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ABSTRACT

Archaeological research at Hoeke, a Late Medieval outer harbour of Bruges (Belgium), has
revealed large quantities of iron slags, fuel and other remains of iron working.
Archaeometrical study has provided an enhanced insight into the historic iron working
process, a craft activity which had up till now remained completely unknown in one of the
largest economic hubs of medieval Europe. Several petrological, mineralogical and
geochemical analytical methods have been applied for this purpose. The metallographic
analysis was performed using reflected light optical microscopy, while the mineralogical
composition of the slags was characterized X-ray Diffraction (XRD) Spectrometry.
Macroscopic identification of plano-convex bottom slag and hammerscales, combined with
the geochemical data pointed out that the examined slag is indicating smithing activity,
while no traces for iron ore melting were discovered.
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Introduction and Walton 2017). In the further steps, iron bloom

Slags are the main by-products of metal production
and can be produced during both smelting and smi-
thing processes (Serneels and Perret 2003). The first
step of historical iron production was bloomery smelt-
ing, in which the iron compounds from the ore were
reduced to metallic iron (Erb-Satullo and Walton
2017). This reaction took place in a furnace where
the temperature was around 1100 °C, far below the
melting point of iron. The product of this smelting
procedure was a spongy, consolidated mass of iron
and slag, called bloom. One of the characteristic fea-
tures of smelting operations is the occurrence of tap
slag. Tap slag was formed by material flowing out
from the furnace through a hole at the side and nor-
mally it appears to have an oxidized thin layer of
iron oxides on the surface exposed to air (Erb-Satullo

was reheated to high temperatures so that iron was
transformed to the austenitic state (at around 900 °
C) and fayalitic slag became molten (1200-1300 °C)
(Pleiner 2000). The product thus obtained was sub-
sequently subjected to further processing, such as
hammering to expel the excess of slag, and shaped
into a finished object (Buchwald and Wivel 1998).
These two processes of reheating and hammering
might have been repeated many times to ensure maxi-
mal expulsion of slag. The gangue minerals in the ore
(mainly quartz and lime), reacted predominately with
iron oxide and consequently formed slag (Blakelock
2009; Joosten, Jansen, and Kars 1998).

Since the chemical characteristics of a slag are clo-
sely related to the conditions in which iron was pro-
duced, the analysis of slags can provide crucial
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information on the technological aspects of the metal
production, even when no evidence of mineral proces-
sing has been found on site.

The iron slags studied here were retrieved during a
test-excavation at Hoeke, one of the outer harbours of
Bruges, located along the Zwin tidal inlet. The Zwin
inlet was the artery which connected the medieval
metropolis with the rest of maritime Europe (Figure
1). Bruges’ economy and cultural thriving was only
viable owing to a unique chain of small harbour
towns, each of those taking up specific functions
within the harbour system. Next to shipping and com-
mercial activities, the small towns like Hoeke were
economically also active on the production level. Geo-
physical survey within the territory of the lost harbour
area of Hoeke which has been carried out over 12 ha
by an Electromagnetic Induction sensor (EMI), fol-
lowed by artefact accurate fieldwalking (Trachet
et al. 2017) revealed the presence of large-scale iron
working activities at the site, possibly related to the
historically attested repair of ships at the site. Over
an area of more than 1 ha, strong geophysical signals
have been observed which spatially correlated with
the find during fieldwalking of large quantities of
iron slags on the surface (Figure 2). The excavation

of a 5x5m test-pit positively validated the obser-
vations with in situ data by yielding large quantities
of iron slag, hammer scales and other waste, found
in layers deposited on the flank of a medieval embank-
ment, corresponding with the geophysical signal. His-
torical sources also mention the presence of
ironworking and the import of coal, in medieval
times locally called “zeecoolen” (coal from the sea) or
“smedecoolen” (smithy coal), at the site (Clercq et al.
2020). Although the outer harbour region of medieval
Bruges can be considered as an important commercial,
cultural and technological node in late medieval
Europe, so far little in-depth analytical research has
been conducted to examine metal production activi-
ties at this site and remarkably even to a wider extent,
in the late medieval historic County of Flanders as a
whole. The literature has mainly focused on the
study of other archaeological remains, such as pottery
and settlement remnants, neglecting a full archaeome-
tallurgical study of metal wastes like slags. However,
Windey (2013) in his review on medieval iron working
activities in Flanders, suggested a foremost small scale
marginal activity (refinement and/or smithing) rather
than large-scale iron production. The objective of the
archaeometrical work at Hoeke, therefore, was to
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Figure 1. The medieval harbour town of Hoeke was located in the centre of the Bruges outer harbour system, situated along the

tidal inlet “Zwin”. (Copyright: Ghent University).
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Figure 2. Location of the test-pit within the concentration of high electric values in geophysical EMI-survey and related to the
scattering of iron slags found at the surface of the site. (Copyright: Ghent University).

determine the chemical and mineralogical compo-
sition, and physical properties of the iron slag and to
establish the type of iron-working (chaine opératoire)
represented. This paper presents the first results that
can help to fill the gap in our knowledge on historical
iron production in the medieval Harbour at Hoeke
and in Flanders in general, and sets the background
for future study.

Sample sets

The iron slags studied here were retrieved from the
waste layers found in the 5x5m test-pit at Hoeke.
In total 250 slags were found, representing a total
weight of 150 kg. The archaeological iron slags were
first examined macroscopically, followed by different
analyses using microscopic and geochemical methods
applied to a selection of samples.

The slags were categorized according their morpho-
logical features and investigated as groups. Initially, the
findings were categorized into three groups: iron-
working slag (c. 95% of the total), Plano Convex-Bot-
tom (PCB) slag (c. 2%) and slags rich in technical cer-
amic (c. 3%). Within the group consisting of the iron-
working slags, two additional subgroups could be dis-
tinguished. The slags from the first sub-group (1) are
more compact and dense (Figure 3(A)), and are predo-
minantly yellow to orange, without clear evidence of
vesicles. They represent c. 46% of the total iron-

working slag samples. The second sub-group (2) is
characterized by samples with a dark brown colour
with a slightly reddish tint and a porous surface (Figure
3(B)), sometimes with an indication of vesicular struc-
ture (Figure 3(F)). They make up c¢. 54% of the total
number of iron-working slag samples. Most of the
samples in the second sub-group have small inclusions
of partially melted sand (quartz) on the surface (Figure
3(E)). The samples from the subgroups have been
labelled with number and letter annotations, hence
the first sub-group (1) was divided into seven smaller
groups, and in the second sub-group (2) nine smaller
groups were distinguished (Table 1).

Besides the two sub-groups of iron-working slags,
there were slags with technical ceramics (FL) attached
to the surface (8 pieces) and Plano-Convex Bottom
(PCB) slags (5 pieces). The slag pieces which were in
contact with clay are usually vitrified, porous and irre-
gularly shaped. The PCB slags are large and dense
pieces, ranging in colour from grey/brown to yellow
(Figure 3(C)). They show localized magnetism. The
average weight of a PCB slag is c. 600 g, with the largest
one found in this study, weighing 1536 g. PCB slagis a
very common by-product found at archaeological iron
working sites, directly correlated to smithing activities.
This type of material is usually produced by an accumu-
lation of fused materials at the bottom of the hearth
(Serneels and Perret 2003). Figure 3(D) shows a sample
with technical ceramics attached to one side of a slag.
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Figure 3. Photographs of iron production debris found at the Hoeke site. (A) is a sample representing the first (1) microscopical
group, (B), is a sample representing the second (2) group, (C) represents a PCB slag, and (D) is an iron slag sample with technical
ceramics attached to the surface. (E) shows an example of a slag with imprints of partially melted sand on the surface. The ves-
icular texture of the slag from the second (2) group is shown in Figure 3F.

Serneels and Perret 2003 distinguish three types of
PCB slag. The first type SGD (scorie grise dense — dense
grey slag) is mainly dominated by the presence of faya-
lite and a variable amount of iron oxide, and its com-
position is related to low-temperature melts of SiO,-
FeOy. The second type of PCB slag is a material rich
in silica compounds, but low in iron content and is
labelled SAS for scorie argilo-sableuse (sand-clayey
slag). These specimens are usually vitrified and may
contain some grains of quartz (sand), which indicate
the use of a flux. The last type, scorie ferreuse rouille
or SRF (iron-rich rusty slag), is characterized by a
high content of iron in different forms, such as
metal particles, Fe-oxide and Fe-oxide-hydroxide par-
ticles. Occasionally, fayalite may be observed. Each of

these types of PCB slag can be related to a specific
stage of the smithy work. SGD material is produced
in hot oxidation processes, for instance during heating
of the iron piece for hot forging. SFR is created at very
high temperature near to the melting point of iron.
The silica-rich material (SAS) is, by contrast, produced
by adding a large amount of flux during welding or
after fashioning an object. Quartz is hereby used to
minimize the occurrence of oxidation. Depending on
the type of work, one piece of PCB can also be the
result of a combination or a sequence of activities (Ser-
neels and Perret 2003).

Additionally, other remains, such as stones, nails,
and hammer scales (c. 0.5cm in diameter), were
found during the excavation. Hammerscales have



been separated from the soil samples by using a hand-
held magnet. Nails and other small metal remnants
were too rusty to be examined and gave no significant
results. Overall, visual analysis did not provide an
unambiguous answer as to at which step in the chaine
opératoire the slags have been involved. Macroscopi-
cally, several characteristics, such as the presence of
PCB slag, the absence of evidence of ore, the occur-
rence of hammer scales on the site, may suggest that
the slags are products related to smithing activity
rather than to the smelting process (Dunster and
Dungworth 2012). Further geochemical analysis was
applied to evaluate this hypothesis.

Methods

The mineralogical composition of the slag samples
and other debris was determined by using X-ray
Diffraction (XRD) analysis. Additionally, metallo-
graphic analysis was performed on polished sections
of the material by using reflected light optical
microscopy.

A total of 34 samples were analysed by XRD, 16 of
which were taken from subgroup 1, 14 from subgroup
2, 2 represented slags with attached technical ceramics
to the surface and 2 belonged to the PCB group. A
total of 12 samples were used for metallographic
analysis, 5 of which from group 1 and 7 from group 2.

For the XRD analysis, the selected slag material was
first cleaned with water and then subsamples were
broken off in order to collect material from a fresh sur-
face, which did not show traces of post-depositional
processes and superficial weathering. Afterwards, the
slags were crushed to gravel size by using a hammer
and subsequently grinded to a fine powder by using
a Retsch planetary ball mill for about 20 min. The
powder was sieved at 100 pm (Retsch sieve) and
placed in glass tubes.

XRD analyses were performed using a Philips
PW3710 X-Ray diffractometer (current 30 mA, vol-
tage 40 kV), equipped with a cobalt anode X-ray
tube to minimize the effect of fluorescence, at a 26
angle of 3° to 70°. The step size was set at 0.020°
with a residence time per step of 2.5 s. The spectra
obtained were analysed using the X’Pert Highscore
software of PANalytical.

Mineralogical identification was also carried out
using reflected light optical microscopy. A Nikon
Eclipse Ni-E motorized microscope equipped with a
Nikon DS-Ri2 camera was used. This approach pro-
vides information on the distribution of the mineral
phases formed in the material and supplies details of
the mineralogical composition and the internal tex-
tures. The samples were first cut using a circular saw
blade and subsequently embedded in epoxy resin.
Afterwards, the sections were polished using wet SiC
abrasive papers of 1200, 2000 and 4000 grit
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(sequentially) and subsequently with 3 and 1 pm dia-
mond paste. Etching with 14 M nitric acid and metha-
nol (1:10 ratio) was applied for one sample with a clear
band of iron.

Results
Mineralogical composition

The mineralogical composition was examined using
both XRD and optical microscopy. XRD results
(Table 1) show that the main phases of the material
studied are quartz (SiO,), which is omnipresent in
all materials examined, and fayalite Fe,SiO,. This is
followed by a complex mixture of iron oxides (wiistite
FeO and mainly magnetite Fe;0,), silicates (ferrosilite
Fe,Si,04, laihunite Fe**Fe3*(Si0,),), and other com-
pounds, such as goethite a-FeO(OH) and lepidocro-
cite y-FeO(OH). Representative examples of XRD
patterns are displayed in Figure 4. All XRD data are
provided in supplemental Table S1. On the external
surface of the slags, the main minerals dominantly
observed were goethite, lepidocrocite and quartz.
The samples with yellow patches on the surface have
additional detectable amounts of iron oxide (wiistite)
with a small amount of goethite, whereas samples
with a dark brown colour mainly contain considerable
amounts of goethite and lepidocrocite. These minerals
are generally assumed to be alteration/weathering pro-
ducts of the original iron compounds (Dungworth
2015); (Kramar et al. 2015).

The metallographic analysis indicated that all iron
slag samples examined are very heterogenous. Based
on microscopic observations, the slags were domi-
nated by a combination of wiistite and magnetite,
iron silicates (mainly fayalite) and organic matter
unevenly dispersed within the matrix of the samples.
This matrix is composed of siliceous minerals and
amorphous material. Wiistite is present both as den-
dritic and/or subhedral crystals (Figure 5(D, E)) and
often as cotectic intergrowths with fayalite. Magnetite
was observed as idiomorphic crystals, exsoluted from
the siliceous matrix, and usually surrounded by wis-
tite or fayalite (Figure 5(B, D)). Fayalite occurs in
the shape of needles and skeletal shape and often
forms spinifex textures (Figure 5(C)) (Portillo-Blanco
et al. 2020; (Hauptmann 2021, chap. 5); Hauptmann
2007). In most cases, these spinifex textures were ran-
domly oriented and did not show any preferably direc-
tion of crystallization. Furthermore, some clusters of
iron oxides are probably relict structures of flakes of
hammerscales incorporated in the slag (Dunster and
Dungworth 2012; Eekelers, Degryse, and Muchez
2016). Another characteristic feature of the slag
samples is the presence of inclusions of metallic iron
(Figure 5(A)), as well as of corroded iron metal. An
example of a large band of metallic iron in the slag



Table 1. Mineralogical composition based on the XRD results for the iron slag samples from Hoeke. S - surface, FL - clay attached, PCB - Plano Convex Bottom slag, HS — Hammer Scales.

Quartz Jarosite Ferrosilite Iron aluminium oxide Waiistite Magnetite Magnesioferrite Goethite Lepidocrocite Fayalite Laihunite Anorthoclase
1.1.A.1 (5) ++ ++ - ++ ++ - - + - + - -
1.1.A2 ++ + - ++ ++ ++ - - - ++ - -
1.1.C1A ++ - - + + +++ ++ ++ - + - -
1.2.B.1 (S) + + — - — - - - — + — -
1.2B3 ++ - ++ ++ ++ - - - - ++ - -
1.2.C.1 ++ - - + - ++ - - - +++ - -
1.2.C2 (S) ++ ++ ++ ++ - - - - ++ - -
1.2.D.1 ++ - ++ + ++ - - - +++ - -
1.2D.2 - - - ++ ++ + - - - ++ - -
1.2.E1 ++ - - +++ ++ - - - - ++ - -
1.2.G.1 ++ - ++ ++ ++ - - - - ++ - -
1.2.G.2 (9) ++++ - — - ++ — — — — ++ — -
2.A1 - - - +++ - ++ - ++ - ++ - -
2.B.1 ++ - — ++ + — — ++ - ++ - -
2.B.2 () ++ - - - ++ - - ++ ++ ++ - -
2.C1(9) ++ - — ++ ++ ++ - — - +++ — -
2.C2 ++ - - ++ - + - - - ++ - -
2.D.1 ++ - - ++ - ++ - - - ++ - -
2.E1 ++ - - ++ - - - + - ++ - -
2.F1 ++ - - + - - ++ + + - -
2.G.1(9) ++ - - + - - - + - + - -
2.G.2 (5) +++ ++ - - ++ ++ ++ ++ + - -
2G3 +++ ++ - - ++ ++ - ++ + + - -
2H1 +++ - - - ++ + ++ - - ++ - -
2.H.2 (5) ++ - - + + - - - - +++ - -
211 ++ - - - - + + + + ++ - -
FL.1 ++ - ++ - - - + - - - - +
FL.2 ++ - ++ - - - - - - - ++ ++
FL.3 + — - - - + - - - + - -
FL.4 + - - - - - - + - - -
FL.5 ++ - - - - - - - + - - -
FL.6 + - - + - - - - - - - +
HS ++ - - - - ++ - - - - - -
PCB.1 ++ - - ++ ++ - - - - ++ - -
PCB.2 ++ - - - ++ ++ - - - ++ - -

"1V 13 YMDVYN4Y3Ig d a 9
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Figure 4. XRD patterns of three selected slags from Hoeke. Fa — fayalite, FeAl — iron aluminium silicate, W — wiistite, M — magne-

tite, Q — quartz, J - jarosite, An — anorthoclase.

is shown in Figure 6(A). Here, the metallic iron is
incorporated into the siliceous matrix with a big
lump of coal in the middle. For this polished section,
etching was applied and it revealed the presence of
relic steel structures of ferrite iron (Figure 6(B-D)).
The microstructure is characterized by acicular ferrite
iron with some volume of pearlite grains. The hetero-
geneity within this sample is very distinctive. The areas
with high and low carbon content occurred randomly.
In this case, fayalite and iron oxides were only sparsely
present. Occasionally, metallic iron particles and cor-
roded metal were observed. Iron ore or partially
reacted inclusions of iron have not been found in
any of the materials examined. Hammer scales were
mainly composed of quartz and magnetite.

In every analysed polished section, organic matter
such as coal was found, either non-altered or altered
by temperature (Figure 5(A)). The detailed identifi-
cation of the carboneous materials is beyond the
scope of this paper. Nevertheless, it is important to
note that two types of coal have been identified
based on petrographic observation: anisotropic and
isotropic. The coal occurred randomly in the samples
and did not show any particular pattern.

In many cases, the slag textures demonstrate the
solidification of liquified melts, which indicates that
the material has been exposed to a sufficiently high
temperature (Figure 5(F)). These areas show flow
structures with a layered colour caused by presence
of inclusions of organic matter oriented along this
flow direction. No minerals could be identified
within these layers. Because the melted areas are
not present in each examined sample and are not
equally distributed, it suggests slag has been only
partially liquified.

The polished sections are characterized by a high
variability that does not follow the grouping based
on macroscopic appearance. Therefore, new types
have been established based on microscopical

differences. The first type (I) is distinguished by the
presence of euhedral magnetite crystals. Fayalite and
wiistite are present in scarce amounts. The samples
are porous and show a lot of voids under the micro-
scope. The matrix is vitreous and contains melting tex-
tures in some areas. The samples in the second type
(IT) are dominated by large, feathery spinifex-textured
fayalite, and the presence of wiistite. Wiistite appears
mainly as globular grains embedded within the oli-
vine. Magnetite was not distinguishable. Slags of the
third type (III) are a mixture between the first and
second. They contain both wiistite and fayalite and a
low amount of magnetite. Within this type, both struc-
tures of wiistite were observed: sub-rounded, globular
crystals and dendrites. And similarly, fayalite appears
in the form of both laths and spinifex texture.
Occasionally, small metallic iron particles were
observed. The last type (IV) contains samples with
technical ceramics. For these, mainly laihunite and
anorthoclase, were identified. Olivine and iron oxides
were detected in lower amounts. All of the slags
studied show quartz regardless of the group.

Discussion

Diverse microscopical and mineralogical character-
istics, i.e. the presence of PCB slags, the occurrence
of hammer scales, both in the soil samples and par-
tially dissolved in the slag samples, and traces of
steel structures support the hypothesis that the
material studied was related to an iron smithing pro-
cess rather than to the earlier smelting stage.
Although no preserved hearth structure has been
found so far, some of the slag pieces have technical
ceramics attached to the surface, which points towards
hearth structures being used in the production pro-
cess. Iron smelting slags usually have remains of par-
tially-reacted ore fragments, fuel ashes and furnace
material (Erb-Satullo and Walton 2017); (Gordon
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Figure 5. Optical photomicrographs of polished sections in reflected light. (A) is characterized by long laths of fayalite (Fa) in a
siliceous matrix. The white dots are inclusions of metallic iron (Fe). At the bottom of the photo, there are some traces of organic
matter — coal (org). (B) is generally composed of fayalite (Fa) and magnetite (Ma), accompanied by the presence of metallic iron
inclusions (Fe). Texture (C) demonstrates elongated fayalite forming a spinifex texture that is associated with a fast cooling rate.
(D) is characterized by wiistite (Wu) and magnetite crystals (Ma). The presence of wiistite both in a dendrite and globular form
indicates variable cooling conditions, with faster cooling in the areas within which the dendrites are formed. Sample (E) is mainly
dominated by well-developed wiistite dendrites (Wu). (F) is representing a fluidal texture (MS), which suggests the application of a
high temperature. All the photomicrographs were taken under plane-polarized light unless otherwise stated.

1997). Moreover, one of the most distinguishing fea-
tures of iron smelting is the presence of tap slag (Bla-
kelock 2009). Neither of these characteristic features
could be observed in the material from Hoeke.

The volume of the discovered material is related to
the kind of work done by a blacksmith. For the pro-
duction of larger objects larger amounts of iron are
required, thus giving origin to more slags (Dunster
and Dungworth 2012). Furthermore, the duration of
the activity, the temperature in the hearth, as well as

the iron content at the beginning of the process also
contribute to a higher total volume of slags. Taking
into account that c. 250 iron slag fragments were recov-
ered from the 5 x 5 m pit, it can be assumed that the
scale of the iron production at Hoeke was quite exten-
sive. Hoeke was a harbour city where boats were
repaired, hence the presence of pronounced iron work-
ing activity on that site (Trachet 2016).

The groups and types of slags distinguished both
macroscopically and  mineralogically  possibly
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Figure 6. Photograph and microphotograph of a sample with a large metallic band (A). The sample is etched with 2% nital. The
microstructure of this specimen is characterized by the occurrence of a large amount of iron spread throughout the sample. The
letters on the photograph indicate the following photomicrographs. In (B) and (C), the uneven distribution of ferrite iron with
pearlite grains within one sample can be observed. (D) presents a partial melting structure with traces of coal.

represent different stages or various operations in
smithing process. Since the composition of slags
depends mainly on the type of work that took place
(Eekelers, Degryse, and Muchez 2016), it can be
assumed that the slags of the first (I) mineralogical
type were produced in a more oxidizing atmosphere
(because of the presence of magnetite) at high temp-
eratures. The slags of the second type (II) were
formed in more reducing conditions. The presence
of both spinifex texture and globular wiistite indicate
that the cooling rate was unequal. The samples of the
third type (III) were exposed to very heterogenous
conditions. The presence of large grains of wilstite,
as well as the spinifex fayalite do not provide a
straightforward answer concerning the possible
activity carried out on the site. The specimens of
the fourth (IV) type provide evidence for the use of
a ceramic construction, possibly a smithing hearth,
because they are mainly composed of quartz and con-
tain considerable amounts of refractory oxides such
as Al,Os, while iron oxides and fayalite were detected
in scarce amounts only.

Elements such as silicon and aluminium forming
some minerals (for example iron aluminium silicate
and ferrosilite) might have been introduced in the sys-
tem during the superficial reaction between the slag
and the walls of the hearth. The presence of quartz

in each group can also be explained either by solidified
slag at the bottom of the hearth, where quartz adhered
to the wall, or as a result of using a flux. Flux prevents
metal oxidation while hammering and it might consist
of calcite or quartz (Serneels and Perret 2003); (Sels-
kiené 2007). In this case, the flux used was definitely
not composed of calcium as calcium minerals were
not detected by XRD, nor by microscopic analysis.
The absence of high-temperature polymorphs of
quartz (cristobalite, tridymite) suggests that silica
was added at the later stage of the process and did
not have the time to recrystallize to these polymorphs
which might indicate that quartz was taken up from
hearth during the formation of slag. The presence of
quartz as a post-depositional contamination is
excluded, based on the careful sample preparation
and the absence in XRD spectra of any peaks related
to other minerals typically occurring in these sedi-
ments, like clay minerals.

The occurrence of PCB slags corresponds to the
accumulation of fused materials in the hearth and
is the result of repeated heating and hammering of
the material (Portillo et al. 2018). The biggest PCB
slags found are rich in iron oxides and fayalite, and
mostly have a rusty appearance. They could be
classified into the group of iron-rich rusty slags
(SFR) according to (Serneels and Perret 2003). This



10 P. BIERNACKA ET AL.

type of PCB is related to high-temperature processes,
for instance welding. The other small pieces of PCB
are rather a combination of different PCB types of
slags. They contain a moderate amount of quartz
and fayalite, are variable in colour, and contain
inclusions of coal. These materials could be a result
of a sequence of activities, such as hot forging, welding
and fashioning the object. In this study, it is not poss-
ible to indicate unambiguously during which exact
smithy activity the PCB slags were produced. This
question needs to be addressed by examination and
analysis of more materials.

The chemistry of the slags is useful to evaluate some
technological parameters of the smithing process
(Portillo et al. 2018). The occurrence of certain min-
erals is associated with the temperature at which slag
has been formed. Iron oxides and fayalite are typical
examples. Because of the large amount of quartz as
probable flux, the melting point of a mixture of iron
oxide and silica was lowered, which allows the iron
oxides to react with silica and form a molten ferrosili-
cate slag at a temperature around 1200 °C (Charlton
et al. 2010). If the concentration of iron oxides is too
high, iron oxides can crystallize as magnetite or wiis-
tite, depending on the redox conditions (Muralha,
Rehren, and Clark 2011). The presence of magnetite
could, however, also be due to thermal decomposition
of wistite at 570 °C, with the formation of metallic
iron particles (Portillo et al. 2018) or be the result of
an oxidation process. Additionally, the air caught in
pores of the slags could lead to oxidation of wiistite
into magnetite (Portillo-Blanco et al. 2020). The
local oxidation of iron oxides can make the samples
ferro-magnetic, which explains the magnetic proper-
ties of some specimens (Tylecote 1987, chap. 8). It is
also relevant to consider the behaviour of fayalite.
Fayalite is stable above 1040°C (Strobele et al. 2010),
which suggests that the silicate liquid was formed at
least at that temperature and subsequently super-
cooled, which led to rapid growth of the fayalite spini-
fex texture. The presence of textures relating to a
liquid phase in some samples may be an indication
of reheating of the bloom to a temperature at which
the slag (partially) melts, making it easy to expel. By
striking the slag with a hammer, the iron starts to con-
solidate and subsequently, it is subjected to further
smithing processes leading to the forging of artefacts
(Sim 1998). The relic melt textures could potentially
be easier to achieve by the use of a flux (quartz).
Since quartz was observed to be present in each slag
sample, the hypothesis of the use of quartz as a flux
seems very plausible. All things considered, the corre-
lations of fayalite and iron oxides indicate a plausible
hearth temperature varying from 570-1100 °C.

Unfortunately, the mineralogical and microscopical
results are inconclusive in determining the atmos-
pheric redox condition in which the slag has been

formed. The amount of iron oxides present in the
slags can depend on the skills of the craftsmen, more
specifically on how efficiently the slag was separated
from the metal during smelting and smithing (Liu
et al. 2019). The presence of wiistite and magnetite
may provide insight into the atmospheric conditions
at which the slag was formed. Smelting furnaces
work in more reducing conditions, whereas smithing
hearths are more oxidizing. Slag with a small amount
of iron oxides is assumed to be formed under reducing
conditions, and is indicative of a highly efficient smi-
thing process (Portillo et al. 2018). Nevertheless, this
concept could be potentially misleading because
redox conditions might vary within the hearth and
furnace leading to the formation of very hetero-
geneous slags (Charlton et al. 2010). Exemplary is
the presence of both wiistite dendrites and magnetite
in one polished section, suggesting more reducing
conditions for the wiistite-rich area, and more oxidiz-
ing for the magnetite parts. Additionally, the occur-
rence of iron metal particles especially with
magnetite and wiistite are also indicative of variable
redox conditions (Rehren, Boscher, and Pernicka
2012). It is difficult to assess in which atmospheric
conditions each sample has been formed as the varia-
bility in single pieces was too high. However, this kind
of heterogeneity occurs more often in smithing activi-
ties than in smelting (Serneels and Perret 2003).

The shape, habit and distribution of crystals can
provide information on the cooling process (Portillo
et al. 2018). The dendritic texture of wiistite is associ-
ated with a rapid cooling, while the globular, com-
pacted crystals are the results of slow cooling (Jagou,
2020). The presence and texture of fayalite also
depends on the cooling rate and oxygen fugacity of
the slag (Hauptmann 2021, chap. 5). A slow cooling
rate produces granular and idiomorphic crystals,
while upon very rapid cooling fayalite acquires a spini-
fex texture. The longer the cooling, the more elongated
the crystals can become (Donaldson 1976). Cracks and
voids indicate that the samples have been affected by a
high temperature and were cooled down quickly.
Interestingly, in the third group, both spinifex fayalite
and large grains of wiistite were observed, thus indi-
cating variable cooling conditions during slag
formation.

In some polished sections, textural patches of wiis-
tite were observed under the microscope (Figure 5
(D)). These structures sometimes display partly reab-
sorbed hammer scale textures. By hammering the
material, the scales might have been repelled from
the object and partially dissolved in the slag (Eekelers,
Degryse, and Muchez 2016). This hypothesis is sup-
ported by the fact that also hammer scales were
found on the site.

The presence of metallic iron particles in the slag
may be interpreted as a result of bloom/semi-finished



product that has been left in the hearth too long and
liquified pieces of iron being trapped in the slag.
Also, the large bands of metallic iron may be part of
refined bloom (Roberts and Thornton 2014,
chap. 2). Interestingly, relic steel is noticed in some
samples — a-iron particles are observed as well as aci-
cular ferrite iron with some volume of pearlite grains
(Figure 6). These features were not commonly found
within the assemblages. It is possible that steel was
accidentally formed during forging as no other similar
structures have been found on the site so far.

The occurrence of the sulphate mineral jarosite,
and the later observed widespread organic inclusions
lead to the conclusion that coal was used during the
iron-making process. Jarosite, which was also detected
as a minor phase by XRD, is an iron-hydroxysulphate
mineral that can be formed during the reaction
between certain elements in slags (Al, K, Si and S)
and coal (Jagou, 2020); (Augustithis 1979). The use
of coal instead of charcoal did not significantly alter
the iron making process. However, it provided a
much higher temperature than obtained upon com-
bustion of charcoal (Mathieson et al. 2015). This can
explain the occurrence of partial melt textures and
signs of vitrification. During the metallographic inves-
tigation, two types of coal have been identified. The
first type consisted of isotropic and weakly anisotropic
coal. Coals of this type usually have large pores and
fissures, produce highly volatile charge material, and
are indicative of poor coal quality. A second kind of
coal consisted of strong anisotropic types of carbon,
indicating material with low volatility and thus better
coal quality (Flores et al. 2017). The fuel is an impor-
tant factor in metal production, as it provides both the
required temperature and a reducing atmosphere. It is
possible that the blacksmiths used two different kinds
of coals for obtaining a technological advantage: one
type of coal as a reducing agent (low-sulphur), and
the second type as a fuel (cheaper coal).

Conclusions

The study of iron slags found at the location of the late
medieval Harbour at Hoeke (Belgium) demonstrated
that wide-scale metal-working activities took place.
This confirms archaeological and historical indi-
cations. The mineralogical composition of the slags
supported by a microscopical study, confirms the pri-
mary hypothesis that these materials were formed
during the smithing process. Distinctive features
include the presence of PCB slags, the occurrence of
hammerscales and the usage of flux (quartz) during
the operation. At this point it is clear, however, that
no smelting of iron ore was attested in the material
studied. The iron must probably have been imported
as bloom or ingots.

STAR: SCIENCE & TECHNOLOGY OF ARCHAEOLOGICAL RESEARCH . 1

The materials examined provided information on
the cooling rates and the possible atmospheric con-
ditions within the hearth. Mineralogical analysis car-
ried out using optical microscopy showed a complex
texture with the presence of both skeletal fayalite
and dendritic wiistite, indicating a rapid cooling rate,
while the large grains of olivine and wiistite suggest
rather a slow cooling process. Additionally, the spini-
fex texture observed within samples of the second (II)
and third (IITI) mineralogical type showed that some
samples were exposed to a very rapid cooling or
even to quenching. These conclusions imply that
during the smithy activity different techniques, such
as hot forging and fashioning an object, were applied
at variable temperatures.

XRD analysis revealed that the atmospheric con-
ditions were variable. The occurrence of magnetite,
wiistite, as well as iron particles suggest that the
slags could have been related to different smithing
activities such as fashioning, welding or hot forging.
Moreover, the geochemical results point out the
usage of a flux (i.e. most probably quartz sand),
which decreased the melting point of a mixture of
iron oxide and silica and facilitated the smithing
process.

An interesting technological aspect of the iron pro-
duction at Hoeke is the use of coal as charged material.
This change in forging technique was most likely
accelerated by the scarcity of forest resources, which
has spurred the transition from charcoal to coal. The
use of coal allowed the craftsmen to operate at higher
temperature (and maintain it), perhaps modernizing
the metal-working process. However, further research
needs to be done in this direction to provide additional
insight into the use of coal at Hoeke.

At this moment, it is challenging to unequivocally
deduce from which step of smithing the slags originate
from because the results are ambiguous, thus further
work needs to be performed to determine the exact
steps in the chaine opératoire.

It is worth mentioning that the excavated trench
does not cover the whole area of investigation. The
next step will be to excavate and study a larger area
at Hoeke and to examine more materials found on
site related to historical iron production.

Geolocation

As explained in the article, our study area is located at
Hoeke, nowadays in the province of West Flanders,
Belgium.
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