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The bloomery furnace, which was typical of Central and Northern Europe in the La
Tène culture and in the period of Roman influence, as well as the iron smelting process
became of interest to Polish researchers in 1955. The works of Mieczyslaw Radwan such as
“Ziemia” [“Earth”] and “Hutnik” [“Ironworker”] published in 1936 and 1937 respectively
show the state of the knowledge at the time. The first of these works does not seem to
present the complexity of the metallurgical process which
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������ to dig up a pit in the ground, which was then
sometimes covered in clay. Then fire was lit and when it was strong enough the pit was
filled with powdered ore. A natural draft was used and that is why the pits were dug up on
the slopes. Perhaps hand bellows were used. Metal sponge saturated in slag gathered under
the lower layer of slag”[2].

This Polish metallurgist was not the only one to think that. German researchers, who in
1907 analyzed different aspects of bloomery furnace stations with slag blocks in Silesian
Tarchalice, claimed that metallic iron should gather at the bottom of the furnace. They could
not imagine a different way of smelting iron. A similar view was presented by a Czech
archaeologist J.A. Jira [3].
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The above mentioned excerpts prove that the generation of contemporary metallurgists
that were educated in the spirit of the blast furnace technology did not even suspect that the
iron smelting technology in the ancient times could be quite different. The technology used
by an ancient smelter consisted in obtaining directly good malleable iron [4–5].

The issues connected to the history of iron making were not given appropriate atten-
tion by archaeological researchers after WWII. Metallurgy and what is more the bloomery
process were being overlooked by archaeologists. As a result, the bloomery smelting
furnace of the pit type was not investigated despite the discoveries of pits filled with slag
or entire slag blocks not only in Silesia but also in other regions of Central and Northern
Europe.
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gating the history of Polish metallurgical and casting technology] within the Department of
the History of Science and Technology at PAN [Polish Academy of Sciences]. Thanks to the
cooperation between archaeologists and metallurgists considerable progress in this field
was made in Poland in comparison to other countries [6–8]. The pioneers included the
above mentioned M. Radwan and the co-author of this article and archaeologist K. Bielenin.
Their research helped to depict the preserved state of slag stations. At the time 116 stations
were analyzed, including 26 so called “disorganized” ones which had from 2 to 25 pits. The
remaining “organized” stations with 1 or 2 drafts and from 30 pits in Jawor Solecki to
23 pits in 0+�1�����.��
 !�
 ���

����� of research archaeologists encountered a furnace in
Rudki whose pits and slag blocks were undamaged (Fig. 1) [9–10].
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There were several reasons for this. Firs of all, deep ploughing would contribute to the
destruction of bloomery stations in farming areas. What is more, the slag block was an
excellent iron-bearing material and as a result it was used as a charge in the metallurgical
process. Iron metallurgy in 18th and 19th century used “old slag” for the secondary melt.
Such practices were also common ��
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The smelting settlement in Pokrzywica shows how the stations were exploited as far
as slag blocks are concerned. Among 8 investigated stations containing 466 pits only the
bottom layers remained untouched (Fig. 2) [13–14]. Generally speaking, we are dealing here
with an utter destruction of these stations. Fortunately, there were places where farming did
not reach the pits and slag blocks were preserved. Sometimes several slag blocks at the edge
of the forest or in the farmer’s yard could serve as a proof of the smelting place. The dug out
slag was used for many things at the farm. It was a building material or road grit.
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As far as archaeological research is concerned, the pits filled with slag were a clear
piece of evidence pointing to the bloomery process (Fig. 1, 3). The shaft part was disco-
vered extremely rarely. The shaft was build out of bricks made form clay and chaff. These
elements could be burnt and hardened only up to a certain height as a result of a reaction
between slag and their inner layer. After the melt had finished, the bloom had been removed
and the shaft had been disassembled, some of the better preserved parts of the shaft could
be used again for the construction of another furnace. The remaining part of the shaft would



�E

be scattered over the working area. The atmospheric conditions would contribute to its
dis-appearance. Repetitive ploughing, soil erosion as well as denudation and landslides
destroyed the shaft even further. Up to a certain point the pits filled with slag blocks were
not subject to any damages. However, when they became an obstacle to farming they were
destroyed together with the cultural layer up to the very bottom of the furnace.
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The archaeological research did not unequivocally point to how the air was blown into
the furnace. The rare discoveries of preserved larger parts of shafts as well as shaft bricks
with traces of inlets allowed archaeologists to assess the size of these inlets but they did not
supply any information concerning their numbers, location and technology used. The lack
of clay
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the diameter of approx. 6–8 cm [9]. At the same time the researchers in Mazovia region
discovered parts of a shaft which seemed to have the form of a rectangular clay tile (approx.
11×14 cm). The tile had holes whose diameter was approx. 1.5 cm [15]. Similar holes with
the diameter of 3 cm were found in the preserved parts of shaft from the Scharmbeck fur-
nace in Germany [16].

The knowledge of the pit is much broader. Different sizes, depths and diameters are
known [9, 17]. The pit sometimes had a 
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4��� the small ones (Mirgonowice) and the bigger ones (Kunów 3) [9]. The
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slag block and its structure is also known (Fig. 1, 3). The upper part of the block has a solid
structure. The middle part has a porous structure with wood, charcoal or even straw impres-
sions. The bottom part consists mainly of black humus with ashes, slag which solidified
while trickling down and then fell off the block as well as rare cases of pieces of unburnt
charcoal [17, 24].

Despite long archaeological research into pit stations in
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 ����� made iron goods were produced within the
boundaries of the slag-pit furnace clusters. The furnace cluster would make a semi-finished
product having an agreed size, shape and weight – all of which have not been specified by
researchers yet. It can be assum��
����
���
����
4����
����
���
0+�1��)�.��)��
���������
���
������
��
�������
+��
�������
��
����
�4������
��
J��+���
!���
4�����
+���
�����
���
+������
�����9�
����
@��
)�
��
7H�D
)�
67@A7;8�

While investigating the bloomery stations in Poland one could notice the development
of the bloomery furnace. It started with a small pit with the diameter of approx. 30 cm
(Kunów 1 type) where the slag block weighed approx. 10 kg. Then there was a more com-
mon case of a pit having the diameter of approx. 40–50 cm and a slag block which weighed
100 kg or more. The final case consisted in large furnaces in Tarchalice (Silesia) where the
pit had the diameter of 80 cm and the slag block weighed 300 kg. The walls of the pit in
Trchalice were reinforced with poles and the slag block itself had a characteristic bulge in
the upper part in the form of a so called slag cap.

 ����
 ���
������
 ��.�
 ����
 ���
 ����
��
 ��
 ���
 0+�1��)�.��)��
����������
 '����
 ����
4��
)�
+������
 ����
 7B
 )�
 ��
 7BB
 )��
J�������
 ����
 ��������
+���
 ���
�vered in other
parts of Europe, for example in southern Brandenburg and Lusatia, in the regions of Cott-
bus, Luckau, Fisterwalde and Herzberg. In 1975 scientific investigations were conducted by
the Museum für Ur und Frühgeschichte Potsdam together with the Archaeological Museum
in Kraków and the Institute of Material Culture at PAN (Polish Academy of Sciences) in
Warsaw. This study allowed the researchers to specify two types of the bloomery furnace:
a small one with a 45 cm diameter pit and 70 kg slag block and a big one with a 60 cm
diameter pit and a slag block that weighed more than 150 kg. The state of preserved stations
was most often very bad. Seriously damaged pits were extremely common. In a 19 slag-pit
furnace cluster in Zells Bahren only 5 pits had undamaged slag blocks. [20]. According to
T.Voigt the bloomery furnace and slag blocks were widely known in the region of Halle,
Magdeburg, Leipzig, Dresden, Cottbus and Potsdam. A station in Gera Tinz was discovered
and studied in the region of Thuringia [21–22]. A big, 213 pit station with slag blocks was
also discovered in Mecklenburg, in the region of Schwerin. 45 pits were found in the district
of Perleberg, 100 in Ludwigslust, 58 in Hagenov and 10 in Parchim. Unfortunately, these
stations were badly damaged due to farming. Nowadays there are no slag blocks there.
Sometimes it was even hard to find any pieces of slag around them [23]. 20 entire slag
blocks from these excavation sites are on display in the Ludwigslust Museum.
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In the area of Lower Saxony slag blocks were being dug out in the interwar period. The
postwar research showed an especially big concentration of blocks in the area between the
Elbe and the Weser, around the city of Bremerhafen in the district of Wesermünde and
Hagen. 300 slag stations were catalogued there. The biggest discovered stations included
the slag-pit furnace cluster in Hatten-Steckermoor (in the district of Oldenburg on the Isern-
barg hill), which had 55 pits [24–25] as well as a station in Westerholz (in the district of
Rotenburg) where 118 pits were discovered between 1966 and 1969 [26–27].

Very big slag-pit furnace clusters in Denmark (Drengsted, Snoruo, Tistrup) also pro-
vided only several undamaged slag blocks. These stations included several hundred almost
entirely damaged pits [28].

In Schleswig-Holstein and in Jutland the slag stations were being damaged already in
mid 18th century due to steam ploughing. In the region of Schleswig a lot of damage was
done in the interwar period when the extraction of bog iron for the ironworks in Lübeck and
Ruhr Area began. At the time the slag blocks were dug out in the area of Goldebeck and
Joldelund. Jöns discovered over 500 furnace pits in a station that came into researchers’
focus in the early 1980’s. 98% of the pits did not contain the upper parts of slag blocks [29].
Only the lower parts of the block with the remnants of slag-filled areas were preserved. In
the entire Joldelund area only one pit was preserved in one piece. The slag block in it was
slightly damaged. The block weighed about 170 kg [30].

Similar situation occurred in the area of a brown coal mine in Welzow Süd (the region
of Lower Lusatia) where a big bloomery site was discovered. During rescue investigations
conducted from 1994 to 1999 over 1000 bloomery pits with 30 separate stations were
discovered. The pits were badly damaged due to farming. Their lower and bottom parts
contained remnants of slag blocks in the porous and stalactite form. Several undamaged
pits with slag blocks were preserved in Woldenberg station number 30. The surface of
the blocks is visible there (Fig. 3). The preserved blocks weighed from 115 kg to 194 kg
[31–32]. A similar site was discovered in Upper Lusatia – in front of a brown coal mine.
The number of the bloomery furnaces there amounts to 500. The pits were seriously da-
maged, they did not have the upper part [33–34].

Seizing Volkswagen’s initiative researchers conducted an interdisciplinary research
programme into iron archaeometallurgy between 1995 and 1998. This 3 year long pro-
gramme encompassed a period beginning in the ancient times up to early Middle Ages. The
programme aimed at obtaining a detailed analysis of local ore resources and registering
bloomery stations in the context of these resources. 176 archaeological stations connected
to ancient settlements were discovered. In these sites there were 26 slag-pit furnace clusters
grouping from 4 to over 30 pits. The pits had the diameter of 40 cm.They were dug up in
sandy soil and were badly damaged due to farming. It turned out impossible to find a single
slag block that would have an undamaged upper surface. In Altiebel researchers found a pit
filled with straw which was charred under the slag. Regions with a bigger concentration of
bloomery stations (Luppa and Lomskie) were discovered. Layers with early Slavic ceramics
and layers of slag from broken slag blocks were found [35].
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Recent years proved that the bloomery furnace was also present in eastern Ukraine.
Apart from the already known site in Nowoklinow in Carpathian Ukraine [36], researchers
discovered a new site in Zhytomyr district, another one in Uman region and one further in
the east – in Podwyskoje [37]. At the moment it is still difficult to assess how well preserved
these sites are.

The above presented analysis of archaeological data proves how insignificant and one-
sided the data may seem. The slag block and the pit remain the most fundamental witnesses
of the bloomery process. The size of the block shows clearly how big the furnace was. The
iron slag that filled the pit comes from the entire ore charge used for this smelting process.
The analysis of iron obtained in one pit shows how much ore, raw material and charcoal was
used as well as how much iron was produced at the workshop or at the entire bloomery site.
So far slag blocks were not in the focus of research. Only a few works provide some data
concerning their chemical and structural composition. The average amount of metallic iron
was also assessed. In the block from Kunów it is from 0.03 to 0.81%. The particles of me-
tallic iron measured form 0.03 do 0.91 mm [38]. The amount of metallic iron in the slag
block from Pokrzywica was 0.68% [39]. It corresponds to data published by Neumann, who
studied slag from Roman times that was found in Western Germany. He gives the following
figures: 0.23 to 0.63 [40].

Such a small interest in slag blocks can be attributed to the common presence of slag in
these places. Undamaged slag blocks are found extremely rarely in Central and Northern
Europe. However, in
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Stefana Woydy [The Mu-
seum of Ancient Metallurgy in Mazovia named after Stefan Woyda] has collected a consid-
erable amount of slag blocks.

Each block that is in one piece and that filled the pit of the furnace constitutes evidence
what the furnace looked like and how it worked. The preserved blocks with an undamaged
upper surface are a precious material not only for display but also for research.
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A close scientific cooperation between archaeologists and metallurgists resulted in
conducting experimental melts at the initial stage of research into ancient meta������
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under the slag nor at the bottom of the pit.

The experimental melts were supposed to help not only to recreate the bloomery fur-
nace. The researchers were in the dark as far as the bloomery process was concerned. The
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charge used, the type of ore, fuel, their amounts and what is equally important the obtained
metal and its characteristics remained unknown. The research plans outlined a series of
experiments in which different types of ore, charcoal, natural and artificial draft were to be
used. The experimental research was supported by a continuous analysis of the excavated
material at the slag stations.

After several experiments conducted in a lab, in 1957 professor Radwan conducted
the first experimental melt in a truck factory i�
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��eology at the university in Prague. Initial experiments in-
volved the same pit without an upper structure. Further trials involved a pit with an upper
structure measuring 20 cm in height. Using an artificial blow the researchers obtained an
iron-slag conglomerate – similar to that from a Czech furnace from Lodenice [41–42].
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of ore was transformed into a 70 kg slag block. In 1963 researchers used a highly phospho-
rus ore in order to obtain clear data concerning the transition of phosphorus into metal and
slag. In 1964 the experiments were continued in /�.�M��
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 640,60]. During 7 experimental melts between 1965
and 1967 the researchers tested the type of draft and ore. When natural draft was used, the
shaft was extended up to 130 cm. The charge consisted of highly phosphorus ore or a poten-
tial resource that was exploited in the ancient times in Rudki.

Professor Radwan conducted 31 experimental melts between 1957 and 1967 [44–53].
Their results led the researchers to believe that the obtained iron in the form of an iron slag
sponge was different form the ancient smelter’s product (Fig. 4). Professor Radwan was
aware that recreating the smelting process was a complex issue, more complex than some
had thought. In 1957 he wrote, “Today we can say that the experiments proved how skilful
ancients smelters were. They were able to obtain results in an extremely complex smelting
process, a process in which reduction, oxidation as well as carburization and decarburiza-
tion occurred. It was easy to burn the reduced bloom [52]. It was the first time when a Polish
metallurgist emphasized high skills of ancient smelters. He noticed that he lacked their prac-
tical knowledge which allowed them to separate liquid slag from the molecules of iron that
was being reduced. Slag blocks seem to prove the ancient smelter’s ability to do so as there
is a negligible amount of microscopic iron grains in the block [18]. Researchers from other
countries (Czechoslovakia, Germany, Denmark, France) obtained similar results.
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Main results of this part of research consist in standardization of the furnace height (from 80
to 120 cm) and using a mixture of coal from deciduous and coniferous trees as fuel. The
experiments also led to a presentation of an arguable view that there were two stages of the
smelting process: “do the blocks left in the fields come directly from the smelting process?
Or are they the remnants of the second stage of the process which consisted in separating iron
sponge from slag?” [55]. The results of the e9���������
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As far as foreign researchers are concerned, one should pay attention to Rosemarie
Leinewber (Landesamt in Halle) and Bernd Lychatz (the TU Bergakademie Freiberg).
These authors conducted a series of 25 experimental melts in a shaft furnace with a pit.
These experiments were conducted from 1990 to 1998. They cooperated with other
researchers from the Netherlands, Denmark and Norway – countries where bloomery fur-
naces of the type in focus were found [56–57].

One should not overlook the experiments conducted by Olfert Woss [58], H. Barbe,
R. Thomson [59] (Denmark), R. Pleiner (the Czech Republic) [60,67], V. Pawliska (Germa-
ny) [61] and Phillipe Andrieux (France)[62]. Nikulka assesses the number of conducted
experiments as 230. He presents reports for 165 of those experiments. The reports differ
when it comes to the amount of detail he presents. He assesses the total amount of experi-
ments in this field to be from 300 to 400 [63].
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During the experiments conducted both in Poland and abroad researchers obtained an
iron-slag conglomerate mixed with charcoal. The conglomerate gathered below the air
inlets. It proved impossible during those tests to get entire slag in the pit. These results
presented researchers with a serious problem. Polish and European researchers accepted the
fact that the bloom of the ancient smelter had such a form. Therefore, the literature con-
tained views that the bloom was contaminated and had to be purified by further treatment
such as heating and forging.

Such a view was presented from the very beginning of the experiments and was repeat-
ed until 1992 [9]. The dens and pits found around furnace clusters were considered to serve
as places for heating and purifying iron from slag [9, 14, 15].
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selves among slag below the reduction zone. After the process had finished the ancient
smelter was forced to remove the post smelt filling from the furnace chamber, to select the
main lump of metal as well as its smaller parts. The bloom from the melt had a form of
spongiform iron, i.e. iron mixed with slag. Obtaining pure lump of iron from the bloom
required a separate process which consisted in heating it up, forging in order to get a semi-
finished product. These operations were carried out in settlements where furnaces with
some remnants of walls, air inlets or pits in the ground.

There are some views shared by researchers and archaeologists which provide us with
an approximate picture of the ancient smelting technology. What is more, these views are not
in contradiction to archaeological data [54]. One of these views concerns the general struc-
ture of the furnace, its shape, material used to build the shaft, the way the pit was made as
well as the charge used. The charge consisted in a mixture of coal and ore without any fluxes.

The experimental research aimed at recreating and getting to know the reduction tech-
niques and the way iron was obtained in ancient Poland. Researchers wanted to learn more
about the so called direct reduction thanks to which ancient smelters were able to obtain
a lump of malleable iron. What seems unusual is how reduced iron was separated from slag
in the smelting process. It still remains a mystery how an ancient smelter was able to do so.
This achievement can be seen as the first technological revolution at the very beginning of
metallurgical technology [69].

The weakness of the result consisted in a side-product totally different from the
bloomery slag – a slag block with a characteristic surface. Iron bloom was not obtained
separately, either. This fundamental difference makes one change one’s perspective on the
bloomery process. This in fact is the subject of this work.

�� ��������������� �����
�

�	���������	�����	�	����������	������������������������� 

Slag blocks as well as single pieces of slag from ancient bloomery processes were
characterized and classified in various scientific works. Their weight and dimensions were
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given. Their shapes and characteristic areas in their cross sections were described (uniform-
ly melted in the upper part, porous, with coal impressions in its middle part, stalactite in the
lower part). Single pieces of slag were classified as porous, stalactite or foamy [17,24]. This
description was not expanded , especially when it comes to the bloomery process.

The elements of the surface structure of slag blocks were mentioned by the author for
the first time in an article “Iron slag as an archaeological source in relation between iron
slag and the type of the bloomery furnace and the other way round” (QP�K��
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�ntres of ancient iron metallurgy In Poland” ] is an example of
an intensive study of the upper part of the slag block and the surface of free solidification.
All the conclusions drawn from this analysis were presented in the form of 12 theses [69].
The latest work on this subject focuses on the slag block from Boleszyn. The surface of the
block is extremely diverse when it comes to its structure. It has elements that support the
results of the previously conducted analysis. [73].

The structural elements of the block’s upper surface, which are defined as the surface
of free solidification, were distinguished by long observation of the slag blocks. Figure 5
presents characteristic examples of the surface of slag blocks. These blocks come from dif-
ferent regions of Poland. The elements can be characterized as follows:
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It needs to be added that not all mentioned elements of the structure of free solidifica-
tion have to be visible on the surface of one block. The most important and most common
elements include the traces of gas cavities and melted fractions. The way the block looked
like is also quite common. Slag filled the pit up to its upper edge in its entire circumference.
Looking at the block from the outside one can distinguish two spheres. The lower one is
porous and has stalactite fractions and loose charcoal. It takes up to 1/3 of the block’s
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height. The upper part is solid and it fills the pit up its upper edge. These two spheres were
observed irrespectively of the size of the pit. They were present in smaller furnaces Kunów
1, middle size furnaces and big pits in Tarchalice. The structural analysis of the elements of
slag blocks provides important conclusions concerning the final phase of the bloomery pro-
cess. During this phase iron bloom was formed and slag flowed down into the pit. The
bloom was optimally deslagged and the structure of the bloomery furnace enabled these
processes to take place.
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As a consequence, one may claim that
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The above presented solutions are based on how numerous slag blocks looked like.
The characteristic surface of free solidification on slag blocks can be seen as typical of
ancient bloomery furnaces of the pit type common not only in Central and Northern Europe.
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The above presented theses apply to the final product, i.e. the iron bloom and waste
materials of the process, i.e. the slag block. Taking into consideration the importance of this
concept it seemed necessary to provide an analytical verification of the ancient smelting
process. The research was based on the only direct material evidence, i.e. the slag block.
Such an approach made it impossible to verify theses concerning the iron bloom as it was
not available. Nor were the traces of removing it from the furnace. The particles of iron and
iron goods excavated near the furnace clusters can indirectly support our theses concerning
the iron bloom.



		

It was assumed that highly fluid slag flowed down into the pit. The flow occurred in
the final stage of the process, after reduction had finished. The verification of this thesis was
possible thanks to the results of structural and analytical studies of the slag block cross
sections. The primary structure of the block that was an effect of solidification as well as the
phase segregation of elements on its cross section can explain the following:
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If one accepts the model specified in the above theses, one can expect a clear corre-
spondence between solidification when it comes to the slag block and the ingot cast into
a cold mould. The section of the block should contain the following zones (starting from
the walls of the pit): the zone of ice crystals, the zone of dendrite crystals and the zone of
equiaxed crystals. The components of low melting phases should pass before the solidifica-
tion front. This leads to a segregation of elements around the axis of the cross section as
well as to a dendrite segregation. The continuity of crystal zones and the segregation of
elements on the surface of the block points to a solidification of a large amount of liquid
phase and as a result it points to the flow of slag into the pit.
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Initial research into slag block cross sections from Kowalkowice (Fig. 6) and from
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Oxide chemical composition [%] 
Slag station 

FeO MgO SiO2 Al2O3 CaO K2O 

Kowalkowice 45.34 – 43.77 6.60 1.50 1.79 

Garbacz-��������	
���
 36.39 0.22 50.72 8.45 1.25 2.97 

Garbacz-��������	
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 57.32 0.31 29.34 8.81 0.86 3.36 
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Figure 8 presents the share of Fe2O3, SiO2 and Al2O3 in the cross section of the block
from Kowalkowice. When considering the vertical axis of the cross section from the surface
of the block towards its bottom, one may notice that the share of Fe2O3 decreases slightly
while the share of SiO2 increases (a). Stronger segregation of these phases is visible along
the radius of the cross section (b, c) and what is more, it is visible on different levels of
analysis. Slag blocks contain more SiO2 and less Fe2O3 near the walls of the pit. Chemical
segregation in the cross section of the block leads to structural changes. Figure 9–10 show
microstructures of slag block samples from Kowalkowice. Samples were taken from the
surface of the side wall of the block and then from its interior finishing at the depth of 4 cm
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under the surface of the block. What could be observed was a systematic change from
fayalite structure (light grey) through mullite structure (dark grey), silica (glossy areas in
fayalite) to structures containing vistite (bright dendrites), mullite and hercenite (grey). The
structure of the samples taken from the vertical axis of the cross section of the block did not
show such a strong segregation as the samples taken along its radius. What is visible is
a diversity in the share and the morphology of vistite and in the number of empty places –
gas cavities. These cavities prevail near the surface of the block. Vistite has a microcry-
stalline form near the surface of the block and the form of macrocrystalline ������	�
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���� �'� �2SiO4 and dark grey mullite. If one gets closer to the
axis, one will find not only eutectic nests but also FeO dendrites and hercenite. A big share
of vistite characterizes the sample taken from the centre of the section.
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The results of structural observations confirmed the phase segregation in the cross sec-
tion of the block and the continuity of the primary structure. It proves that the solidification
of the block proceeded continuously in its entire volume from side walls and the bottom of
the pit towards its centre. The final proof supporting the thesis was provided by an X-ray
diffractometric analysis. High melting phases segregate near the side of the block while the
low melting phases do that in its centre. There was no evidence suggesting that slag gra-
dually flowed into the pit and that solidification was gradual. Flash furnace slag in the pit
channel solidified simultaneously with the block and had the same structural continuity. The
cross section showed numerous gas cavities and remnants of charcoal, ore and loam. Slag
reacted with loess next to the walls of the pit. The result of this reaction was high aluminium
alloy from the FeO-Al2O3-SiO2 system.
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����� further the solidification of large amounts of slag in the pit. Such big grains having
a surface of free growth could solidify only when cooled. This was assured by a large
amount of slag that flowed down into the pit. Another proof is supplied by the microstruc-
ture of the block cross section under a brick that fell into the pit when the shaft was dis-
assembled (Fig. 13). Slag was so liquid that the brick was flowing under the surface of the
block. The observed crystal zones (ice crystals and stubby crystals) indicate high tempera-
ture of the liquid slag in the pit.

These results support the theses concerning the way the slag block was formed in the
pit of the bloomery furnace. Slag solidified in its entire volume in a way typical of solidifi-
cation of cold mould casting. This led to a segregation of phases. The metallic phase of the
block constitutes yet another piece of evidence supporting the above mentioned way of slag
block solidification. Iron gathered in the central part of the block. It formed a capsule
around gas cavities and pieces of charcoal or it formed small grains. Larger grains were not
iron lumps. They were sections of capsules surrounding the gas cavities that were tangent to
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their surface (as deeper grinding showed). Their structure consisted of iron grain agglome-
rates. Taking into consideration iron morphology and the lack of carburization this phase
may be regarded as a result of secondary reduction. What was reduced was iron from
fayalite or from the vistite FeO remaining in the slag structure. Carbon monoxide CO and
charcoal acted as reducers. Carbon monoxide was produced while pieces of charcoal burnt
in the pit. CO could penetrate liquid slag and together with flowing pieces of charcoal could
act as a reducer for iron phases in slag. Iron can be found in the place where slag remained
liquid the longest. This fact seems to support our thesis.
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The issue of iron precipitates visible in the cross section of the slag block was ex-
plained in another work [75]. Figure 14 presents the results of a computer simulation of the
phase composition of different types of slag with specified chemical composition (slag
blocks in focus of research) at the temperature of 1250oC. In the investigated systems the
share of metallic phases in t����
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���� �����ons of these blocks support this statement (See Fig. 6, 7). In simulated
conditions the amount of liquid phase could be up to 403 of the weight (Fig. 15). Maximal
liquidity of slag in focus could be reached at the temperature of 1160oC.
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Computer simulations and the results of experiments provided theoretical grounds and
confirmed in practice that there is a possibility of obtaining iron precipitates from slag at the
temperature of 1100–1250oC if it is in contact with charcoal. Such conditions could be
present in the pit of the bloomery furnace after slag tapping. An increased role of the redu-
cer entailed a porous character of the samples. This fact is related to the gaseous phase that
came into being during slag reduction by charcoal. As simulations showed the amount of
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It can be assumed that carbon monoxide was a gaseous phase and it was produced
according to the following reaction:

2FeO·SiO2 + 2C = 2Fe + SiO2 + 2CO (1)

The reaction is supported by the fact that both in original slag blocks and experimental
samples iron precipitates were arranged in a form of nets that surrounded the sections of gas
cavities – potential places where slag reduction occurred. Such a process could take place
only when the volume of solidifying slag was considerate.

Obtained results constituted another piece of evidence supporting the theses connected
with the concept of the surface of free solidification. Both the macrostructure of the surface
of numerous slag blocks and the effects visible in their cross sections suggest that the blocks
were formed by means of solidification of liquid slag that filled the pit and not by means of
a gradual slag flow. The segregation of elements and phases visible in the cross section
constituted the first piece of evidence. It proved that the slag block was formed by means of
a solidification of a large amount of liquid slag that flowed down into the pit. The second
piece of evidence consists in the effect of secondary iron reduction. Additional arguments
supporting the view consist in the presentation of the macrostructure of the blocks and their
form.
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��������#�	�'�� slag block. These two products of the bloomery furnace became
unrivalled models for researchers who were only able to obtain lumps of iron slag conglom-
erate instead of an iron bloom and a slag block.

After 40 years of futile attempts to recreate the furnace and the smelting process a new
archaeological concept was presented. It was a result of a detailed analysis of basic ar-
chaeological pieces of evidence such as the pit and the slag block. The validity of this
concept was reviewed positively by investigating crystal structure and the segregation of
phases in the cross section of the blocks. The crux of the concept consists in a total tapping
of slag from the shaft into the pit in the final stage of the bloomery process. This allowed the
smelter to obtain a purified iron bloom. It still remains a mystery how the smelter managed
to do it. Other questions come to mind as well:
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These questions should become the focus of further experimental research. The re-
search should take into consideration the results obtained thanks to the observation of the
surface of free solidification on slag blocks and the properties of the pit.

The expected results concerning the changes in the structure of the furnace and the
process itself will have a universal influence on the experimental research into ancient met-
allurgy in the central and northern archaeological area – area where bloomery furnaces were
commonly used in the ancient times.
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