directional data gives three time intervals: 0-205AD, 410-880AD and 1445-
1950AD at 95% confidence level. According to the archaeological findings the most probable in-
terval is the second one (410-880AD). This time interval represents the last firing of the kiln. Even
if the reference SVC for this time span is not very well constrained, the estimation obtained from
the dating is more precise and narrower than the archaeological one (400-1300AD).
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For Sani, the full archacomagnetic field vector was used for the dating. The combination of the three
geomagnetic elements (D, I, F) yields a time interval from 144-545AD at 95% confidence level.
According to the archaeological findings the kiln is dated in the end of the 3™ century or beginning
of the 4" AD. If instead of 95% of probability the 68% is calculated then, the obtained time interval
is 229-440AD, which is much smaller and closer to the archaeological estimations (Fig.7).

For the archaeological site of Polymilos, the archaeointensity value had been already estimated by
Spatharas, (2005). Since this value is used by DeMarco et al., (2008) for the elaboration of the new
intensity SV for Greece we did not use the Greek curves for dating this site in order to avoid any cir-
cular reasoning. Instead, the regional archacomagnetic model for Europe for the last 3000yrs,
SCHA .DIF.3K proposed by Pavon-Carrasco et al., (2009) was used. The obtained time period, when
taking into account the archaeological constraints is 393-170 BC. (Fig.8).

6. Conclusions

The material studied here has proved to be reliable for an accurate recording of the ancient geomag-
netic field. This is confirmed by absence of alteration and strong anisotropy, and the presence of mul-
tiple magnetic carriers. The grouping of the obtained directions is estimated satisfactory with ay,
parameter lying at the limit of worldwide accepted as trustworthy values. A further control of the ob-
tained D, values by comparing them to the existing dataset for Greece (DeMarco, 2007) shows a very
satisfactory convergence in all but one cases: the I value of Polymilos is by~10° lower than the other
data. The D values are slightly diminishing versus age. Though the existing error bars do not allow a
firm conclusion, this could be related to the westward drift observed for mid-latitude azimuthal mo-
tions over the last 3000yrs, for the time period 800BC-900AD (Dumberry and Finlay, 2007).

A continuing study in the above archaeological sites will possible clarify this observation.
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