
Introduction

In Bronze Age metallurgy, plano-convex ingots (in short 
PCIs) representing semi-products are important links 
between producers and consumers and provide various 
technological information concerning production and pro-
cessing. However, their recording is inconsistent: a handful 
elaborate publications and regional studies, partially with 
scientific analyses, are in contrast with numerous short 
descriptions with very rudimentary or vague data. The 
lack of basic information, such as size, weight or shape, 
the inconsistent definition of top and base side, the use 
of a diverse vocabulary and missing illustrations or pho-
tos in the publications not only complicated a reliable 
comparison of individual pieces, but also the realisation 
of transregional studies. The following paper attempts 
to remedy this by presenting a manual with appropriate 
terminology, which is designed to facilitate comparative 
work on morphological and technological features by an 
accurate description, and to address the major issues in 
the study of the production and partition of PCIs.

This manual is in turn part of an ongoing project in 
which the author undertook chemical analyses (ICP-AES/
OES), metallographic examinations, imaging techniques 

(SEM, CT scanning) and radiocarbon dating (on trapped 
charcoal) on more than 100 PCIs and their fragments, 
as well as related metal ingots (e.g. rod ingots) from 
Bronze Age/Urnfield Period hoards, settlements and a 
burnt offerings site from Salzkammergut in Styria and 
Upper Austria (on the finding area: Modl, 2008; 2013; 
Windholz-Konrad, 2003; 2012; 2018). The manual is 
presented to the scientific community before the final 
publication of the project’s outcome and should serve 
as stimulation for a better documentation of PCIs in the 
future. Before continuing with the manual, it is necessary 
to define PCIs, recap the current state of research and 
introduce the methodology.

Plano-convex ingots

Terminology
The regular ‘plano-convex ingot’ is characterised by a 
flat topside and a bulged underside. This raw metal type 
is often, contrary to the direction of production, referred 
to as ‘bun ingot’, which implies the opposite orientation 
of concavity (cf. Weisgerber & Yule, 2003, p.49; Weis-

Recording plano-convex ingots (Gusskuchen) 
from Late Bronze Age Styria and Upper Austria
– A short manual for the documentation of 
morphological and technological features from 
production and partition

Daniel Modl

ABSTRACT: The plano-convex ingot (in short PCI) or casting cake (German: Gusskuchen) is the most common ingot 
type for copper and its alloys in Late Bronze Age in Central Europe. The PCIs were formed in an open casting process 
by pouring molten metal into a shallow pit in the ground or in a specific casting form. Because of their simple production 
this raw metal type is found across a wide chronological and geographical range and was used for several metals. De-
spite their importance for the reconstruction of prehistoric copper metallurgy, the PCIs are often described insufficiently, 
which complicates major comparative studies. The following study attempts to remedy this by presenting a recording 
system with a uniform terminology, which presents all important measurable parameters and visible morphological 
and technological features on the surface of the PCIs, supported by results from chemical analyses, metallographic 
examinations or imaging techniques, for a better understanding of their production and partition. 

KEyWORDS: LATE BRONZE AGE, PLANO-CONVEX INGOT, CASTING CAKE, RAW METAL, COPPER, METAL 
CASTING, RECORDING SYSTEM

373

Der Anschnitt, Beih. 42, S. 373 – 398, 2019



gerber, 2004, p.31; Modl, 2010, p.127). In the countries 
around the Adriatic Sea, PCIs are sometimes assigned 
to a precoin monetary metal called ‘aes rude’, a Latin 
term (cf. Trampuž Orel et al., 2002, p.63; Murgan, 2014, 
p.66). Their traditional German name is ‘Gusskuchen’, 
a term which is very appropriate because it describes 
the production process well, but is not really common 
in the English-speaking world, like the sometimes used 
direct translation ‘casting cake’ (e.g. Romanow, 1995; 
Nessel, 2014; Stöllner et al., 2016). The author has 
therefore decided – contrary to his own linguistic usage 
– to apply the term ‘plano-convex ingot’ in this paper 
(German: plankonvexer Barren) or the acronym ‘PCI’, 
which refers to a formal criterium, the cross-section. The 
author understands this term as a hypernym, because 
this raw metal type can have a technically related var-
iability of shapes.

Historical and geographical frame

The PCI is formed in an open casting process by pouring 
molten metal into a shallow pit in the ground or in a spe-
cific casting form (subsequently referred to as “mould”). 
Because of the simple production of ingot and mould, 
this raw metal form is found across a wide chronological 
and geographical range and was used for several metals, 
such as copper and its alloys, as well as lead, tin, silver 
and gold.

Smelted copper with plano-convex shape has been 
known since early metallurgic times in the Middle East 
and Europe (e.g. Schubert & Schubert, 1999, p.668, 
fig.1/1, 2/1-2). In the course of the Bronze Age, the PCI 
is evidenced throughout Europe and the Mediterranean, 
especially in hoards and as shipwreck cargo material 
(see Muhly et al., 1977; Rothenberg, 1990, pp.65-66; 
Hauptmann et al., 2002; Hauptmann & Maddin, 2005; 
Müller-Karpe, 2005, pp.486-487; Yahalom-Mack et al., 
2014; Lehner & Schachner, 2017, pp.413-415; Wang et 
al., 2018, pp.102-117). In Central Europe during the Early/
Middle Bronze Age transition, the heterogeneous PCI 
replaced the standardised ingots with fixed denomination 
(like loop or neck-rings/Ösenringe; rib ingots/Rippen-/
Spangenbarren) and evolved to the preferred raw metal 
form for copper and its alloys (see Möslein, 1998, p.252, 
pp.256-257). In the Late Bronze Age Mediterranean the 
PCI remained subordinate to the so called ox-hide ingots 
(Ochsenhautbarren; see Sabatini, 2016, pp.15-62).

In prehistoric times, this form was additionally pro-
duced in larger number in the Persian Gulf area (see 
Prange, 2001, pp.11-15, 31-33; Craddock et al., 2003; 
Weisgerber & Yule, 2003), in India (see Yule, 1985, p.44, 
tab.26/357-360; Pigott, 1999, p.123) and even in South-
East Asia (see Bennett, 1998, p.337, 345) and China 
(see Wang et al., 2019, [p.2409, 2411, fig. 2/7]). Also in 
Roman times and especially between the Late Medie-
val to Early Modern Periods, ingots were increasingly 
produced in similiar form in Europe, as documented in 

the cases of the ancient copper ingots found in Northern 
Wales (see Tylecote, 1986, pp.22-24, tab.10-11, fig.10) 
and along the Languedoc shore in France (see Rico et 
al., 2005; Klein et al., 2007) or the hemispherical bars 
from the Portuguese trade vessel ‘Bom Jesus’ at the 
Namibian coast (see Hauptmann et al., 2016). PCIs were 
also the bottom part of a medieval ‘Reißscheiben’ cast, 
which were called ‘Könige’ (see Hänsel & Schulz, 1980, 
pp.13-17; Werson, 2015, pp.66-68, 87-88). Because of the 
partly identical shape and production technique, studies 
on non-prehistoric and non-European PCIs are of great 
interest for the analysis of Central European pieces from 
the Bronze Age.

Traditionally, the PCIs in Central Europe were dated 
to the Late Bronze Age/Urnfield period and judged to be 
chronologically insensitive. However, their time frame is 
much broader than the evaluation of metal hoards indicates 
(see Neumann, 2015, pp.145-147) and includes all time 
stages between the Early Bronze Age and the Hallstatt 
period. For individual regions even convincing chronolo-
gies for different types could be determined on the basis 
of morphometric data from complete PCIs (Krutter, 2015; 
Lutz et al., 2019, this volume). Basically, it turns out that 
in the Early Bronze Age, the PCI were the largest and 
then became smaller but thicker during the Bronze Age.

The dating of single ingot fragments without archae-
ological context, however, is still hampered by the lack 
of a clear chronological framework. Only very rarely the 
radiocarbon method has been used for dating charcoals 
embedded in the surfaces of PCIs (e.g. Wischenbarth, 
2004, pp.149-150; Galili et al., 2013, p.171; Armada & 
García-Vuelta, 2015, pp.372-382; Jansen & Löffler, 2016, 
pp.130-131; Lutz et al., 2019, this volume). In the course 
of the project presented here, such an investigation was 
undertaken, which revealed a dating frame from the older 
to the younger Urnfield period (Ha A2-Ha B2) for a small 
PCI from a hoard in the Styrian Salzkammergut (Fig. 1; 

Fig. 1: Radiocarbon dating of a charcoal from the base side of a 
PCI from hoard IV (CNr. 6; Ha B1/B3; see Windholz-Konrad, 2018, 
p.124, 158, tab.7/13) in the finding area ‘Kainischtraun’ near Bad 
Aussee, Styria, with a calibrated date between 1100 and 1100 BC 
or 1090 and 975 BC at 68,2% probability and 1130 and 915 BC at 
95,4% probability (VERA-6251) (graphic: D. Modl).
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cf. Windholz-Konrad 2003, pp.82-84, p.102, fig.60; 2018, 
p.124, 158, tab.7/13).

Metal composition and ingot 
manufacturing/partitioning

Metal analysis of Bronze Age PCIs in Central Europe 
revealed that they are originally made of chalcopyrite 
copper, fahlore copper or, less common, a mixture of 
both types, all of different composition (see Trampuž Orel 
et al., 1996, pp.178-211; Klemenc et al., 1999; Bachmann 
et al., 2002/03, pp.94-99; Sperber, 2004, pp.312-315, 
318-321; Trampuž-Orel & Drglin, 2005; Pernicka et al., 
2016, pp.31-34; Stöllner et al., 2016, pp.87-88, 92, fig.14, 
tab. 2; Radivojević et al., 2018; Möslein & Pernicka, this 
volume). As changeable copper contents and varying 
amounts of minor elements (arsenic, antimony, nickel, iron, 
tin, lead) show, impure and partly refined copper (black 
copper or blister copper), as well as nearly pure copper 
and even alloyed copper were used for their production. 
This material inhomogeneity and the fact that the PCIs 
display a surprisingly large variety in shape, size and 
weight, their interpretation as bars and subsequently 
as potential premonetary currency, or ‘special purpose 
money’, was controversially discussed.

However, an ingot is not defined by its quality or 
value, because rather practical reasons are crucial. 
The size and shape must merely be suitable for storing, 
transporting and further processing, a purpose fullfilled by 
PCIs. Another criterion relates to the production technique, 
as ingots are manufactured in an independent casting 
process (see Drescher, 1976, p.60; Ottaway, 1994, p.115; 
Primas & Pernicka, 1998, pp.29-32;  Kuijpers, 2008, 
pp.73-77; Nessel, 2017, pp.169-170, 192). According 
to research tradition, the PCIs have been viewed as 
a primary product of copper extraction (see Tylecote, 
1976, p.166, 170; Ottaway, 1994, p.98, fig.13 and the 
graphic in Eibner, 1982a, p.406, fig.3), forming during 
smelting at the bowl-shaped base of a furnace beneath 
a well-seperated layer of slag. 

However, this formation process cannot be recon-
structed in archaeological experiments (see Hanning, 
2012; Modl, 2015) and is also in contradiction with fea-
tures on the top surface of most of the PCIs. While the 
concentration of the ore into a copper-iron sulphide matte 
was well trialled in smelting experiments, the efficient 
converting of the matte into metallic copper and the 
formation of a homogenous copper cake as well as the 
purification of the metal by refining (e.g. oxidation, poling 
or melting with lead; see Rostoker, 1975, pp.312, 314; 
Eibner, 1982b, pp.309-311; Preßlinger, 2004, p.326) is 
to date inadequately replicable (summarising Hanning 
et al., 2015). In addition, apart from different slags just 
a few metallic semi- and endproducts from the smelting 
sites, mining settlements or nearby hoards are known for 
these last process steps and hardly any facilities, like pit 
or hearth furnances or crucibles for such pyrometallurgi-

cal operations are documented. The same applies also 
for the production of the alloy bronze by co-smelting of 
copper and metallic tin, by cementation of copper with the 
tin oxide cassiterite (SnO2) or by co-smelting a mixture of 
copper and tin ores, which is also hardly detectable in the 
archaeological record but good to repeat in archaeological 
experiments (see Herdits et al., 1995, pp.78-85; Rovira 
et al., 2009, pp.407-414).

Currently, it can be assumed that the end product of 
the smelting process were probably amorphous copper 
lumps or smaller prills mixed with slag which needed to be 
remelted and recast. Therefore the PCI in its usual form 
was not the primary product of smelting, it is rather the 
product of a secondary casting process between refining, 
alloying and recycling in which the metal is cast into a 
bowl-shaped mould. Whether the pour was carried out 
by use of crucibles or by discharging molten metal from 
the bottom of the furnance into a forehearth or a tapping 
pit will be the subject of further discussions (Fig. 2/A-B; 
see Modl, 2010, pp.129-132, 138-140; Holdermann & 
Trommer, 2010, pp.792-795). 

Such moulds are to date unknown in Europe. The 
only validated finds of clay moulds for casting a PCI are 
known from the Iron Age site 30 at Timna (Israel; see 
Rothenberg, 1987; 1990, p.54, 67, fig.81-82), while small 
casting pits were detected at the Bronze Age settlement 
Maysar-1 (Oman; see Weisgerber, 1981, p.209, fig.38; 
Weisgerber & Yule, 2003, p.48; Weisgerber, 2004, p.22). 
The fact that the majority of the PCIs were actually cast is 
indicated for example by flow structures at their top surface 
or an internal multilayer structure, formed by repeated or 
interrupted casting batches. Their varying purity (mostly 
between 94-98 wt% copper) and alloying degree as well 
as different contents of copper oxides and sulphides or 
an arsenic loss reflect that the PCIs are not the result of 
a simultaneous manufacturing process but rather pro-
ducts of an entire series of pyrometallurgical processes 
commencing with copper smelting and continuing with 
several refining, alloying or recycling procedures, while 
PCIs are being poured and broken up again and again 
(Fig. 3). A special position among the PCIs is occupied by 
pieces which consist of recycled metal and are possibly 
produced in two ways: by casting molten metal in a mould 
filled with scrap metal, or by adding scrap metal into an 
existing melt (Fig. 2/C-D).

For the definition of the PCI as an ingot the metal 
quality and production stage play only a subordinate 
role, but an almost plano-convex shape and a minimum 
size are more determining factors. For this reason some 
foundry remains should not be included in the group of 
PCIs. These include, for example, casts or remains of 
the bottom of crucibles or ceramic vessels (‘reguli’) with 
a plano-convex cross-section, but with a diameter of 
only a few centimeters (e.g. Czajlik, 1996, p.171, fig.16; 
Bachmann et al., 2002/03, p.90, fig.10/D/2-6; Weisgerber, 
2004, p.31; Czajlik, 2006, p.58, fig.6; Kytlicová, 2007, 
p.163, tab.138/D/3-5; Lauermann & Rammer, 2013, p.96, 
tab.23/3-4; Le Carlier de Veslud et al., 2014, pp.514-515), 
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Fig. 2: Simplified representation of the possible casting techniques for the production of PCIs by (A) using crucibles or (B) by discharging 
molten metal from a furnace into a bowl-shaped mould, forehearth or tapping pit, as well as the manufacturing of PCIs out of recycled 
metal (C) by casting molten metal in a with scrap metal fullfilled mould or (D) by adding scrap metal into a existing melt. Furthermore 
the two potential options for the partitioning of PCIs by using a hammer and different cutting tools are depicted with the (E) primary 
partitioning immediately after the casting and the (F) secondary partitioning by reheating the PCI (graphic: D. Modl).

Fig. 3: Visualisation of the production and processing cycle of PCIs (graphic: D. Modl).
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amorphous smelting waste (e.g. Gruber & Preßlinger, 
1983, pp.1255-1256; Preßlinger & Eibner, 2004, pp.70-71) 
and socket-shaped castings (‘tüllenförmige Gusskuchen’; 
e.g. Höglinger, 1996, p.77, 141, tab.27/515; Engelmann, 
1997, p.31, 75, 114, fig.48-49, tab.19/14; Pühringer, 2000, 
pp.195-197).

Most of the PCIs in Late Bronze Age hoards are 
fragmented (see Modl, 2010; Nessel, 2014; 2017). This 
is the result of a targeted breaking in red-hot state im-
mediately after casting (primary partitioning) or after a 
later heating in a charcoal fire (secondary partitioning) 
when they were traded, processed, hoarded or sacrificed. 
Principally the PCIs show various deformations and tool 
marks that suggest the use of different hammers, axes 
and chisels during the dividing process. The partition 
did probably not take place directly in the casting pit, but 
rather a hard base like a wooden block or a stone was 
used here (Fig. 2/E-F).

State of research

Already around the middle of the 19th century, antiquar-
ians in Austria and Hungary comprehend ‘Gusskuchen’ 
or PCIs as own archaeological object group (see Prato-
bevera, 1856, p.27; Érdy, 1861, p.38). A more detailed 
typological classification of the PCIs based on metrical 
data and including technological features commenced in 
Europe in the 1970s and 1980s with the analysis of Late 
Bronze Age hoards (see Stein, 1976, p.22, 28; Rusu, 
1981, pp.375-379, 382-384; Mozsolics, 1984, pp.35-39).

Of particular importance is the paper of Czajlik (1996), 
who was the first to combine qualitative and quantitative 
aspects of PCIs from western Hungary, including shape, 
cross-section, size, weight, metal composition and manu-
facturing technique. Besides an inconsistent typology, this 
important and influential study presents an implausible 
reconstruction of the production process that results in 
an inverted orientation of the PCIs, which the author sees 
mainly confirmed in density differences in their inside. 
However, this approach must be rejected because he did 
not consider various degassing effects in the core and on 
the surface as well as the pouring in different batches, 
which can explain the density differences and speaks 
against the proposed manufacturing process.

Thanks to experimental archaeological investigations 
particularly into the production of ox-hide ingots, where 
PCIs were sometimes by-products, we know more about 
the manufacturing of copper ingots in different mould 
materials (see Tylecote, 1976, p.164; Merkel, 1986a; 
1990, pp.107-109, 113-116; Craddock et al., 1997; Van 
Lokeren, 2000; Bunk & Kuhnen, 2008; Larson, 2009; Modl, 
2010, pp.138-140; Laschimke & Burger, 2012; Galili et 
al., 2013, p.21; Hauptmann et al., 2016). Just a few years 
ago, also in the course of archaeological experiments, 
some authors began to study the partitioning of copper 
ingots with different techniques and tools, however, too 
many questions remained unanswered regarding op-

timal processing temperature or fracture behavior due 
to the chemical composition of the ingots (see Merkel, 
1986b, p.269; Van Lokeren, 2000, p.275; Modl, 2010, 
pp.140-146; 2011, pp.147-155; Hauptmann et al., 2016, 
p.758). Based on this work, the fragments of PCIs got 
more into the focus of research, which made it possible 
to distinguish several fracture patterns or weight ratios in 
European hoards (see Primas & Pernicka, 1998, pp.45-50; 
Pühringer, 2000, pp.203-214; Modl, 2010, pp.147-148; 
Nessel, 2014, pp.404-409; 2017, pp.175-192; Reiter & 
Linke, 2016, pp.150-151, fig.22-23). 

Over the last two decades, for many European 
countries, such as Spain (Montero-Ruiz et al., 2010/11), 
France (Czajlik, 2006, pp.52-62; Le Carlier de Veslud et 
al., 2014), England (Loughton, 2017; Wang et al., 2018, 
pp.102-117), Switzerland (Rychner, 1984), Germany 
(Reinecke, 1938; Wischenbarth, 1995; Primas & Pernicka, 
1998; Bachmann et al., 2002/03), Czech Republic (Salaš, 
Stránský & Winkler, 1993; Kytlicová, 2007, pp.162-164), 
Austria (Klose, 1918, pp.31-33; Sperl, 1988, pp.111-114; 
Höglinger, 1996, pp.76-77; Pühringer, 2000, pp.179-205; 
Windholz-Konrad, 2003, pp.66-68; 2018, pp.44-46; Modl, 
2010, pp.127-137; Krutter, 2015), Hungary (Hampel, 1896, 
pp.180-187; Mozsolics, 1981; 1984; Czajlik, 1996; 2012, 
pp.64-77, 85-98; Tarbay, 2016, pp.97-101), Italy/Sardinia 
(Stech, 1989; Lo Schiavo, 1990; Begemann et al., 2001; 
De Marinis, 2006; Jung et al., 2011, pp.237-241, 242-
245), Slovenia (Turk, 2000, pp.141-146), Croatia (Bertol & 
Farac, 2012; Karavanić, 2017, pp.102-109), Bosnia-Her-
zegovina (König, 2004, p.90, 124, 153), Romania (Rusu, 
1981, pp.375-379, 382-384), Bulgaria (Leshtakov, 2007, 
pp.452-453; Doncheva, 2012, pp.679-683, 688), Greece 
(Mangou et al., 2000) and Ukraine (Kobal’, 2000, pp.70-71) 
some hoard analyses and regional studies were carried 
out not only allowing a more elaborate differentiation 
between several raw metal forms, but also permitting 
a more refined dating of the PCIs. These studies are 
supplemented by detailed metallographic examinations 
and chemical analyses (e.g. Tylecote, 1976, pp.160-165, 
169-170; Gruber & Preßlinger, 1983; Angerbauer, 1985, 
pp.49-60; Maddin & Merkel, 1990, pp.42-199; Roman, 
1990, pp.176-181; Scott, 1991, p.97; Czajlik et al., 1995; 
1999; Trampuž-Orel et al., 2002; Franceschi et al., 2004; 
Preßlinger, 2003, p.68; 2004, pp.327-328; Wischenbarth, 
2004; Ciugudean et al., 2006, pp.98-100; Jansen & Löffler, 
2016; Reiter & Linke, 2016, pp.161-165; Haubner et al., 
2017; Wang et al., 2018, pp.106-115; Windholz-Konrad & 
Modl, 2018, pp.47-48), which make their manufacturing 
process more transparent or allow conclusions about the 
origin of the copper from chalcopyrite or fahlore.

Recording system

The following manual lists important measurable para-
meters and visible features of PCIs and illustrates that it 
is possible to draw conclusions about their production or 
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Fig. 4: ‘Checklist’ for the 
recording of complete 
and fragmented PCIs 
with additional scientif-
ic analysis (graphic: D. 
Modl).
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partition by simple observation even without elaborate 
scientific laboratory analyses. In addition, the manual 
attempts to define a documentation standard that en-
ables comparative studies. The practical work requires 
no equipment more sophisticated than a digital camera, 
photo scale, calliper, triangel ruler, circular graph paper, 
magnifying glass, neodymium magnet (N35) and a strong 
desk lamp.

However, the suggested approach cannot replace 
any scientific investigations if one wants to obtain more 
detailed information about smelting technology and ma-
terial composition. For this purpose imaging techniques, 
like industrial computed tomography (CT) or neutron 

tomography (NT) and metallographic examinations with 
a hardness test (Brinell, Rockwell or Vickers) as well as 
quantitative chemical or isotopic analyses have to be 
applied (see Hauptmann, 2008; Pernicka, 2014; Pollard 
& Bray, 2014). Various methods were in use for the trace 
element analysis and provenance studies of copper PCIs, 
like atomic absorption spectroscopy (AAS), neutron 
activation analysis (NAA), energy dispersive X-ray fluo-
rescence spectrometry (EDXRF), proton-induced X-ray 
emission (PIXE), electron probe micro analysis (EPMA)/
scanning electron microscopy with energy dispersive X-ray 
spectroscopy (SEM-EDS), inductively coupled plasma – 
atomic emmission spectroscopy (ICP-AES/OES) or mass 

Fig. 5: Examples for the visual documentation of PCIs: (A) PCI from hoard XIX (CNr. 37; Bz D/Ha 1; see Windholz-Konrad, 2018, p.151, 
175, tab.51/8) from the finding area ‘Hallstatt-Seeufer’, Upper Austria, (B) fragment of a PCI from hoard I (CNr. 11; Bz D/Ha A1/A2; see 
Windholz-Konrad, 2018, p.130, 160, tab.13/82) beneath the so-called ‘Rabenwand’ near Bad Aussee, Styria, together with a legend for 
the used symbols and colours (graphic: D. Modl).
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spectroscopy (ICP-MS) and lead isotope analyses (LIA). 
Especially the impure and partly refined coppers (black 
copper) are most suitable for provenance studies because 
their geochemical fingerprint was not altered by alloying, 
mixing or recycling.

Furthermore it is possible to date the PCIs directly 
over charcoal inclusions and to determine the firewood 
used in their production through archaeobotanical ana-
lysis. Additional information can be obtained by compar-
ing original PCIs with specimens from archaeological 
experiments.

The following manual was developed on the basis 
of scholarly literature and tested on an archaeological 
record from Styria and Upper Austria, which is a total of 
two dozen complete PCIs and quarter pieces as well as 
over 1000 fragments from the Bronze Age. The recording 
system describes a large number of external qualities by 
using a uniform terminology under the three headings 
of ‘form and preservation’, ‘casting surface and partition 
features’ as well as ‘inner structure and fracture surface’ 
which have been summarised in a useful ‘checklist’ (Fig. 
4). This content outline shows that the recording system 
is not designed as a rigid typological study, but rather 
explains the individual characteristics of PCIs, which 
should allow for their better description in find catalogues. 

For the visual documentation of the PCIs photographs 
of the top and base side and drawings of the cross-sections 
in scale of 1:1 or 1:2 were used (Fig. 5). With colored lines, 
hatchings and symbols, the sampling points for metal 
analysis as well as all specifics and modifications on the 
surface were marked, which are related to the production 
and partition of PCIs such as inclusions, imprints, cracks, 
plastic deformations and toolmarks. Various outlines drawn 
around the top side of the PCI finally show whether it has 
original casting edges or artificial fracture edges with and 
without toolmarks.

Since the here proposed visual documentation and 
verbal description is relatively time-consuming, larger 
quantities of PCIs can also be recorded in lists and pre-
sented with selected examples. For closed find complexes, 
like hoards, statistical evaluations of weight or partition 
shape should also be carried out.

Form and preservation

To define the form of a PCI, its shape, cross-section and 
maximum dimensions must be recorded. The primary form 
and dimensions of a PCI result from the shape, slope and 
size of the casting mould, which in most cases may have 
been a simple depression in the ground. In connection 
with the evaluation of the cross-section, the shape of the 
original casting edge, where the convex side meets the 
flatter top, should also be described in detail. In the course 
of manual partition the PCI is fragmented and receives a 
secondary form, which makes a conclusive morphological 
identification without experience usually difficult. The 
degree of fragmentation of the PCIs in hoards is typically 

high, so only a few intact specimens are contrasted with 
a large number of broken pieces, which in most cases 
can be assigned to the edge, slope or core areas of the 
ingot by applying the cross-section. As the evaluation of 
partition patterns and archaeological experiments has 
shown, most of the PCIs were not broken completely 
arbitrarily and irregularly, but according to certain rules 
that can be reconstructed according to the shape of the 
fragments.

It is not possible to assess the metal composition 
from the shape or from the surfaces of the PCIs. But to 

Fig. 6: The primary shape of PCIs: (A) round, (B) ovoid, (C) drop-
shaped (triangular), (D) sub-rectangular, (E) irregular (graphic: 
D. Modl).

Fig. 7: The primary cross-section of PCIs (not to scale): (A) flat,  
(B) rectangular, (C-E) plano-convex, (F) hemispherical, (G) catenary, 
(H) triangular/conical, (I) trapezoid, (J) bun-shaped, (K-L) bell-
shaped, (M) bell-shaped/constricted, (N) asymmetrical, (O-R) bowl-
shaped/curved, (S-U) shrunken, (V-W) bell-shaped/campanulate, 
(X-Y) umbonate and (Z) biconvex. Furthermore cross-sections 
of multi-poured ingots with (1-2) voids at the top or bottom, (3) 
flat slabs with hook-shaped edges and (4) ingots with very large 
cavities (graphic: D. Modl).

Daniel Modl

380



get a first idea about the metal composition of a PCI, it is 
sometimes helpful to inspect the patina and to determine 
the magnetic properties of the piece. A rust-brown patina 
and a strong magnetism indicate an increased iron con-
tent in the copper, which could be confirmed in following 
chemical analysis.

Primary shape (after casting)

Complete PCIs usually have a roughly round shape when 
viewed from above. But there are also more elongated 
specimens with ovoid, sub-rectangular or drop shape 
(triangular). Entire ingots that do not correspond to any 
of the preceding shapes are called irregular (Fig. 6/A-E).

Primary cross-section (after casting)

Intact PCIs are typically flat along the top and convex on 
the base. In cross-section, they are thickest at or near 
the center, then incline gradually towards the edges. The 
inclination of the ingot could possibly be related to the 
material of the mould, since pits in a loamy soil may have 
steeper walls than in a sandy ground.

However, the cross-sections of the PCIs are much 
more diverse and show variable cross-sections consisting 
of different combinations of the flat, concave or convex top 
and bottom sides (flat/flat, flat/convex, concave/convex, 
convex/convex; see Fig. 7). The PCIs can reach extreme 
manifestations in their cross-section. On the one hand, al-
most hemispherical and bell-spaped specimens exist - e.g. 
Czajlik, 1996, p.170, fig.13; Turk, 2000, pp.27-28, tab.22/25) 
and on the other hand, there are very flat pieces that do 
not really taper to the edges and look like slabs or ‘flat 

cakes’ (‘Fladen’; e.g. Höglinger, 1996, p.142, tab.31/542; 
Bachmann et al., 2002/03, p.79, fig.9/A/2-3, 18/5, 14).

As a result of the faster solidification and shrinkage 
of the liquid metal around its perimeter during the solidi-
fication, a narrow, flat ring evolves often without blisters 
at the outer edges of the top surface of some PCIs, in 
which the center arches slightly because of rising gas 
bubbles (e.g. Pietzsch, 1964, pp.39-40, fig.16) or subsides 
in a depression due to intense shrinkage. Accordingly, in 
cross-section the top sides of the PCIs look more or less 
concave or convex. Secondary use of PCIs can cause 
their deformation at the edges or at the central base when 
pieces are used as workaround anvil.

Rarities are well preserved multi-poured ingots 
with voids on top of theirs bases where individual metal 
layers were detached because of poor adhesion (e.g. 
Höglinger, 1996, p.77, 141, tab.29/529; Turk, 2000, p.29, 
tab.25/37; Tarbay, 2014, p.220, 247, fig.72/85; 2016, p.108, 
fig.21/121). This group includes also thinner metal disks 
or fragments with characteristic hook-shaped edges (see 
Fig. 7/1-3, 9/G, 27), which should not be confused with 
another type of raw metal, double-flat slabs with very 
thin cross-sections of approximately 1 cm (e.g. Miske, 
1908, p.20, tab.XX/2; Kytlicová, 2007, p.162, 302, 314, 
tab.56/A/82, 93/249; Tarbay, 2016, p.111, Fig 28/237; 
Nessel, 2017, p.172, 187, fig.2/c, 20). The different casting 
layers are sometimes also visible in the cross-section or 
at the bottom surface of the PCIs with a circular necking 
or collar (Fig. 7/M; e.g. Viertler, 1973, p.11, fig.2/6, 3/6; 
Engelmann, 1997, p.30, 74, 113, fig.43, tab.18/1; Weis-
gerber & Yule, 2003, pp.40-43, 49).

Extremely rare are PCIs with a core consisting of a 
different material (e.g. lead, slag; see Dörfler et al., 1969, 
pp.69-77; Weisgerber & Yule, 2003, pp.40-43, 49-51) or 
showing very large cavities that can not be explained by 
a simple gas distension (e.g. Mozsolics, 1984, p.37, 57, 
p.67, tab.16/3, 21/1) and rather seem to be caused by 
breaking off of such cores (Fig. 7/4, 8).

Casting edge

When describing the periphery of a complete PCI or an 
edge fragment, it is important to distinguish between 
the primary casting edge and the secondary fractured 
surface. The appearance of the casting edge is not only 
determined by the shape and slope of the mould wall, but 
also by the surface tension of the liquid metal and the 
cooling rate. In principle, several edge forms can occur, 
which can be described as pointed, blunt, edged, steep, 
round, stepped, hook-shaped (‘hakenförmig’) and bead-
shaped (‘wulstförmig’) (Fig. 9). 

Of particular interest are the two latter types: a 
hook-shaped edge is a possible indicator for a mul-
ti-layered ingot. These edges emerge when the molten 
metal gets in contact with an already solidified surface 
and surrounds it at the rounded edge (e.g. Moosleitner, 
1982, p.467, fig.9/52; Enăchiuc, 1995, p.291, no. 341, 
fig.9/15; Teržan, 1995, p.170, tab.68/111; Engelmann, 

Fig. 8: PCI with a very large cavity and a very smooth inner surface 
from finding area ‘Hallstatt-Seeufer’, Upper Austria; unpublished 
single find (No. 32M07; see Windholz-Konrad, 2018, p.183) 
(graphic: D. Modl).
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1997, p.31, 74, 113, fig.44-47, tab.19/1-2; Bachmann et 
al., 2002/03, p.79, fig.9/A/1). Because of a weak bond 
between the two batches the ingot can break along 
the contact surface. A bead-shaped edge – sometimes 
together with cooling cracks on the top surface – is 
most commonly the result of a much faster cooling and 
hardening at the periphery of the PCI than in its central 
region. The outermost edges of the top surface are then 
marked by a cooling ridge or bulge, where molten metal of 

Fig. 10: Quarters of PCIs (A) from hoard III (CNr. 13; Ha A2/Ha B1; see Windholz-Konrad, 2004, p.318, 335, Fig. 33, tab.8/16) at the 
so-called ‘Rabenwand’, Styria, and (B) from a hoard near Pichl (CNr. B; Ha A2/Ha B1; see Windholz-Konrad, 2018, p.111, 119, 156-157, 
Fig. 75-76, tab.2/Cnr. B/3), both close to Bad Aussee, Styria (graphic: D. Modl).

an ingot first solidifies (e.g. Krutter, 2015, p.48-49, fig.3). 
Furthermore it has to be taken into account that edges 
can be secondarily deformed in the course of partitioning 
so that they appear, for example, curved upward (e.g. 
Windholz-Konrad, 2004, p.325, 336, tab.10/11).

Secondary shape (after partition)

Most of the round PCIs may have been partitioned accord-
ing to the principle of a continuing bisection into halves 
(e.g. Lauermann & Rammer, 2013, p.192, tab.88/7; Tarbay, 
2016, p.99, 108, fig.22/127), quarters (Fig. 10/A-B; e.g. 
Höglinger, 1996, p.77, 141, tab.31/534; Windholz-Konrad, 
2004, p.325, 336, tab.10/8-9) and eighths (e.g. Lauermann 
& Rammer, 2013, p.8, 23, tab.2/4; Tarbay, 2016, p.99, 
109, fig.21/142). The quarter and eighth pieces were 
partially divided again, resulting in pieces with the shape 
of a triangle and an isosceles trapezoid (Fig. 11/A). In 
addition to the halves, there were also narrower circular 
segments, which were separated towards the edge of 
the ingot (Fig. 11/B). By splitting them into thirds, middle 

Fig. 9: Common forms of casting edges from PCIs: (A) pointed, 
(B) rounded, (C) edged, (D) tapered, (E) steep, (F) stepped, (G) 
hook-shaped, (H)  bead-shaped (graphic: D. Modl).
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pieces with quadrangular shape were created. In princi-
ple, all geometric shapes can arise during partition (see 
Nessel, 2014, pp.404-405, fig.2; 2017, pp.178-179, fig.8; 
Tarbay, 2016, pp.99-100, fig.10/1).

The separation of wedge-shaped segments 
(Fig. 11/C), which approximately correspond to the six-
teenth part of a whole ingot, belong to the exceptions 
(e.g. Mozsolics, 1984, pp.39, 69-70, tab.16/4, 17/2a-b; 

Czajlik, 1996, p.170, fig.13; Pühringer, 2000, pp.198-
200, fig.6; Turk, 2000, p.28, tab.23/31; Ciugudean et al., 
2006, pp.96, 98-99, fig.5/1, 9; Nessel, 2014, p.410, 425; 
2017, pp.178, 192-193, fig.23). Other recurring partition 
patterns are isolated or circumferential edge fractions on 
complete ingots or their quarters (e.g. Windholz-Konrad, 
2004, p.305, 334, tab.4/72; Lauermann & Rammer, 2013, 
p.185, tab.84/2), resulting in small D-shaped edge pieces 
(Fig. 11/D, 12). These thin edge pieces were probably 
chipped for a rapid production of minor quantities of copper 
or as a kind of material testing (see Modl, 2010, p.135, 
148; Nessel, 2014, pp.407-408, 410; 2017, pp.187-188, 
192). The largest part of the known ingot material is so 
small and irregularly broken that its emergence can not 
be reconstructed and must be called amorphous.

Secondary cross-section (after partition)

If fragments have no edge, it seems difficult to match them 
with a specific part of a PCI. However, by looking at the 
cross-section of the fragments, it is possible to determine 
also the inner parts of a PCI and assign them either to 
the core or to the area between the center and the edge. 
While the ‘edge piece’ has a triangular cross-section, the 
‘core piece’ has a rectangular shape with a flat top and 
plane or slightly convex base and the ‘slope piece’ is more 
trapezoid with a significantly inclined base (Fig. 13). The 
transitions between these three areas are of course fluent 
and cannot always be clearly defined.

Dimensions

In addition to the major and minor diameter (ma./mi. 
 diam.), the length (l.) and width (w.) of intact PCIs or their 
partitions and also the thickness (th.) and weight (wt.) 

Fig. 11. The most common partition shapes of PCIs: (A) bisection 
into halves, quarters and eighths, (B) partition of circular segments, 
(C) separation of wedge-shaped segments and (D) circumferential 
edge fractions (graphic: D. Modl).

Fig. 12. Nearly complete PCI with circumferential hammer marks and edge fractions from hoard I (CNr. 11; Bz D/Ha A1/A2; see Wind-
holz-Konrad, 2018, p.130, 160, tab.13/72) at the so-called ‘Rabenwand’ near Bad Aussee, Styria (graphic: D. Modl).
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should be determined (Fig. 14). Due to the fact that PCIs 
are mostly of a round shape, it is possible to reconstruct 
the original diameter by using well-preserved edge pieces 
(>10% from the perimeter) and a circular graph paper. The 
diameter of complete PCIs mostly varies between 8 and 
30 cm, while their thickness ranges frequently between 
1 and 10 cm. Some specimens even reach diameters 
over 45 cm (e.g. Wischenbarth, 1995, p.25). The weight 
of complete examples is an average between 0.5 and 8 
kg, but examples of up to nearly 15 kg are known (e.g. 
Hild, 1948, p.90). Since PCIs were often poured in several 
casting batches, the capacity of the crucibles or furnaces 
cannot be derived from the size of the ingots.

Because of the heterogeneous structure of the PCIs 
with occasionally numerous gas bubble cavities, the rela-
tion between diameter, thickness and weight is not linear 
and can fluctuate. This will be clarified by the attempt to 
divide the PCIs with these measured values into different 
size groups (see Rusu, 1981, p.382; Höglinger, 1996, 

Fig. 14: The dimensions of (A) an intact PCI and (B) a frag-
ment with (C) the differentiation  between the  primary casting 
edge and the secondary fracture edges (graphic: D. Modl).

Fig. 13: Identification of different fragments of PCIs according to 
their cross-section (with the basic geometric form on the right side) 
in (A) edge pieces, (B) slope pieces or (C) core pieces (graphic: 
D. Modl).

pp.76-77; Primas & Pernicka, 1998, pp.35-36; Bachmann 
et al., 2002/03, p.81; Modl, 2010, p.134), which can be 
roughly defined as large (size class 1: >20 cm diam., > 3 
cm th., >4 kg wt.), medium (size class 2: 15-25 cm diam., 
2-4 cm th., 2-5 kg wt.) and small (size class 3: <15 cm 
diam., <3 cm th., <2 kg wt.).

Patina 

The patina of PCIs depends primarily on corrosive sub-
stances in the soil and secondarily on the chemical 
composition of the metal. This is why their colour only 
provides evidence about the metal composition in rare 
cases. Isolated rust spots, as well as a complete rust-
brown coating on PCIs (see Preßlinger, 2004, pp.327-328; 
Weihs 2004, p.91; Windholz-Konrad, 2004, p.305, 325; 
Kytlicová, 2007, p.164), are quite reliable evidence of an 
increased (metallic) iron content above 3 wt%, which can 
be a result of strongly reducing conditions during primary 
smelting (see Bachmann, 1982, pp.17-18; Craddock & 
Meeks, 1987; Trampuž Orel et al., 2002, p.66, 71). But 
sometimes corrosion and patina can also be adverse 
because they hide tool marks or cover surface details on 
the PCIs such as gray-violet oxidation coatings of cuprous 
oxide, which emerge when the melt was exposed to the 
oxygen-containig atmosphere during casting or heating.

Magnetism

When the iron content of the copper exceeds 1 wt%, a 
PCI can show low or high magnetism that can be detected 
with a strong hand magnet (Fig. 15).

Casting surface and partition features

Depending on the country and research tradition, the defi-
nition of the top and base side of a PCI differs. It seems 
evident to align them according to their orientation during 
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casting and solidification. While the flat side at the top is 
exposed to the air, the convex side at the bottom stands 
in permanent contact with the mould material. Depending 
on the enviroment, the surface of the top and base has a 
distinctly different texture, which is primarily characterised 
by the formation and escape of gases or by imprints of 
the mould face and the fuel (Fig. 16). Additionally, the 
surface of the PCIs shows numerous metallurgical and 
technological features from pouring and partitioning, like 
flow structures of the liquid metal, as well as toolmarks 
or deformations. 

Solidification textures and imprints at the top 
surface (upper side)

One of the distinctive features of PCIs is their blistered 
and humpy surface on the flat top, which is on the one 
hand a result of degassing during the solidification of 
the molten metal, and on the other hand an indicator 
of pouring into an open mould. Size and density of the 
blisters depend on the gas saturation, viscosity and the 
cooling rate of the melt. The violent escape of gas bubbles 
at the surface – a phenomenon known in metallurgy as 
crackling (‘Spratzen’) – shows different stages of devel-
opment and ranges from slight swellings or spherical 
bulges over burst and collapsed blisters to more or less 
deep bubble craters or holes (Fig. 10/A, 16/A, 17/D-F; 
e.g. Barth & Unterberger, 1983, p.7, fig.2, 4; Mozsolics, 
1984, p.36, 63-64, tab.9/2; Windholz-Konrad, 2003, p.66, 
fig.62; 2018, p.124, 158, tab.7/16). At low gas evolution, 
the PCIs can also have no blistering on their top and 
instead show an even surface with a smooth, grainy or 
wrinkly texture (Fig. 5/A, 17/A-C). Smooth surfaces are 
the result of well-dried moulds and rapid solidification, 
but an additional coverage of the melt – possibly by an-
other metal or slag phase or charcoal powder – cannot 
be excluded. While fine wrinkles can be compared with 
a ‘milk skin’, the coarse wrinkles have the appearance 

of ripples, which can be interpreted as flow structures 
from the casting. Compared to the bottom side, imprints 
of charcoals on the top are very rare. The top surface 
can be considerably compressed and deformed in the 
course of the secondary partition of the PCI, so that, for 
example, the protruding blisters are flattened.

Solidification textures and imprints at the base 
surface (bottom side)

The bottom side of a PCI is also determined by gas 
evolution, but especially by the material properties or 
the surface texture of the mould (see Larson, 2009). For 
example, irregularities or spalling in stone or clay moulds 

Fig. 15: Ferrous PCI with an adhere neodymium magnet ring (N35) 
(photo: D. Modl).

Fig. 16: Detailed views of the (A) top and (B) base as well as the 
(C) fractured surface of a PCI quarter from hoard III (CNr. 13; 
Ha A2/Ha B1) at the so-called ‘Rabenwand’ near Bad Aussee, 
Styria (see Windholz-Konrad, 2004, p.318, 335, Fig. 33, tab.8/16) 
(graphic: D. Modl).
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or deformations in sand moulds with malleable surfaces, 
which can easily be distorted by the pressure of the molten 
metal, ensure that no PCI possesses a completely even 
bottom. Three different surface configurations can be 
differentiated at the base with smooth, porous and pitted 
areas (Fig. 16/B, 18/A-C). The round gas pores are either 
superficial cavities with semi-spherical shape or deep tu-

bular pinholes that are a result of gas exchange between 
the molten metal and the mould surface, provided that 
the material of the mould is gas-permeable. 

The irregular pits are small, synclinal and interrelated 
(Fig. 5/A, 12). Their emergence is mainly due to the rough 
material used to create the mould or because of a sloppily 
smoothed mould surface. As burnt clay/loam remains 
or embedded sand/grit on the lower surface shows, the 
moulds were mostly simple pits in a clayey or sandy/stony 
ground. Some PCIs also show bulges that could be tree 
roots (e.g. Viertler, 1973, p.11, fig.2, 3). Sometimes vitre-
ous slag residues can be observed on the base surface 
which could be a reaction product of the contact between 
the molten metal and the mould material.

While imprints of small-sized charcoals with rel-
atively sharp edges and unambiguous wood grain 
are often recognizable (Fig. 18/D), complete charcoal 
fragments are rarely incorporated in the lower surface 
(Fig. 1). These charcoals were maybe a temper of the 
mould material, fuel rests from preheating the mould 
or impurities that were incorporated into the mould dur-
ing casting through the liquid melt. However, the well 
preserved charcoals are an important source for direct 
dating of PCIs by using the radiocarbon method. The 
most unusual inclusions on the bottom side of PCIs are 
ceramic fragments (e.g. Engelmann, 1997, p.30, 73, 
113, fig.41-42, tab.18/2).

Pouring characteristics

PCIs are mainly produced by using the open-mould 
process. This is not only supported by the fact that some 
PCIs were cast in several batches and consist of two ore 
more metal layers, but they also display flow textures and 
features, like a possible ‘sprue’. These casting character-
istics are rarely visible on the top, because the surface 
of the ingots is greatly altered by the rising gas bubbles. 
The flow textures show a wrinkled or billowy texture that 
extends in one direction or spreads concentrically (Fig. 
19/A-B; e.g. Höglinger, 1996, p.141, tab.27/516, 29/518), 
sometimes forming a large swelling which can be a 
sprue from production. These ripples are a result of the 
movement of the liquid metal under a nearly congealing 
skin, compressing them in the flow direction. At the edge 
of some PCIs there are distinct concentrations of pores 
and shrink holes (Fig. 5/A, 19/C; e.g. Windholz-Konrad, 
2003, p.93, 129, fig.128; Modl, 2010, p.130, fig.1; Wind-
holz-Konrad, 2018, p.151, 175, tab.51/8) as well as nar-
row extensions (Fig. 19/D; e.g. Modl, 2010, p.130, fig.6; 
Lauermann & Rammer 2013, p.130, tab.44/2; Reiter & 
Linke, 2016, pp.150-151, fig.48/1), which could indicate a 
lateral inflow of the metal into the mould. PCIs made from 
recycled scrap metal sometimes reveal only half-smelted 
bronze objects on their top surface that protrude slightly 
(Fig. 19/E; e.g. Mozsolics, 1981; 1984, pp.35-36, tab.5-6; 
Kacsó, 2013, pp.228-229, fig.5/5; Tarbay, 2014, p. 220, 
p.247, fig.68/80; Reiter & Linke, 2016, p.150, pp.168-
169, fig.45/3, 52/6).

Fig. 19: Pouring characteristics on PCIs: (A) directed flow textures, 
(B) concentric flow textures, (C) concentration of pores and shrink 
holes, (D) extensions and (E) half-smelted and protruding objects 
(graphic: D. Modl).

Fig. 17: Textures at the top surface (shown in cross-section): (A) 
smooth surface, (B) grainy surface, (C) wrinkly surface, (D) slight 
swellings or spherical bulges, (E) burst and collapsed blisters, (F) 
deep bubble craters or holes (graphic: D. Modl).

Fig. 18: Textures and imprints at the base surface (shown in 
cross-section): (A) smooth surface, (B) porous surface, (C) pitted 
surface, (D) surface with embedded sand/grit or imprints of char-
coals (graphic: D. Modl).
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Toolmarks and deformations

On some of the PCIs, a single, round puncture could be 
observed, presumably from wooden poles stabbed into 
the viscous copper shortly after the casting, possibly for 
degassing the melt or to determine the degree of vis-
cosity (e.g. Willvonseder, 1940, p.10, tab.3/1; Drescher, 
1976, p.62, fig.15/e; Mozsolics, 1981; Töchterle, 2002, 
pp.120-122, fig.3/1; Kacsó, 2013, p.228, fig.5). Relatively 
often, even complete PCIs display superficial scratches 
or deeper notches that were accrued in the viscous or 
doughy copper on the top surface to determine where to 
divide the piece into halves or quarters during a later stage 
(e.g. Hild 1948, p.90, fig.1/1; De Marinis, 2011, p.93, fig.2; 
Stöllner, 2015, p.101, fig.7; Nessel, 2017, p.186, fig.13). 
The further procedure was depending on the porosity and 
thickness of the PCI and on the intended specific shape 
of the partitioned section. 

If an ingot was rich in gas bubbles and cuprite or 
copper sulphide inclusions, it could be broken under cold 
and warm conditions by crashing it with a hammer or a 
similiarly heavy tool on a massive support (Fig. 2/E-F). 
The result are pieces with irregular shape and uneven 
fractures as well as brittle cracks and deformations, like 
areas with concave and sometimes overlapping imprints 
caused by blows with a hammer with rounded face (Fig. 
5/B, 10/A, 12). 

To achieve a definite breaking shape the reheated 
ingot (over 300°C) was notched on one or both sides 
and broken or split completely by the use of different 
wedge-shaped cutting tools (e.g. Drescher, 1976, p.61, 
fig.15/c-d; Mozsolics, 1984, p.38, 51, 71, tab.10/2, 4; 
Teržan, 1995, p.203, tab.92/74, 162; Windholz-Konrad, 
2004, p.305, 313, 334-335, tab.4/82, 6/18; 2018, p.122, 
130, 158, 160, tab.5/2, 13/82; Kytlicová, 2007, pp.162-
163, 258, tab.163/2; Nessel, 2014, p.407, fig.7-8; 2017, 

p.186, fig.14-15). Therefore bronze axes or width chisels 
(‘Abschröter’) with a blade lenght of approximately 3-4 
cm are used, which typically penetrate 0.5-1 cm into the 
annealed metal (see Modl, 2010, pp.136-137, 142-144, 
fig.13, 19, 23, 26). Usually, around the notches single or 
several imprints of hammers with round and elongated 
fins are visible (Fig. 5/B). The PCIs broken in this way 
have surprisingly straight or vertical fracture edges (see 
Mozsolics, 1984, p.38, 67, tab.21/3; Windholz-Konrad, 
2003, p.85, 110, cat.no. 251/1, fig.103; 2018, p.142, 167, 
tab.39/Cnr. 21/1; Nessel, 2014, p.407, fig.9-10; 2017, 
p.186, 188, fig.16-17).

Some complete PCIs show flattening of their base 
with several hammer marks and randomly oriented, 
shallow notches, which originate from the use as primi-
tive anvils (Fig. 20; e.g. Nessel 2017, p.186, fig.10). The 
same applies to pieces of PCIs showing a mushroom 
head (Bartbildung) on one side and a plain face from 
countless hammer blows from using it as an anvil in a 
wooden block (see Jockenhövel, 1983; Bachmann et al., 
2002/03, p.78, 88, fig.8/B/1; Gogâltan, 2005, p.373, tab.
XII/b). The saw marks mentioned by some authors may 
be misinterpretations (cf. Höglinger, 1996, p.77; contra 
Modl, 2010, p.144). If the analysed PCIs come from older 
museum collections, previous cleaning and restoration 
treatments or metal sampling can obliterate or add tool 
marks on their surface (see Modl, 2012, p.99, fig.10).

Inner structure and fracture surface

The cooling rate of the molten metal and the solidification 
conditions in the mould have a big effect on the inner 
structure of the PCIs. This concerns the development of 
gas pores and shrinkage cavities, but also the distribution 
of non-metallic inclusions and the formation of copper 

Fig. 20: Complete PCI with hammer marks and shallow notches at the base surface, which possibly originate from the use as primitive 
anvil; unpublished single find (No. 2MM05) from finding area ‘Unteres Koppental’, Styria (graphic: D. Modl).

Recording plano-convex ingots (Gusskuchen) from Late Bronze Age Styria and Upper Austria

387



crystals/grains in the solid metal. These characteristics 
can be macroscopically observed on the fracture edges 
of PCIs and are important for the evaluation of their 
general homogeneity. This can also be determined by 
the fact that numerous PCIs were not poured in a single 
casting event, but in several batches, which are visible 
in definable metal layers when broken. In contrast, there 
exist also numerous very massive PCIs that show an 
extraordinary density without shrinkage or gas bubbles 
as well as striations from multiple castings on the fracture 
surfaces. In addition, the fractured surface provides hints 
concerning the stress factors and temperature conditions 
during partition.

Porosity

A characteristic feature of the majority of the PCIs is their 
high porosity caused by gas evolution and shrinkage that 
forms numerous pores and cavities inside as well as 

blisters on the surface during solidification. Liquid copper 
has the tendency to absorb gases such as oxygen (O2), 
hydrogen (H) and water vapour (H2O), as well as carbon 
monoxide (CO), carbon dioxide (CO2) and sulfur dioxide 
(SO2). These gases derive, among others, from a com-
bustion reaction between the liquid copper and the mould 
material, from the burning charcoal, from the evaporation 
of residual moisture in the mould and charcoal, from the 
exchange with the humid air and from oxidation of copper 
sulphide inclusions in the copper (Fig. 21; see Hauptmann, 
Maddin & Prange, 2002, pp.4-5; Hauptmann & Maddin, 
2005, pp.133-136; Bunk & Kuhnen, 2008, pp.310-313; 
Modl, 2010, pp.129-130, 140-141; Laschimke & Burger, 
2012, pp.89-95; Hauptmann et al., 2016, pp.752-759). 
Because of the transgression of the solubility limit of 
gases in the melt, the dissolved gases are released while 
cooling and as a result rapidly increased gas bubbles 
from greater depth try to escape on the top surface of the 
ingot. However, slowly growing gas bubbles can easily be 
trapped in the solid. If the surface is already solidified, it 
is likely that the gas bubbles will form flat as well as large 
closed cavities in the upper part of the ingot (Fig. 22). 

Accordingly, the size of the cavities ranges from a 
few micrometres (micropores) up to centimetre scale 
(macropores). The macropores can be roughly divided 
into small (<3 mm), medium (3-15 mm) and large pores 
(>15 mm). Gas pores are generally spherical or ovoid 
in shape and have a smooth pore boundary. In contrast, 
shrinkage cavities (‘Lunker’) created by volume deficits 
in the solidified molt during cooling have a more or 
less fissured, irregular shape. Together, gas pores and 
shrinkage cavities occupy often 15-40% of the volume of 
a PCI (Fig. 23/C). This high macroporosity was advan-
tageous for breaking the ingots into fragments because 
the fractures could spread along the pores and cavities 
through the brittle copper matrix (cf. Hauptmann et al., 
2002, p.19; Laschimke & Burger, 2012, p.94; Hauptmann 
et al., 2016, p.758). For this reason, the porosity of a PCI 
should not be considered a negative quality characteris-
tic. Often, the PCIs have a much lesser density of pores 
and cavities in their cross-section, so that a distinction 
furthermore can be made between a low (<5% of the 
volume) and medium porosity (5-15% of the volume) (Fig. 
16/C; 23/A-B). To characterise the porosity of a PCI, the 
shape, size, density and distribution of the pores should 
be described briefly.

Inclusions

Because this manual deals with visible features, micros-
copic and macroscopic inclusions have to be differentiated. 
Inclusions of slag, tenorite/cuprite (CuO/Cu2O) and copper 
sulphides (Cu2S/CuFeS2) are usually microscopic in size 
and can only be clearly seen in metallographic sections 
(see Tylecote, 1976, pp.159-165; Hauptmann et al., 2002, 
pp.6-12, 19; Hauptmann & Maddin, 2005, pp.137-139; 
Hauptmann et al., 2016, pp.753-754; Wang et al., 2018, 
pp.108-111). While copper sulfides reduce during remelting 

Fig. 22: Fragmented PCI with a good visible slag grain and a 
elongated gas cavity on the fracture surface; single find (see 
Windholz-Konrad, 2003, p.93, 127, cat.no.534, fig.124) from 
finding area ‘Obertraun-Traunweg’ near Hallstatt, Upper Austria 
(photo: D. Modl).

Fig. 21: Simplified representation of the gas apsorption in copper 
PCIs (graphic: D. Modl).
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processes, the metal normally accumulates copper oxides 
during recasting. Accordingly, both impurities are – to-
gether with the chemical composition – important criteria 
to distinguish copper from primary smelting or from later 
refining, recasting or recycling operations.

While slag and copper sulphides are relics of the 
smelting process, especially the cuprite is the result of 
a reaction between the molten metal and an oxygen-en-
riched atmosphere during remelting and casting. These 
oxide droplets are well distributed in the metal and can 
dramatically deteriorate the mechanical properties of the 
copper and make it brittle. Due to imperfect refining or 
sloppy casting, larger slag grains (Fig. 22) well visible 
to the naked eye and charcoal bits as well as foreign 
refractory particles from the mould can enter the metal 
and are sometimes recognizable on the fracture surface 
(e.g. Modl, 2010, pp.141-142, fig.22; Jansen & Löffler, 
2016, pp.129-130). Because of their lower density such 
inclusions are usually found on the ingot surface (cf. 
Pietzsch, 1964, p.15, fig.1), however if the solidification 
happens fast, they can be trapped inside the ingot.

Crystal/grain structure

When metal begins to solidify, multiple crystals start to 
grow inside the liquid. In metallurgy, crystals or more 
precisely the smaller crystallites are preferably termed 
as grains. The interface formed between grains is called 
a grain boundary. The size, shape and orientation of the 
grains depend on several parameters, like cooling rate and 
direction. While rapid cooling generally results in smaller 
grains, slow cooling creates larger grains, which can be 
large enough to be visible to the unaided eye.

There are two major types of grain structures in pure 
copper: The equiaxed grains have a globular or polygonal 
shape and extend equally in all directions, while columnar 
grains are elongated and thin and orientated towards 
the course of the heat flow. Depending on whether the 
metal is cast into a cold or preheated mould, two grain 
structures for uninterrupted single-poured PCIs seem 
likely. The casting in a cold mould will give a distinctive 
two-stage cooling structure with an outer layer of many 
small equiaxed graines reflecting the rapid chilling when 
it has come into contact with the cold mould wall and an 
inner layer with columnar grains running in the direction 
of cooling. The casting into a preheated mould will give 

the ingot a more columnar structure, whereby the grains 
grow perpendicularly to the mould in direction of the upper 
surface, where the heat removal is very high (Fig. 24). 
These columnar grains are best seen in polished and 
etched metallographic sections (see Tylecote, 1976, 
pp.160-165, 170; Scott, 1991, p.6, 97), but can also be 

Fig. 23: A comparative standard for the densities of gas pores and shrinkage cavities in the cross-section of PCIs: (A) low porosity with 
<5 vol%, (B) medium porosity with 5-15 vol% and (C) high porosity with >15 vol% (example with 30 vol%) (graphic: D. Modl).

Fig. 24: Grain structure of a PCI: (A) Equiaxed grains and (B) 
columnar grains. Graphic adapted after a photo with the section 
of an experimental ingot cast into a drysand mould [see Tylecote, 
1976, p.164, Fig. 1.3; University of Oxford, Research Laboratory 
for Archaeology and History of Art, Tyl_316]; the top surface 
was exposed to air, while the bottom was at room temperature 
(graphic: D. Modl).

Fig. 25: Fragmented PCI with good visible columnar grains and 
hammer marks on the fracture surfaces from a hoard (HaA1) near 
Lannach, southwest of Graz, Styria (photo: D. Modl).
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relatively frequently observed on fracture surfaces of PCIs 
(Fig. 25; e.g. Kytlicová, 2007, p.162, tab.28/98, 35/17; 
Modl, 2010, pp.131-132, fig.7; Le Carlier de Veslud et al., 
2014, p.517; Nessel, 2014, p.406, fig.5; 2017, pp.186-187, 
fig.12). They allow the conclusion that the ingots were cast 
in a dry and warm environment where they cool relatively 
quickly because of the open mould. The specific fracture 
along the columnar grains could be related to cuprite or 
copper sulphide inclusions along the grain boundaries. 
How far the primary cast structure of PCIs changes 
during the partitioning with possibly several heating and 
dividing episodes has not yet been researched. From a 
recrystallised structure could be concluded that the PCI 
comes from a secondary dividing process in which it was 
alternately reheated and chrushed-up.

Casting Layers

Striations on the fracture surfaces reveal that many of 
the PCIs consist of two ore more layers and were conse-
quently formed by several casting batches, performed in 
close succession or separated by a longer interval (e.g. 
Moosleitner, 1982, p.467, 473, fig.9/49, 51; Engelmann, 
1997, p.73, 113; Krauss, 1998/1999, pp.117-118, fig.4/2, 
7, 12; Bachmann et al., 2002/03, p.77, fig.7/C/6; Tarbay, 
2016, p.99, 110, fig.24/161). Depending on how much 
time has elapsed between the batches, the result is the 
complete fusion of the metal layers or the formation of 
internal cooling rims between them (see Modl, 2010, 
p.132; Hauptmann et al., 2016, p.754, 756, 759). The rims 
can be described as sharp cracks, blurred gas bubble 
horizons or corrosion coating of cuprite among the layers. 
These interfaces can be clearly seen with the naked eye 
or in a CT scan (Fig. 26), when the molten metal hits an 
already cold and solidified surface after an interruption, 
which makes a complete fusion impossible. The liquid 
metal of this pour has seeped only into the irregular 
surface of the previous pour and has created a weak, 
interlocking, mechanical bond between both batches 
that could be cracked when the ingot was partitioned. 

Accordingly, there exist PCIs with voids on the top 
or the base, where individual layers have obviously been 

detached as a consequence of poor adhesion (Fig. 7/1-3, 
27). The same applies to thinner metal disks or fragments 
with hook-shaped edges. As a result of insufficient smelt-
ing or refining, also thin layers of slag and other metallic 
phases (Fig. 28; see Modl, 2011, p.273), like speiss 
(see Angerbauer, 1985, pp.16-19; Ottaway, 1994, p.103; 
Trampuž-Orel & Heath, 2001, pp.150-151, 155, 167; 
Thornton et al., 2009, pp.308-310), can also form layers 
on PCIs, which lie on top of the copper because of their 
lower density and specific gravity.

Fracture edges

The fracture behaviour of PCIs and the appearance of 
their fractured surfaces are determined by the chemical 
composition, homogeneity (porosity/inclusions) and crystal/
grain structure of the metal, as well as the temperature 

Fig. 27: Highly schematic representation of variants of multi-poured 
ingots with their characteristic cross-sections and casting edges: (A) 
small PCI, (B) PCI with a void at the base side, (C) PCI fragment 
with hook-shaped edges, (A-D) PCI with a void at the top side, 
(A-E) bell-shaped PCIs with an circumferential necking at the base 
side and (E) flat PCI (graphic: D. Modl).

Fig. 28: PCI fragment (presumably base-metal speiss with 60,76 wt% 
Cu, 15,13 wt% As, 0,36 wt% Ni, 13,91 wt% Fe) with an adherent, 
silvery metallic phase on the top side (80,50 wt% Cu, 0,93 wt% 
As, 0,03 wt% Ni, 15,44 wt% Fe) from the so-called Brandgraben 
hoard (CNr. 15; Bz D/Ha A1/A2-Ha B3; see Windholz-Konrad, 2018, 
p.46, 60, Fig. 34/189) near Bad Aussee, Styria (photo: D. Modl).

Fig. 26: CT scan of a PCI from a hoard (CNr. A; Ha A2/Ha B1; 
see Windholz-Konrad, 2018, p.107, 119, Fig. 74, tab.1/8) in Pichl, 
Styria, with at least three casting layers (photo: Austrian Foundry 
Research Institute (ÖGI), Leoben).
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which they were exposed to during partition. Pure copper 
is very ductile and therefore hard to break under cold 
conditions. However, a higher content of elements, such 
as arsenic or iron, as well as impurities along the grain 
boundaries, like cuprite or copper sulphide inclusions, 
make it possible to break the metal even in a cold state 
because of its brittleness, although this is only possible 
with relatively thin PCIs. This effect is enforced by an 
increased porosity of the metal, since the fracture can 
spread out irregularly along the gas pores and shrinkage 
cavities, which are virtually predetermined breaking points. 
In this way, even thicker PCIs can be comminuted with a 
hammer or a similiarly heavy tool (‘comminuted fracture’; 
Fig. 29/A; see Modl, 2010, pp.135-136, fig.11; Nessel, 
2014, pp.405-406; 2017, p.182, 186).

At the microstructural level, the cold fracture has 
frequently run through the individual grains (transgranular 
fracture) and produced a grainy or spiky surface. When 
the metal is broken the brittleness increases under hot 
conditions and a crack propagates mostly along the weak-
ened grain boundaries (intergranular fracture) and the 
elongated columnar grains often become clearly visible. 
However, this characteristic grain structure with a splintery 
surface can disappear in the course of further heating, 
when the metal is annealing and the sharp-edged surface 

develops a smooth doughy texture and grain borders or 
edges begin to round off (e.g. Primas & Pernicka, 1998, 
p.27, fig.2/1-2, 4; Modl, 2010, p.135, fig.3, 32). 

Overall, considerably more – often intergranular – 
brittle fractures appear on PCIs, while ductile fractures 
with clear visible plastic deformations are rather rare. The 
reason for this lies in the multiple notching of many PCIs 
on one or both sides by axes or chisels (‘unilateral or bi-
lateral V-notched fracture’; Fig. 29/B-C), which facilitates 
the formation of a fracture originating from these structural 
defects. The surface of the fractures can be vertical, 
slanting, stepped or irregular (Fig. 30). If the thickness 
and homogeneity of a PCI did not allow its comminution, 
the piece was completely split, leaving a vertical cutting 
edge with a smooth surface and sometimes well visible 
impressions of the tools (‘splitting’; Fig. 10/B, 29/D; e.g. 
Mozsolics, 1984, p.38, 72, tab.20; Modl, 2010, p.136, 
146, fig.32).

Conclusio … or a critical remark

PCIs are amongst the largest cast objects in Bronze 
Age Europe, as far as the processed amount of metal is 
concerned. They provide a range of technological infor-
mation on prehistoric copper metallurgy, given that they 
are properly described and evaluated, for which this paper 
offers a first approach. On the basis of the here described 
parameters and features, future studies will have a basic 
framework that hopefully simplifies the determination of 
individual groups of PCIs in the archaeological material 
trough formal similarities (as well as chemical composi-
tion) and allow a better reconstruction of the metallurgical 
process guidance, the appearance of the casting facilities 
and the further processing (Fig. 31).

As emerges from the proceeding discussion, the 
variables that determine the shape and appearance of a 
PCI are very diverse. The efficiency of the pyrotechnical 
facilities and the skills representing the experience of the 
prehistoric smelters as well as their access to the raw 
metal determined the amount of processible copper and 
thus the weight of the PCIs. Because of the multilayer 
structure of many PCIs and their production in several 
casting batches, their weight is no indication for the size 
of furnaces. The shape, dimensions and appearance of 
the PCIs depended on the individual design of the mould, 
the type of moulding material, the potential preheating 
of the mould and the external conditions during cooling, 
whereby external and internal features such as porosity 
or surface conditions could only be influenced to a limited 
extent by the prehistoric smelter. 

The same applies to the partition of the PCIs. The 
association of shapes of fragmented PCIs or special 
geometric fracture forms with certain material qualities, 
provenances, production areas, distribution networks or 
weight standards should be done very carefully and with 
considerable caution. 

Fig. 29: Fracture types: (A) comminuted fracture, (B) unilateral 
V-notched fracture, (C) bilateral V-notched fracture, (D) splitting 
(graphic: D. Modl).

Fig. 30: Fracture behavior: (A) vertical, (B) slanting, (C) stepped, 
(D) irregular (graphic: D. Modl).
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Many characteristics of complete and fragmented 
PCIs are rather individual or a product of alteration 
during their processing, which is too often ignored 
when creating studies and typologies concerned with 
these artefacts.
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