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ABSTRACT

The present article comprises a multidisciplinary archacometric approach for the study of Hellenistic and Early Roman kilns in Greece. A collection of previously
published and new archacomagnetic data are combined with new results from mineralogical analytical experiments. The sampled material came from four areas, covering
different geological contexts: Katerini, Olympiada, and Polymylos in mainland Greece, and the island of Paros. Extensive rock-magnetic experiments, including identi-
fication of the dominant ferromagnetic minerals present, their domain state, and mineralogical alterations during laboratory treatments, have been carried out in order to
examine the magnetic properties of the studied materials and prove their suitability for reliable archacomagnetic determinations. Magnetic cleaning provided well-defined
archaeomagnetic directions, and archaeointensity measurements were carried out using both the Thellier-Thellier and Triaxe protocols. Information from both magnetic
and mineralogical properties referring to firing conditions is further discussed along with archacological information. Finally, a new dating of the four sites together with

other structures of similar age was carried out using the Pavon-Carrasco model.

Keywords: archacomagnetism, mineralogical analysis, firing temperature, ceramic workshop, Hellenistic/Early Roman.

INTRODUCTION

In spite of the considerable progress made in recent decades,
the improvement of dating techniques for correlating archaeolog-
ical materials remains essential. Among commonly used scientific
dating techniques, such as radiocarbon analysis, dendrochronolo-
gy, and luminescence, and their various advantages and disadvan-
tages, archacomagnetic dating is becoming increasingly import-
ant (Aitken 1999).

Archacomagnetism is based on the principle that well-fired
objects and structures, such as bricks, kilns, or pottery, acquire
a magnetization in the geomagnetic field as they cool down
to ambient temperature. The pioneering works of Thellier
and Thellier (1959) and Thellier (1981) have shown that
archaeological materials record both the direction and intensity
of the geomagnetic field in which they last cooled, and that this
recorded magnetization can be used to characterize the behavior
of the Earth’s magnetic field in the past. Where a dated record
of geomagnetic change has been established, measurements of
magnetization can be used to date the last heating event in the
studied structure (Kovacheva et al. 1998; Le Goff et al. 2002;
Pavon-Carasco et al. 2009 and references therein).

The discipline of archacomagnetism has considerably expand-
ed in recent decades and resulted in a number of databases and
geomagnetic field models (Korte ez al. 2005; Genevey et al. 2008;
Donadini et al. 2009; Pavon-Carasco et al. 2009, 2010; Tema and
Kondopoulou 2011; Gémez-Paccard et al. 2012). The construc-
tion of local secular variation curves has resulted in considerably
improving the dating in addition to fortifying our knowledge
about the geomagnetic field’s properties and evolution.

Systematic research has been conducted for several years in
numerous archaeological sites in Greece, spanning broad time pe-
riods, by applying the archacomagnetic method (Spatharas 2005;
De Marco 2007). The scope of this research was to provide ac-
curate data for a robust secular variation curve (De Marco et al.
2008b, 2014; Tema et al. 2012) and to date archaeological fea-
tures where possible—that is, where the geomagnetic field varia-
tions versus time had already been determined.

Several of these sites belong to the Hellenistic period (323—
31 BC), for which pottery manufacture procedures are well docu-
mented in Greece. The basic archacomagnetic data from the above
workshops were reported in previous studies (Spatharas 2005;
Evans 2006; De Marco et al. 2008a, b; Spatharas ef al. 2011).
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Nevertheless, several problems arose while obtaining these data
and, despite the large amount of available material, an unexpect-
edly small number of satisfactory results—mostly for archaeo-
intensities—were obtained. The complex issue of successful in-
tensity studies is still under investigation. The purpose of the pres-
ent study is to re-examine these results in a general context of
Hellenistic and Early Roman ceramic workshops, in an attempt
to improve this outcome. Workshops, by definition, have the ad-
vantage of providing at least two structures that share common
clay properties and mostly comparable ages; thus, at such sites the
potential for a successful study is maximized. Studies on ceram-
ic workshops or individual kilns have revealed the importance of
the firing conditions and their impact on archacointensity studies.
Temperature distribution within a kiln is of great importance for
archaeointensity determinations because it strongly affects several
magnetic parameters. Though the matter is by no means fully un-
derstood, some experimental studies have been carried out. Spass-
ov and Hus (2006) investigated baking temperatures in a Roman
pottery kiln by using rock magnetic properties. They showed that
blackish- and grayish-colored kiln parts are not suitable for in-
tensity determinations because they strongly alter during labora-
tory heating, whereas brownish-colored material seems to be the
most suitable. The authors estimate ancient baking temperatures
at around 800-950°C based on a mathematical model. These tem-
peratures would decrease to only 600°C at a distance of 65-80 mm
from the combustion chamber. In another study, Aidona et al.
(2008) examined a Roman-style gold furnace experimentally built
in order to monitor the spatial distribution of magnetic parameters
through a 25-cm-long to 10-cm-high brick, situated in the center
of the fired area. Their main conclusion was that the effect of fire
was significant up to 5 cm depth, whereas its lateral effect was
limited to a distance of 8—10 cm. In a modern Spanish kiln, Catan-
zariti et al. (2008) report several variations of the magnetic proper-
ties even within and between bricks. Finally, Morales et al. (2011)
designed a complex archaeointensity experiment on an open kiln
founded in AD 1815 in Mexico. They detected significant thermal
gradients inside the kiln, as well as different cooling rates likely to
seriously affect the intensity results. The existence of high vertical
gradients (up to 300°C) and moderate lateral ones (up to 100°C)
might create major differences in intensity determinations.

Therefore, in the present study we use previously published
archacomagnetic data from four Hellenistic—Early Roman work-
shops together with

a. Further archaeointensity measurements from Paros and Olym-
piada, where successful Thellier results were limited, by applying
a different method, namely the Triaxe protocol (Le Goff and Gal-
let 2004).

b. Extensive petrographic and mineralogical experiments, which
can provide detailed information about firing temperatures and
clay composition as well as firing environments and possible al-
terations not detectable through the usual magnetic experiments.

The primary goal of the present study is to cross-check whether

or not the mineralogical-petrographic information, together with
archaeological information, can contribute to the successful selec-
tion of samples for archaeointensity analysis. Apart from the four
workshops presented here, several individual kilns of the same
period have been studied so far (Figure S1, available in the online
supplement to this article; Table 5). However, we are limiting the
present research solely to workshops to obtain more information
on the potential of the methods used to detect clay variations, not
only within the same kiln but also within more than one kiln in the
same workshop. Archaecomagnetic dating within a workshop can
be a useful trial and confirmation of the method.

ARCHAEOLOGICAL CONTEXT AND LOCATION OF
THE STUDIED SITES

Hellenistic Greece (323-31 BC) was a period of prosperity,
when people and goods moved fluidly around the Hellenistic
kingdoms. The large production of pottery and clay vessels, un-
earthed in excavations in Greece and the broader Mediterranean
region, allowed for this aspect of the Hellenistic period in Greece
to be very well documented archaeologically.

Ceramic workshops during Hellenistic and Early Roman times
were spread throughout numerous places in Greece [for a thorough
review, see Hasaki (2002)]. In general, a kiln’s lifetime averages
20-30 years, although cases have been reported of more, allowing
a good constraint for the magnetic field recorded in the area. The
most commonly used material for the construction of kilns is fired
clay, an unrefined material, but comprising what was locally avail-
able. A combination of a smooth, sticky clay with another one
containing more sand and coarse particles is often ideal, because
such a mixture will resist cracking during firing (Jones 1993). The
use of baked clays in archacomagnetism has been thoroughly in-
vestigated and procedures for optimum selection of samples have
been proposed (Jordanova ef al. 2003). The firing phase was sub-
divided into three equally important stages: prefiring, firing, and
cooling. The underlying principle is that the temperature must rise
slowly (prefiring), continue rising steadily until it reaches 900—
1000°C (with the exception of certain coarseware that can be fired
at lower temperatures), remain there for some hours (firing), and
finally decrease steadily (cooling). Not all the places inside a kiln
(see Appendix A: The ceramic kiln) had the same temperature at
all times. In general, the prefiring lasted almost as long as the fir-
ing itself, and the cooling period as long as the prefiring and the
firing together (Spassov and Hus 2006; Morales ef al. 2011).

The choice of the four workshops presented here (Katerini,
Olympiada, Polymylos, and Paros) was based, apart from mate-
rial availability, on the following factors: geographic distribution
within different geological environments (Figure S1), existence of
at least three kilns having functioned within them, and available
archaeological studies of their characteristics (see Appendix B:
Description of studied sites). Such features allow a thorough ex-
amination of their potential for successful archacomagnetic stud-
ies and possible explanation for failures. In general, all the inves-
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tigated structures are kilns used for firing architectural ceramics through their architectural style, ceramic typology, and age-
(such as tiles and bricks) or pottery (e.g. amphorae and smaller diagnostic objects, like coins and specific artifacts. Moreover, the
vessels). The types of material sampled include burnt clay, bricks, archacomagnetic study allowed additional dating for the studied
and tiles, depending on the construction of each particular struc- sites and a comparison of the resulting ages was possible, leading
ture (Figure 1). All sites were archaeologically dated (Tables 1-3) to eventual modifications of their initial age classification.

Figure 1. Kilns and sample distribution for the studied sites; N denotes the total number of samples collected from each feature. Samples used in archacometric analyses
(Tables 3 and 4) are noted with yellow numbers (photographs from De Marco 2007; V. Spatharas, personal communication).

Table 1. Geographical and chronological information for the studied sites.

Nr Site Code Structure  Dimensions (m) Lat°N  Long. °E  Archaeo. period  Archaeco. date ~ A/M dating
KA1 CK R: 3.00x3.00
A Katerini KA2 CK R: 3.00x3.00 40.27 22.50 Early Hellenistic 320-180 BC 358-289 BC
KA3 CK C: d=1.00
OLI PK Pi: 4.35x4.80 372-266 BC
. OL2 PK R: 3.65%5.00 . 353-230 BC
B Olympiada oL3 PK Pi- d=2.00 40.59 23.79 Early Hellenistic 350-300 BC —
OL5 PK R:1=7.00 751-205 BC
ML CK R: 2.85%2.75 . %
C Polymylos 30 CK R-3.4053 30 40.00 21.90 Early Hellenistic 300-200 BC 392-170 BC

PARI1 CK-PK C: d=1.00
D Paros iiﬁg SE:EE g g;g;g 37.08 25.14 Early Roman 50 BC-100 AD 39 BC-AD 108
PARS CK-PK C: d=0.80
Note: Structure: ceramic (CK) or pottery (PK) kiln; Dimensions (m): length x width or diameter of rectangular (R), circular (C), or piriform (Pi) kilns; Archaeo.
date: absolute date based on archaeological constraints; A/M dating: absolute date derived from archacomagnetic dating using the Pavon-Carrasco et al. (2009)
model [*: Aidona et al. (2010)].
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Table 2. Directional and paleointensity results obtained from the studied sites.

Direction Intensity
Site D) |[I(°) [N/N_ |o, |k F (uT) |o (uT) [N/N_ |Reference
KA1 3497 |59.6 |16/21 | 2.8 | 176.0 |85.8 |7.8 5/6
KA2 349.6 |56.1 |16/23 | 4.8 592 |— — — DeMarco et al. 2008a, b
KA3 348.5 |57.0 | 4/5 |12.8 522 |— — —
Katerini 349.3 |57.6 | 3/3 2.8 [1913.0 |85.8 7.8 /1
OL1 3472 |60.5 |11/11 | 4.1 | 126.4 |72.8 8.0 5/5
OL2 3435 |66.6 | 7/9 3.6 | 117.8 |70.7 6.0 4/5  |De Marco 2007
OL3 unsuccessful — — —
OL5 unsuccessful 70.8 6.5 7/11 |Le Goff and Kondopoulou (unpublished data)
Olympiada |345.5 |63.6 | 2/2 |13.6 | 336.6 |71.4 |12 33
g/gi 348.1 |52.6 |14/16 | 5.3 57.2 23(1) ;i 3;?? Aidona et al. 2010; Spatharas et al. 2011
MA unoriented material unsuccessful
CL5 unoriented material unsuccessful Spatharas 2005
Polymylos |348.1 |52.6 |14/16 | 5.3 57.2 166.0 |2.2 2/2
PAR1 3446 |47.6 | 8/8 2.7 | 4278 |57.6 |5.0 8/8
De Marco 2007
213 |56.2 | 3/6 |28.1 23.7 | — — —
PAR2
— — — | — 51.2 |46 5/8
PAR3 unsuccessful 50.9* | 3.0 3/7 )
Le Goff and Kondopoulou (unpublished data)
PARS unsuccessful unsuccessful
PRC unoriented material 55.5 4.5 4/4
PR unoriented material 65.9*% |73 8/8 | Tema et al. 2012
Paros 3446 |47.6 | 12 | 27| 4278 |548 |33 |35

Note: Mean remanence directions are given as declination (D), inclination (I), radius of 95% confidence (), and precision parameter (k) (Fisher 1953). N,
the number of samples measured per group; N, the number of samples used in calculation of mean remanence directions. Mean intensity (F) is accompanied
with the corresponding standard error (o). Asterisk (*) denotes result not used for the calculation of mean value.

ARCHAEOMAGNETIC STUDY

Several measurements were carried out in order to study the
rock-magnetic properties of the archaeological materials as well
as direction and intensity of the Earth’s magnetic field recorded at
each site. All relevant information can be retrieved from Spatha-
ras (2005), De Marco (2007), and De Marco et al. (2008a, b).

The laboratory analyses comprised measurements of the natural
remanent magnetization (NRM) the magnetic susceptibility (K)
and its anisotropy, rock-magnetic experiments, magnetic clean-
ing for directional analysis, and archaeointensity studies. Apart
from the already published results (Spatharas 2005; De Marco
2008a, b; Aidona et al. 2010; Spatharas et al. 2011; Tema et al.
2012), additional thermomagnetic analysis and Triaxe experi-
ments (Le Goff and Gallet 2004) were carried out to complement
the existing data set.

An important step towards understanding and evaluating the
material’s suitability for an archaeomagnetic study is the detailed
examination of its magnetic properties and magnetic mineralogy.
Results from representative samples are shown in Figure S2 and

Table 3. From the experiments conducted, the majority of samples
proved to be suitable for the archacomagnetic study, fulfilling two
prerequisites: the Koenisberger ratio (Q) values, measured on 435
samples, mostly lie in the 5<Q<80 interval, and are characteristic
for a stable (thermoremanent) origin of the NRM. The mag-
netic viscosity coefficient, S , was calculated after storing the sam-
ples in a field-free space for 3 weeks, following Jordanova et al.
(2003). Obtained values S < 6% indicate sufficient heating of the
material. When plotting NRM versus K values, it is seen that spec-
imens presenting lower NRM and K values generally correspond
to less heated materials, mostly baked clays (De Marco 2007).

Magnetic properties vary with direction because it is easier for
mineral phases to become magnetized along one axis than anoth-
er. The anisotropy of magnetic susceptibility (AMS) and the one
of remanence have been extensively studied in archaeological ce-
ramic materials (Veitch ef al. 1984; Stephenson ef al. 1986) and
their impact to the possible deflection of the remanence direction
has been monitored. AMS was measured for the whole collection
of samples; in general, the samples were not particularly aniso-
tropic. Only in a few cases did P values exceed 10%, most often
in Paros with a mean value around 22%. This high value can be
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Table 3. Archacometric results of analyzed Hellenistic/Early Roman ceramic materials.
Intensity Estimated firing temp (°C), Color of ceramic body Sample

Sample (Thellier) He Mgt Sp atmospheric conditions (Munsell soil color chart) description
KAl1-4 Successful Nd Nd 1.34*% 400-450°C, ox atm 5/6 strong brown 7.5 YR Brick/tile
KAL1-6 — Nd <l 5.0 850-900°C, rd atm 5/2 grayish brown 2.5Y Brick
KA2-4 — Nd Nd 700-750°C 5/8 strong brown 7.5YR Tile
KA3-2 — Nd 14 700-750°C, rd atm 6/4 light yellowish brown 10YR Brick
OL1-3b Failed Nd Nd 400-450°C 5/6 yellowish red S5YR Baked clay
OL1-4c Successful 3.0 <1 10.4  1000-1050°C, ox atm 4/4 reddish brown 5YR Baked clay
OL2-2 Successful Nd Nd 1.2*%*  600-650°C, ox atm 6/6 reddish yellow 7.5YR Brick
OL3-7b — nd Nd 600-650°C 6/6 reddish yellow 7.5YR Baked clay
OLS5-7 Successful &T 1.6 <1 7.8 950-1000°C, ox atm 5/6 strong brown 7.5YR Baked clay
ML1 Successful <1 25 650-700°C, rd atm 5/6 strong brown 7.5YR Baked clay/tile
ML2 Successful 2.6 Nd 750-800°C, ox atm 5/6 red 2.5YR Baked clay/tile
MLS5-5 Failed <l Nd 750-800°C, ox atm 5/8 red 2.5YR Baked clay/tile
ML6 Successful 22 Nd 2.5 750-800°C, ox atm, 5/6 red 2.5YR Baked clay/tile
ML7 Successful 2.7 Nd 750-800°C, ox atm 5/6 red 2.5YR Baked clay/tile
S0O1 Successful Nd 23 800-850°C, rd atm 5/8 strong brown 7.5YR Baked clay/tile
SO2-3a Successful 3.0 Nd 7.2 800-850°C, ox atm 5/6 yellowish red SYR Baked clay/tile
SO3-5a Failed 6.8 1.0 8.8 800-850°C, ox atm 5/6 red 10YR Baked clay/tile
SO4 Successful 49 Nd 750-800°C, ox atm 4/6red 2.5 YR Baked clay/tile
SO5 Successful 35 Nd 3.1 750-800°C, ox atm 5/6 red 2.5YR Baked clay/tile
SO7-4 Successful Nd 1.0 550-600°C, rd atm 6/4 light brown 7.5YR Baked clay/tile
SO8-la — Nd Nd 600-650°C 5/6 yellowish red S5YR Baked clay/tile
PARI-6 Successful Nd 13 650-700°C, rd atm 6/2 light brownish gray 10YR ~ Baked clay
PARI-8 Successful <1 1.1 1.5 1050-1100°C, rd atm 7/2 light gray 10YR Baked clay
PAR3-6b  Failed & T 2.8 Nd 800-850°C, ox atm 6/6 reddish yellow 7.5YR Tile
PARS5S-1b  Successful &T 1.0 Nd 850-900°C, ox atm 6/4 light brown 7.5YR Baked clay

Note: Second column: archaeointensity results, T denotes additional successful results from Triaxe experiments; third to fifth columns: Rietveld-based quantification
analysis of their ceramic body [wt % of the Fe oxides, He: hematite, Mgt: magnetite, and Sp: spinels (i.e. spinel, hercynite, titanomagnetite*, magnesioferrite**), Nd:
not detected (not existing or quantity below the detection limits)]; sixth column: estimated firing conditions (ox: oxidizing, rd: reducing atmosphere); seventh column:
macroscopic observation of ceramic “body” color; eighth column: type of ceramic material.

explained by the use of tiles and bricks in Paros kilns because
the moulding process during their manufacture can result in a de-
flection of the magnetization. The shape of the anisotropy ellip-
soid, calculated for all samples originating from kilns, was oblate
(shape factor T > 0), and magnetic grains were oriented parallel
to horizontal surfaces of the structure. To avoid significant error
upon the estimated paleointensities, all the obtained results were
corrected for anisotropy in accordance with the technique devel-
oped by Veitch et al. (1984).

Archaeodirections

The removal of eventual secondary magnetization components
is essential for a reliable archacomagnetic result. Both thermal
and alternating field (AF) demagnetization techniques were em-
ployed for this purpose using an MMTD1 thermal demagnetizer
or a custom field-free space furnace and a Molspin Ltd. tumbling
AF demagnetizer. Each specimen was subjected to 11-14 demag-
netization steps up to either a maximum temperature of 680°C or a
peak field of 100 mT. Characteristic components of magnetization
were found from orthogonal vector plots and principal component
analysis (PCA; Kirschvink 1980), whereas site mean remanence

directions were computed using Fisherian statistics (Fisher 1953).
The mean calculated directions and their statistics are presented in
Table 2 and their stereographic projection in Figure 2.

Archaeointensity

In order to obtain a full archacomagnetic record for the stud-
ied archaeological sites, archacointensity measurements were
performed (Table 2 and references therein). These results were
obtained through two different experimental procedures:

a. Archaeointensity measurements following the Thellier method
(Thellier and Thellier 1959). After laboratory analyses, the ar-
chaeointensity was calculated from the slope of the linear part of
the NRM-TRM plot (Figure S3), using the least-squares fitting
analysis of Coe et al. (1978). The applied criteria for the accep-
tance or rejection of the results are those described by Chauvin et
al. (2000) and Gémez-Paccard et al. (2006). The mean archaco-
intensity for each site was determined using the weighting factor
described by Prévot et al. (1985) and the corresponding uncertain-
ty about the mean is expressed by the standard deviation of the
unweighted average (Table 2).
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Figure 2. Lower hemisphere stereographic projection of the ChRM directions
at the sample level (gray symbols), together with the mean direction and their
095 semicone of confidence (white circles and ellipses), for each of the studied
kilns. For the site of Katerini, the three kilns are shown separately, together with
the resultant mean for the site.

b. Archaeointensity experiments following the Triaxe protocol
(Le Goff and Gallet 2004) in St. Maur, France (unpublished data
from Le Goff and Kondopoulou). In these experiments, material

from kilns OL5, PAR2, PAR3, and PARS, as well as from Paros
intraworkshop ceramics, was used. The technique, designed to
perform automated high-temperature magnetization measure-
ments on small cylindrical specimens <I cm® in volume, involves
several continuous zero-field heating and cooling cycles up to a
maximum temperature of 550°C with a rate of 25°C/min and one
in-field cooling cycle. Magnetization was monitored through all
cycles with a three-axis vibrating sample magnetometer within
a Helmbholtz coil system covered by a p-metal shield. It has to
be noted that anisotropy of TRM is automatically corrected by
correcting the field orientation in order to obtain remanent magne-
tization in the exact NRM direction. Archaeointensity is defined
as the mean of parameter R'(T) over the temperature range used.
Characteristic R'(T) curves from the studied ceramic samples are
shown in Figure 3. The quality criteria applied in order to discrim-
inate successful from unsuccessful experiments rely on the pres-
ence of a unidirectional NRM, a smooth shape of the R'(T) curve,
a slope of R'(T) that is lower than 15%, and the fact that more than
50% of the NRM is involved in the calculation of archaeointen-
sity. The obtained values for the studied kilns and ceramics, after
severe selection, are presented below:

OLS5 (kiln) 11 F=70.8+£6.5uT
PAR 2 (kiln) 5 F=512+4.6 uT
PAR 3 (kiln) 3 F=50.8+3uT
PARS (kiln) unsuccessful
PRC (ceramics) 4 F=555+4.5uT

Recently, another set of intensity data were obtained from eight
ceramic fragments from the Paros ceramic workshop, following
the Thellier method (Tema et al. 2012). These new data give a
different value of the archaeointensity (N =8, F =65.9 + 7.3 uT),
by about 12 uT. As these data come from two different labora-
tories (Barcelona and Torino) but follow the same protocol, this
value is double checked. An age difference between the two data
sets cannot account for this apparent divergence because the life-
time of the workshop does not exceed 150 years and variations in
geomagnetic field intensity for this period are quite smooth. Ac-
cording to Genevey et al. (2008), differences of this order are ob-
served in data sets and, in the present case, the published mean of
successful samples from Paros [PAR1 (N=8, F=57.6 £ 5.0 uT),
De Marco et al. 2008] lies within the grouping observed for the
same ages. Averaging the results from the Triaxe (kilns PAR2,
PAR3, and ceramic fragments PRC) and Thellier (kiln PAR1, and
ceramic PR, Tema et al. 2012) experiments, we see that the above
values converge well towards a mean of 56.2 + 5.7 uT, which lies
within the expected value for this period, as derived by regional
models.

ESTIMATED FIRING CONDITIONS

A set of 25 samples, mainly of baked clay and a few bricks and
tiles collected from the four sites examined, has been subjected to
mineralogical (XRPD) and petrographic (polarizing microscopy)
analysis to establish their mineral and structural changes as a func-
tion of pyrometamorphism at 1 atm (see Appendix C for details of
analytical methods; Figures 4 and S4). The main purpose is to as-
sess their firing conditions (i.e. temperature, atmosphere, time) be-
cause the degree of thermal transformation to which the clay paste
of ceramics has been subjected during firing procedure is largely
affected by the prevailing conditions in the kiln. In this view, a
ceramic made of a calcareous clay-paste (CaO >6% wt) and fired
at >850°C in an oxidizing atmosphere is expected to have a specif-
ic mineralogical paragenesis consisting of neocrystallized high-T
minerals (i.e. wollastonite, anorthite, gehlenite, diopside)—prod-
ucts of the reactions between the decomposed calcite, the dehydrox-
ylated clay/phyllosilicate minerals and quartz grains (Nodari et al.
2007; Rathossi and Pontikes 2010a and references therein)—with
the iron oxide content (hematite) low because of the incorporation
of iron ions in the structure of neoformed Ca-Al-silicate phases
(diopside, gehlenite) (Rathossi and Pontikes 2010b and referenc-
es therein). The optical behavior of the ceramic micromass under
the polarizing microscope is anticipated to be optically slightly
active to inactive as the structural breakdown of clay minerals is
complete and the sintering process has started (Whitbread 1995).
Thus, by elucidating the mineralogical composition of the ceramic
“body,” such as the preservation of primary minerals (i.e. calcite,
clay minerals) or/and the newly formed high-T crystalline phases
(i.e. diopside, gehlenite, anorthite, wollastonite, enstatite, mullite,
cristobalite, spinel, iron oxides) as well as the optical state of ce-
ramic micromass, it is possible to estimate the firing temperature
and the redox state of atmosphere, with respect to the hematite-
magnetite buffer, under which the ceramic was produced.
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Figure 3. Successful archaeointensity determinations from several samples from
Olympiada kiln OLS5, applying the continuous high-temperature magnetization
measurement method (Triaxe protocol). The paleointensity is defined as the mean
of parameter R'(T) over the used temperature range and a successful experiment
is indicated if R'(T) remains constant over the whole range.
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Figure 4. X-ray diffraction patterns of representative samples at various firing
temperatures. The estimated firing temperature for each sample is given in Ta-
ble 3. Abbreviations: Qtz = quartz; Plg = plagioclase; Kfd = k-feldspar; Cc =
calcite; Mi = white mica; Bi = biotite; Ch = chlorite; Kn = kaolinite; Sm = smec-
tite; dSm = dehydrated smectite; dVm = dehydrated vermiculite; Tc = talc; Hrb =
hornblende; Li = lime; Di = diopside; Gh = gehlenite; Mu = mullite; Tr = B-tridy-
mite; Anl = secondary analcime; Sp = spinel; He = hematite; Mt = magnetite; Mf=
magnesioferrite; TiMg = titanomagnetite.

In the presently studied kiln materials, it has to be noted, though,
that by the term “firing temperature” we do not necessarily refer
to the last firing of the material, because any subsequent firing at
temperatures lower than the maximum temperature reached will
not affect the material that had been previously heated to that high
temperature.

The X-ray powder diffraction (XRPD) data from the Hellenis-
tic and Early Roman studied ceramics reveal either the preser-
vation of primary minerals, such as clay minerals, mica, calcite,
and hornblende, representative of the type of their raw materials
(Appendix B), or the crystallization of new high-T mineral phases
(i.e. diopside, gehlenite, mullite, tridymite) during the pyromet-
amorphic process (Figure 4). The latter develops upon reactions
that occur between the decomposed primary minerals as the firing
temperature rises and the sintering advances. The petrographic
fabric of the ceramic micromass ranges from active (highly bire-
fringent caused by the preservation of clay minerals) to inactive
(because of the structural collapse of clays) (Whitbread 1995).
Combining the data from both analytical methods, a wide range
of firing temperatures and atmospheres has been established, as
expected, within the same kiln (Table 3). This result clearly is
dependent upon the structural position of the presently studied
material inside the kilns as well as the dimensions of the kilns
(Figure 1, Table 1) as suggested also by Morales et al. (2011). As
mentioned above, all the places inside a kiln did not experience
the same firing conditions; in conjunction with the fact that the
time operation of the kiln is commonly long, its structural mate-
rials will have suffered the effects of repeated firing processes.
Thus, the material that has been collected close to the entrance
of a kiln exhibits lower temperatures than that extracted from the
combustion chamber. The petrological characteristics of each
sample, which determine their firing conditions, are the following:

a. Katerini (kilns KA1, KA2, KA3): Estimated firing 400—900°C

The clay minerals smectite and illite in the ceramic body of
sample KA1-4, which assign an optically highly active micro-
mass under polarized-light microscopic observation, establish a
very low firing temperature between 400 and 450°C (Figures 4
and S4) (Mackenzie 1957; Grim 1968). A higher firing, at 700—
750°C, has been recorded by the structural breakdown of smectite
and the small amount of undecomposed primary calcite (up to 3
wt%) in samples KA2-4 and KA3-2 (Shoval et al. 1993; Murad
and Wagner 1998). In contrast, for sample KA1-6 its optically
inactive micromass, the preservation of white mica (illite/musco-
vite) and the neocrystallization of high-T minerals, such as clin-
opyroxene (diopside, 11.9 wt%), melilite (gehlenite, 2.4 wt%),
and hercynite spinel (5.0 wt%), indicates a higher temperature,
850-900°C (Figure 4) (Rathossi and Pontikes 2010a).

The results of the Rietveld quantitative mineral analysis
showed small amounts of magnetite (1.4 wt%) and titanomagne-
tite (1.3 wt%) only in two samples. As these magnetic minerals
provide information about the atmospheric conditions during the
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Table 4. Magnetization parameters of the samples used for archacomet-
ric analyses.

Temp. firing MAG K

Sample (°O) (A/m) (x107°ST) Q S, Mat.
KAl-4a 400450 3.75 E+00 2570 399 — BR
KA1-4b 5.80 E+00 393.0 403 — BR
KAl-4c 1.70 E+01 — — — BR
KA1-4d 1.47 E+01 — — — TL
KAl-6a 850-900 2.32 E+00 190.8 31.6 — BR
KA1-6b 4.20 E+00 306.0 40.1 — BR
KA2-4a 700-750 5.26 E-01 139.0 103 — TL
KA2-4b 5.43 E-01 1450 103 — TL
KA2-4c 5.48 E-01 169.0 89 — TL
KA3-2a 700-750 1.81 E+00 363.0 13.6 — BR
KA3-2b 2.20 E+00 398.8 150 — BR
KA3-2¢ 1.77 E+00 3763 129 — BR
OL1-3a 400450 1.03 E+00 449.5 6.3 2.8 BC
OL1-3b 1.55 E+01 118.2 3.6 55 BC
OL1-4a, 1000-1050 6.86 E+00 259.0 724 1.7 BC
OLl1-4a,, 6.42 E+00 355 55 2.0 BC
OL1-4b 6.13 E+00 353.6 474 3.5 BC
OL1-4c 6.98 E+00 238.0 80.2 3.1 BC
OL1-4d 2.76 E+00 114.0 66.1 3.1 BC
OL2-2a 600-650 2.85 E+00 335.0 22.0 22 BR
OL2-2b 2.35 E+00 279.0 25.0 43 BR
OL2-2¢ 1.01 E+00 1440 19.2 5.1 BR
OL2-2d 9.65 E-01 121.0 21.8 3.4 BR
OL3-7a 600-650 7.70 E-02 — — — BC
OL3-7b 9.24 E-02 — — — BC
OL3-7c 4.94 E-02 — — — BC
OL5-7a 950-1000 5.04 E+00 — — — BC
OL5-7b 4.73 E+00 — — — BC
OL5-7¢ 1.67 E+00 — — — BC
ML1 650-700 3.77 E+00 736.0 — — BC
ML2 750-800 2.21 E+00 266.0 — — BC
ML5-5 750-800 0.275 E+00 55.0 — — BC
ML6 750-800 0.439 E+00 74.0 — — BC
ML7 750-800 0.280 E+00 52.0 — — BC
SO1 800-850 3.02 E+00 775.0 — — BC
SO2-3a 800-850 0.442 E+00  967.0 — — BC
SO3-5a 800-850 0.41 E+00 285.0 — — BC
SO4 750-800 — — — BC
SO5 750-800 0.37 E+00 102.0 — — BC
SO7-4 550-600 5.28 E+00 933.0 — — BC
SO8-1a 650-700 2.35 E+00 441.0 — — BC
PARI1-6a 650-750 6.02 E+00  1528.0 10.0 1.3 BC

5.12 E+00 1125.0 10.3 4.3 BC

6.08 E+00  1684.0 9.0 2.8 BC
PAR1-8(a,d) 1050-1100 3.02 E+00 657.5 10.0 3.6 BC
PAR3-6b 800-850 9.02 E+00  2256.0 11.0 43 TL
PARS5-1b 850-900 1.70 E+00 366.0 12.7 5.1 BC

Note: Temp. firing: firing temperature estimated from archacometric experiments
(Table 3); K: bulk low-field magnetic susceptibility; Q: Koenisberger ratio
(Q=MAG/(KxH), where H = 46 uT for Greece); S : viscosity coefficient (S =
[(NRM -NRM_,)/NRM,]*x100); Mat. (material): baked clay (BC), brick (BR),
or tile (TL).

firing cycle, it is concluded that samples KA1-6 and KA3-2 have
been fired under a reducing atmosphere because the presence of
magnetite indicates that the system was at the Fe,O, stability field
of the hematite-magnetite (HM) buffer whereas the presence of
titanomagnetite in KA1-4 establishes oxidizing firing (Table 4)
(Spear 1995).

b. Olympiada (kilns OL1, OL2, OL3, OLS5): Estimated firing
400-1050°C

During the petrographic analysis, most of the ceramic samples
exhibit an optically highly active micromass caused by the pres-
ervation of clay minerals because they have been subjected to
low firing temperature. Specifically, the detection of kaolinite in
sample OL1-3b is the index for elucidating its low firing tempera-
ture, 400-450°C (Figure 4) (Mackenzie 1957; Grim 1968). On
the other hand, for samples OL2-2 and OL3-7b the reflections of
the dehydrated vermiculite and smectite and their optically highly
active micromass show firing to a peak temperature of 600-650°C
(Figures 4 and S4). The samples OL5-7 and OL1-4c¢ seem to have
been fired at high temperature >950°C, as estimated by the forma-
tion of mullite (8.3 to 18 wt%), B-tridymite (4.9 wt%), and spinel
(7.8 to 10.4 wt%) (Figure 4) produced by the decomposition of
clay minerals and their optically highly inactive micromass (iso-
tropic) (Mackenzie 1957; Murad and Wagner 1998).

Regarding the presence of iron oxides, hematite (up to 3 wt%)
is present in the highly fired samples OL5-7 and OL1-4c together
with a very low amount of magnetite (<1 wt%), while magne-
sioferrite spinel (1.2 wt%) has been detected in sample OL2-2
(Table 3). These iron oxides are indices for a prevailing mild oxi-
dizing to oxidizing atmosphere during the firing process.

c. Polymylos (SO, ML): Estimated firing 550-850°C

For samples ML1, SO7-4, and SO8-1a, the existence of the
primary minerals chlorite, dehydrated smectite, talc, and calcite
suggests that they were submitted to firing at a low temperature,
spanning from 550 to 700°C (Figure 4). Samples ML2, ML5-5,
ML6, ML7, SO4, and SO5 could have been fired at 750-800°C
because the primary mica (i.e. muscovite, biotite) and hornblende
are still present but the decarbonation of calcite and the dehydro-
xylation of chlorite and smectite have been completed. This leads
to the start of mineral transformation in some of the samples as
evidenced by the low gehlenite content (up to 2.0 wt%) and their
optically slightly active micromass (Figures 4 and S4).

In the case of samples SO1, SO2-3A, and SO3-5A, the struc-
ture of mica and hornblende has been destroyed and the quantity
of newly formed diopside, gehlenite (up to 7.0 wt%), and spinel
(8.8 wt%) is enhanced. These data are considered as diagnostic
of a higher firing temperature 800-850°C (Figure 4). Concern-
ing the magnetic minerals, hematite (up to 6.8 wt%, Table 3) is
predominant and has been detected in the majority of analyzed
samples, reinforcing the hypothesis inferred by the red sherds,
that the firing was conducted in a strong oxidizing atmosphere or
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mildly oxidizing when associated with magnetite. Magnetite ex-
ists in smaller quantities up to 2.3 wt% and has been determined
to be present in 3 out of 12 samples (Table 3).

d. Paros (kilns PAR1, PAR3, PARS): Estimated firing 650—
1100°C

The detection of calcite, white mica, and a mixed layer of clay
mineral reveals that the maximum firing temperature of sample
PARI1-6 was 650-700°C (Figures 4 and S4). For sample PAR3-
6b, the crystallization of Ca-Al silicates, gehlenite (3.7 wt%), and
diopside (1.4 wt%) implies that the firing temperature could not
have exceeded 800-850°C, whereas for PARS-1b, the higher con-
tent of gehlenite (18.2 wt%) and diopside (12.6 wt%) indicate a
firing temperature around 850-900°C. The deducible high firing
at 1050-1100°C for sample PAR1-8 is supported by the consid-
erable amount of neoformed diopside (39.3 wt%) in combination
with the presence of the secondary analcime (12.4 wt%), which
is the result of the alteration of the glassy phase during the post-
burial deposition processes (Schwedt et al. 2006) (Figure 4). The
iron oxides, both hematite and magnetite, occur in relatively small
amounts (up to 2.8 wt%, Table 3). One reason for their low con-
tent is the outcome of the incorporation of Fe ions in the structure
of diopside and gehlenite (Rathossi and Pontikes 2010b and ref-
erences therein).

DISCUSSION

The mineralogical investigation determined that a wide range
of firing temperatures from 500 up to 1000°C was recorded for
ceramic material of the studied Hellenistic and Early Roman kilns
(Figure 4, Table 3). However, the majority of samples from Kat-
erini, Polymylos, and Paros have been fired at >700°C, making
them suitable for archaeomagnetic research. Concerning the kilns
of Olympiada, several lower temperatures have been obtained. It
must be noted that temperatures reached within a firing structure
affect more the archaeointensities than the archaeodirections. The
reason is that the latter can be obtained even from samples carry-
ing only a partial thermoremanence, whereas for archaeointensi-
ties a full thermoremanence carried by the clay is required. There-
fore, we will focus on the possible relation of firing temperatures
to the success or failure of the archaeointensity experiment.

In all studies dealing with thermal distributions within kilns
(see Introduction), the temperatures reached had been examined
through the magnetic properties of samples. The present study
used a different approach, by incorporating mineralogy and pe-
trography, and we will apply the derived results to discuss our
archacointensity experiments. For the majority of samples (18 out
of 20), the estimation of their firing conditions and the quantifica-
tion of their neoformed iron oxides have a good correlation with
the archaeointensity results. More specifically, when the content
of magnetic minerals (hematite, magnetite, titanomagnetite, mag-
nesioferrite) is >1 wt% the intensity experiments were successful.

A nonsystematic correlation appears for a few samples (SO3-5a,
PAR3-6b), which yielded failed intensity data despite the fact that
the iron oxide content is high enough, especially in SO3-5a where
the hematite amount is 6.8 wt%. One reason for these failures
might be the composition of hematite, which is not pure hematite
but titanohematite (solid solution hematite-ilmenite) and possi-
bly prohibits the successful determination of intensity because of
its very low Curie temperatures, ranging from ca. 70 to 220°C.
The last hypothesis requires an SEM-EDS analysis in combina-
tion with X-ray diffraction analysis and petrographic observation
for a more careful examination of Fe-bearing minerals (i.e. the
presence of solid solutions, exsolution-dissolution phenomena,
and grain size). At the present stage, it appears that the use of
mineralogy/petrography could greatly contribute to the preselec-
tion of samples for archaeointensity experiments, but this should
be performed in tandem with traditional rock-magnetic studies,
because a general protocol is for the moment difficult to establish.

Archaeomagnetic Dating

One of the key contributions of archacomagnetism to archae-
ological research is the ability to date an archaeological feature.
This issue will be further developed as follows.

Table 5 provides a compilation of archacomagnetic data from a
broad timespan, ranging from Late Classical-Hellenistic to Early
Roman kilns, some of which have already been incorporated in
the Greek secular variation curves (De Marco et al. 2008b, 2014;
Tema et al. 2012). We have selected a broader period than the one
studied here (Hellenistic—Early Roman) in order to cover poten-
tial chronological overlappings and document eventual differenti-
ations following the archacomagnetic dating, as the archaeologi-
cal date range is often very broad.

First, a dating of all four workshops discussed here, using the
Pavon-Carrasco et al. (2011) method, is presented in Figure S5.
This dating was performed with the archaeo_date MATLAB rou-
tine, using the SCHA.DIF.3K geomagnetic field model (Pavon-
Carrasco et al. 2009), with time constraints between 1000 BC and
AD 500. A 95% probability threshold has been used for several
sites, while the rest are reported at 65%. The latter was chosen
based on the fact that the resulting dates are more meaningful and
more in accordance with the archaeological constraints; however,
when reported at 65% the lower probability has to be taken into
account. Then, we proceeded to the dating of six kilns (along with
two more published dating results) from Table 5, which were not
included in the above reference curve. Obviously, this model was
chosen because it did not include either the data from the four
workshops studied here nor the six data from Table 5 for which a
new dating is presented.

Several degrees of convergence are observed: in most cases the
calculated archacomagnetic age is well in accordance with the ar-
chaeological one; in general, the dating accuracy (using a time con-
straint of 1000 BC—AD 500 and a probability threshold of 65%)
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Table 5. Published archacomagnetic results from Late Classical-Hellenistic and Early Roman kilns in Greece, listed according to mean archaeo-
logical age.

Lat. |Long. Archaeological Archacomagnetic results
Nr | Site (°N) |(°E) |[Str. |age L) |D,(®) |ay [N [F+o(uT) [n |Archacomagnetic age Reference
1 | Ierissos 40.40 [23.88 |[K [470-370 BC — |— — |— [702+1.1 | 4 ](561-449 BC), 354-283 BC 7,8
2 | Knossos 35.32 [25.20 |[K  [400-370 BC 584 | -8.5 (2.7 (17 |— — 1,2,3
3 | Corinth A 37.92 [22.92 |[K [400-330 BC 60.1 | 7.2 [1.6 [16 |— — 1,4,3
4 |OlympiaC  [37.50 |21.61 |[K [350-300 BC 564 | 52 (25| 7 |— — 1,2,3
5 | Athens 38.00 [23.70 |[K [400-300 BC 58.7 | =69 (2.9 |1l |— — |388-246 BC, (214-191 BC) 1
6 | Amphipolis 1 [40.50 |23.60 |CK |473-173 BC 60.1 | =74 139 | 7 [741+£39 | 5 6,7
7 | Corinth B 37.92 [22.92 |[K [330-300 BC 572 | 64 1.1 |11 |— — 1,4,3
8 | Edessa 40.80 [22.05 [K [300-200 BC 574 |-10.5 [1.7 |11 |66.8+5.0 | 7 [391-246 BC, (67 BC-AD 111)? |5
9 |Pentavrissos  [40.45 |21.16 |[K  |300-200 BC 59.5 |-19.8 [2.8 | 7 |66.2+3.3 | 4 [397-278 BC"” 58
10 | Europos 40.80 [22.00 [K [330-70 BC 608 | 4.7 (22| 8 |— — 1,9
11 [Pella 1 40.70 [22.33 |[K [330-70 BC 625 | 52 (3.6 [10 |— — 1,9,3
12 | Kato Achaia 3{38.15 |21.55 |CK [323-31 BC 56.5| =7.0 2.7 | 8 [61.3+£6.0 |12 | 87 BC-AD 121 11, 12
13 |Kato Achaia 5[38.15 |21.55 |CK |323-31 BC 5731 99124 | 9 [624+52 |11 | 70 BC-AD 20 11,12
14 | Avlis 38.50 [23.67 |[K [600 BC-AD 100 |62.1 | -6.8 |45 | 6 |— — |473-63 BC* 1
15 | Amphipolis 2 [40.82 [23.85 |[K |400 BC-AD 100 | — — |— |[— [623£26 | 2 6,8
16 | Delos A 37.38 [25.29 [K 70-68 BC 552 | 55 (25| 8 |— — 1,4,3
17 | Samothraki  [40.48 |25.52 |[K  |300 BC-AD 200 |— — |— |— [63.9+2.8 |15 [303-118 BC, AD 94-150" 7,8
18 |Kalo Horio  [35.07 |26.14 |[K [1I10BC-AD 90 |— — |— |— [505+66 | 7 10
19 |Pella 3 40.75 [22.50 |[K 70 BC-AD 100 |65.0 | =6.0 |9.0 | 4 |— — 9
20 |Kato Chorio  [35.10 |25.71 |PK |AD 0-300 43.0 | 2.3 |19 |20 |— — 1,4,3
21 | Aegira A 38.10 [22.42 |[K |AD 100-300 50.5 | 2.3 [2.1 (30 |— — 1

Note: Nr: site reference number (see Figure S1); Str.: type of studied structure (K=kiln, CK=ceramic kiln); Archaeological age: absolute date based on archaeological
constraints; Archacomagnetic results: I (°) and D_(°): inclination and declination of the mean site direction, a,: 95% confidence limit from Fisher statistics, N: number
of samples used for the calculation of the archacomagnetic mean direction, F + ¢ (uT): mean intensity value and standard deviation, n: number of samples used for the
calculation of the mean archaeointensity; Archacomagnetic age: absolute date derived from archacomagnetic dating, using the Pavon-Carrasco ef al. (2011) method
and Pavon-Carrasco et al. (2009) model (for the sites that have not been included in the model), in parentheses the not selected period because of incompatibility with
archaeological information; Reference: each number corresponds to the reference for the archacomagnetic direction and archaeointensity datum (see below). For the
archaeomagnetic dating, a time interval constraint of 1000 BC—-AD 500 (exception *1: 600 BC—AD 300) and a 65% or 95% (*2) probability threshold has been employed.
References: 1: Evans (2006); 2: Evans ef al. (1995); 3: Evans (1994); 4: Evans and Mareschal (1988); 5: De Marco (2007); 6: Spatharas et al. (2000); 7: Spatharas et
al. (2011); 8: Spatharas (2005); 9: Evans and Kondopoulou (1998); 10: Liritzis and Thomas (1980); 11: Tema (2013); 12: Tema et al. (2014).

Figure 5. Schematic representations of the structural parts
of a circular and a rectangular kiln (from Hasaki 2002); the
corresponding terms generally apply to any firing structure
(kilns, ovens and furnaces). Estimated temperatures (Ta-
ble 3) are denoted as follows: underlined for Katerini, gray
for Olympiada, parentheses for Polymylos, plain text for
Paros.
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is ca. 40 years, with the better results obtained where both direc-
tional and intensity data are available, though this is not always the
case, e.g. Nr 9 in Table 5. It is noteworthy that for some kilns ar-
chaecomagnetism improved the archaeological dating (Nr 12, 13),
whereas in others it provided a new and important result (Nr 5, 14).
Especially in Olympiada, where the three kilns were dated sepa-
rately (Table 1), the archacomagnetic dating results reinforce the
conclusion that they exhibit a concurrent end of use. In some other
cases, the archacomagnetic age has “shifted” the archaeological
one to a different period. As a general remark, the two ages should
be examined closely together, especially when the archaeological
constraints are very precise. Independent datings provided by oth-
er physical methods might also be used for further constraints of
the archaeomagnetic method (Aidona et al. 2013).

CONCLUSIONS

In the four studied sites, suitable material was found for archaeo-
magnetic analysis, but to a variable extent. The archacomagnetic
directions were generally well grouped, with well-defined incli-
nations and declinations. Several successful laboratory experi-
ments provided reliable archaeointensity results (De Marco ef al.
2008a, b; Spatharas et al. 2011). In cases of failure during the rel-
evant experiment, the classical rock-magnetic protocols for sam-
ple preselection proved to be insufficient for reducing this fail-
ure, as suggested by Morales et al. (2011). Possible explanations
could be found among the mineralogical composition and the clay
paste preparation of the samples as well as their firing conditions.
The former is directly related to the geological environment of
the area because it provides the raw material that is crucial for the
quality of the samples. For example, in Katerini almost all sam-
ples were favorable for our analysis and this could be related to
their sedimentary context. Conversely, the clay mixture of Olym-
piada has abundant and coarser grains of quartz and feldspars,
which make treatment of samples impossible, a problem not ob-
served in the fine textured Paros’ samples because of the better
clay paste preparation (i.e. crushing) by potters. The additional
magnetic experiments, along with the information derived from
the archacometric study, helped to clarify the samples’ behavior
during heating and provided a valuable input in establishing the
firing history of each kiln. Because of the variety of kilns forms, a
more general pattern could be drawn (Figure 5). Our suggestion is
that the success of archaeointensity determinations in baked clay
products and structures, sensu largo, could increase if a prelimi-
nary screening of the geological materials is carried out, including
consideration of firing temperatures and burial conditions. Our
latest research focuses on the application of this procedure to pot-
tery and ceramic products (Kondopoulou et al. 2014).

The archacomagnetic dates produced in this study, based on re-
liable results, improved the archacological age estimations for six
sites. Finally, we demonstrated that, given the numerous archae-
ological finds associated with heating (e.g. kilns, pottery, bricks,
burnt soils) in the research field, the collaboration of archaeo-
magnetism experts with other scientists (geologists, physicists,

chemists, dendrochronologists) will help refine our chronometric
methods.
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Appendix A: The Ceramic Kiln

The main criteria for selecting a site for a ceramic workshop
were proximity to clay sources, availability of water, and a favor-
able location vis-a-vis transportation and trade routes. Very often
pottery kilns were built against hills so that the potters could ben-
efit from the existing slope and avoid digging an entire pit on flat
ground. A thorough review is given by Hasaki (2002) who listed
87 kilns of Hellenistic age from 52 sites in 29 areas as well as 135
kilns dated to the Roman period from 83 sites in 40 areas; 9 addi-
tional kilns from 8 sites were dated in Hellenistic/Roman times.
These numbers represent the ferminus ante quem as they have
certainly increased due to excavations related to public works in
the last decade.

Pottery kilns are divided into categories according to shape,
construction, and direction of the heat (Rice 1987). All the known
examples of Greek historical kilns belong to the vertical or up-
draft category—upward direction of heat along an imaginary ver-
tical axis (Hasaki 2002, 2006, 2012). An ancient Greek ceramic
kiln is a partially subterranean structure (circular or rectangular)
with two compartments: the lower one, where the combustion of
the fuel takes place, and the upper, where the pottery is placed.
The two compartments are separated by a perforated floor, which
allows the heat to move to the upper compartment. It is most like-
ly that the dimensions of certain structural components of the kiln
had proportional relationships to each other.

Briefly, the structural parts of a ceramic kiln (Figure 5) are

a. The combustion chamber, where the gases from the fuel are
concentrated. It is the most commonly preserved part of a kiln.

b. The stoking channel and stoking pit.
c. The entrance

d. The perforated intermediate floor (eschara from the Greek
«&oyapor), which is the most distinctive part of an updraft ce-
ramic kiln and separates the firing chamber from the combustion
chamber.

e. The firing chamber, which is rarely preserved in the archaeo-
logical record. A variety of “kiln furniture,” including terracotta
rings and tripods, helped with securing and stacking the ceramics
inside the firing chamber.

f. The dome, often partially rebuilt after each firing.

Preferences for kiln shapes and sizes vary according to the
chronological era. For the Hellenistic period in particular, circular
kilns are almost 3 times as common as the rectangular ones, with
average sizes of 1.0-1.50 m and 1.50-3.0 m, thus 0.50 m larger
than in previous periods. Rectangular kilns have average sizes of
2.0—4.0 m in the Hellenistic period and they become more preva-
lent in Roman times. According to a typology scheme developed

by Hasaki (2002), Hellenistic kilns belong mostly to categories Ia
(circular with one central pillar), IIb (rectangular with one central
wall), and less often to Ilc (rectangular with crosswalls). In the
present study, 13 kilns were sampled, 6 of which had a circular
shape and the remaining 7 a rectangular one.

Appendix B: Description of Studied Sites

A detailed description of each site and the sampling strategy in-
volved is given in Spatharas (2005), De Marco (2007), De Marco
et al. (2008a), and Spatharas et al. (2011). A brief description is
given below together with basic information regarding the geo-
logical background—an important factor likely to affect our study
since kilns were constructed from locally available material.

3a. Katerini (Pieria), kilns KAl, KA2, KA3; Archaeological age:
300-250 BC

The geological setting of the broader Katerini area comprises
Holocene deposits, mainly alluvial material of torrents as well as
fluvial terraces and deposits of clays, loams and loamy blackish-
gray clays (Mettos and Koutsouveli 1986).

The archaeological site excavated near the city of Katerini, N.
Greece consisted of workshop buildings, and of a group of pottery
kilns. They comprise two big rectangular kilns (KA1, KA2), of
approximately 3 x 3 m, used for baking ceramic building mate-
rial, and a circular, small (1 m in diameter) kiln (KA3) used for
small pottery items (Bessios et al. 2003).

Regarding the time of the last use of the site, Bessios et al.
(2003) propose that it was abandoned during the first quarter of
the 3rd century BC.

Some 49 samples were collected from the three kilns consisting
of tiles, baked clay and vitrified clay crusts, and from different
spots of each feature (entrance, walls, central pillar, upper perfo-
rated floor) (Figure 1a)

3b. Olympiada (Chalkidiki), kilns OL1, OL2, OL3, OL5; Archae-
ological age: 350-300 BC

In Olympiada, the geological bedrock comprises Paleozoic
or older metamorphic rocks (i.e. plagioclase-microcline gneiss).
These rocks, in the broader area, are alternating with biotite and
biotite-hornblende gneisses. Pleistocene sedimentary deposits,
predominantly red, and Holocene alluvial and coastal deposits are
located in the northwest of Olympiada (Kockel et al. 1978).

Excavations carried out in the area near Olympiada uncovered
several findings (Sismanidis 2000) with visible remains of a num-
ber of ancient buildings, workshops, and storage places; a total of
five pottery kilns has been unearthed.

The kilns were used for firing mainly unpainted amphoras,
smaller vessels and large Laconian roof-tiles. They date to the
end of the 4th century BC.
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Four out of the five pottery kilns have been sampled (Figure 1b):
the two large rectangular kilns (OL2, OL5) and two of the smaller
piriform ones (OL1, OL3). The samples consist of baked clays
and bricks, collected from the walls of the combustion chamber
and the central pillar. A total number of 42 samples were gathered.
The kilns were constructed with clay material which presented
inhomogeneities and many quartz inclusions causing problems in
the preparation of specimens; thus, very few specimens were cut,
with difficulty, from kilns OL3 and OLS, which finally did not
provide reliable results for archacodirections and only few for in-
tensities. Therefore, full archacomagnetic vectors (directions and
intensities) were obtained only from kilns OL1 and OL2.

3c. Polymylos (Kozani), kilns ML, SO, MA, CL5; Archaeological
age: 300-200 BC

The geological setting of the broader area of Polymylos com-
prises Holocene alluvial deposits, in torrents and rivers, and the
extensive presence of Pleistocene “terra rossa” with pebbles and
old scree. These cover crystalline limestones, of Middle Triassic—
Lower Jurassic age, and the Paleozoic augen gneisses and schists
(bicamicaceous, amphibolitic, chlorite, garnet, muscovite, epi-
dote-bearing).

Excavations close to the ancient settlement of Polymylos,
brought to light a part of a city which flourished mostly around
the 2nd century BC. Eight ceramic kilns were unearthed: three
rectangular, two circular, and three pear-shaped of smaller size
(Karamitrou-Mendessidi 2006). Among the rectangular group,
kilns 1 (ML) and 2 (SO) are the better preserved, with dimen-
sions of 2.85 x 2.75 m and 3.40 x 3.30 m, respectively. Their
building materials, resulting from analysis, consist of well-baked
clay, crushed tiles and a mortar matrix rich in aluminum silicates
(Charalambous et al. 2006).

Sixteen oriented samples were collected in total, 9 from ML and
7 from SO (Figure lc). Kilns 3 (rectangular) and 5, the smallest
circular one, were in a very poor condition and only non-oriented
samples were taken for archaeointensity measurements.

According to archacological and stratigraphic evidence, the
kilns were not built simultaneously. The order proposed is first
kilns 1, 2 and 3, then 4 and 5 (Karamitrou-Mendessidi and Vatali
2001).

3d. Paros (Cyclades Islands), Kilns PARI, PAR2, PAR3, PARS;
Archaeological age: 50 BC—AD 100

The broader area of Paroikia, at the island of Paros, is charac-
terized by the presence of Quaternary alluvial deposits and Alpine
gneisses, mainly orthogneisses with feldspars, quartz, biotite and
muscovite. In some places granite rocks, with K-feldspars, quartz,
plagioclase, biotite and muscovite as main mineral components,
and white coarse-crystalline marbles, crop out (Papanikolaou
1996).

The excavations were conducted at the site of Tholos, located
in the Hellenistic and Roman artisans’ quarters. An Early Roman
ceramic workshop was discovered, consisting of six kilns, all of
circular shape. From archaeological findings and constraints this
pottery workshop is estimated to be from the late 1st century to
2nd century AD (Hasaki 2010; Kourayos and Hasaki, in press);
the previously attributed Hellenistic date is now indicating more
firmly Early Roman times.

Locally available materials were used for the construction of
the kilns, mainly local schist stones covered with clay mortar.
Mostly tiles and vitrified clay used as walls-lining have been
sampled; a total of 24 samples were gathered from the four kilns
(Figure 1d). Furthermore, for the purpose of additional archaeo-
magnetic intensity measurements we also sampled ceramics from
selected places within the workshop and the depository. In the
laboratory, following the standard procedures of preparation and
consolidation, where necessary, all collected samples were drilled
and cut into standard (25 mm diameter x 22 mm height) cylindri-
cal specimens. A second set of smaller specimens, with a volume
of about 0.75 cm?, were also prepared for the Triaxe experiment.
A total of 120 specimens were prepared for directional analysis
and intensity.

Appendix C: Analytical Methods

The mineralogical composition of the studied ceramic sam-
ples was established using a Bruker D8 Advance Diffractometer
with Ni-filtered Cu-Ka radiation, operating at 40 kV, 40 mA, and
detected using a LynxEye® detector. The scanning area covered
the 20 interval 2-70°, with a scanning angle step of 0.015° and
a time step of 0.3 s. Qualitative analysis of mineral phases was
performed by the DIFFRACplus EVA® software (Bruker-AXS,
USA) based on the ICDD Powder Diffraction File. The minerals
were quantified using a Rietveld-based quantification routine with
the TOPAS® software (DIFFRACplus TOPAS Ver. 3.0 Tutorial,
Bruker-AXS, USA). The observation of petrographic fabric was
performed on thin sections using a Leica DM LSP polarizing mi-
croscope equipped with digital imaging.

REFERENCES (NOT CITED IN MAIN ARTICLE)

Bessios, M., F. Adaktylou, A. Athanasiadou, E. Gerofoka, K. Gkagkali, and M.
Christakou, 2003. Excavations in the north of Pieria Prefecture. Archaeologi-
cal Excavation in Makedonia and Thraki 17:435-441.

Charalambous, D., M. Lykiardopoulou, E. Demou, and G. Oikonomou, 2006. A
group of pottery kilns at Polymyos, Kozani. Manufacturing technology. In
Ancient Greek Technology. 2nd International Conference, Athens, October
17-21, 2005, Athens, pp. 213-220 (in Greek, English abstract).

Hasaki, E., 2006. The ancient Greek ceramic kilns and their contribution to the
technology and organization of the potters’ workshops. In Proceedings of the
2nd International Conference on Ancient Greek Technology, edited by P. Ta-
sios and C Palyvou, pp. 221-227. Athens.

Hasaki, E., 2010. A stratigraphy of meanings: Integrating antiquities into daily life
at Paroikia, Paros. In Archaeology in Situ: Sites, Archaeology, and Communi-
ties, edited by A. Stroulia, and S. B. Sutton, pp. 373-396. Lexington.

Hasaki, E., 2012. Ch. 13: Workshops and Technology. In 4 Companion to Greek
Art, edited by T. J. Smith, and D. Plantzos, pp. 255-274. Blackwell, Oxford.

Karamitrou-Mendessidi, G., 2006. The pottery kiln at Polymylos, Kozani. In



Appendix A3

Ancient Greek Technology. 2nd International Conference, Athens, October
17-21, 2005, Athens, pp. 204-211 (in Greek, English abstract).

Karamitrou-Medessidi, G., and M. Vatali, 2001. Polymylos, Kozani Prefecture,
1999. AEMTH 13:369-398, Thessaloniki (in Greek, English abstract).

Kockel, F., H. Mollat, H. W. Walther, P. Antoniadis, and K. Ioannidis, 1978. The
geological Map of Greece in Scale 1:50.000, Sheet “Stratoniki.” 1.G.M.E.,
Athens.

Kourayos, Y., and E. Hasaki, in press. The Early Roman pottery workshop and
the earlier phases at Skiada Plot, Paroikia, Paros. Archaeologika Analekta ex
Athinon.

Mettos, A., and A. Koutsouveli, 1986. The Geological Map of Greece in Scale
1:50.000, Sheet “Katerini.” 1.G.M.E. Publications, Athens.

Papanikolaou, D., 1996. The Geological Map of Greece in Scale 1:50.000, Sheet
“Paros.” 1.G.M.E. Publications, Athens.

Rice P. M., 1987. Pottery Analysis. A Sourcebook. University of Chicago Press,
Chicago.

Sismanidis, K., 2000. Archaeological investigations at Mavrolakkas near Olym-
pias in 1999 and 2000. Archaeological Excavations in Makedonia and Thraki
14:347-358.

Figure S1. Location of the studied sites (star) and other Hellenistic-Early Roman kilns with available archaeomagnetic data (circle). Letters (A-D) and numbers

(1-21) correspond to sites from Tables 1 and 5, respectively.
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Figure S2. Rock magnetic results from the four studied sites (Katerini, Olympiada, Polymylos, Paros from top to bottom): Isothermal remanence acquisition
curves of different samples, examples of thermal demagnetization of the 3-axial IRM and examples of high-temperature behavior of magnetic susceptibility (K).
The majority of the samples exhibit a rapid increase of IRM intensity for fields of 50-150 mT and the saturation field is generally reached in field <500 mT; the
highest intensity of magnetization is recorded along the x axes, with an unblocking temperature of 450-550°C. Finally, the samples exhibit acceptable stability

upon heating (black line) and cooling (gray line) cycles, an important feature for archaeointensity studies.
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Figure S3. Examples of archaeointensity results (Thellier) from the studied sites. The Arai plots of representative samples for each site are shown together with
the Zijederveld diagrams, in sample coordinates. The NRM-TRM diagrams, normalized to the initial NRM intensity, are reported for each sample together with
the obtained archaeointensity values (F) and the corresponding quality factor (q) (Coe et al. 1978); circle symbols indicate the pTRM gained after each thermal
step (temperature in °C), and the “x” symbols indicate the pTRM checks performed every two thermal steps. The linear segments considered for slope computa-
tions are indicated by a straight line, close (open) circles correspond to points that have been included (excluded) in the slope fitting analysis (an example of an
unsuccessful experiment is shown for Olympiada). The laboratory field applied is of 60 pT. In the Zijderveld diagram, open (closed) circles refer to the inclination

(declination).
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Figure S4. Photomicrographs of representative samples in crossed polars (XPL). Notice that the low-fired samples KA1_4 and OL2_2, show an optically active
micromass (highly birefringent) caused by the preservation of clay minerals. As the firing temperature rises, the degree of thermal transformation increases and

the optical behavior of micromass gradually becomes inactive (for more details, see Table 3).
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Figure S5. Archaeomagnetic dating for the sites of Katerini, Olympiada, Polymylos, and Paros. The dating was performed using the SCHA.DIF.3K regional archae-

omagnetic model proposed by Pavén-Carrasco et al. (2009) with the aid of the Matlab dating tool archaeo_dating (Pavén-Carrasco et al. 2011).



