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ABSTRACT

Iron working in Aegean Thrace during Classical and Roman times was based on different choices of raw ma-
terials from a variety of available ores, possibly determined by cultural criteria. The precursors to selective ore
procurement can be seen in earlier evidence from Thasos in the form of a few iron smelting waste remains
found at the cemeteries of Kastri dating to the Early Iron Age. More substantial evidence for smelting and
smithing activities has been noted in the Archaic city of Thasos, but their interdisciplinary investigation is
pending. So far, the only comprehensive study on smelting and smithing slag and iron objects that has pro-
vided crucial information on the differential techniques employed in iron production of the 5t century BC
across this region has focused on finds from Abdera and Zone. More recently, iron slag has been collected
from the northern enclosure of Abdera in the framework of an ongoing survey project (APAX) as well as
during excavation at the Thasian colony of Pistyros, yet study is ongoing and only information on spatial
distributions is currently available. This paper aims to briefly review the existing research data and to present
new results from a recent instrumental analysis on iron working slag recovered in the framework of the
Molyvoti, Thrace, Archaeological Project (MTAP). The finds derive from contexts of the 4th century BC, exca-
vated between 2013 and 2019, and their analysis with optical microscopy and SEM/EDS offers valuable data
on the smelting and smithing practices prevalent on site that display similarities with some of the other colo-
nies of Aegean Thrace. Based on the current results limonite and/or hematite were the most commonly used
ores and a Ti-rich iron source of lesser significance as suggested by the chemical composition of a single sam-
ple. The bloomery process could be characterized as efficient with minor losses of metal into the slag. The use
of fluxes to lower the melting point of iron during smelting has been also confirmed. Such findings are im-
portant as they complement previous data on the technology of smelting local ores to supply the iron indus-
tries in Aegean Thrace.
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1. INTRODUCTION

The study of iron working in the Greek lands from
the Late Bronze Age onwards, from small trinket type
items to functional objects with an efficient cutting
edge, is still nebulously outlined across Greece. Early
iron artefacts co-existing with bronze objects start to
appear in burial contexts after around 1200 BC (Mor-
ris 1989). Bronze objects still remain predominant in
the investigated contexts, suggesting an enduring
metallurgical tradition with continuing access to the
raw materials for this industry, i.e. copper and tin
(Kayafa 2006; Ben-Yosef et al. 2010). Iron becomes
more common in burial contexts from the 12t to the
10th century BC (Snodgrass 1980; Morris 1989). These
are prestige items in the form of rings, small plaques,
pendants from the mainland, nails, rings, meteorite
fragments from Crete, tanged knives and iron frag-
ments from the Cyclades (Muhly 1980; Snodgrass
1980; Waldbaum 1980; Photos 1987).

A compilation of early iron finds from the Late
Bronze Age to the 10t century BC was carried out by
Waldbaum (1978) to include Athens, Euboea, the Pel-
oponnese, Cyclades and Crete, but is now largely out-
of-date. This corpus is vastly enriched now through
preliminary excavation reports, but as of yet there is
no concise compilation of the extant evidence. In her
recent thesis, Palermo (2018) produced an updated re-
view of published early iron artefact from the Aegean,
Anatolia and Cyprus. Concerning early iron produc-
tion contexts, these are scarcer since there are only
two excavated examples of blacksmiths” workshops
on the Aegean coast of Asia Minor. The earliest was
found at Phokaia and dates to the 11th century BC
(Yalgin and Ozyigit 2013) and a later one was investi-
gated at Klazomenai and dates to the Archaic period
(Cevizoglu and Yalgin 2012). More recent interdisci-
plinary research on early iron working evidence has
shown that this region displays elements of innova-
tion in adopting and transforming metalworking
technologies already from the LBA and EIA
(Mokrisova and Ver¢ik 2022).

Interdisciplinary studies on the technology of iron-
working in Aegean Thrace have shown that distinc-
tive technological traditions developed from Classical

to Roman times based on different choices of raw ma-
terials from a variety of available ores. Such choices
were partly determined by the local geology but more
importantly by cultural criteria, which defined re-
source perception, since these are embedded in hu-
man action and affect acquisition strategies. Previous
studies have mainly focused on slag analysis and
some iron artefacts from several sites in the region
(Photos 1987; Kostoglou 2008). This paper attempts to
briefly review the existing research data and to pre-
sent new results from a recent instrumental analysis
of iron working slag recovered in the framework of
the Molyvoti, Thrace, Archaeological Project (MTAP),
which explores a site often identified as ancient
Stryme.

2. EARLY IRON WORKING IN AEGEAN
THRACE

The early steps of iron working in the North Ae-
gean can be detected on the island of Thasos (Fig. 1)
in the form of a few metallurgical residues excavated
at the cemeteries of Kastri and dated tentatively to the
Early Iron Age (Koukouli-Chrysanthaki 1992; Photos
1987; 1992). The settlement at Kastri emerges as the
dominant Thracian site on the island during the Late
Bronze and Early Iron Age (1200-700 BC), with access
to trade networks, as can be manifested by imports
including precious items in amber, blue glass and
metals that were deposited in burial contexts. Four
extended cemeteries surrounding the settlement were
investigated in the 1970s and 1980s (Koukouli-Chry-
santhaki 1992). Some pieces of metallurgical slag
found in several tombs from two of these cemeteries
confirmed that local copper and iron working were
practiced in tandem by members of this upland com-
munity. It is unlikely that these slags were deposited
with the deceased as grave goods, but their existence
in layers of the Early Iron Age, between 1050 and 800
BC (phase IIB, Koukouli-Chrysanthaki 1992, 662-663),
is undoubted proof for early metallurgical operations
in the vicinity.
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Figure 1. Map of Aegean Thrace showing the sites mentioned in the text (yellow: Early Iron Age, red: Classical/Hellenis-
tic periods) (image credits: Google Earth)

Ten pieces of slag were sampled for analysis out of
which seven were characterized as copper slag and
three as iron slag (Photos1987; 1992). Two of the iron
slag were found at the cemetery of Tsiganadika (tomb
T21: sample no. 399 and tomb T23: sample number
383) and one at the cemetery of Larnaki (Tomb A2I)
dated to phases IIB2-1IB3 of the Early Iron Age be-
tween 1050 and 800 BC (Koukouli-Chrysanthaki 1992,
662-663; 680-681). Based on the analytical results, the
iron slags contain all the commonly occurring phases
such as wiistite, fayalite and a glassy matrix typical
for iron smithing residues. The sample from Larnaki,
apart from the three major phases, also contains me-
tallic iron prills free of slag inclusions (Photos 1992,
798). Arsenic has been detected in the matrix suggest-
ing that the ore source may have been at Kokoti,
which is the only known location where arsenic in
low contents is present in the iron mineralization
(Photos 1992, 798). One slag piece deriving from
Tsiganadika contains relatively higher titanium con-
tents in the wiistite and the matrix compared to that
from Larnaki but no other mineralogical phases are
evident to support an alternative source of the iron
ore (Photos 1992, 798). It should be mentioned that it
was difficult to draw conclusions on the basis of three
samples only, but it has been established that the ore
used was of the hematite/limonite variety (Photos
1987). Although it was not easy to control what metal
would be produced each time from a polymetallic
charge in the furnace, the early Thasian metallurgists

reached a point to produce iron, albeit in small quan-
tities, a fact that is also corroborated by the ‘trinket’
quantities of early iron finds, mostly knives.
Although being geographically far from the core
regions of emergence and early adoption of iron tech-
nology, i.e. Anatolia, the Levant and Cyprus, Thasos
appears well integrated in far-flung trade networks
during the Early Iron Age (Ilieva 2019). Considering
the typological affinities of the bronze and bimetallic
knives found at the cemeteries of Kastri as well as the
possible provenance of the copper from Cyprus (Stos-
Gale and Gale 1992), it has been suggested that the
technology of iron production was introduced along
the same networks that brought these metal objects to
Thasos. If the hypothesis that Phoenician and Cypriot
traders who were active at Lefkandi and via the Eu-
boean gulf reached the Thermaic gulf and Chalkidiki
holds true (Sherratt 2019; Ilieva 2019), then this net-
work could have potentially integrated Thasos. The
likelihood that in the late 12th or early 11th c. BC Cyp-
riot ships were acquainted with the Northern Aegean
and that their sea-routes were later followed by the
Phoenicians sounds very attractive. Yet the available
archaeological evidence that could support it is still
limited to a few bronze and bimetallic knives suggest-
ing a possible early link with Cyprus (Ilieva 2019, 73;
Stos-Gale and Gale 1992). It should be noted though
that iron objects were in fact produced in Mycenaean
centres already during the Late Bronze Age, a tradi-
tion that continued well up to the end of the palatial
period in the Peloponnese. As far as the knives from
Thasos are concerned, these seem to follow a locally-
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rooted Aegean tradition of object types. Eventually
whether these links with the Mycenaean centres also
brought the very concept of iron technology that was
adopted by the Thracian population on Thasos is an
issue open to question.

Over the course of the 8t century the population
orientation moved from the transitional zones of the
southwestern side of the island to the northern harbor
of modern day Limenas, where Parian colonists estab-
lished the city of Thasos in the first third of the 7th cen-
tury BC (Muller 2010). The Parian colony was
founded at the site of a pre-existing Thracian settle-
ment. Tangible evidence for iron-working activities
has been noted in the city of Thasos, close to the sanc-
tuary of Artemision and further north at Kokkinos
plot during excavations of the French School at Ath-
ens (Muller 2000). Slag, charcoal and hammer-scale
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from the latter location became the focus of a contex-
tual study, which clarified their accurate dating to the
first quarter of the 7th century BC (Kohl et al. 2004).
Primary or secondary deposits containing slag from
iron production have been also found near the Ar-
chaic agora, northwest of the Gate of Silenus and from
late Archaic levels near the Gate of Herakles and Dio-
nysos, but their interdisciplinary investigation is still
pending (Fig. 2). Preliminary analysis of three such
slag pieces revealed three major phases, namely
wiistite, fayalite with considerable calcium contents
and a silicate matrix (Photos 1987). The high total iron
content of these slags together with their silica con-
tents and their mineralogical phases suggest that they
are smithing slags.
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Figure 2. Plan of the city of Thasos with spots of metallurgical activities (circles) and zone of erosion of the acropolis
hill (adapted from Lespez 2007).

So far, the single comprehensive study on smelting
and smithing slag and iron objects that provided cru-
cial information on the differential techniques em-
ployed in iron production across this region concerns
the late 6th and 5t century BC and was conducted by
Maria Kostoglou on finds from Abdera and Zone
(Kostoglou 2008). Abdera, a colony of Klazomenians
and Teians flourished from Archaic to Roman times
as an important cultural and economic centre of Ae-
gean Thrace (Fig. 1). So far, a few iron objects of the
Classical period (5% century) have been analysed
while the smelting and smithing slag studied all date

to the Roman period (Kostoglou 2013, 318). The pro-
duction of wrought iron with surface carburization
was common with the possible use of chalcopy-
rite/pyrite ores from Kimmeria, as suggested by the
high copper composition of an iron object. Access to
iron ores, exchange of semi-finished blooms, or ingots
were probably negotiated with the indigenous Thra-
cian tribes that had control of the mineral rich zone of
the Rhodope extending some 25 km north of Abdera.

More recently iron slag has been collected from the
northern enclosure of Abdera in the framework of the
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ongoing Archaeological Program of Abdera and Xan-
thi carried out as a collaboration between the Na-
tional and Kapodistrian University of Athens and the
Ephorate of Antiquities of Xanthi (Kallintzi et al.
2020). Some concentrations of iron slag close to the
northern stretch of the northern wall of the Archaic
city might reflect the possible presence of workshops
there, but before the ongoing analysis of sampled ma-
terial is completed, it is premature to arrive at any safe
conclusions. Likewise, some concentrations of smith-
ing residues have been noted during excavation at the
Thasian colony of Pistyros situated west of Abdera by
the foothills of the Lekani mountain range. This study
is also ongoing and only preliminary information on
spatial distributions is currently available (Nerantzis
et al. 2022; Nerantzis et al. in press).

Investigation on 6t-5th century BC iron metallurgy
from Zone, a colony of Samothrace, confirmed that
smelting of Mn-rich iron ores from the nearby site of
Komaros was common (Kostoglou 2003, 65). Interest-
ingly, smelting of Cu-rich pyrites, possibly from
Kirke, has also been noted albeit infrequently. The an-
alysed smelting slags contain three main phases: fay-
alite, wiistite and a glassy matrix. Smithing slags con-
tain mainly iron oxides (wiistite) and rare iron inclu-
sions. The resulting iron was ferritic and low-carbon

steel used for various classes of objects. Evidence for
welding and surface carburization has been noted,
with an example of high-carbon steel (Kostoglou
2010, 183). Six spits were found in the temple of
Apollo, possibly deposited as votive offerings. Exam-
ination revealed steel microstructures. They were
manufactured by welding and then twisting low car-
bon steel to high carbon steel (Kostoglou 2008, 37),
which is evidence that the smiths at Zone applied so-
phisticated forging techniques.

3. EVIDENCE FOR IRON PRODUCTION AT
MOLYVOTI PENINSULA

The Molyvoti, Thrace, Archaeological Project is a
cooperation between the Ephorate of Antiquities of
Rhodope and the American School of Classical Stud-
ies at Athens (ASCSA), represented by Princeton Uni-
versity. It involves the study of an Archaic-Classical
trading port (emporion) and polis, often identified as
ancient Stryme, through excavation and pedestrian
surface survey (Arrington et al. 2016). It also seeks to
explore the formation and evolution of the city in its
changing economic, political, and cultural contexts,
taking into consideration regional dynamics and con-
straints as well as individual agency.

Figure 3. A. crossroads, B. House of Hermes, C. House of the Gorgon (excavation of 2015)
(image credits: Greek Ministry of Culture and Sports-Ephorate of Antiquities of Rhodope)

Excavation between 2013 and 2015 (Fig. 3) revealed
a crossroads between two insulas of houses as well as
a complete Classical house, with multiple 4th cen. BC
and 4th-6th cen. AD architectural phases, named the
House of the Gorgon (Arrington et al. 2016). A second

house was revealed in the first campaign and fully ex-
cavated in 2019, known as the House of Hermes, da-
ting to the 4th cen. BC (Fig. 4). Human activity on site
appears to have started in the 6t cen. BC while by the
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early 4th cen. BC (ca. 375 BC) a new town plan is evi-
denced following the Hippodamian system. The new
grid plan of insulae consists of eight structures, four
on the long side and by two, measuring 17.6 by 17.6
m each, while roads are ca. 6m. wide. The city was at
least 63 ha. in size. The finds testify to some destruc-
tion in the middle of the century, possibly related to
Philip 1I's conquest, which however did not lead to
complete abandonment. Habitation at the House of
the Gorgon is attested around 325 BC, when there are

e i 44

Figure 4. House of Hermes (B) and House of the Gorgon (C) (excavation of 2019)

some changes in house planning (Arrington et al.
2016). What is noteworthy is that there is no final, sec-
ond destruction horizon, but instead a strong indica-
tion that the city was slowly abandoned at the begin-
ning of the 3rd cen. BC, during a time of insecurity and
instability for the region of Aegean Thrace, when eco-
nomic networks were disrupted. At the same time,
life went on in the chora, with some limited 3rd and
2nd_cen. BC activity.

(image credits: Greek Ministry of Culture and Sports-Ephorate of Antiquities of Rhodope)

Figure 5. House of the Gorgon (spaces with Greek letters)
(image credits: Greek Ministry of Culture and Sports-Ephorate of Antiquities of Rhodope)
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During excavation, 110 pieces of slag were col-
lected from various contexts (Fig. 6), with 18 pieces
coming from the crossroads (Fig. 7) and 11 from space
tin the House of the Gorgon (Figs. 5 and 8); the space
is located to the side of the courtyard, space 3, and

20
18
16
14
12
10

may have served as a prostas in the second 4th-cen. BC
phase of the house. Smaller concentrations of slag be-
tween 1 and 8 pieces derive from other contexts of the
4t cen. BC indicated by their numbering on the exca-
vation grid (Fig. 6).
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Figure 7. Plan of the crossroads
(image credits: Greek Ministry of Culture and Sports-Ephorate of Antiquities of Rhodope)
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Figure 8. Plan of the House of the Gorgon
(image credits: Greek Ministry of Culture and Sports-Ephorate of Antiquities of Rhodope)

For an investigation of the metallurgical activity on
site, 8 slag samples were taken for analysis at N.C.S.R.
‘Demokritos” using optical microscopy and
SEM/EDS. Most of the contexts whence slags were
sampled from the House of the Gorgon consist of fill
rather than in situ deposits. Geographically, the sam-
ples selected for analysis represent the Crossroads,
the House of the Gorgon, the House of Hermes, and

the exterior of the House of the Gorgon. Chronologi-
cally, samples IL 408, IL 383, and IL 314 represent the
pre-Hippodamian phase, while IL 378 belongs to a
post-4th cen. BC destruction phase. These are fills laid
down after Philip II's destructions. The remaining
samples (IL 208, IL 459, IL 465, IL 526) derive from
post-classical contexts from different topsoil loci (Ta-
ble 1).

Table 1. Analysed samnples’ contexts description

Sample No. Locus Description
IL 408, IL 383 L15-033 House of the Gorgon, space 1
Fill for floor of ca. 375 BC
IL 314 Crossroads Fill for road pre-375 BC
IL 378 L15-020 Outside of the House of the Gorgon, fill against walls, ca. 325 BC
IL 208 L14-061 House of Hermes, Eastern Portion - Late Roman fill
IL 459, IL 465, IL 526 Various loci Topsoil

4. INSTRUMENTAL ANALYSIS OF THE
FINDS

Optical microscopy and SEM/EDS analysis were
performed at N.C.S.R. ‘Demokritos’. The instrument
used is a FEISEM (Quanta Inspec model) with a super
ultra-thin window EDS detector. The analytical data
were corrected from elements generated by the ZAF

software. The bulk chemical composition of each sam-
ple and several distinct microstructural phases are re-
ported in Table 2 (at the end). For the majority of sam-
ples, FeO contents range between 50 and 80% and
SiO; range between 10-14%, which are typical for
bloomery slag. In two cases, the lowest FeO contents
(47.9% and 50.2%) coincide with higher SiO; (27-32%)
and ALO; (5-7%) contents. Overall, phosphorus is
present in the glassy phase in most samples between
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1 and 4% while MnO is detected mainly in the fayal-
itic phase at low contents about 1.5%. The low lime
(CaO) contents in all samples, around 1.5%, suggests
that fluxes might have been used occasionally during
smelting but not at high proportions. As the oxides of
manganese and phosphorous change proportion-
ately, this might indicate that the ore for the majority
of samples consisted of a hematite/limonite variety.

The optical photomicrographs show a typical mi-
crostructure dominated by fayalite (Fe)SiOs) and
wiistite (FeO) and lower amounts of a glassy phase.
Massive laths and skeletal crystals of fayalite coexist,
while the wiistite, which is embedded and inter-
grown within the fayalites, displays a dendritic mor-
phology (Fig. 9a and 9b). Occasional iron prills appear
as bright spots in the microstructure as a result of
wiistite reduction to metallic iron (Fig. 10a and 10b).

Figure 9. Optical photomicrographs (a) Sample 4 (IL 408) massive fayalite (inid grey), wiistite dendrites/two sizes (light
grey), glassy phase (dark grey), (b) Sample 6 (IL 459) skeletal fayalite (light grey), glassy phase (dark grey).

Figure 10. Optical photomicrographs (a) Sample 3 (IL 378) fayalite (inid grey), wiistite dendrites (light grey), glassy
phase (dark grey), iron prills (bright white), (b) Sample 2 (IL 314) fayalite (inid grey), wiistite dendrites (light grey),
glassy phase (dark grey), iron prills (bright white).

Examination under the SEM/EDS allowed for a
more detailed characterisation of the mineral and me-
tallic phases initially observed under the optical mi-
croscope. Sample 1 (IL 208) shows an inhomogeneous
microstructure with typical phases of a bloomery
slag, mainly wiistite dendrites, elongated laths of fay-
alite and interstitial glass. Regions consisting of angu-
lar inclusions of unreacted ore were trapped in the
slag, possibly due to inefficient smelting conditions.
An intermediate zone was noted separating the re-
gion of typical slag microstructure with that of the un-
reacted ore minerals. The composition of the interme-
diate zone shows similarities to the unreacted ore

with some traces of Cu below 1% but higher Fe con-
tents. Such features could indicate a smelting rather
than a smithing slag.

Sample 2 (IL 314) reveals a similar microstructure
with more extensive areas covered by skeletal laths of
fayalite, wiistite dendrites and interstitial glass and
some islands of unmelted ore. Low contents of phos-
phorus in the glassy phase and Mn in the bulk com-
position were detected. Notably iron prills are present
concentrated in two areas, with the larger ones reach-
ing 50-70 pm in size (Fig. 11a). A few crystals of bar-
ium sulphide were also noted owing to the presence
of such minerals in association to the iron ores that
were used as raw materials (Fig. 11b).
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Figure 11. SEM photomicrograph, Sample 2 (IL 314) (a) Skeletal laths of fayalite (inid grey), wiistite dendrites (light
grey), glassy phase (dark grey), iron prills (white), (b) fayalite (mid grey), wiistite (light grey), glassy phase (dark grey),
barium sulphide crystals (white).

Sample 3 (IL 378) displays areas of typical slag mi-
crostructure dominated by well-developed dendrites
of wiistite and three sizes of fayalite, from massive
laths of about 150pm width and medium sized of
80pm width, to smaller ones of approximately 30pm
width (Fig. 12a). A large area of vitrified ceramic ma-
terial was noted, most probably part of the hearth’s

v nag v
0 kV 1 300 08 pml0

lining material (Fig. 12b). Such inhomogeneity is also
reflected in the sample’s chemical composition. Over-
all, the average FeO contents, around 50%, are some-
what lower than the other analysed samples. Yet in
some areas conditions were reducing enough and
temperatures sufficient for ore reduction to take place
as revealed by the presence of iron prills.

Figure 12. SEM photomicrograph, Sample 3 (IL 378) (a) Fayalite laths in three sizes (inid grey), wiistite dendrites (light
grey), glassy phase (dark grey). (b) Ceramic material, part of lining (left side), slag (right side).

Sample 4 (IL 383) is a typical bloomery slag, most
probably related to smelting. Its microstructure is
dominated by wiistite dendrites, coexisting with fay-
alite laths and an interstitial glassy phase (Fig. 13a).
Areas with unreacted ore pieces were also noted.
Slightly increased phosphorus contents were de-
tected in comparison to the other analysed samples.
An inclusion of Pb-Ba composition was noted grow-

ing out at the edges of a pore (Fig. 13b) and some mi-
nute Pb prills at the boundaries of wiistite dendrites.
The abundance of wiistite dominating the microstruc-
ture are indicative of the reducing conditions preva-
lent during the smelting process. Samples 7 (IL 465)
and 8 (IL 526) show similar microstructural features
and an overtly comparable chemical composition to
that of sample 4 (IL 383).

SCIENTIFIC CULTURE, Vol. 8, No 3, (2022), pp. 105-123



IRON WORKING IN AEGEAN THRACE DURING ANTIQUITY

115

WD HFW it
mm 113 ym 0

Figure 13. SEM photomicrograph, Sample 4 (IL 383) (a) fayalite (inid grey), wiistite (light grey), glassy matrix (dark
grey), (b) fayalite (mid grey), wiistite (light grey), crystals of Pb-Ba composition (white).

Sample 5 (IL 408) displays some differences in both
chemical composition and microstructure since apart
from the typical wiistite and fayalite phases, magnet-
ite and rhomboid spinel crystals are present (Fig. 14a).
Spot analysis has determined that the latter contain
TiO; around 2% in average. In one case a spinel meas-
uring about 50pm across is composed of 88% TiO2and
5.3% FeO (Fig. 14b). Such microstructural features
along with the bulk chemical composition featuring

Quanta Inspect mokritos Athens

44-50% SiO;, 20-25% Al,Os; and 13-17% FeO hint to a
titanium rich source for this residue. It should be
noted in this context that titanium-rich iron sands
have been exploited as a source of iron on southern
Thasos and the northern Serres region around Vron-
tou, but it is generally accepted that such a mineral
resource was used in iron industries of the late Byz-
antine and Ottoman periods (Photos et al. 1986; Ne-
rantzis 2016, 630).

HYV mag WD
25.00 kV2 000 x 10.1 mm 135 ym 0

HFW tilt mode 50 pm ”
Quanta Inspec 4 - Demokritos Athens

Figure 14. SEM photomicrograph, Sample 5 (IL 408) (a) magnetite crystals (mid grey - upper right part), TiO,-rich spinel
crystals (light grey - lower left part), glassy matrix (dark grey), (b) fayalite laths (mid grey), spinel crystal exceptionally
rich in TiO; (light grey), glassy matrix (dark grey).

Sample 6 (IL 459) displays slightly different micro-
structural features compared to those discussed so
far. It is characterised by massive and skeletal fayalite
laths dominating the microstructure and a network of
fine wiistite dendrites dispersed across a glassy ma-
trix that is quite extensive in some parts (Fig. 15a and
15b). Alumina is detected in high contents reaching
up to 9% in the bulk composition and up to 20% in the
glassy phase. Euhedral crystals of magnetite are also
present albeit more infrequently suggesting partially
oxidising conditions during which air trapped in the

porous system led to an oxidation of wiistite to mag-
netite. Interestingly, an iron-chromium spinel was
noted (Fig. 16) and spot analysis revealed that it con-
tains 1.8% MgO, 12.5% Al>0s, 40.2% FeO, 37.8% Cr.0s
and traces (0.3%) of TiO,, which corresponds well to
the composition of chromite. Such a finding might
have broader implications concerning ore procure-
ment strategies since the closest chromite ores to
Molyvoti are found within metamorphosed ultra-
mafic rocks of the Soufli ophiolites (Magganas and
Economou 1988), in Evros prefecture, some 140 km
away.

SCIENTIFIC CULTURE, Vol. 8, No 3, (2022), pp. 105-123



116

N.NERANTZIS et al

1 HV mag WD

M 25.00 kV 300 x11.4 mm 901 Um0 °

HFW tilt

400 pm

3, HV mag
10 500 kV 800 x

Figure 15. SEM photomicrographs, Sample 6 (IL 459) (a) fayalite laths (light grey), glassy phase (dark grey), (b) fine
wiistite dendrites (white), magnetite crystals (white rhomboid crystals), glassy matrix (dark grey).
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Figure 16. SEM photomicrograph, Sample 6 (IL 459) ‘chro-
mite’ spinel (light grey rhombus), skeletal magnetite (light
grey crystals), glassy phase (dark grey).

5. DISCUSSION

The analytical results on the Molyvoti slag corrob-
orate with an efficient bloomery practice by which
iron ores of the hematite/limonite variety were re-
duced to metallic iron. Slag microstructure consists of
skeletal laths of fayalite, networks of wiistite den-
drites, some metallic iron prills, while magnetite is
rare, observed only in two occasions (sample 5-IL 408,
sample 6-IL 459). Concerning the fayalitic phase, the
fine skeletal laths are formed when their solidification
is speeded up by exposure to cool air and this fast
cooling could take place due to various choices taken
during the process (Rehren et al. 2007). For the stud-
ied slags it is assumed that they could have formed
either from being tapped out of the furnace or
dripped down into a slag pit. The assemblage of fay-
alites and dendritic wiistite in smelting slags suggest

furnace temperatures lower than 1200°C (Serneels
and Perret 2003). The addition of fluxes such as quartz
sand should be expected since this allows the iron
melting temperature to be decreased to 1000-1100°C
(Rehren et al. 2007; Charlton et al. 2010). In some in-
stances, unreacted ore pieces within the slag reveal
certain inefficiencies in terms of furnace operation,
but in general the majority of analysed samples reflect
a viable iron producing process.

An evaluation of the metallurgical evidence from
Molyvoti should be attempted in relation to its geo-
logical settings while considering distances from po-
tential sources of raw materials or other parameters
affecting a sustainable iron industry. As the example
from Abdera has demonstrated, such sources might
lie at longer distances than the immediate vicinity of
the cities. Rich mineral deposits could be found in the
Rhodope Mountain range extending north of the
plain of Xanthi at a distance of 25 km from Abdera.
An extensive skarn formation outcrops 2-3 km NE of
Kimmeria village at the contact of the Xanthi granodi-
orite with the marbles, consisting mainly of hematite,
among other minerals (Melfos and Voudouris 2012).
Both the hematite and magnetite-pyrite are good
quality iron ores that could have supplied Abdera
through an exchange network with the indigenous
Thracian population that was inhabiting the whole re-
gion to the north, beyond the chora of Abdera.

In the case of Molyvoti, a similar situation could be
envisaged, considering that the closest iron ore de-
posits could be found about 15 km to the northeast in
the region of Xylagani where a gold-bearing Fe-Cu-
(Zn-Pb) stratabound deposit is situated (Melfos and
Voudouris2012). Further east at Marmaritsa, about 20
km east of Molyvoti, wide Fe-oxide veins cross-cut
the marbles close to the sea side, and underground
mining galleries are located at Ktismata (Papastama-
taki et al. 2001). Since these deposits lie closer to the
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city of Maroneia and could have potentially been in-
corporated into its territory, it is not clear whether the
inhabitants of Molyvoti had direct access to mining
rights at this location. Although it is premature to ad-
dress the question of which city had access to certain
mineral resources at any particular location, we could
suggest that in the event that Molyvoti acquired no
mining rights, the demand for iron would have been
covered by importing ores, semi-finished products or
blooms for further smithing and fabrication of iron
objects. The importing of ores could be corroborated
by the analytical results according to which several
samples could be characterised as smelting residues.

Apart from potential sources of iron located within
aradius of about 25 km from the examined sites, there
are more numerous deposits of hematite, limonite
and pyrite further north that could have reached the
cities of the littoral through trade with the Thracians
of the hinterland. Interestingly, the finding of chro-
mite in one slag sample might indicate far reaching
networks for ore procurement, as far as Soufli in Ev-
ros, some 140 km away from Molyvoti. Also, the pres-
ence of the titanium-rich phase (spinel) in one sample
might indicate the use of titanium-rich sands for iron
production earlier than is generally accepted, a hy-
pothesis that could be substantiated with future anal-
yses on more, securely dated finds. Evidently the bulk
demand for iron ores on site would have been cov-
ered by less distant hematite/limonite deposits, as
suggested by the chemical composition of the major-
ity of analysed samples.

It is during the Classical and Hellenistic periods,
between the 5th and 3rd centuries, that one could refer
to proper bloomery, as a more systematic activity
aiming at larger output and exploiting the local min-
eral resources across larger parts of Aegean Thrace.
Marble quarrying and mining, large scale building
projects, infrastructure for ports and ship building,
and extensive trade of goods from the Balkan hinter-
land to the Aegean intensifies during this time and
the expansion of the iron industry is undoubtedly en-
tangled with such significant developments in the
economic sphere (Archibald 2013; Tsiafaki 2021). Sus-
taining such iron industries requires uninterrupted
access to mineral ores and timber for fuel in abundant
quantities. Recent studies have shown that Thasos
was thickly wooded in prehistory while erosion of the
acropolis hill was severe in Classical times, caused by
deforestation due to increased demand for fuel in
metallurgy (Fig. 2), in addition to other applications
(Sintes 2003; Sintes and Brunet 2003; Lespez 2007).
Both Thasos and littoral Thrace are still rich in exten-
sive iron deposits at numerous locations. Thus, local
timber and iron ores could have supplied the work-
shops during the developed phase of standardized
bloomery production in Classical/Hellenistic times.

6. CONCLUSIONS

The results from the current study have confirmed
that iron production was practiced at the city on the
Molyvoti peninsula. All the sampled residues derive
from domestic contexts while an actual workshop has
not been located so far. Yet the current findings are im-
portant indicators to account for the technological level
acquired by the local iron workers. The data derived
from the SEM/EDS analysis show that limonite
and/or hematite were the most commonly used min-
erals for smelting. Some rare inclusions of titanium and
chromium might suggest alternative sources of iron
ores. For instance, the presence of increased titanium
levels in one sample might suggest the use of Ti-rich
iron sands but this hypothesis should be explored fur-
ther with future analysis of more samples. Addition-
ally, the lack of any chromium-bearing ores in the vi-
cinity of Molyvoti could suggest importing of raw ma-
terials from further afield. Analysis of additional sam-
ples, which is ongoing will provide a clearer picture on
such issues. Overall, the analysed slags show that the
bloomery process was efficient and similar to that wit-
nessed on other sites in the region, mainly Abdera and
Zone (Kostoglou 2008). High temperatures around
1100°C were attained and kept stable during smelting
while fluxes, were used as suggested by the presence
of increased CaO contents, particularly in the glassy
phase. Our current results complement previous stud-
ies and confirm that iron was effectively produced
from local deposits across Aegean Thrace in more sites
than have been previously examined. It is intended to
expand this research with analysis on iron objects from
Molyvoti in order to assess the quality of produced
iron and evaluate their fabrication histories including
an evaluation of the carburization techniques that had
been applied.

To briefly summarize the available information, we
could suggest that although a well-established iron-
working tradition had gradually developed in this re-
gion, it was only available to some cities, while others
seem to have lagged behind in the application of ad-
vanced carburization techniques (Kostoglou 2008).
Whether this is a matter of differential access to raw
materials, namely direct versus negotiated access, or
longer experimentation with forging techniques, or in-
deed a matter of choice dictated by cultural parame-
ters, it is not easy to address for the time being. In any
case producing iron and steel of good quality would
offer advances in sectors of technological expansion,
economy and trade. The sites with less advanced tech-
nological means could reflect cases of preferential ap-
propriation or even denial of certain techniques and
are therefore useful examples to illustrate alternatives
in socio-technical practices that are necessary for more
nuanced interpretations of ancient technologies.
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Table 2. Compositional analysis of Molyvoti slag determined by SEM/EDS, values in wt% (n.d.: not detected)

Na,O | MgO | ALO; | SiO; | P,Os | PbO | SO; | BaO | Cl,O | K:O | CaO | TiO; | MnO | FeO | Cr:O3

Sample 1 | bulk nd. | 0.62 211 | 986 | 084 | nd. | nd. | nd | 021 | 025| 096 | n.d. 0.47 | 76.19 n.d.
IL 208 bulk nd | 047| 089 | 451 | 057 | nd | nd | nd | 025| 02| 05| nd | 032|804 | nd
fayalite nd | 173 117 | 2583 | nd. | nd. | nd. | nd | nd | 032| 188 | nd | 139 | 60.9 n.d.

fayalite 023 | 1.52 1.78 {2272 | nd. | nd. [ nd. | nd. | nd. | 043 | 171 | n.d. 1.38 | 63.19 n.d.

wiistite nd. | 042 169 233 | nd.| nd. | nd.| nd.| nd. | 015| nd. | 029 056 | 85.1 n.d.

wiistite n.d. n.d. 162| 275| nd.| nd. | nd. | nd.| nd. | 027 | 053 | 047 | 0.58 | 84.38 n.d.

glassy phase 213 | 006 | 1281 (3782 | 131 | nd | 013 | nd. | nd | 427 | 11.93 | nd. 0.66 | 25.99 n.d.

glassy phase 215 | nd | 1202 (3515 | 1.35| nd. | 006 | nd | nd | 358 | 1015 | nd. | 053 | 3151 n.d.

unmelted ore n.d. 1.3 3.021 975| 205| nd. | nd. | nd | nd | 031 09| nd 052 | 70.8 n.d.

unmelted ore n.d. 0.71 201 | 856 | 205| nd. | nd. | nd | 022] 026| 091 | nd. 0.46 | 75.76 n.d.

interm. zone n.d. 1.07 14| 246 | 065| nd. | nd. | nd. | nd. | nd.| 055| n.d. 1.58 | 82.79 n.d.

Na;O | MgO | ALLO; | SiO; | P,Os | PbO | SO; | BaO | Cl,O | K:O | CaO | TiO; | MnO | FeO | Cr203

Sample 2 | bulk nd. | 0.82 2711337 073 | 095 | nd. | nd.| nd. | nd. | 066 | nd. | 0.65| 721 n.d.
IL 314 bulk nd | 064| 313|1425| 067 | 061 | nd. | nd | nd | 024| 08| 019 | 0.66 |7092| n.d.
bulk nd. | 0.61 328 | 162 | 068 | 08 | nd. | nd. | nd. | 049 | 1.06 | 027 | 0.78 | 68.18 n.d.

fayalite nd. | 1.62 0642864 | nd. | nd. | nd. | nd. | nd | nd. | 1.03| nd. | 157 |59.84 n.d.

wiistite n.d. n.d. 112 091 | nd.| nd. | 06| nd. | nd. | nd. | nd 0.3 0.6 | 86.81 n.d.

glassy phase nd | nd 554 | 2045 | 288 | nd | 117 | nd. | 024 | nd. | 095 | nd. | 062 | 6131 n.d.

glassy phase 228 | 011 | 1138|3761 | 1.76 | nd. | 0.68 | nd. | nd. 49 | 10.29 | 0.41 0.62 | 26.97 n.d.

glassy phase 281 | nd | 13.97 36| 205| nd. |077| nd. | nd | 501 | 875 | 041 | 054 |26.71 n.d.

unmelted ore n.d. n.d. nd. | 097| nd.| nd. | nd | nd | 022 | nd. | nd. | nd n.d. | 88.92 n.d.

iron prill nd | nd 073 09 | nd. | nd. | nd. | nd. | nd | 019| 031 | 0.62| 048 |87.03 n.d.

NazO MgO Ales Si02 PzOs PbO 503 BaO Cle Kzo CaO Ti02 MnO FeO CI'203

Sample 3 | bulk 1.1 | 4.02 7.04 |1 2706 | 058 | nd. | nd.| nd. | nd. | 098 | 274 | 016 | 0.46 | 50.26 n.d.
IL 378 bulk 0.89 | 545 | 5672628 | 062 | nd | nd | nd | nd 1| 275| 036 | 0.66 5068 | n.d
bulk 116 | 435 | 2647 | 2676 | 025 | nd. | nd. | nd. | nd. | 092 24 | 031 0.51 | 51.16 n.d.

ceramic phase | 1.75 | 2.02 9.44 | 65.65 17| nd. | nd | nd | nd | 172| 135| nd | nd | 159 n.d.

fayalite 0.08 | 11.97 nd. ({392 | nd. | nd | nd | nd | nd | nd | 079 | nd 0.7 | 42.51 n.d.

fayalite nd. | 10.22 06413892 | nd.| nd. [nd.| nd. | nd. | nd. | 094 | nd. 0.79 | 43.64 n.d.

wiistite n.d. n.d. 174 061 | nd.| nd. [ nd.| nd.| nd. | nd. | nd. | 047 n.d. | 87.46 n.d.

wiistite n.d. 1.3 206 | nd.| nd.| nd. | nd. | nd. | nd | nd. | nd. | 042 0.49 | 86.14 n.d.

glassy phase 3.37 | 0.29 212 | 4188 | 116 | nd | 032 | nd. | nd | 38| 951 | 022| 025]| 16.2 n.d.
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glassy phase 315| 028 | 1972 | 4422 | 1.04 | nd. | 014 | nd | nd | 409| 987 | 023 | nd. |1553 n.d.

unmelted ore n.d. n.d. 129 636 | 132 | nd. [092| nd.| nd. | nd. | 079 | nd. n.d. | 80.37 n.d.

unmelted ore nd. | 023 1621143 | 069 | nd. [|111 | nd. | 042 | nd. | 079 | nd. n.d. | 75.32 n.d.

Na,O | MgO | ALO; | SiO; | P,Os | PbO | SO; | BaO | Cl,O | K:O | CaO | TiO; | MnO | FeO | Cr:O3

Sample 4 | bulk 045 | 0.68 195| 933| 096 | nd. [08 | nd. | nd | 058 | 1.38 | n.d. 0.64 | 74.81 n.d.
IL 383 bulk 087 | 114 | 2833|1151 | 116 | nd | 099 | nd | nd | 054 | 12| nd | 064 |71.18 | nd.
bulk 088 | 1.17 277 11288 | 1.24 | nd. | 098 | nd | nd | 047 | 1.27 | n.d. 0.66 | 69.38 n.d.

fayalite n.d. 09| 2877 | nd. | 036 | nd | nd. | nd | nd | nd. | 384 | nd | 1.09 | 5852 n.d.

wiistite n.d. n.d. nd. | nd | nd| nd|nd| nd| nd| nd| nd | nd 0.46 | 89.57 n.d.

Pb-Ba crystal nd | nd nd. | nd | nd |349 | nd. [5985 | nd | nd | 142 | nd | nd. 3.4 n.d.

Na;O | MgO | ALLO; | SiO; | P,Os | PbO | SO3 | BaO | CI;O | K;O | CaO | TiO; | MnO | FeO | Cr;03

Sample 5 | bulk 121 591 | 2191 | 5154 | nd. | nd. | nd. | nd. | nd. | 1.23 | 215 | 075 | 1.26 | 12.63 n.d.
IL 408 bulk 1.88 | 5.07 | 2447 | 4843 | nd. | nd | nd | nd | nd [ 078 | 146 | 079 | 067 | 1481 | nd.
bulk 307 | 506 | 2597|4454 | 022 | nd.| 03| nd. | nd | 026 | 036 | 047 | 0.71 |17.15 n.d.

spinel (50pm) nd. | 252 166 | 141 | nd. | nd. | nd. | nd. | nd | nd. | nd. |[88.02| nd | 538 n.d.

spinel nd. | 353 88| 351 | nd. | nd |nd | nd | nd | 011 07| 211 | 1.63 | 71.63 n.d.

inclusion 029 | 1261 | 4534 | 443 | nd. | nd. | nd. | nd.| nd. | 015| 025 | 062 | 0.82|31.93 n.d.

inclusion 072 1912 | 1363|5461 | nd.| nd. | nd. | nd.| nd. | 1.14 | nd. | nd. nd. | 795 n.d.

glassy phase 249 | 3.07| 1759 | 6216 | nd. | nd. [ nd. | nd. | nd. | 11| 385 | 1.42| 054 7.0 n.d.

glassy phase 037| 089 | 3052|4631 | nd.| nd | nd. | nd | nd | nd |1632 | nd. | 035| 472 n.d.

Na20 MgO A1203 SiOZ PzOs PbO 503 BaO Clzo Kzo CaO Ti02 MnO FeO CI'203

Sample 6 | bulk 14| 0.53 713 (328 | 028 | nd [028| nd. | nd | 1.73 | 1.99 | n.d. 0.54 | 47.92 n.d.
IL 459 bulk 0.83| 092 | 493(3138| nd | nd | nd | nd | nd 1| 133 | nd. | 058 |5312 | nd.
Si-rich area 1.7 | 0.74 9.76 | 6857 | nd. | nd. | nd. | nd. | nd. | 399 | 228 | 042 0.4 | 10.91 n.d.

fayalite 0.21 2 0582851 | 028 | nd. |nd | nd | nd | nd. | 036 | nd. | 063 | 60.67 n.d.

fayalite 018 | 0.85 12812876 | 019 | nd. |nd. | nd. | nd. | nd. | 076 | nd. | 056 | 60.67 n.d.

fayalite nd | 1.01 0352884 | nd | nd. |nd | nd | nd | nd. | 044 | nd. | 056 | 61.89 n.d.

magnetite n.d. 0.8 339 | 399 | nd.| nd. | nd. | nd. | nd | 025]| nd | 114 0.41 | 80.52 0.29

Fe-Cr crystal n.d. 181 | 1257 | 226 | nd.| nd. | nd.| nd.| nd. | 024 | nd. | 037 nd. | 40.23 | 37.81

glassy phase 335| 014 | 2049 | 50.76 | 056 | nd. | 016 | nd. | 0.03| nd. | 6.68 | 079 | 0.22|15.14 n.d.

glassy phase 231 | 1.06 | 1214 | 5924 | nd. | nd. | nd. | nd | nd | 437 34| 056 | 036 | 14.9 n.d.

unmelted ore n.d. n.d. 09311619 | 185 | 179 | nd. | nd. | nd. | nd. | 1.35| n.d. 0.3 | 69.82 n.d.
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Na,O | MgO | ALLO3 | SiO; | P,Os | PbO | SO3 | BaO | Cl;0 | KO | CaO | TiO; | MnO | FeO | Cr:O3

Sample 7 | bulk 1.29 1.9 24| 149 | 132 | nd. | nd. | nd. | nd. | 044 | 082 | nd. 0.64 | 68.66 n.d.
IL 465 bulk 048 | 1.09| 284|1441| 067 | nd. | nd. | nd. | nd. | 02| 069 | nd. | 058|71.13| nd.
fayalite nd. | 1.36 072 | 31.68 | 056 | nd. | 032 | nd. | nd. | nd. | 1.68 | n.d 1.09 | 56.32 n.d.

fayalite nd | 204 122 | 2863 | nd. | nd. | nd. | nd.| nd. | nd. | 1.05| nd. | 0.83 | 59.59 n.d.

wiistite 046 | 097 08| 064 | nd.| nd. | nd. | nd. | nd. | nd. | nd. | nd 0.55 | 86.86 n.d.

wiistite n.d. 0.79 065| 066 | nd.| nd. | nd. | nd. | nd. | nd. | nd | nd 0.53 | 87.62 n.d.

unreacted ore n.d. n.d. 051 | 176 | nd. | nd. | 1.34 | n.d 03| nd. | nd. | nd 0.58 | 85.94 n.d.

unreacted ore n.d. n.d. 4361504 | nd. | nd. | 063 | nd. | nd. | nd. | 026 | n.d. nd. | 71.72 n.d.

glassy phase 022 026| 969 | 304 | 1.72| nd. | nd. | nd. | nd. | 033 | 084 | nd | 043 | 505 n.d.

Na;O | MgO | ALO; | SiO; | P,Os | PbO | SOz | BaO | CI;O0 | K;O | CaO | TiO; | MnO | FeO | Cr20;

Sample 8 | bulk 032 075 237 {1016 | 1.08 | nd. | 082 | nd. | 039 | 0.51 26 | 022 03217225 n.d.
IL 526 bulk 039| 037 213|1025| 072 | nd. | 05| nd. | 019| 055| 274 | 016 | 033 | 735| nd
wiistite n.d. 0.68 042| nd.| nd.| nd. | nd. | nd. | nd. | nd. | 013 | 0.18 nd. | 31.12 n.d.

glassy phase 041 | 034 5093995 | 487 | nd. | 013 | 0.64 | nd. | 246 | 1153 | nd. | n.d. | 8248 n.d.

unreacted ore n.d. n.d. 083 | 559 | 064 | nd. |044 | nd. | 019 | nd. | 042 | n.d. nd. | 88.72 n.d.
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