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Abstract

The Bronze Age hoard from Drassburg contains among other objects cast cakes, sickles, spout axes and fragments of these.
Ten copper alloy samples were examined by metallography. The high Pb content of three cast cakes indicates that Pb or
Pb ores were intentionally added to the metallic copper. Two cast cakes contain small amounts of Pb and probably copper
from the primary production. One cast cake is a Sn bronze. The sickle and socket axe fragments are Sn bronze with different
composition. Most microstructures show dendritic solidification, and sometimes, deformation structures are observed. It can
be assumed that the copper alloys of the Drassburg hoard were used for recycling. If one considers the quite different alloy
compositions, it is impossible to trace the copper ore sources using Pb isotopy or trace element analysis. This applies to the
present copper alloys as well as to objects made from recycled material.
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Introduction

The Drassburg Hoard and the Examined Copper
Objects

In 1932, a bronze depot was found in a vineyard near
Drassburg in Burgenland which contains copper objects
with 25 kg total weight. In addition to copper cast cake
fragments, this hoard includes sickles, sickle fragments,
other tools like socket axes and lots of jewellery in various
states of preservation [1]. A compilation of the hoard and
a detailed description or material analyses are not known.
The Drassburg bronze depot is comparable to hoard finds
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from the Urnfield period [2]. Since Burgenland geographi-
cally belongs to the Pannonian lowlands, a corresponding
chronology of the Bronze Age is attached [3].

Bronze Age Hoards

Hoards or depots are an important source of archaeological
finds. According to the classical definition, a hoard consists
of several archaeological objects found in close proximity. It
is assumed that these objects were stored intentionally. They
were, for example, sacrificial or votive offerings, raw mate-
rial stores for traders or bronze foundries or hiding places for
treasure deposits in times of crisis. Thus, offerings in water
or moors are sacred, irreversible deposits, but raw material
deposits in the ground are profane and reversible [4—6].

Therefore, a hoard of broken bronze objects, bronze
ingots and bronze cast cakes can be interpreted as a bronze
material craftsman's store. A depot of aesthetic bronze
objects is rather associated with a merchant or could have
been placed as a votive offering [3].

Numerous bronze hoard objects of various compositions
have already been found in Europe [7-13].
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Fig. 1 Copper cast cakes (cc) from Drassburg. Whole cast cake a top, b bottom, ¢ cast cake with a smooth surface from splitting, (a—c) not

examined. Examined cast cakes d ccl, e cc2, f cc3, g cc4, h cc5, i cc6.

Copper Metallurgy, Copper Casting Cakes
and Recycled Material

The metallurgy of copper started with the production of
almost pure copper followed by copper arsenic, arsenic
bronze and finally tin bronze was produced [14—17]. The
impurities in the smelted copper depend on the composition
of the used ore (malachite, fahlore or chalcopyrite) and the
metallurgical processes [18-21]. For example, by smelting
fahlores small amounts of As and Sb are detected in the
copper [22, 23].
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Since copper ores are usually not associated with lead
ores and there are usually no high concentrations of Pb in
the copper ingots, the metallurgists of the time may have
already experimented with the use of additives [24, 25]. For
example, studies showed that antimonite (Sb,S;) was added
to copper. Something similar would be possible with galena
(PbS). It is described that the extraction of metallic lead
was already known in the Bronze Age, but there are no cor-
responding archaeological finds.

With the development of tin bronzes by adding deliber-
ately cassiderite (SnO,) or metallic Sn to the copper, addi-
tional impurities from cassiderite were introduced into the
bronze [26, 27].
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Table 1 XRF data measured in wt% on the metallographic prepared samples (Idl =lower detection limit)

wt. % casting cakes sickles socket axe
element ccl cc2 cc3 ccd cc5 ccb sil si2 si3 sal
Cu 81,36 91,45 70,84 84,47 96,74 99 94,49 87,92 92,26 92,5
Sn 0,16 0,78 5,13 14,41 Idl Idl 4,31 10,06 6,49 4,47
Pb 17,32 7,35 23,43 0,75 0,07 0,32 0,61 0,79 0,7 2,54
Asld 012 009 ld 1,08 Id 014 015 Idl 0,14
Bi 0,08 Idl Idl Idl Idl Idl Idl Idl 0,09 0,09
Zn 0,07 Idl Idl Idl Idl Idl Idl Idl Idl Idl
Ni Idl 0,2 0,25 0,21 0,59 Idl 0,2 0,24 0,22 0,18
Co 0,16 n.n. 0,06 Idl 0,35 Idl 0,07 Idl Idl Idl
Fe 0,24 n.n. Idl Idl 0,62 0,17 0,06 0,43 Idl Idl
S 0,63 0,09 0,2 0,16 0,55 0,51 0,12 0,31 0,24 0,08
Si Idl Idl Idl Idl Idl Idl Idl 0,09 Idl Idl

The coloured numbers are intended to draw attention to particularly high measured values of the respective element

Fig.2 Metallography of cast cake ccl. a—c Polished sample, LOM, d—f Klemm? etched, LOM, g-i SEM.
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Fig. 3 Metallography of cast cake cc2. a—c Polished sample, LOM, d—f Klemm?2 etched, LOM, g-i SEM1

Last but not least, copper ingots made from recycled
material should be mentioned. All impurities can be pre-
sent in a broad variation of concentrations in this Cu. The
different copper objects in a hoard suggest that the various
alloys were mixed by recycling.

Figure 1 shows a compilation of various hoard finds.

Experimental Procedures

Six fragments of copper cast cakes “cc”, three bronze sickle
fragments “si” and one spout axe “sa” fragment were made
available for metallographic investigations. From all sam-
ples, small pieces were sectioned using a metallographic
cutting machine. The specimens were cold-mounted and
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metallographically prepared. Klemm?2 solution was used
as etchant. Light microscope (LOM) and scanning electron
microscope (SEM) with energy-dispersive X-ray (EDX)
analysis were used for the investigations as well as X-ray
fluorescence (XRF) analysis for an average analysis.

Results and Discussion

To determine the chemical composition, XRF analyses were
carried out at the metallographically prepared cross sec-
tions of the bronze specimens. The results are summarized
in Table 1. Surprisingly, Pb contents between 7 and 24% by
weight were detected in three casting cakes and two samples
contained more than 5% by weight Sn. The sickle fragments
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Fig.4 Metallography of cast cake cc3. a—c Polished sample, LOM, d—f Klemm? etched, LOM, g-i SEM.

and the socket axe consisted of Sn bronze with different
Sn contents. Further results follow in the description of the
individual samples.

The Copper Cast Cakes

The copper cast cake ccl contains 17.32 wt%. Pb, 0.63 wt%
S, small amounts of Sn and Fe as well as some other impuri-
ties (Table 1). In the metallographic section, one can see a
very coarse dendritic copper structure, whereby the typical
branching of the dendrites is hardly visible (Fig. 2a—c). After
etching the sample, an orange colour can be seen inside the
copper dendrite, which becomes lighter towards the edge
(Fig. 2d—f). This can be explained by segregation effects,
since during progressive solidification more impurities are
incorporated into copper. In the interdendritic areas, Pb

appears dark grey (Fig. 2a—c). Due to the low melting point
of Pb, it solidifies at last. After etching, Pb appears almost
black (Fig. 2d-f), but in SEM-BSE Pb is white (Fig. 2g—i).
Spherical precipitations of Cu,S, with a diameter of up to
50 um, can be seen in the structure (Fig. 2a—c). After etch-
ing, Cu,S is light grey (Fig. 2e, f), but in SEM-BSE it is dark
grey (Fig. 2h, 1).

cc2 contains 7.35 wt%. Pb, 0.78 wt% Sn, 0.12 wt% As
and only 0.09 wt% S (Table 1). The microstructure is den-
dritic (Fig. 3a—c) and the interdendritic areas are signifi-
cantly smaller than in ccl. In the etched state, the inner areas
of the dendrites are coloured dark red and a colour gradient
is clearly distinguishable. This can be explained by the pres-
ence of Sn. In SEM, the interdendritic areas with Sn enrich-
ment are light grey and Pb is white.
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Fig. 5 Metallography of cast cake cc4. a—c Polished sample, LOM, d—f Klemm? etched, LOM, g-i SEM.

cc3 still has a dendritic structure, but due to a high Pb
and Sn content a considerable amount of interdendritic
area can be observed. It contains the highest amount of Pb
with 23,43 wt%. as well as 5.13 wt% Sn, 0.09 wt% As and
0.2 wt% S (Table 1). Even in the polished state, an eutectoid
of light blue Cu,;Sn;; and Cu-Sn solid solution can be seen
next to the dark grey Pb (Fig. 4a—c). After etching, Pb is
black and the intermetallic phase Cuy;Sn,; is white. Again,
a colour gradient is observed between the interior of the
dendrites and the interdendritic areas (Fig. 4d—f). In SEM,
the interdendritic areas with Sn enrichment are light grey
and the Pb is white (Fig. 4g-1).

The casting cakes ccl, cc2 and cc3 are characterized by
high Pb contents. Since the usual copper ores tend to have
low amounts of Pb [28, 29], it can be assumed that Pb ores
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(e.g. galena PbS) were added to the Cu. This process has
already been observed with Sb, because at that time antimo-
nite (Sb,S;) was added to the Cu. Both phases Cu-Sb and
Cu,S are formed [19].

No relevant literature was found on the reactions of PbS
with molten Cu; however, it is probable that metallic Pb and
Cu,S are formed. Due to its high density, Pb should sink
rapidly in Cu and Cu,S should rise slowly, resulting in seg-
regation. The final composition of the casting cake depends
on the mixing ratios and how fast a Cu,S slag layer on the
surface is formed.

One can only speculate about the motivation to add Pb
to copper, because the mechanical properties of Cu are not
improved by Pb. Maybe they just wanted to increase the
amount of metal.
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Fig.6 Metallography of cast cake cc5. a—c Polished sample, LOM, d—f Klemm? etched, LOM, g-i SEM.

cc4 has the highest amount of Sn with 14.4 wt% as well
as 0.16 wt% S and only 0.75 wt% Pb (Table 1). The cast
structure is dendritic and the eutectoid Cu,;Sn,; and a Cu-Sn
solid solution can be seen in light blue, even when polished.
The dark grey spots are Cu,S (Fig. 5a—c). After etching
with Klemm?2, the colour changes to blue, the dendrites are
red—dark blue or yellow—bright blue and the eutectoid areas
are bright and encircled in dark blue (Fig. 5d—f).

In SEM, the bright eutectoid structure is clearly demar-
cated from the Cu-Sn solid solution, and some white Pb
spots and dark Cu,S patches are visible (Fig. 5g—i).

ccS is quite different and contains 1.08 wt% As and
0.55 wt% S, but no Sn and only 0.07 wt% Pb (Table 1).
The dendritic solidification structure is already visible
in the polished sample and different coloured phases can
be seen in the interdendritic areas (Fig. 6a—c). Copper is
strongly coloured after etching, and the sulphides or arse-
nides are not attacked (Fig. 6d—f). In SEM, Cu,S appears
dark grey and the interdendritic areas with Cu;As are
bright grey (Fig. 6g—i).

@ Springer
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Fig.7 Metallography of cast cake cc6. a—c Polished sample, LOM, d—f Klemm? etched, LOM, g-i SEM.

cc6 contains the least impurities with 0.32 wt% Pb and
0.51 wt% S, but no Sn or As (Table 1). A typical eutec-
tic structure can already be seen on the polished sam-
ple, which can be described as a Cu,S-Cu eutectic due
to the present S content (Fig. 7a—c). After etching, Cu,S
appears darker and colour gradients can be seen in the
Cu solid solution, which can be attributed to segregation
effects during solidification (Fig. 7d—f). In SEM, Cu,S is
dark (Fig. 7g—i) and isolated white Pb spots are visible
(Fig. 7h—c).

The casting cakes cc4, cc5 and cc6 are characterized by
low Pb contents. However, they are very different regarding
to their Sn and As contents. cc4 could be called tin bronze
and cc5 arsenic bronze. In contrast, cc6 is almost pure Cu
with a Cu-S eutectic. The different manufacturing methods
of the various copper alloys will not be discussed here.
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The Fragments of Sickles and Socket Axe

The sickle is one of the oldest farming tools used to cut
wild grain or grass and its use has been documented as
early as the Neolithic [30]. After bronze was available and
the casting process was mastered, bronze sickles have been
documented since the Middle Bronze Age. Essentially a dis-
tinction is made between button sickles and tongue sickles,
which were used in different ways in Europe [31, 32]. Since
sickles break during use or errors occur during manufacture,
it is not surprising that hoard finds contain sickles and their
fragments (Fig. 8a—d). Three sickle fragments (sil, si2 and
si3) could be examined, which consist of different composed
tin bronzes (Table 1).

In the sickle fragment sil, 4.31 wt%. Sn, 0.12 wt% S
and 0.61 wt% Pb as well as 0.14 wt% As were measured
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Fig. 8 Examined sickle (si) fragments. a General view of a sickle (not examined), b sil, ¢ si2, d si3.

(Table 1). The copper structure is homogeneous with iso-
lated pores and fine precipitations with various impurities
(S, Pb and As) (Fig. 9a). A structure with the intermetallic
phase Cuy,;Sn,,, which is often observed in Sn bronzes, is
not present (Fig. 9b). The surface of the sickle is covered
with a patina of malachite (Cu,(CO5)(OH),) and Cu,O
(Fig. 9b, c). In polarized light, Cu,O (red) is mainly inside
and malachite (green) at the rim of the corroded layer.
After etching, the dendritic solidification structure is
clearly visible, which can be attributed to segregation effects
by alloying elements in Cu (Fig. 9d). In polarized light, con-
nected dendritic regions can be distinguished (Fig. 9¢) and
the dendritic patterns still can be seen in the corroded patina

(Fig. 9f).

There are severely deformed areas near an edge
(Fig. 9g-i), and at high magnification, the dendritic struc-
tures are cloudy and deformation lines in different direc-
tions are visible (Fig. 91), i.e. this sickle area was subject of
greater deformation forces during manufacture or use.

The sickle fragment si2 contains 10,06 wt%. Sn, 0,31 wt%
S, 0,79 wt% Pb and 0.15 wt% As (Table 1). Due to the high
Sn content, the interdendritic areas are clearly distinguish-
able because the intermetallic, eutectoidic phase Cu,;Sn;,;
has been formed (Fig. 10a—c). Similar to sickle ss1, the den-
dritic areas are clearly visible in polarized light and after
etching (Fig. 10d—g). In this sample, the dendritic solidifica-
tion structures of the bronze can be seen well in the corroded
patina (Fig. 10h—i).
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Fig. 9 Metallography of sickle sil. a—c Polished sample, LOM, (c, e, f) polarized light, (d—i) Klemm?2 etched.

Sickle fragment si3 contains 6,49 wt%. Sn, 0,24 wt.%
S and 0,7 wt% Pb, but no As (Table 1). Some pores with a
size of up to 2 mm can be seen in the overview micrograph
(Fig. 11a) and a patina which entirely covers the surface.
Various precipitates (Cu,S and Pb) and the intermetallic,
eutectoidic phase already can be seen on the polished sample
(Fig. 11b, c). In contrast to the other samples, it is notice-
able that here the copper dendrites corrode preferentially, but
not the interdendritic areas (Fig. 11d—g). Similar to si2, the
Cu,,Sn;, phase remains in the corrosion layer.

Again, deformed dendrites at the sickle’s tip were
observed (Fig. 11d, e).

A SEM-EDX element distribution shows that Cl and Sn
are enriched in the dendritic corrosion products (Fig. 12).
Sn enrichment in the patina is specific for Sn bronzes [27,
33, 34].
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The socket axe was developed in the Middle Bronze Age
and often exhibits various decorative elements, which were
already present in the mould (Fig. 13a, b) [35]. The axes
were fixed on an angled wooden shaft and used as a tool or
weapon [36]. A fragment of a socket axe from the Drassburg
hoard was examined (Fig. 13c, d).

The socket axe fragment sal contains 4,47 wt%. Sn,
2,54 wt% Pb, 0.14 wt% As and only 0,08 wt% S (Table 1).
The copper matrix contains many spherical pores with diam-
eters of up to 200 um (Fig. 14a, b). This indicates poor cop-
per processing and poor casting conditions. In the polished
state, the usual precipitations of a low-alloyed bronze can
be seen in the structure (Cu,S, Pb and Cu,,Sn,,) (Fig. 14c).
The etched structure shows strong colour differences, but not
well-developed dendrites—maybe a combination of contam-
ination and poor casting conditions (Fig. 14d). Again, the
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Fig. 10 Metallography of sickle si2. (a, b, h, i) Polished sample, LOM (¢) SEM, (d—g) Klemm?2 etched, LOM, (e, g, i) polarized light.

patina on the bronze surface contains malachite and Cu,O
(Fig. 14e, 1).

Conclusions

Ten copper samples from the Drassburg hoard were exam-
ined by metallography.

It can be assumed that the cast cakes were the starting
material for the production of objects using the casting pro-
cess. Since the composition of the individual cast cakes is
quite different, it can be assumed that most of them do not
come from primary copper production.

Cast cake cc6 contains only small amounts of Pb and
some S, indicating a manufacture from chalcopyrite. For
ccS, fahlore could be assumed to be the used copper ore,
because of the raised As content. cc4 consists of Sn bronze

and was either made from raw materials or was produced
by co-melting of bronze and recycled material.

In the casting cakes ccl, cc2 and cc3, the high Pb con-
tent indicates that Pb or Pb ores were intentionally added
to the copper.

The sickles and a socket axe fragments consist of Sn
bronze with different contents of Sn, Pb, As and S. The
sickle fragments have dendritic solidification and some
deformation structures. The socket axe has increased
porosity, which ultimately results in poor material
properties.

Reflections about recycling of copper in the Bronze Age:
If one considers the hoard find from Drassburg is a material
deposit of a Bronze Age smelter or blacksmith, it means
that it is impossible to trace the copper ore sources using
Pb isotopy or trace element analysis. On the one hand, this
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40 ym

Fig. 11 Metallography of sickle si3. (a—g) Polished sample, LOM, (e, g) polarized light.
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200 pm

Fig. 12 SEM-EDX element distribution of sickle si3.

Fig. 13 Examined spout axe (sa). (a, b) Overall view of a whole socket axe (not examined), (¢, d) section photographed from two directions.

@ Springer



Metallography, Microstructure, and Analysis (2023) 12:187-201

Fig. 14 Metallography of socket axe sal. (a—c, e, f) Polished sample, LOM, (d) Klemm?2 etched, LOM, (e, f) corroded edge, (f) polarized light.

applies to the presented copper alloys on the other hand for
objects made from recycled material.
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