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Abstract

Casting experiments in Brilon-Hoppecke (North
Rhine-Westfalia, Germany) in 2011 and 2012 as well as
in 2015 aimed to reconstruct the production of Roman
lead ingots with the help of archaeological experiments
on the one hand; on the other hand, traces of the mould-
ing process on the Roman lead ingots themselves and the
epigraphic evidence were examined to provide further
information on the production process. The results of
this research, suggest that most of the lead ingots were
very likely cast in clay sand moulds which almost com-
pletely disintegrated after the ingots had been removed.
In a few cases, wood could be verified as the material for
the moulds. Finally, all known artefacts associated with
the casting of lead ingots have been critically examined
and reinterpreted.

Introduction

Lead ingots are an important link in the production chain
(chaine opératoire). They are also a crucial artefact group
within archaeometallurgical studies for tracing the ore
to the final metal product (Hauptmann, 2007, pp.115-
116, Fig.1; 2008, pp.125-126, Fig.2.22; Domergue, 2008,
pp.143-163, esp. p.157, Fig.100; Stéllner, 2003, pp.417-
420, Fig.1; 2014, pp.134-135, Tab.7.1). Lead ingots are
known from Late Bronze Age; here we want to con-
centrate on specimens used during the Roman period
(Rothenhofer and Hanel, 2013, pp.273-274). They are
the means of transport of the metal from the mining re-
gions - distributed throughout the Imperium Romanum
- to the processing workshops or consumers. The ma-
jority of Roman lead ingots were provided with numer-
ous epigraphic elements, such as cartouche inscriptions,
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stamps and chisel inscriptions as well as graffiti. Against
the background of archaeological find contexts, these
ingots provide outstanding possibilities for answering
questions about the origin, dating of the metal, etc.; they
also make an important contribution to the evaluation of
further aspects of trade and economic history within the
Roman Empire (Domergue, 1998; Bigagli, 2002; Hanel,
2011, p.119-120; Rothenhéfer and Hanel, 2013, pp.275-
277; Domergue and Rico, 2014; Rico and Domergue,
2016). Independently of the data obtained by archaeo-
logical-epigraphic means, new insights regarding the
origin of the lead ingots are emerging through the use
of lead isotope analysis (Gale and Stos-Gale, 2000; Bode,
2006, esp. pp.37-41; Hauptmann, 2008, pp.137-139;
2020, pp.335-336, 491-492).

State of research

In the archaeological literature dealing with lead in gen-
eral and Roman lead ingots as trade and transport goods
in particular, the question of how the ingots were made
has not played any significant role to date; at most, only
brief statements or marginal comments have been made
on the subject — usually without further justification -
and these have not been discussed further. There are also
no surviving reports in the ancient literature that de-
scribe the casting progress (Meier, 1995, pp.218-219). In
his encyclopaedic Naturalis historia, Pliny the Elder dealt
with lead and its use (e.g. in medicine), some lead mines,
lead smelters and the topic of the cupellation process in
books 33 and 34; however, he does not explicitly discuss
ingot casting itself. Very few archaeological objects have
come to light from the mining regions of the Roman Em-
pire that can be connected with ingot casting. These are
discussed below (pp. 24-25). Because the written source
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Figure 1. 1-2. Two lead tablets with inscriptions from the Coto
Fortuna mine (Mazarrdn); 3. Lead tablet from the Cabeza del
Moro (Mazarrén) with retrograde, recessed inscription SOC.
Graphics: J.A. Antolinos Marin and B. Diaz Arifio (2012, p.42,
Fig.3.1-3).
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Figure 2. Lead tablet from the Cabeza del Moro (Mazarrén)
with a retrograde, recessed inscription MONT ARGENT. Pho-
to: N. Hanel.

material is too insufficient to reconstruct the underlying
processes, the focus of this article is on the interpretation
of the ancient ingots and the casting experiments carried
out in order to come closer to the reconstruction of Ro-
man casting techniques and its moulds.

Until now, only a few finds have been recovered
from two mining regions of the Roman Empire, which
researchers interpret as fragments of cartouche inscrip-
tions on lead ingots or as templates for their production.
There are a total of five lead tablets of different size with
inscriptions. Firstly, two pieces from the Roman mining
area of Mazarrén (Province Murcia) will be discussed.
The first lead tablet (Figures 1. 3 and 2) was found in
1847 in an ancient slag heap at the Cabeza del Moro,
northwest of the city centre of Mazarrén (Dubois, 1901,
p.214, no.13; Antolinos, 2003, p.5B, with Fig. center
left; Domergue, 2005b, p.188-189, cat. no. 67; Ramallo
Asensio, 2006, pp.69-70, with Fig.; Antolinos Marin and
Diaz Arino, 2012, p.32, 42, Fig.3). It is now kept at Mu-
seo arqueologico de Murcia (inv.no. 0/39). The long, rec-
tangular, slightly truncated pyramid-shaped lead tablet
measures approximately 11 x 2.3 x 1.2 cm. The approx-

Figure 3. Lead tablet from the Coto Fortuna mine (Mazarrén)
with recessed and mirror-inverted inscription SOCIET. Photo:
N. Hanel.

imately 1.5 cm long letters MONTe«ARGENT with the
two ligatures NT are recessed. The 10 letters are inverted
and retrogradely etched into the lead background.

The second, also slightly truncated, pyramid-shaped
lead fragment came to light as a chance find in the 1980s
in a slag heap in the Roman mining zone near Coto For-
tuna, approximately 8 km west of Mazarron (Domergue,
2005a, p.188, cat. no. 66; Ramallo Asensio, 2006, p.69;
Antolinos Marin and Diaz Ariflo, 2012, p.32, 42, Fig.3.2).
It still measures 7.8 x 2.5 x 0.6 cm. The 1.5 cm high let-
ters are invertedly recessed. They are: SOCIET (Figures 1.
2 and 3).

Another chance find from the beginning of the 21
century, and once again from the Coto Fortuna mining
zone, is the third, poorly preserved, slightly truncated,
pyramid-shaped lead fragment (Figure 1. 3) (Antolinos
Marin and Diaz Arifo, 2012, p.32, p.42, Fig.3.1). It has
the following dimensions: 6.4 x 2.5 - 3.5x 2 cm. Only the
3 letters SOC[---] are visible. The letter height is 1.5 cm.
Both of the last-mentioned tablets are privately owned.

Researchers soon established a connection with the
lead ingot production of the Societas argent(ifodinarum)
mont(is vel montium) Ilucro(nensis vel -nensium) Galena
(Antolinos Marin and Diaz Arifio, 2012, pp.33-35; An-
tolinos Marin, Diaz Arino and Guillén Riquelme, 2013,
pp.95-97). So far, 29 lead ingots with different spellings
are known from this societas, which are spread over five
sites in the Western Mediterranean. In the following we
are going to examine in more detail which ingots from
this society the three inscribed tablets belong. According
to current knowledge, the form of the 1% lead tablet only
matches the 224 cartouche form, which were used for the
five ingots from the Coto Fortuna (Cabezo del Castillo)
mine (Corpus of Roman lead ingots = CRLI 1932-1936),
only one of which is preserved today in the Louvre Mu-
seum. The dimensions, shape and writing style of the
middle cartouche in question match each other quite
well, although there are slight differences which show
that there is no exact match between the lead ingot and
the cartouche. Of course, we only know part of the So-
cietas’ production output, so a direct allocation could be
possible in case of new ingot finds. It should also be not-
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Figure 4. Two fragmented lead tablets from the Mendip Hills
(Somerset) with framed imperial inscriptions. Photos: N.
Hanel.

ed that there is a short distance of around 8 km between
the proven production center of Coto Fortuna and the
area where the tablet was found, around 8 km further
east. Therefore, several Societas production sites were
assumed in what is now Mazarrén (Antolinos Marin and
Diaz Arino, 2012, p.33)

The 27 lead tablet generally stands for the beginning
of the cartouche inscription Societ(atis): If this word
alone was used for a cartridge, only the above-men-
tioned lead ingots from Coto Fortuna (Mazarrén) can be
considered. On a closer inspection, however, an identical
impression cannot be seen in this case either: For exam-
ple, the letter O in the cartouche inscription on the lead
ingot is larger than the O on the lead tablet.

The poor state of preservation of the third lead tablet,
with only three letters, makes it difficult to associate it
with the lead ingots.

In addition to the three tablets from the Roman min-
ing region around Mazarrén in Hispania citerior, two
lead tablets from the British mining area of the Mendip
Hills (Somerset) were also discussed in the production
of the cartouche inscriptions (Figures 4, a and b). Here,
however, a direct connection with the casting of lead in-
gots was recently ruled out (Hanel, 2022, esp. p.424).
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As suspected by various sources (Domergue, 2005a,
p-188-189; Ramallo Asensio, 2006, p.69; Antolinos Marin
and Diaz Arifio, 2012, p.32-33), the small lead tablets
were obviously used to carry cartouches with inscrip-
tions which should be placed on the tops of the ingots:
the size, shape and style of writing undoubtedly tells of
this. However, the letters on the tablets would have to be
raised in order to create raised letters in the cartouches
on the tops of the lead ingots by carving them into the
clay mould. It must therefore remain unclear how the
tablets ultimately fit into the work processes involved in
the production of ingots.

The following section lists and critically examines
previous considerations in the specialist literature that
address questions about the material of the moulds and
mention different materials.

Moulds made of a clay/loam/sand mixture

Most researchers have argued in favour of casting
moulds made of clay/loam into which the liquid metal
was poured and solidified into ingots. Ronald Frank
Tylecote (1986, p.68, 88) made particularly detailed
comments: ,,The pigs themselves have been cast in clay
moulds, a wooden pattern being used to form the mould.
The inscriptions were carved on panels attached to the
wooden patterns so that they appear on the pig in re-
lief (see, ibid. Fig. 21) The inscriptions were mainly con-
fined to the smaller bottom surface (as cast) of the pig,
and usually appear in a sunken panel, although in some
cases the letters are not empanelled but are merely raised
proud of the surface. Some pigs have inscriptions on the
sides and ends which are merely stamped, or are in relief
and not in panels.“ So far, however, no clay remains asso-
ciated with ingot production have been discovered in the
numerous known lead mines or smelting sites that were
operated in Roman times.

Stone moulds

Just like clay moulds, no casting moulds made of stone
have been found to date (Gowland, 1901, p.388; Garcia
Romero, 2002, p.680; Arboledas Martinez, 2010, p.108;
Cordella, 1869/2016, p.116). Given the durability of
the material, one would expect such a legacy in ancient
mining regions. In particular, two finds from different
Roman mining areas have dominated the discussion
about stone casting moulds. These are a mould for gold
ingots from Austria (Piccottini, 1994; Piccottini, Schroll,
Spindler 2003) and a mould for small lead ingots from
Spain (Sandars, 1905, pp.311-332). The possible produc-
tion of small ingots or weaving weights made of lead in



Figure 5. Cuboid lead ingot of main type C from the shipwreck
of Comacchio (prov. Ferrara), (a) with remnants of wood
splints (arrows) from the wooden casting mould in the ingot
surface, (b) traces of the wood grain and axe marks from pro-
cessing of the wooden casting mould on the narrow side (width
at the bottom 15 cm) of the ingot. Photos: N. Hanel.

various regions of the Roman Empire and Germania in
stone moulds will not be discussed further, as only the
recasting of large ingots was investigated experimentally
and it differs from the casting of small ingots.

In 1993 two marble moulds for metal ingots were
found in the Roman mountain settlement at Magdalens-
berg (Carinthia, Austria). They bear the remains of an in-
scription that identifies Emperor Caius Caesar (Caligula)
as the owner. Based on adhering gold particles, Gernot
Piccottini linked these moulds to the production of
gold ingots from Noric mines (Piccottini, 1994, pp.467-
477, Figs.1-4; Piccottini, Schroll and Spindler, 2003;
Domergue, 2008, p.83, Figs.32 a-b). Recently, Alfred
Pichler and Paul Gleirscher have expressed doubts that
gold ingots were cast in the two moulds, due to the poor
heat resistance of marble; instead, they assume that
lead ingots were cast (e.g. Pichler and Gleirscher, 2011,
p.60; Gleirscher, 2015, p.375). Heimo Dolenz immedi-
ately contradicted this interpretation with good reasons
(Dolenz, 2015, p.385, Fig.5; also, Gosten¢nik, 2016,
pp.30-31, Fig.15 right).

Metal moulds

To date, there are no known examples of metal moulds
(e.g. iron, copper alloy, etc.) for Roman lead ingot pro-
duction. They are only rarely considered a possibility
(Drescher, 1976, p.60).

b)

Wooden moulds

Wood was also considered as a material for the ingot
moulds.

The fact that wooden moulds were used to produce
ingots, at least in rare cases, is undoubtedly proven by
traces on a few lead ingots, particularly from the min-
ing areas of the northern Aegean, which were found in
the Comacchio (Prov. Ferrara, Italy) shipwreck near Ra-
venna (Domergue, 1987; Berti, 1990; Bode, Hanel and
Rothenhofer, 2021). Some ingots from the lead cargo
provide concrete evidence for this assumption in form of
splinters or negative wood impressions.

Small remnants of wood splinters were found on the
tops and narrow sides of the ingots, where they stuck
to the rough surface during casting and have been pre-
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served to this day. Specifically, it is an ingot of type B 5:
CRLI 91 and three ingots of type C 3: CRLI 133, 136,
137. The negative impact marks of an axe are particular-
ly noticeable on the narrow sides of the ingot CRLI 137
(Figures 5, a and b).

Multiple use and filling of the moulds

In addition to the question of the material of the moulds,
there is discussion as to whether the molten lead was in-
troduced into the mould in the course of one or several
casting processes.

While John Armstrong Smythe and Helmuth Schnei-
der argue in favour of continuous casting without giving
further reasons (Smythe, 1939/1940, p.139; Domergue
1966, p.70; Schneider, 1992, pp.80-81), George Clement
Whittick (1961, pp.106-111) dealt more intensively with
the casting of lead ingots. From his observations in a
modern foundry, he came also to the conclusion that
Roman lead ingots were made with an uninterrupted
supply of lead and that no casting ladles were used.

Type-A

Type'B

Type-C

Type'D T

- @

Figure 6. The main types A - D of Roman lead ingots.
A: Semicylindrical ingots with rounded top side, B: trun-
cated and elongated pyramidal ingots, C: cuboid in shape,
D: plano-convex ingot (sometimes irregular). Graphic: G.
Michel/N. Hanel.
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Typology of Roman lead ingots

This article can only provide a general overview of the
variety of lead ingots and their forms in Roman times.
The period of interest spans from the late Republic (1%
half of the 1 century BC) to late antiquity (5" century
AD). During this long period of ingot utilisation, various
forms of ingots were used as a means of transporting the
heavy metal. These can be divided into four main types;
a current typology was created as part of the work on the
corpus of Roman lead ingots (CRLI 2024).

Main type A: elongated semi-cylindrical
Main type B: elongated truncated pyramid-shaped
Main type C: almost cuboidal
Main type D: roundish to oval, flat to spherical segmental.
These four main types can in turn be subdivided into
different variants. For the archaeological experiments
described below, ingots of the main types A and C were
recast, because there are finds from these types in West-
falia (Figure 6). The names given to the sides of the ingots
in the following are based on the designations already
presented by Claude Domergue in 1991, using the exam-
ple of the semi-cylindrical ingots (type A 1) (Colls, Do-
mergue and Guerrero Ayuso, 1986, p.40 Fig.3 A; Bernard
and Domergue, 1991, p.95, Fig.16A.), and which are
adopted here with slight modifications (Figure 7).

1. Top of the ingot: if present, this is defined by the so-
called primary epigraphic inscriptions. The primary
epigraphic elements are inscriptions that had already
been applied to the mould before casting; the let-
ters or occasionally signs (symbols, ornaments) are

Figure 7. Names of the sides of Roman lead ingots (after cast-
ing). 1: top/face, 2: bottom, 3: left narrow side, 4: right narrow
side, 5: front, 6: back. Graphic: G. Michel/N. Hanel.



raised. The side, facing upwards during casting, can-
not have any primary epigraphic elements (Hanel,
et al,, 2013, p.215, Fig.4). If there are no primary in-
scriptions, the top is determined by the fact that it is
the side corresponding to the bottom of the mould.

2. Underside of the ingot: this is located on the side of
the ingot opposite the top. As this is the side the mol-
ten lead is poured on during the casting process, no
primary inscriptions can appear on this side.

3. Left narrow side: this is defined by the reading direc-
tion of the primary inscriptions on the top side.

4. Right narrow side: this is defined by the reading di-
rection of the primary inscriptions on the top side.

5. Front side: this is located below the top side and the
side facing the reader of the inscription.

6. Back: this is opposite the front and below the top.

Problem and potential

Although our casting experiments were carried out
without financial support and were therefore subject to
certain limitations, we have shown what possibilities are
conceivable for lead ingot casting. For these reasons, im-
purities and the temperature of the lead during casting
were not documented in our tests and therefore cannot
be included in the results.

We are aware that many casting variations were used
in the countless Roman foundries, not all of which we
were able to take into account in our experiments.

However, the experiments have shown us that we are
on the right track with our basic idea and that we have
been able to model basic ancient casting techniques. For
the reasons mentioned, some questions must of course
remain unanswered, which will have to be investigated
in the future.

The casting experiments

As part of the Deutsche Forschungsgemeinschaft-pro-
ject the Deutsches Archdologisches Institut, Kom-
mission fiir Alte Geschichte und Epigraphik, Munich
(Peter Rothenhofer), the Deutsches Bergbau-Museum
Bochum (Andreas Hauptmann, Michael Bode) and the
Universitat zu Ko6ln, Archiologisches Institut, Archio-
logie der Romischen Provinzen (Norbert Hanel), a
small team (Reinhard Kéhne, Ingo Pfeffer, Alice Beele,
Reinhard Kohne [t], Norbert Zeumer) was established
to investigate, by way of casting experiments, the ques-
tion of what materials were used in the production of
lead ingots.

Experimental archaeology can contribute impor-
tant insights into the course of ancient production pro-
cesses (e.g. Timberlake, 2007). However, only by the
close integration of scientific and archaeological-histor-
ical methods is it possible to achieve significant gains in
knowledge.

In the period between 2010/11 and 2015 a total of
four casting trials were carried out in order to investi-
gate the production steps of Roman lead ingots. In the
further course of the project the question of how many
lead ingots can be obtained from one casting mould was
also addressed.

Archaeological experiments to investigate the above
questions have rarely been carried out to date, or only to
limited extent. The first and, as far as we know, only at-
tempt was observed by George Clement Whittick in the
1930s; however, the casting experiments were not pub-
lished until well after the Second World War (Whittick,
1961, p.105, note 10). It should be noted that the casting
in a large-scale lead producing plant were not carried out
in a clay-sand mould but in a large cast-iron basin (Whit-
tick, 1961, p.111). However, he did not deal with, or only
briefly touched on, some aspects of the production of
lead ingots that are discussed here: e.g. the question of
moulds with cartouche inscriptions or the multiple use
of ancient moulds. The following question played a ma-
jor role in the experiments of the time: was the molten
lead poured into the mould in one or several batches,
and what conclusions can be drawn from the casting
lines that were observed on Roman lead ingots as ear-
ly as in the 18 century (e.g. Watson, 1782, pp.267-268;
further literature in Whittick, 1961, p.105, notes 2-6).
Experiments at the time showed that pouring the lead
into the mould without interruption could also cause
lines to form on the sides of the lead ingots (Whittick,

Figure 8. Pouring the liquid lead into the clay mould, using a
metal four-pronged casting ladle. Photo: N. Hanel.
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1961, p.108). However, this presupposes the provision of
a large quantity of molten lead for the complete casting
of an ingot. Nevertheless, such a supply has not yet been
proven for the Roman period (see p. 36 below).

For the time being it remains unclear how liquid lead
was filled into the moulds in ancient times, as no ar-
chaeological finds have been documented in this regard.
With our experiments, a large metal vessel containing
sufficient liquid lead was available, which was transport-
ed from the blast furnace to the casting area via an over-
head crane; a four-pronged, long, rectangular cast ladle
was used to transfer the clay into the moulds (Figure 8).
Temperature analyses of the lead were not carried out
during the experiments.

Essentially two casting processes are possible: casting
in expendable or in permanent moulds. For lost mould
casting, clay is the only possible moulding material. It
can be assumed that respective local clay and sand de-
posits in the vicinity of the smelting site were utilised in
Roman times.

Modern moulding sand can be mixed with various
binders, such as oil or water. However, moulding sand
mixed with oil was unknown in antiquity, and pure
moulding sand contains too much residual water, so that
a strong reaction with the liquid lead is to be expected
(courtesy of Frank Willer, Bonn). On the other hand,
moulds made of wood, fired clay, stone and iron could
theoretically be used several times.

We therefore decided to use one wooden, several clay
moulds and a ceramic mould for the casting experiments
in permanent moulds. The results of the experiment se-
ries are presented below.

Models of lead ingots based on ancient models were
needed to make the clay moulds, so a model was ma-
chine-made from beech wood. It measures 45 x 10 x 11
cm and thus corresponds to semi-cylindrical ingots that
were used in the Roman Empire from the late Republican
period and are known, for example, from ore districts
in Spain (Domergue, 1990, p.253 (type I); Hanel, 2011,
p-119; Rothenhofer and Hanel, 2013, p.276, Fig.3). The
ingot model with the inscription cartouche “PLVMBVM
MMXTI” was milled out of the solid wood (Figure 9).

Two moulds (Figure 10) made of unfired clay were
available for the first experiment, thanks to Reinhard
Kohne (t) and Dipl. Ing. Norbert Zeumer. Fine sandy
to silty loess loam from the middle terrace of the river
Ruhr near Meschede-Enste (Hochsauerlandkreis) was
used for the mould, which was put into a wooden box.
As the mould had to withstand a long transport, it was
built very solidly. Historically It could have been small-
er on site. No experiments were made with cleaning the
clay. This would have required many trials with different
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Figure 9. Wooden model for lead ingots with rounded face. The
model was marked with the cartouche inscription PLVMBVM
MMXI. Photo: R. Kohne.

Figure 10. Clay mould 2 with cartouche inscription: PLVMB-
VM MMXI. Photo: R. K6hne.

additives. As the clay stuck to the wooden model in the
preliminary experiment, the models were rubbed with
olive oil so that they could be removed without damag-
ing the green mould. In metallurgy, the casting mould is
referred to as a ‘green (unfired) sand mould’ in case of
casting in a lost mould (Brunhuber, 1976, p.314). Minor
damage to the rammed earth of the mould walls could
be repaired with a brush and a thin mixture of loess clay
and water after the models had been removed. After six
weeks of drying in the covered outdoor area in late sum-
mer weather, the two moulds were cast with lead at a
temperature of approximately 450° C, using a metal cast-
ing ladle with four pouring openings (Figure 11). The
liquid raw lead required for this was provided from the
smelting furnace of the Metallhiitte Hoppecke GmbH &
Co. KG. With a four-pronged ladle it was taken out of
a large metal vessel and filled in several stages into the
mould. As the mould clay still contained some water, the
lead began to boil at the contact surfaces: ‘Boiling’ here
refers to the contact reaction between the liquid lead and
the water content in the clay mould, which is noticea-
ble by the formation of bubbles from the evaporating
water (Brunhuber, 1976, p.400). Because of the strong
reaction with the water, it was necessary to wait a few
minutes before pouring in the next layer, as otherwise,
the contact reaction would have been too strong and too
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Figure 11. Pouring the molten lead into the clay mould, using
a four-pronged casting ladle. In the background there is the
metal vessel for removing the lead. Photo: N. Hanel.

much lead would have splashed out. The drop-shaped
pieces of waste that solidified next to the mould have the
typical shape of processing residues found in lead-pro-
cessing workshops of Roman times (Duvauchelle, 1999,
p-136, pp.141-142, cat. no.50-88; Pfeffer, 2012, pp.92-93,
Fig.187).

The experiments showed that it is possible to cast
ingots with and without inscription cartouches in air-
dried clay moulds. However, due to the water content in
the moulds, the liquid lead can only be poured in very
slowly, as contact with the water content in the moulds
makes the lead solidify. The surface of the finished ingots
was very rough and cavities and unevenness were visible,
especially on the underside (= top side during casting):
various casting defects, such as blowholes, were detect-
ed. The term ‘shrinkage cavity’ is another technical term
from metallurgy and casting technology and refers to
cavities formed during the solidification of cast objects
(Figure 12).

The individual casting layers were clearly recognis-
able, and the inscription was legible but poorly formed
(Figures 13, a and b). The removal of the metal ingot was
unproblematic, as the clay mould detached and disinte-
grated even at low pressure, leaving hardly any charac-
teristic mould parts behind (Figures 14, a and b).

Figure 12. Finished lead casting into the clay mould - with
bumps and small voids on the later underside of the ingot.
Photo: 1. Pfeffer.

Figure 13. a. Top of the modern lead ingot with cartouche
inscription. Traces of the cracked and repaired mould in the
right half of the photograph; b. Front of the lead ingot with
horizontal casting lines. Photos: N. Hanel.

For the second casting experiment, the moulds were
dried in an oven. Loess clay from Meschede-Enste was
used again. This time, however, the clay was cleaned
of impurities by using a hand sieve with a mesh size of
4 mm. By adding 15 % water, a high binding activity
could be achieved and the clay could be easily prepared
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Figure 14. a. Removal of the cooled lead ingot from the clay
mould; b. Rest of the cartouche inscription after the ingot cast-
ing. Photos: N. Hanel.

with a cement mixer. The laboratory measurement at
the Honsel sand laboratory showed a water content of
14.2 %. A steel frame measuring 65 x 35 x 17 cm was
filled with the finished moulding material, and the two
ingot models already made for the first experiment were
reused. Once again, we rubbed the models with olive
oil to make them easier to remove, so that the negative
print of the inscription retained a flawless typeface. The
finished mould was sprayed with water to improve its
transportability to the drying oven. Drying took place
at 140° C. To prevent the mould from cracking during
drying, the temperature was slowly increased until the
desired 140° C was reached after three hours. The mould
then remained in the oven at a constant temperature for
a further three hours. Once the drying process was com-
plete, the shrinkage cracks were smeared with loess clay
while the mould was still warm.

Two pieces of woven burlap were worked into the
mould without the inscription cartouche during the
stamping process in order to clarify how a fictitious re-
pair to the mould would show on the final product. The
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linen remained in the mould during casting and was only
lightly smoothed with a loess clay slurry (Figure 15).
The casting experiment went smoothly. The lead,
heated to approximately 450° C, was poured into the pre-
heated mould with a casting ladle. Despite drying in an
oven, however, the lead boiled again and pouring could
only be carried out slowly, however somewhat faster than
during the first experiment. Numerous small casting
residues also accumulated around the casting form. The
double mould again disintegrated completely when the
two ingots were removed. The surface of the lead ingots
was somewhat smoother than those from the first casting
experiment, but again it showed shrinkage cavities and
was uneven. The inscription was legible but not clearly
defined. The casting layers were again clearly recognisa-
ble. The fabric imprint was clearly visible on the area with
the applied burlap (Figure 16), meaning that the fabric
imprints on the original ingots most probably originated
from repairs to the moulds (see below p. 36). The casting
process took approximately one hour per ingot and was
therefore only slightly faster than the first attempt.
Because Roman lead ingots with impressions of
wood grain and even remains of splinters are known (see
below p. 26), the third experiment was to be carried out
in a reusable wooden mould. With this experiment, the
cuboid ingots (type C) were used as a model (Figures 17,

a and b). No Roman ingots cast in wooden moulds ever

Figure 15. Clay mould for double ingot casting. Scraps of tissue
inserted into the upper ingot. Photo: R. K6hne.

Figure 16. Modern lead ingot with an impression of the tissue
remains (top left) and casting lines. Photo: R. K6hne.



Figures 17. Wooden mould for the casting of a cuboid ingot
(main type C) with a large cartouche inscription PLUMB.
GERM. Photos: N. Hanel and R. Kéhne.

had a primary cartouche inscription, only secondary in-
scriptions as stamps, chisel inscriptions and graffiti. A
beech log was used as the blank. As manual processing
would have been too time-consuming, the hollow mould
was milled out by machine. As the wood was fresh, it
had to be sufficiently dried beforehand: this process was
carried out at a professional drying plant.

Although the few Roman lead ingots with wooden
impressions have not yet been found to have a cast (car-
touche) inscription, an attempt was made to produce an
inscription cartouche. However, the company carrying
out the work was unable to mill the desired inscription
“PLUMP-GERM” into the wooden block, so the mould
maker produced the inscription separately in a 6 mm
thick wooden panel and glued and nailed it into the
mould. This process was not agreed with us, but it shows
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Figure 18. Modern lead ingot with cartouche inscription from
a wooden model. Photo: 1. Pfeffer.

that it was certainly impossible to carve an inscription
cartouche into a wooden mould even in antiquity.

To protect the wood, the mould was filled with a
loess-loam slurry (a mixture of water and loess-loam).
The thin slurry was air-dried. These are used to protect
the mould surface and to improve the release of the
cooled casting from the mould, as an insulating layer
of gas forms during the casting process. During the
casting experiment, as with the other experiments, the
liquid lead was poured into the mould at a temperature
of approximately 450° C, using a casting ladle with a ca-
pacity of approximately 7 kg. No oxide skin could form
between the individual casting cycles, as the lead boiled
very strongly and mixed with the layer below. After filling
very slowly, a crack formed at the bottom of the mould,
from which about a third of the lead dripped out dur-
ing the solidification process. The wood smoked slightly
after filling but did not start to burn. The solidification
of the block began after approximately 12 minutes, and
after a further 25 minutes the surface had solidified. To
speed up the entire solidification process, the outer wall
of the wooden mould was cooled with a fine water jet,
and after approximately 45 minutes the ingot could be
separated by tilting the mould. The ingot had a casting
weight of 21.4 kg (Figure 18).

After removing the ingot, the inscribed cartouche
had become detached and liquid lead had penetrated be-
tween the base mould and the inscription plate. Parts of
the wooden title block were stuck to the ingot and had to
be removed with a chisel. Another casting without a title
block would have been possible after repairing the crack
in the mould. The charring of the surface was only very
slight and had a layer thickness of about 1 mm.

The experiment shows that multiple casting in wood-
en moulds is possible. However, the wooden mould must
be very well dried during casting, as otherwise the lead
reacts strongly with the water and a lot of lead splash-
es out. The surface of the finished ingot was very rough
and showed blowholes and severe unevenness on the un-
derside. The inscription was legible but poorly formed.
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Figure 19. Modern ceramic casting mould of a lead ingot type
A with inscription PLUMB GERM. Photo: R. Kéhne.

There were no casting lines, due to the crack in the
mould and the lead that had run out in places, as well
as the heavy boiling. Overall, this casting attempt took
the most time, around two hours, as wood insulates very
well, so that the lead solidified only slowly and no casting
lines could develop.

We had the opportunity to have a modern ceramic
mould made for our experiments by the Klett pottery
in Fredelsloh, City of Moringen (Landkreis Nordheim).
The wooden model of a semi-cylindrical lead ingot (type
A 1) served as a model for the clay mould. We chose the
inscription “PLUMB GERM” for the mould (Figure 19).
The mould was made of clay found near the pottery and
tempered with 20 % quartz sand from the range of hills
called Solling. This corresponds to the amount of temper
used by the potter for vessels based on medieval mod-
els. A different firing temperature, as is known for me-
dieval cast iron crucibles, could not be used in order not
to jeopardise the firing of the other modern commer-
cial ceramic vessels in the firing chamber (Zientek and
Rehren, 2009, pp.179-180). After air-drying for a few
days, the mould was fired in a replica of a medieval kiln.
The firing temperature was approximately 1000 °C. The
kiln journey - charging the kiln, bricking up the kiln,
heating up the kiln, firing, cooling and opening the kiln
chamber - took 15 days. During firing, fine cracks ap-
peared on the narrow side of the mould, which widened
in the course of the casting process. According to Mr
Johannes Klett-Drechsel, the owner of a ceramics man-
ufactory, the cracks in the mould were probably due to
the mould having been air-dried for too short a period of
time and could have been avoided with sufficient prepa-
ration time. The fine cracks in the clay mould next to the
inscription and on the narrow side were smeared with
clay paste in the foundry on the day of the casting exper-
iment. The lead was then poured into the mould in sev-
eral portions at a casting temperature of 400 to 420 °C,
using a casting ladle. The filling could be done quickly
in the course of one casting process, as there were no re-
actions with the mould. After 22 minutes, the ingot had
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Figure 20. Modern lead ingots from the ceramic casting mould
(a) with interrupted fillings, b. in the course of one casting pro-
cess. Photos: N. Hanel.

solidified and was tipped out of the mould. Three ingots
were cast in quick succession. There was no discernible
change in the surface/shape of the ingots. After casting
the third ingot, the cracks on the mould that had pre-
viously been smeared with clay paste were visible again.
Despite these cracks, the ceramic mould could have been
used for further castings.

The surface of the three freshly cast ingots was very
smooth, with only a few blowholes and irregularities on
the underside of the ingots. The first ingot was cast in
several stages with pauses between each pour (similar
to the manner used in the previous experiments), with
pauses in between, and the casting lines were clear-
ly visible on the final product (Figure 20, a). With the
two subsequently cast ingots, the lead was poured in the
course of one casting process, and the lines were only
pronounced at the corners where the lead cooled fastest
(Figure 20, b). Only the last casting layer was poured a
little later, so that it appeared as a fine oxide line. The



ingots were about 40.5 x 10.5 x 9.8 cm in size at the base
and weighed about 28 kg, which corresponds approxi-
mately to a Roman ingot of this type.

Pouring into a ceramic mould was extremely simple:
the lead did not boil in the mould and the molten lead
could be poured in with the ladle without any waiting
pauses in between. Depending on how quickly the ladle
was refilled, the individual pouring lines were clearly vis-
ible, partially visible or not visible at all, and the ingots
had a very smooth surface, so that pouring into the clay
mould achieved the best result. The labelling was flawless
and did not lose its quality even after the third casting.

Discussion of the results of the casting
experiments on ingot casting in Roman times

The multiple casting experiments that we successful-
ly carried out to produce lead ingots in reconstructed
“Roman” moulds have yielded new findings, although
some questions remain unanswered. The experiments
and comparisons with Roman ingots have shown that
the majority of Roman lead ingots were presumably
produced in lost clay sand moulds. In rare cases, wood
was also used; there is no evidence to date for metal, ce-
ramic or stone moulds, and these findings are consistent
with the observations from the CRLI project. In princi-
ple, however, the use of metal, ceramic or stone moulds
cannot be ruled out, as casting in these moulds was also
possible in antiquity. The fact that moulds were made of
a mixture of clay and sand or of wood explains the lack
of any traces of such moulds in the numerous known Ro-
man mining regions. Moulds made of fired pottery are
also conceivable; however, such remains, just like every-
day pottery, have not been reported so far in the ancient
mining regions.

Figure 21. Two Roman lead ingots from Wade Street, Bristol,
with identical casting defects in the centre of the cartouche.
Photos: CRLL

Figure 22. Modern ingot with a shrinkage cavity on the under-
side. Photo: N. Hanel.

Lead ingots with identical casting defects prove that
damage was already present on the wooden model and
that this was transferred to the ingots via the clay sand
mould. This is particularly noticeable with two pieces
from Bristol, from the banks of the River Frome; the cast-
ing defect (Figures 21, a and b) is visible in the centre of
the cartouche inscription (CIL VII 1210 (2 x); Gowland,
1901, p.399, Tab.58, 15, RIB 1II 1, 2404. 17-18; Tylecote,
1962, Tab.33, 18-19; Elkington, 1976, p.195; Tylecote,
1986, Tab.38, 18-19, CRLI 2455-2456).

In future experiments, the question of the number of
lead mould casts from an ingot model should be inves-
tigated in more detail than was possible in our experi-
ments.

Previous assumptions, which vary only slightly, as-
sume up to five ingot casts from one clay mould. Claude
Domergue assumed that nine to ten lead ingots could
be cast from a stock of 275/300 kg of lead (Domergue,
1966, pp.70-72). However, our tests show that the air-
dried clay-sand mould completely disintegrates after the
first casting and only the ingot model, probably a wood-
en model, could be used several times, the defects of the
model were transferred to the casting mould and passed
on to the final product.

When using ceramic moulds, casting could be car-
ried out in the course of one casting process; if casting
lines still appear, this is for other reasons. In addition,
the experiments made clear that the formation of casting
lines depends solely on the speed at which the individ-
ual layers are poured. Due to the reaction with any water
present in the mould, unfired clay moulds can generally
only be filled slowly, which inevitably results in casting
lines. However, when casting into the wooden mould,
the lead boiled so much that no casting lines appeared.

The Roman lead ingots also exhibit defects that al-
low conclusions to be drawn about the labour processes
involved in casting and are consistent with our casting
experiments.

In our experiments, we observed shrinkage, particu-
larly on the underside of the bars (Figure 22, also Fig-
ure 14, a). These elongated depressions are often found
on the original ingots. However, so-called ‘closed’ blow-
holes inside the lead ingots (Brunhuber, 1976, p.158,
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Figure 23. Roman lead ingot (a) from the northwest coast of
Sardinia; (b) modernly divided with closed blowhole. Photos:
N. Hanel.

Figure 24. Roman lead ingot fragment (a) from Rutupiae/Rich-
borough (Kent) with cartouche inscription of Emperor Nerva;
(b) closed blowhole in the middle (width of the ingot at the
bottom 15.7 cm). Photos: N. Hanel.

pp.473-475) are also occasionally found in Roman lead
ingots. This is the case with the specimen of C. Utius
(CRLI 1209), found in northwest Sardinia; modern cut-
ting made the blowhole in the center of the ingot visible
(Figures 23, aand b). Another example is the fragment of
an ingot (CRLI 2420) with the cartouche inscription of
Emperor Nerva, found in the Roman settlement of Rutu-
piae (Richborough, Kent) (Figures 24, a and b).
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Figure 25. Roman lead ingot from Cartagena (a) by entre-
preneur M. Raius Rufus with impressions of tissue (arrows),
(b) detail with tissue impressions on the top right. Photos:
CRLL N. Hanel.

Figure 26. Tissue print on the top of a Severan lead ingot from
Aléria (Corsica). Photo: M. Bode.

Our experiments also clarified why with some lead
ingots (e.g. CRLI 1875, found in Cartagena, Murcia;
CRLI 1216, found in Aleria, Corsica) there are clear
material impressions on parts of the ingot surface
(Figures 25, a and b; 26) (Weisgerber, et al., 2007, p.152,
Fig.8). Apparently, moulds were patched with scraps of
fabric and clay and, as our experiments showed, the fab-
ric was imprinted on the billet. The remaining material,



which was covered by a clay slurry, does not burn when
the lead is poured, but rather seals the underlying crack
in the mould and creates the material impression.

Apart from the reasons for casting defects mentioned
above, other causes may have played a role in casting de-
fects: e.g. the temperature of the raw lead or mould, the
speed of pouring, defects in the mould (impurities etc.),
contamination and gases in the raw lead.

In our opinion, there are three possibilities conceivable

in ancient times:

1. Some researchers assume that lead was passed direct-
ly from the melting furnace, via a channel, into the
ingot casting moulds in one go. However, this had
the disadvantage that control of the casting materi-
al from the smelting furnaces was hardly possible or
only with difficulty.

2. Another possibility is to provide liquid lead in large
crucibles that have been heated for casting. The prob-
lem here is that a sufficient amount of liquid lead
must have been available, especially for larger ingots.
There must therefore have been large melting tanks
from which the molten lead was scooped out with the
help of crucibles or ladles and poured into the cast-
ing mould. So far, only relatively small crucibles are
known from Roman finds; for a large crucible frag-
ment in Augst the filling volume can be calculated
to approximately 830 cm?, i.e. 7.5 kg of non-ferrous
metal. The procedure described here is very likely, as
it explains the casting lines that could be detected in
our experiments.

To fill in the liquid lead, specially shaped cru-
cible tongs were required - depending on the size
of the crucible (Brunhuber, 1976, p.764, with Fig.;
Levy, et al., 2008, p.76, Fig.50, with modern, over-
sized crucible tongs). Evidence of special crucible
tongs in Roman times is e.g. known from Augst
(Mutz, 1976, pp.28-30, Figs.23-23a). Indirect evi-
dence of such tongs are impressions of the tong tips
in the slagged outer layers (lutum) of crucibles for
non-ferrous metal casting (Furger, 2018, pp.50-52,
Fig.14). Possibly with larger crucibles, two pieces of
green wood, could be used by two people at each
end; trapping the crucible in the middle so replac-
ing the tongs.

3. According to William Gowland, iron pouring ladles
were used as filling tools. Accordingly, the lead would
have been heated in such iron casting ladles until it
became liquid and was then poured directly into the
moulds without having to rely on crucibles. To date,
such finds from Roman mines and smelting sites
have not been made or published. Due to their val-

ue, one must assume that these tools were carefully
looked after and loss was largely avoided.

Conclusions

Our casting experiments were able to clarify some open
questions about the casting process, but others could
only be partially answered. There are no significant dif-
ferences between the lead ingots produced in our tests
and the original Roman ingots. Our casting experiments
have shown how Roman lead ingots could have been
produced. It should also be borne in mind that in the
various mines in the Roman Empire, in addition to dif-
ferent ingot shapes, the lead casters used different man-
ufacturing processes; this applies in particular to the
heavier lead ingots, which can weigh up to 300 kg (see
above: CRLI). We had to use transportable moulds for
the casting tests. In Roman mining operations, however,
stationary and therefore more stable moulds may have
been used. It remains to be hoped that our results can
be substantiated by further casting experiments or that
original remains of casting moulds will be found in the
numerous Roman mining regions that shed light on the
manufacturing technology of these lead ingots.
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