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Abstract

Archeological structures connected with iron metallurgy were identified in the outskirts of
the town Lucenec, Slovakia. Based on the shapes and decoration of the ceramic fragments,
it was possible to date them to the 9th or 10th century. The first group of discovered
metallurgical materials included slags with low wiistite content, which looks like slag
from younger higher-shaft furnaces. The second group included slags which could be
attributed to the technology common at the time of the site’s existence: iron smelting in
lower free-standing shaft furnaces with average efficiency. The third group were slags from
the forging of iron blooms to remove pores and slag particles. The fourth group consisted
of ceramics fragments (tuyeres and refractory material). Bog ore was probably smelted
using principally oak wood charcoal.
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1. Introduction

Archeological research in the northern outskirts of the town of Lu¢enec was initiated
in the summer months of 2017, prior the construction of the Mercury company’s production
hall. The research in the central part of the Lu¢enec Basin (Figure 1), in the area delimited
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using archeological research methods. To verify the stratigraphy and location of archeolog-
ical structures, survey probes were carried out in the places of the future footings of the
hall construction.
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Figure 2. Localization of documented site on the current cadastral map.

In the south-western part of the site, four archeological structures (Obj. 1-4/2017) were
identified after topsoil removal, the basic parameters of which are given in Table 1. The
recessed gutter-shaped structure 1/2017 (Figure 3a) was filled with dark-grey alumina—clay
material, in which many ceramic remnants, fragments of clay tuyeres, and a large amount
of metallurgical slag were found. The upper part of the recessed kidney-shaped structure
2/2017 with a stepped bottom (Figure 3b) was formed by a brown-grey clay layer containing
coarse clay daub, tuyere fragments, and ceramic remnants. The lower part was filled with
pieces of charcoal and metallurgical slag.
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Table 1. Basic parameters of archeological structures 1-4/2017.

Structure No. Stratigraphic Unit (SJ) Dimensions Orientation of the
(Figure 3) Length x Max. Width x Depth Structure
1/2017 (a) 1003 /5000 550 cm x 200 cm x 40 cm N-S
2/2017 (b) 1004 /5001 175 cm x 124 cm x 42 cm NE-SW
3/2017 (c) 1005/5002 45 cm x 36 cm X 12 cm NE-SW
4/2017 (d) 1006/5003 @75 cm x 14 cm -
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Figure 3. Structures No. 1-4/2017: floor plans and profiles (courtesy of M. Kvietok).

Due to the absence of burnt areas in structures 1/2017 and 2/2017, they can be
interpreted as waste pits for the remnants of metallurgical activities. A smaller, shallow-
sunken structure 3/2017 (Figure 3c) with a flat-bottomed wash-basin shape was filled with
a dark-grey alumina—clay material. Many ceramic fragments and a small amount of slag
were also trapped in the filling. Its surrounding area was not burnt, which indicates that
this was the lower part of the waste pit with the remains of metallurgical activities. The
shallowly recessed structure 4/2017 with a concave basin-shaped bottom (Figure 3d) was
filled with dark-grey clay. Many ceramic fragments were retrieved from the material filling
the structure, so it was probably a waste pit used by the settlement inhabitants.
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The material contained mainly fragments of slag. Many ceramic remnants included
fragments of pots made of clay—sandy material with a smooth S-shaped profile and edges
more or less bent outwards. A small number of fragments had preserved decoration
in the form of a combed wavy line on the surface (Figure 4). Based on the shapes and
decoration of the ceramics, it was possible to date the structures to the early medieval
period, probably the 9th or 10th century. This period is connected with a complicated
situation in the Carpathian Basin, with the disintegration of the Great Moravian kingdom
in parallel with the migration of Hungarian tribes to Central Europe. Relatively numerous
but only fragmentarily preserved material consisted of clay tuyeres/nozzles (Figure 5)
partly covered with a slag-like substance.
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Figure 4. Selection of early medieval ceramics, found in structure No. 1/2017 (courtesy of M. Kvietok).
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Figure 5. Photographic documentation of clay tuyeres (nozzles), found in structure No. 1/2017
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(selection, courtesy of M. Kvietok).

The concentration of the structures in the south-western part of the map (Figure 2)
indicates the possible edge of the production area of the early medieval settlement. So
far, it is not possible to confirm whether our finds are from the settlement referred to in
later sources as Eb hat (Hungarian), Psi chrbat (Slovak), i.e., Dog’s Back. A similar site was
identified in the Zvolen Basin in the locality of Slia¢-Rybare [1].

2. Materials and Methods

Sixteen pieces of slag and three fragments of partly slagged technical ceramics taken
from stratigraphic units (SJ) 1003/5000 and 1004/5001 (Table 1) were selected for ar-
chaeometallurgical analysis.

After measuring the dimensions, weighing them, and determining the magnetism by
the degree of attraction to a magnet, the samples were cut with a diamond saw and cast
into epoxy resin (dentacryl) for consolidation. Metallographic surfaces (hereinafter “cuts”)
were prepared by dry grinding the samples on 120 to 3000 ANSI/CAMI grit papers and
subsequent polishing with 0.0005 mm diamond paste moistened with kerosene. A reflected
light metallurgical microscope Neophot 32 was used for microscopic analysis. The wiistite
content in the slag was determined with Image] software 1.46r Java 1.6.0_20, using the
planimetric method [2].

Based on their external appearance and the results of microstructural analysis the
samples of slag and ceramic tuyere shards were ground in a vibrating mill and subjected to
chemical analysis with an AAS Perkin-Elmer 3100 atomic absorption spectrophotometer
(manufacturer: Artisan Technology Group, Defense and Space Manufacturing, Champaign,
IL, USA). Table 2 reports the results obtained for slag samples together with the slag basicity
calculated using Equation (1), which is as follows:

_ CaO + MgO

=T 1
SiO; + P,0s @
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Table 2. Results of chemical analysis of slag and slag basicity (B) calculated using Equation (1).

Oxide Content in Analyzed Slags [wt.%]

SJ Sample No. B
FeO SiO, CaO MgO AL, O3 MnO
1003 /5000 P413 79.12 11.35 3.00 0.40 2.06 0.60 0.30
1003 /5000 P414 67.45 22.65 4.6 0.30 4.08 0.54 0.22
1004 /5001 P418 48.06 30.64 2.01 0.55 9.58 3.06 0.08
1004 /5001 P419 55.55 25.68 2.57 0.58 6.43 2.32 0.12
1004 /5001 P420 59.57 21.00 1.55 0.33 9.07 0.68 0.09
1004 /5001 P423 56.10 17.70 2.04 0.43 3.80 0.55 0.14
1004 /5001 P424 66.80 9.42 1.78 0.50 2.02 0.40 0.24

Comparative measurements of chemical composition were made with a Niton XL3
Goldd portable XRF spectrometer (manufacturer Thermo Fisher Scientific Inc., Waltham,
MA, USA). Trace amounts of Nb, Zr, Sr, and Rb were found in all slags listed in Table 2.
The sulphur and phosphorus contents determined on five slags using this method are
given in Table 3 (see Section 2). The presence of minor (0.01-1%) and trace (0.00001-0.01%)
elements was determined using semi-quantitative spectral analysis with a PGS2 plane-grid
spectrograph (manufacturer: Carl Zeiss, Jena, Germany), and the detected elements are
shown in Table 4. The relationship between slags was evaluated based on the presence
of minor and trace elements using the cluster analysis method [3,4], with the weighted
pair-group average method used as a distance measure. The presence of sulphur was also
determined by the Bauman print method using the method described in more detail in [5].

Table 3. Content of sulphur and phosphorus in slags obtained using Niton XL3 Goldd spectrometer.

Content in Analyzed Slags [wt.%]

SJ Sample No.
P,0s5 S K,O
1003 /5000 P409 1.33 0.070 N
1003 /5000 P417 1.04 0.060 N
1004 /5001 P418 0.88 0.056 0.62
1004 /5001 P421 1.00 0.290 N
1004 /5001 P425 1.62 0.081 0.68

N—undetermined.

Table 4. Presence of minor (0.01-1%) and trace (0.00001-0.01%) elements, obtained by means of
semiquantitative spectral analysis.

Sample No. Minor Elements (0.01-1%) Trace Elements (0.0001-0.01%)
P409 Mn Cu Ag ZnSb Mo V Cr Ni Co Sn
P410 MnZnPb V CuNiCo AgSn
P413 Mn CuV AgSnZn
P414 Mn CuV AgZn
P417 MnZnV Cr CuNiCo Ag
P418 MnZnV CuNiCo AgSn Cr
P419 Mn CuZnV AgSn
P420 MnCuZnV Ag Sn Mo
P421 Mn Cu Ag Zn NiCoSnV
P423 Mn CuZnV Co Ag Sn Pb
P424 MnCuZnV AgSn
P425 Mn Zn V CuNiCo Ag Sn

The degree of rehydration and rehydroxylation of the ceramic shard, which occurs
due to the weathering of ceramics deposited in the soil [6], was determined using thermal
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analysis on a Netzsch STA449F Jupiter (manufacturer: Netzsch Analyzing & Testing, Selb,
Germany) simultaneous thermal analyzer at ambient atmosphere and a heating rate of
10 °C-min !, up to temperature 1250 °C. The conditions of thermal analyses were chosen
based on knowledge about the decomposition of clay minerals and the degradation of
ceramic shards during weathering. The processes of dehydration and dehydroxylation
of clay minerals occur in the temperature range from 150 °C to 800 °C. With increasing
firing temperature above 900 °C, sintering occurs, the proportion of the glass phase in-
creases, more stable crystalline phases are formed, and the shard becomes more resistant to
weathering. The degree of weathering of ceramic shards in the soil is influenced not only
by the temperature and duration of the shard firing in the exhaust during metal melting
but also by the intensity and duration of the action of water and salts. Water and salts
destroy the structure of the shard, re-entering the structure of aluminosilicates. The results
were evaluated with Proteus TA ver.6.1 software. Phase analysis of the ceramic shards was
performed on a RIGAKU MiniFlex600 diffractometer (manufacturer: Rigaku Corporation.
Tokyo, Japan) with CuKa radiation, 40 kV, and 15 mA in a theta-2theta arrangement. X-ray
diffraction recordings were evaluated with PDXL version 2 software (PDF-2 database).
An energy dispersive spectrometer (EDS) was used for local semiquantitative elemental
analysis of selected parts of the ceramic samples (JEOL JSM 7000 F, INCA Energy 250
Microanalysis System, manufacturer Thermo Fisher Scientific Inc., Waltham, MA, USA).

The fusibility temperature of the ceramic materials was measured using a high-
temperature microscope (Leitz—Wetzlar 1500, manufacturer: Leitz, Wetzlar, Germany)
according to ISO 540 [7]. Milled powder samples (0.063 mm) were pressed into a cylindrical
mould (3 x 3 mm) and heated in a static air atmosphere at a rate 10 °C-min~! up to a
temperature 1500 °C.

The palaeobotanical analysis of carbons stuck to the slag found in the waste pits was
carried out by the civic association ADendro o.z. [8].

3. Results and Discussion

Previous authors [9-11] point to a connection between the efficiency of direct iron
reduction and the wiistite Fe;.,O content in the slag. The less wiistite it contains, the more
efficient the reduction process because more iron has passed into the bloom and less is left
in the slag. In addition, the slag from direct iron reduction (bloomery process) contains
olivines (ferric-calcium silicates) or fayalite Fe;SiO, in various shades of grey as well as
black ferrous glass, close in composition to melilite.

Taking into account the results of chemical analyses (especially the content of FeO and
5i0;,, Table 2) and phase analyses (especially the content and morphology of wiistite), the
slag samples were divided into three groups. Samples characterized by lower FeO content
and higher content of SiO; were included in the first group. These were believed to be slags
from highly efficient direct reduction. The content of wiistite was low or completely absent.
The second group included samples with higher content of FeO and wiistite, marked as
slags from direct reduction with average efficiency. The third group included slags whose
appearance and composition did not correspond to waste from the reduction of iron ore.
They had a high content of FeO and wiistite and were probably waste products of iron
bloom forging.

The content of wiistite and metallic iron and the magnetic properties of analyzed slags
are in Table 5.
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Table 5. The content of wiistite and metallic iron and the magnetic properties of analyzed slags.

sJ Sample No Process Wiistite Metallic Magnetic

* Attribution [vol.%] Iron [vol.%]  Properties
1003 /5000 P406 Bloomery  Low/absent - No
1003 /5000 P412 Bloomery  Low/absent - No
1003/5000 P414 Bloomery 29 - No
1004 /5001 P418 Bloomery  Low/absent - No
1004 /5001 P420 Bloomery 11.1 - No
1003/5000 P408 Bloomery 18.8 - No
1003 /5000 P409 Bloomery 9.5-20.3 - No
1003/5000 P411 Bloomery 9.5-20.3 - No
1003 /5000 P417 Bloomery 9.5-20.3 - No
1004 /5001 P419 Bloomery 1.8 - No
1004/5001 P422 Bloomery 17.6 - No
1004/5001 P423 Bloomery 18.9 - No
1003 /5000 P413 Reheating 63.3 - Yes
1004/5001 P421 Reheating 44.6 2.0 Yes
1004/5001 P424 Reheating 19-35 - Yes
1004 /5001 P425 Reheating 1341 - Yes

3.1. Slag from Direct Reduction the Iron Ore (Bloomery Slag)

Slags P406 (weight 320 g), P412 (250 g), and P414 (300 g) were found in SJ 1003 /5000.
The surface of P406 slag was wrinkled, grey, and reminiscent of a brain. Slags P412 and
P414 were rusty dark-grey, and they had the appearance of scoria-like blacksmith’s slag.
The dust was also rusty dark-grey. The homogeneous microstructure of P414 slag was
formed by square crystals of two types of olivines. Despite the high FeO content (67.45%,
Table 2), the content of wiistite (2.9%) was low. Slags P412 and P406, containing wiistite in
tenths of one percent, had the same microstructure.

Slag P418 (70 g) in the shape of a cylinder resembled a slag running into a mouse
hole, as mentioned by Pleiner [12]. It had a dark-grey, smooth surface. The homogeneous
microstructure of the slag was formed by columnar crystals of two types of olivines without
wiistite (Figure 6). Dark-grey slag P420 (200 g) had a wrinkled surface. Its microstructure
was similar to P418 slag, with 11.1% of wiistite.

Figure 6. Slag from effective reduction (sample P418).

The blacksmith’s slag contains blocks of wiistite and “cell” structure, which are absent
in the analyzed slag. The microstructure and FeO content of this slag resemble slag that
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was the waste of a higher-shaft furnace with blowing equipment powered by water. It did
not appear in Slovakia as the Stiickofen or Windisch Ofen (the Slovak furnace) until the
13th century [13]. In the microstructure of the slag from Goscote (Rushall), Great Britain,
corresponding with archive references to late-medieval and 16th-century iron working
(the latter probably water powered), was dominated by olivines and spinels, with smaller
proportions of wiistite and a glassy matrix [14]. In Luc¢enec and its surroundings, no
Stiickofen is mentioned in written sources, nor has it been identified archeologically. It is
therefore likely that they were, like the following slags, produced in a low-shaft, manually
blown furnace.

Chemical composition and microstructure of non-magnetic slags P408, P409, P411,
P417, P419, P422, and P423 are typical for bloomery slag (Table 2) from direct reduction of
iron in low-shaft furnaces with manual blowing.

Slags P408 (150 g) found in SJ 1003/5000 had a dark-grey, wrinkled surface. The cut
was compact, without pores. The microstructure consisted of square olivine crystals, iron
glass, and dendritic wiistite (18.8%, Figure 7). Slags P409, P411, and P417 from the same SJ
weighed between 60 and 200 g. The surface and microstructure were similar to that of P408
slag, with wiistite content varying between 9.5 and 20.3%.

Figure 7. Slag from the bloomery process in a low-shaft furnace (sample P408).

Slag P419 (120 g) had a dark-grey and smooth surface. The microstructure consisted of
square crystals of olivines, iron glass, and 1.8% of fine dendritic wiistite. The low wiistite
content was not in line with the high FeO content (55.55%, Table 2). This may have been
due to the exclusion of wiistite in very-fine form, which reduced the accuracy of the used
planimetric analytical method by the software Image]. In addition, FeO was also involved
in the form of olivines and glass.

Slags P422 (650 g) and P423 (200 g) from SJ 1004/5001 had grey, smooth surfaces. The
microstructure was similar to P419 but wiistite was more pronounced in both dendritic and
globular forms. Slag P422 contained 17.6% of wiistite and P423 18.9%.

Figure 8 presents a comparison of the relationship between the FeO + MnO and
SiO; contents of the above-mentioned slag from the Lucenec site and slags from some
central European localities where iron was produced by direct reduction. At Blatné Remety
(eastern Slovakia), iron was reduced in a low-shaft furnace from the 8th to the mid-10th
century [15]; at Olomoucany (Moravia) between the 8th and 11th centuries in built-in
(embanked) furnaces [16]; at Imola in northwestern Hungary between the 10th and 11th
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centuries in built-in furnaces [17]; and at Gemersky Sad (south-eastern Slovakia) between
the 11th and 12th centuries also in built-in furnaces [18]. The slag from Hoérka-Kisovce
(northern Slovakia) from the 9th or 10th century is without data on the type of furnace [19].
The slag from Kopcany (western Slovakia), probably from a low-shaft furnace, dated back
to a similar period: the analysis has not been published yet. Espelund [20,21] reports the
composition of medieval slag found in Iceland (Belgsa Fnjoskadalar) and Norway (Sirdal).
It also describes other finds from Norway, including Fastad, Lillehammer, dated to the 7th
century, and Nystaul, dated between the 6th and 9th centuries. The slag dated to the 9th
century was found in Kushman hillfort, Udmurt Republic, Russia [22]. A slag excavated
in Santa Filitica, Sardinia, Italy, dated between the 5th and 6th centuries, is described by
Mameli [23]. Mace [24] describes an iron slag, dated between the 10th and 13th centuries,
found in Sweden (Langume, Gotland Island). Slag, dated to the same period, was found
in Oiola, Biscay region, Spain [25]. Joosten [26] describes a slag from Orderbos, Veluwe
area, the Netherlands, dating to the 9th century. Medieval slag from Lahn-Dill, Germany is
described in [27]. A slag produced by the Avars, found in southwestern Hungary, dated
between the 7th and 9th century, is described by Torok et al. [28].
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Figure 8. Comparison of contents of FeO + MnO and SiO, in bloomery slags in Europe,
6th-13th century.

Based on the results of the analyses presented in Table 2 and the graph in Figure 8,
it can be stated that the efficiency of the reduction process at Lu¢enec was comparable to
contemporary slags. If the studied slag remnants from Lucenec were smelted at the site
of their discovery, there is a high probability that free-standing low-shaft furnaces were
used for the iron reduction. The use of built-in (embanked) furnaces was precluded by the
absence of firm ground suitably sloped for their construction.
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As described by several authors [11,29,30], when heating iron before forging, cinder
forms on its surface. At higher temperatures, this reacts with sand, coal ash, and slag
residues in the iron. The result is blue-grey or rusty (older) blacksmith’s slag in the form of
cup-shaped formations, copying the blacksmith’s hearth. The matrix has two components:
olivines and iron glass with blocks of wiistite. There are also more or less corroded pieces of
iron, dark sand particles, and cellular structures (such as honeycombs), containing mainly
dicalcium silicate partially etched by water [11].

The iron bloom must be consolidated through repeated reforging. This process leads
to welding of the pores and displacement of the slag. The result is “tradable” iron in the
shape of a disc or axe-like currency bar (known locally as “hryvna”).

Earlier studies [11,31-33] established that the microstructure of slag from the forging
of blooms was similar to bloomery, often with increased content of wiistite in the form of
blocks, similar to blacksmith'’s (forging) slag.

Samples P413, P421, P424, and P425 may be the waste material from the reheating and
forging of blooms. Samples P421 and P424 were magnetic, probably due to the presence of
metallic iron, microscopically confirmed in sample P421.

Bowl-shaped slag P413 (diameter up to 100 mm, weight 330 g) found in SJ 1003 /5000
had a dark-grey, rusty, “scoria-like” surface. The microstructure consisted of 63.3% wustite
in globular and dendritic form, olivines, and a small amount of iron glass, as seen in
Figure 9.

Figure 9. Slag from reheating of blooms (sample P413).

Slag P421 (450 g) also had a dark-grey, rusty, “scoria-like” surface. The cut was porous,
and the dust rusty-grey. The microstructure consisted of olivines, ferrous glass, globular
and dendritic wustite (44.6%), and metallic iron (2.0%). The increased sulphur content
detected by the spectrometer (0.29%, Table 3) was not confirmed by Baumann’s imprint.

Both slags P424 (130 g) and P425 (50 g) had a rusty, “scoria-like” surface, a porous
cut, and rusty-grey dust. They had a microstructure similar to sample P421, with locally
variable content (19 to 35% and 13 to 41%, respectively) of wiistite in the form of blocks
and isolated dendrites.

The dust obtained by grinding these slags has a rusty-grey colour. Rusty or brown dust
occurs commonly in slag from forging operations. Due to the absence of other components
typical of forging slag (sand and cell structure) in our samples, it can be said that it is a
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detrimental product from the forging of blooms, similar to the equally classified slag from
Doubravnik (Czech Republic) dated to the 13-15th century [31].

3.2. Technical Ceramic Material

Two samples, P410-K from SJ 1003 /5000 and P426-K from SJ 1004 /5001, included in
the tuyere/nozzle group were analyzed in more detail. A 70 g piece of ceramic tuyere
P410-K (Figure 10) was covered with a smooth layer of glassy slag 3-10 mm thick. The
slag layer cut was compact, with a small number of pores, and the slag was non-magnetic.
The microstructure of the slag was glassy with imperfections (cavities and cracks). The
content of fine dendritic wiistit was up to 1%. The results of orientational chemical analysis
of the slag found on tuyere P410 determined using a Niton XL3 Goldd spectrometer are
shown in Table 6, and the representation of trace elements is given in Table 4. The results of
the classical chemical analysis of shards are in Table 7. In general, with increasing Al,O3
content in the ceramic shard, its heat resistance increases. The value of loss on ignition is
an indicator of the degradation of the shard by weathering. The degree of degradation of
ceramics depends not only on moisture, the presence of salts, and temperature fluctuations
in the ground, but also on the quality of the shard firing during the melt.

P 410 -K P 426 -K P 415 -K
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Figure 10. Cut-through tuyeres of P410 and P426 and cut-through of ceramic shard P415.

Table 6. Results of chemical analysis of slag sticking to ceramic stem P 410 determined using a Niton
XL3 Goldd spectrometer.

Representation of Fe and Oxides in Analyzed Slag [wt.%]

Sample No. -
Fetotsl SlOz CaO MgO A1203 KzO P205 S
P410 14.7 55.9 2 1.5 8.2 2.1 0.93 0.054
Table 7. Results of chemical analysis of ceramic fragments.
Representation of Oxides in Ceramic Fragments [wt.%] Loss on Ignition
Sample No. : o
Fe;03 Si0, CaO MgO Al,03 Na,O K,O [wt.%]
P410-K 9.3 60.3 22 0.5 19.8 0.4 1.2 6.3
P415-K 6.3 63.3 53 0.9 16.3 0.6 1.4 59
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Beneath the layer of sticking slag was an artefact consisting of a ceramic tuyere made
of red firing clay. The internal diameter (=¢ 30 mm) could be estimated from the roundness
of the fragment. Below the slag was a light ceramic layer (~2.5 mm), which was exposed
to attack by molten slag and also higher temperatures than the red shard of the inner
side of the tuyere (red shard thickness ~ 10 mm), which was exposed to a stream of air,
i.e., oxidizing atmosphere. When unfired clay tuyeres were used [18], the temperature
inside the tuyere was high enough during smelting for the fired clay to form a ceramic
shard, and the shard was preserved in the soil and did not fall apart. It is possible that the
temperatures of the inner walls of the tuyere did not exceed 1000 °C for a long time.

The results of the chemical analysis of the red shard (P410-K) are given in Table 7.
The shard was porous and contained white particles of coarse-grained slag. Using semi-
quantitative EDX analysis, these particles were identified as silica (quartz sand) and some as
aluminosilicates. X-ray diffraction phase analysis of the shard also confirmed the presence
of quartz, and other low-intensity lines indicated hydrated aluminosilicates. As a result
of the weathering of the ceramic fragment in the soil, there was partial rehydration and
rehydroxylation of the red shard components, indicated in the records from thermal analysis
showing weight loss of ~5.2 wt.% when heated in the temperature range 150-700 °C.

A fragment of ceramic tuyere with a layer of slag (sample P426-K) weighing 60 g was
found in SJ 1004/5001. The surface of the artefact was covered on the outside with a layer
of slag 1-8 mm thick. The microstructure of the slag was glassy with imperfections (cavities
and cracks) and was practically without wiistite. The shard was made of red firing clay, as
seen in Figure 10. The internal diameter of the tuyere (=¢ 28 mm) could be estimated from
the curvature of the shard. The thickness of the shard varied along its length from 5 mm to
11 mm as the shard expanded. The structure of this shard was identical to that of the shard
in sample P410-K.

Below the layer of slag was a 3 mm-thick light ceramic layer, which passed sharply into
the red shard. The grey tinge of the light shard may be related to the higher temperature and
stronger reduction conditions in the area of contact of the shard with the slag. (Note: under
reducing conditions, Fe;O3, which intensively coloured the shard brick red, was reduced
to magnetic, black Fe3O4—magnetite, and subsequently to non-magnetic FeO-wiistite: this
caused the change in the shard colour.) The grey colouration of the inner part of the tuyere
in the region of the tapered shard edge suggested that it may have been a fragment from
near the mouth of the tuyere. Compared to P410-K, the quality of the inner surface of this
shard was better. It was more cohesive and the surface was less damaged by weathering,
indicating that it had been exposed to higher temperatures for a longer time.

Sample P407 with a weight of 470 g was found in SJ 1003/5000. It had an elliptical
shape with dimensions 110 x 100 x 60 mm. Some parts of the sample resembled ceramic
shards, others slag, and it contained glassy, porous inclusions. Analysis revealed that the
inner surface of the shard was covered with a layer of about 10 mm of grey porous slag.
The slag had a glassy appearance, contained cracks, and was non-magnetic. The dust from
the slag was rusty-grey. The glassy microstructure of the slag contained up to 1% fine
dendritic wiistite. X-ray diffraction analysis and a high-temperature microscope were used
to assess the difference in quality and temperature stability of the shard material and the
glassy inclusion on the inside of the shard. To a lesser extent, a quartz phase was identified
in the glassy, porous part growing from the inside into the ceramic shard. The onset of
sintering was detected at 1000 °C, the deformation (softening) temperature was 1250 °C,
the melting point was 1345 °C, and the pour point (flow temperature) was 1365 °C.

Phase analysis of the P407-K shard revealed a higher proportion of quartz (SiO)
and anorthite/gismondin phase (CaAl,Si;Og) in this part of the fragment. Monitoring
the behaviour of sample P407-K under thermal loading showed that the cylindrical body



Processes 2025, 13, 2104

14 of 19

moulded from the powder of this sample began to sinter at 1075 °C, the temperature
of the onset of deformation was 1255 °C, the onset of melting was recorded at 1400 °C,
and the material flowed at a temperature of 1490 °C. (Note: long-term weathering affects
the chemical and phase compositions of ceramic artefacts, and also impairs their thermal
stability.)

Ceramic fragment P415-K, found in SJ 1003/5000, was not covered with slag. It was
slightly bent, with a thickness of 7-11 mm, as seen in Figure 10. The internal curvature of
the fragment corresponded to an internal diameter ~¢ 13 cm. The shard was red, which
means that it was fired in an oxidizing atmosphere or otherwise subjected to prolonged or
repeated exposure to higher temperatures. The black colour (up to a depth of 2-7 mm) on
the inside indicated carbon pollution. EDX elemental analysis confirmed slightly higher
carbon content on the inner side (black) than on the outer side (red shard). Along with
the detection of carbon, silicon (Si) was always detected to a greater extent at the analysis
site, and aluminum (Al) at a significantly lower concentration. The lower content of Al,O3
compared to the P410-K tuyere shard (Table 7) indicated lower heat resistance of this
ceramic material.

3.3. Phosphorus

The phosphorus content in directly reduced iron can reach several tenths of one
percent locally. However, about 1% phosporus is not exceptional in iron.

Possible sources of phosphorus in iron have been discussed in several studies [22,34,35].
The first source of phosphorus in the reduction process is charcoal. If we compare the
data on the phosphorus content in wood, charcoal, and ash reported by Werkelin [36],
Joosten [26], and Symanowicz [37], it can be said that the effect of the phosphorus content
in the slag and subsequently in the iron is not significantly affected by the type of wood
that was used to produce charcoal.

The second source of phosphorus is the ore. According to some authors [34,35,38,39],
the P,Os5 content in Roman slag in Europe varied from 0.16% in Austria to 2.2% in Denmark.
Slags from Slovakia dated between the 10th and 15th centuries contained 0.02-0.18%
phosphorus. Heckenast [17] determined the phosphorus content of slags found in Hungary:
slags from Imola contained 0.32 to 0.44% P,Os5 and from Sopron-Magashid up to 0.88%
P,0s5. In Sopron (western Hungary), bog ore was probably reduced. For example, the
phosphorus content was up to 2.9% in bog ores from Jutland (Denmark).

The content of phosphorus in the form of P,O5 was in the range of 0.88-1.33% in
bloomery slag from Lucenec, as seen in Table 3. This indicates possible smelting of bog ores.
This possibility is also confirmed by the fact that the site is located in fluvial sediments.

3.4. Charcoal Fuel and Reducing Agent

Charcoal used in metallurgical furnaces had a threefold function. In the first place it
served as fuel, and at the same time created reducing conditions. It also formed a “skele-
ton” in the furnace shaft, which maintained its permeability. As reported by the authors
of [12,40], charcoal contains 78 to 92% carbon and practically does not contain sulphur.

Rézariski and Stomska [41] state that beech and oak charcoal are solid and improve
the reduction ratios in the furnace. When choosing the type of charcoal, the availability of
timber probably had the greatest influence in the medieval period. Pleiner [12] analyzed
the fuel used in the 9th century in Zelechovice, in northern Moravia, and established that a
mixture of ash and maple or only maple charcoal was used. The furnaces which were in
operation in Blansko (western Moravia) at about the same time used mainly beech charcoal
(72%) with a smaller share of pine and maple [42].



Processes 2025, 13, 2104

15 0f 19

According to the results of the palaeobotanical analysis of carbons stuck to the slag
found in Lucenec, in both SJ 1003/5000 and 1004/5001, of the 30 samples, 28 were oak
(Figure 11a) and 2 were beech (Figure 11b) [8]. Lucenec area corresponds with the oak zone
of forest cover [43]. The dominance of oak over beech (28:2) charcoal may to some extent be
related to the fact that, as Kropilak [44] found in the vicinity of Lucenec, there was originally
oak and oak-hornbeam cover. According to maps from 1972 [45] and 1980 [46], oak stands
currently dominate in the vicinity of Lu¢enec, which turns, in a northwesterly direction,
into oak—hornbeam after ten kilometres and into beech cover after fifteen kilometres.

Figure 11. Oak (a) and beech (b) charcoal.

It is questionable what the tree growth around Lucenec consisted of at the time of our
analyzed metallurgical process. Krippel answers this question in part [47]. The younger
subatlantic subperiod (X-“subrecent”, from 500 CE to the present) roughly coincides with
the observed period. According to the map “Distribution of vegetation in the subatlantic
period in Slovakia” [47] (p. 208, map no. 18), the vegetation around Lucenec consisted
of a zone of subxerophilic oak cover with beech cover beginning about 10 km north. In
the metallurgy of iron in the Lucenec area, high-quality oak charcoal was preferably used,
which corresponds to the forest cover that was dominant at the time.

3.5. Cluster Analysis

The relationships between the analyzed slags were evaluated based on the presence of
minor and trace elements (Table 4) using cluster analysis. Analyzed slags were compared,
with the help of a dendrogram (Figure 12), with data obtained using the same method
from slags from Slovakia. A dendrogram with the sampled slags from Lucenec is shown
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in Figure 12. P414 slag appears to be remote, with the other slags forming a relatively
homogeneous group. Based on the cluster analysis, we can state that there was a statistically
significant difference between the slags found in SJ 1003/5000 and 1004 /5001.
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Figure 12. Dendrogram resulting from cluster analysis using the content of secondary and trace
elements in slag.

4. Conclusions

During the archeological research in the outskirts of Lucenec, four archeological
structures situated southwest from the top of Eb hat Hill were identified, which in the past
probably belonged to a now-extinct early medieval settlement. The found artefacts from
two waste pits (S] 1003/5000 and 1004/5001) were analyzed in detail.

1.  Based on the shapes of the ceramic fragments and their decoration, it was possible to
chronologically date the structures from which the analyzed material originated to
the early medieval period (probably the 9th or 10th century).

2. Based on the analyses, it can be said that the production of iron in the locality took
place by direct reduction. Local bog ores were most likely smelted, and the fuel was
predominantly oak charcoal.

3. Some slags have an increased phosphorus content, typical of slags from “consolidation”—i.e.,
repeated heating and forging of iron blooms into tradable form. This assumption
is not supported by archeological findings showing production facilities, such as a
blacksmith’s forge.

4. As only parts of the slag-covered tips of the tuyere have been preserved, this confirms
that the tuyeres used were made from unfired clay. The obtained construction material
of the furnaces, due to its quantity and fragmentation, does not allow any reliable
reconstruction of their shape and dimensions.

5. The melting probably took place in a free-standing shaft furnace with manual blowing.

6.  The results of the analysis document the good quality of the metallurgical process in
comparison with contemporary localities of iron production in Europe.

7. Despite its existence in a very turbulent period, connected with the disintegration of
the Great Moravian kingdom in parallel with the migration of Hungarian tribes to
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Central Europe, the site did not disappear by force. The cause of its extinction was the
depletion of local iron ore.
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