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Abstract

The Valaisan-type armband (a specific type of bracelet) is a typical metallurgical production from the western area of Switzerland
belonging to the classic phase of the Aare-Rhone group (BzA2a, ca. 20001800 BC). This investigation aims to (i) characterize
the metal composition, (ii) reconstruct the thermomechanical treatments applied during the manufacturing process, and (iii)
gather information on the possible exploitation of the local ores coupling metallography and chemical analysis. The results show
that each armband is manufactured from a hammered sheet of copper-based alloy, containing either tin (up to 3.0 wt.%) or a
combination of antimony, nickel, and silver. In several cases, it is assumed that minor elements are already part of the original ore,
suggesting a conscious selection of copper veins. In other armbands, a direct addition of cassiterite (SnO,) to the copper matrix is
hypothesized based on the material composition and features of the inclusions. Microstructural features are coherent with a
procedure that combines mechanical deformation (with a total deformation degree between 70 and 76%), annealing, and
quenching, coherently with more recent productions (Late Bronze Age). The analysis of inclusions, rarely performed during
metallographic investigations, provides precious evidences on thermal treatments applied during the manufacturing process and

shows that annealing was carried out at low temperatures.

Keywords Armbands - Early Bronze Age - Metallography - Manufacturing process - Aare-Rhone group

Introduction

The ways of development and spread of metallurgical practices
in the Early Bronze Age (EBA) constitute an important issue in
archacometallurgy but sometimes the lack of physical evi-
dences for this period often limit the investigations on early
practices. As remains of ancient civilizations, copper-based ob-
jects are the only exploitable source of information in such
sense. The abundance of copper objects found in the areas of
Singen (Germany), Franzhausen and Gemeinlebarn (Austria),
and in the central Valais region (Switzerland) represents an
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exception that could help gather information on (i) metallurgi-
cal practices, (ii) circulation of raw materials and finished prod-
ucts, and (iii) transfer of knowledge (Cattin et al. 2011). In this
context, Valaisan-type armbands, literally translated from the
French brassards (Cattin et al. 2011), found in the western area
of Switzerland and belonging to the classic phase of the Aare-
Rhone group (ca. 2000-1800 BC) are studied by the authors in
order to answer some of the abovementioned questions.
Archaeological studies thoroughly describe the Rhone cul-
ture that extends between Eastern France and Western
Switzerland along the Rhone River during the EBA (ca.
2200-1500 BC) (Cattin et al. 2011; David-Elbiali and David
2009; David-Elbiali 1998, 2000). Hafner (1995) defined the
Aare-Rhone group according to the names of the two rivers
that delimit this area. Hammered sheet objects (e.g., pins, di-
adems, and /unulae), typical of a specialized craftmanship
(Strahm 1996), were mainly discovered in the so-called
Blechkreis (that embraces the Western Switzerland and the
Middle Danube) and testify a specific metalworking activity.
According to such studies, the main archaeological issues
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concerned the emergence of bronze production and the devel-
opment of different manufacturing techniques. In particular,
ore exploitation, production, and circulation of raw materials
(like copper or tin) over long distance are still under debate
(Radivojevi¢ et al. 2018; Berger et al. 2018), and even if few
evidences of copper smelting are present in this region, they
are dated back to more recent periods (Late Bronze Age,
LBA) (Gallay 2008). While previous analyses were per-
formed on Valaisan armbands (atomic absorption spectrosco-
py (AAS), induced coupled plasma-optical emission spectros-
copy (ICP-MS), electron probe micro-analyzer (EPMA)
coupled with wavelength dispersion spectroscopy (WDS)),
allowing the detection of trace elements (ppm) on chemically
treated bulk samples (Junghans et al. 1960, 1968 & 1974;
Pernicka 1984), recent studies were carried out to answer
some questions, focusing on the routes of copper supply
(Cattin 2008; Cattin et al. 2011; Artioli et al. 2016). Through
chemical and lead isotope analysis, the authors suggested a
correlation between the local manufacture of hammered
sheets, characteristic of the Aare-Rhone group, and the copper
supply chain, which can be usually provided either from
recycling activities or from exogenous sources. However,
the results obtained are still under discussion and further anal-
yses are needed to provide robust answers to such an impor-
tant issue. To fully address this lack of data, high-quality in-
formation can be obtained through metallurgical investiga-
tions by exploiting the ability of metallic materials to record
its own thermomechanical history (Piccardo et al. 2017a,
2017b). This way, nondestructive (i.e., which do not alter
the sample during analysis) and micro-invasive (i.e., which
only require micrometric samples) procedures result in a good
compromise between the quality of information and the object
alteration (Pinasco et al. 2007; Piccardo et al. 1997). However,
the use of nondestructive and noninvasive methods (e.g., p-
XRF) is sometimes not enough to get sufficient information
about the metallic core and the presence and distribution of
phases and inclusions, when a patina of corrosion product
covers the surface of the artifact (Fernandes et al. 2013;
Norgaard 2017). Metallographic studies, on the other hand,
allow for the reconstruction of the thermomechanical history
of materials by analyzing their microstructural features
through the chemical characterization of the metallic matrix
and inclusions (Piccardo et al. 2017a, 2017b).

The present article focuses on the metallographic charac-
terization of a selected corpus of 18 Valaisan-type armbands
coming from the western area of Switzerland and belonging to
the Aare-Rhone group to obtain new evidences that will help
in correlating the manufacturing process to the copper supply
chain. This study especially aims to (i) characterize the metal
composition (major and minor elements) in order to establish
the relationship between the final product, raw materials, and
anthropogenic addition (i.e., deliberate alloying), (ii) recon-
struct the manufacturing process of the objects through the

@ Springer

thermomechanical treatments observed, and (iii) gather infor-
mation on the possibility of local ore exploitation.

Materials and methods
The armbands

The corpus is composed of 18 Valaisan-type armbands over
the 22 currently conserved in two different collections: the
Musee Cantonal d’Histoire du Valais (MCA) from Sion
(Switzerland) and the second at the Musee Cantonal
d’Archeologie et d’Histoire (MCAH) from Lausanne
(Switzerland) (see Table 1). The discovery sites are located
in the central Valais (VS) region and in the Chablais part of the
Vaud region (VD), respectively (Bocksberger 1964;
Pészthory 1985) This area of about 100 km? constitutes one
of the main poles of the Rhone culture (Fig. 1). The corpus,
previously catalogued and partially studied by David-Elbiali
during her PhD thesis (David-Elbiali 2000), is in a quite good
conservation state.

The armbands were discovered in burial contexts (David-
Elbiali 2000), except for the armbands from the site of Leuk,
which were part of a hoard. Identified as feminine ornaments,
they are made of semi-circular sheets (Fig. 2), specific of
classic phase sites of the Aar-Rhone group (Cattin et al.
2014), and decorated with deep-drawn motives surrounded
by triangular and crosspieces incised lines. Square or circular
holes are systematically present on each edge, suggesting a
binding system made of organic materials (e.g., leather or
tissue). Also, it is not to exclude that organic material was
placed in contact with the skin as a further protection.

Since this typology was only found in sites from Western
Switzerland (David-Elbiali and David 2009), these armbands
can be considered a representative of the local material culture
with very low possibilities of a non-local manufacturing pro-
cess (Cattin et al. 2014). However, similar features were found
in Lower Austria (Weinviertel) and in Moravia, at the south-
ern border of the Unetice culture (the so-called Borotice-type)
and interpreted as a direct influence of the southeastern neigh-
bors, suggesting a transfer of knowledge (Schubert 1974;
David-Elbiali 2000; David 2002).

Sampling and protocol of analysis

A careful macroscopic examination of the surface of the ob-
jects was carried out before the sampling procedure to evi-
dence previous restorations, tool traces, mechanical stresses,
critical zones (i.e., brittle or fragmented), and worn areas. The
most representative areas were selected for sampling, in order
to preserve the integrity of the objects without altering their
readability. The small-size fragments (between 2- and 4-mm
height) were mounted in epoxy resin and then suitably
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Table 1 Description of Valaisan-

type armbands studied N sample Inventory N (David-Elbiali 2000) Deposit Conservation location
1 MCAH VD 20 Ollon VD Derriere la Roche Lausanne (Switzerland)
2 MCAH VD 26 Ollon VD Verschiez Lausanne (Switzerland)
3 MCAH VD 27 Ollon VD Verschiez Lausanne (Switzerland)
4 MCAH VD 28 Ollon VD Verschiez Lausanne (Switzerland)
5 MCAH VD 29 Ollon VD Verschiez Lausanne (Switzerland)
6 MCA VS 741 Ayent VS Les Places Sion (Switzerland)
7 MCA VS 742 Ayent VS Les Places Sion (Switzerland)
8 MCA VS 743 Ayent VS Les Places Sion (Switzerland)
9 MCA VS 744 Ayent VS Les Places Sion (Switzerland)
10 MCA VS 745 Ayent VS Les Places Sion (Switzerland)
11 MCA VS 750 Sierre VS Muraz Sion (Switzerland)
12 MCA VS 751 Sierre VS Muraz Sion (Switzerland)
13 MCA VS 752 Sierre VS Muraz Sion (Switzerland)
14 MCA VS 753 Sierre VS Muraz Sion (Switzerland)
15 MCA VS 754 Sierre VS Muraz Sion (Switzerland)
16 MCA VS T 1972a Conthey VS Tombe 1972 Sion (Switzerland)
17 MCA VS 40592a Leuk VS Foret de Guttet Sion (Switzerland)
18 MCA VS 40592b Leuk VS Foret de Guttet Sion (Switzerland)

polished with diamond paste up to 0.25 um. Chemical etching
was also performed with a solution of FeCl; (5 g) diluted in
HCI (50 mL) and H,O (200 mL) on the samples in order to
reveal their microstructural features. The protocol of analysis
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included (i) observations through light optical microscopy
(LOM) using bright field (BF) and dark field (DF) contrast
methods, (ii) observations through scanning electron micros-
copy (SEM) with backscattered (BSE) and secondary electron
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Fig. 1 Distribution of Valaisan-type armbands during the Bronze A2a (Fond: swisstopo, Data: MCAH VD/MCA VS, Cartography: G. Voland)
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Fig. 2 A Valaisan-type armband from Ollon, Vershiez, Switzerland (MCAHVD 26) (Photographic credits: MCAH VD)

(SE) detectors as contrast methods, and (iii) quantitative analysis
through energy-dispersive X-ray spectroscopy (EDS) sensitive to
light elements. The EDS was previously calibrated on a cobalt
standard. This procedure allowed to obtain reliable values for all
elements with atomic weight higher than sodium (i.e., Z > 11),
while for lighter elements like oxygen, the analysis was consid-
ered semiquantitative. Amounts below 0.3 wt.% were also con-
sidered semiquantitative measurements and were evaluated only
when the identification peaks were clearly visible in the acquisi-
tion spectrum. Trace elements cannot be detected with SEM-
EDS since below the limit of detection (LOD) of the instrument.

The reported compositions of the objects correspond to the
average of at least three measurements on non-corroded areas.
All results were normalized and presented in average weight
percent. A statistical procedure was also performed using the
principal component analysis (PCA) in order to evidence corre-
lations between the variables and clustering between samples.
This multivariate data treatment is based on the reduction of
the number of system variables by regrouping them in principal
component (PC), which allows the definition of a new coordinate
system in 2 dimensions. As a result, the original data matrix was
decomposed into two smaller matrices: the loadings, which can
be interpreted as the weights for each original variable in the PC
computation, and the scores, which contain the original data in
the newly rotated coordinate system. Also, a biplot was created
with both the loading (variables) and score (samples) positions
on the new coordinate system.

To estimate the deformation rate and the initial thickness of the
object, an image analysis software (Fiji-ImagelJ, version 1.49b)
was used on x 100 LOM micrographs (Schindelin et al. 2012).

Results
Alloy composition and microstructure

According to the chemical concept, an alloy is any element
other than a pure metal element (Tweney and Hughes 1949).

@ Springer

From a technological point of view, this results in changes in
mechanical, physical, and chemical properties or
manufacturing/processing characteristics (Davis 2001).
Thus, the concept of alloying is independent of a deliberate
addition but rather refers to physical modifications of the base
metal. In this study, the authors considered each detected ele-
ment as an alloying element, either major or minor. Table 2
displays the results on the composition of the 18 samples
acquired through the EDS measurements. For each armband,
the alloying elements in the matrix (Sn, Sb, Ag, and Ni) never
exceed 5.0 wt.%.

Figure 3 displays the biplot obtained from the PCA where
three main compositional clusters are distinguished:

Group A — Nine objects made of raw non-alloyed copper
(Cu > 99.5 wt.%) or with low tin amounts (between 0.7 and
1.3 wt.%) with evidences of silver-rich precipitates and tin
oxide inclusions (SnO,). These objects come from Leuk (2
armbands out of 2), Sierre (2/5), Ayent (3/5), Ollon (1/5),
and Conthey (1/1) (Fig. 4A and D).

Group B - Five objects presenting Sn as principal alloying
element with concentrations between 1.9 and 3.2 wt.% (Fig.
4B and E) from Ayent (2/5) and Ollon (3/5).

Group C - Four objects containing a combination of Sb,
Ag, and Ni from Ollon (1/5) and Sierre (3/5) (Fig. 4C and F).
Tin has not been detected for these armbands or in very low
amount.

Armbands containing enough alloying elements (samples 1
to 6 from Ollon and samples 6 to 9 from Ayent) are charac-
terized by the residual heterogeneity of the solid solution as
evidenced by Fig. 4E, in which grayscale variations represent
changes in composition. This microsegregation corresponds
to a concentration gradient between the core of the primary
crystal (dendrite) and its edges, directly related to a combina-
tion of casting process parameters (e.g., cooling rate) and me-
chanical deformation of the matrix (e.g., cold deformation and
annealing) (Smallman and Ngan 2007). The observation on
etched surfaces (Fig. 4A, B, and C) showed regular polygonal
grains of relatively small size (micrometrics), typical of
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Table2  Average compositions of the Valaisan-type armbands (in wt.%), SEM-EDS, (< LOD = below the LOD), and group attribution according to

the PCA in Fig. 3

N sample Site Alloy group Cu Sn Sb Ag Ni

1 Ollon VD Derriere la Roche B 96.8 0.6 32+04 <LOD <LOD <LOD
2 Ollon VD Verschiez B 97.6 £ 0.4 25+03 <LOD <LOD <LOD
3 Ollon VD Verschiez C 94.5+0.5 03+0.1 1.9+0.1 1.5£0.1 1.8+0.2
4 Ollon VD Verschiez B 97.0 +£0.6 29+04 <LOD <LOD <LOD
5 Ollon VD Verschiez A 98.9+0.3 1.2+0.2 <LOD <LOD <LOD
6 Ayent VS Les Places A 99.2+0.2 0.7+0.1 <LOD <LOD <LOD
7 Ayent VS Les Places B 97.9+0.5 1.9+03 <LOD <LOD <LOD
8 Ayent VS Les Places A 99.2 +0.1 09+0.1 <LOD <LOD <LOD
9 Ayent VS Les Places B 96.0 0.1 26+0.2 0.5£0.1 03+£0.1 0.6 £0.1
10 Ayent VS Les Places A 98.3+0.5 1.1£0.2 <LOD <LOD <LOD
11 Sierre VS Muraz C 94.6 £ 0.3 <LOD 20£0.2 2.8+03 0.5+0.1
12 Sierre VS Muraz A 99.6 £ 0.1 03+£0.1 <LOD <LOD <LOD
13 Sierre VS Muraz C 95.2+04 <LOD 1.7£03 27+02 0.6£0.1
14 Sierre VS Muraz A 98.9+0.1 1.0£0.1 <LOD <LOD <LOD
15 Sierre VS Muraz C 96.6 + 0.6 0.5+0.2 1.0+£0.2 1.0£0.1 1.0£0.1
16 Conthey VS Tombe 1972 A 98.8+0.4 1.0+£0.3 <LOD <LOD <LOD
17 Leuk VS Foret de Guttet A 99.9+£0.1 <LOD <LOD <LOD <LOD
18 Leuk VS Foret de Guttet A 99.3+0.3 02+0.1 <LOD <LOD <LOD

recrystallized microstructures resulting from a combination of
mechanical deformation and annealing at intermediate tem-
peratures (below 600 °C).

Inclusions

Various inclusions are visible in the metallic matrix (Fig. 5)
and are identified as oxides, sulfides, or precipitates from the
smelting procedure (Table 3). They are preferably located at
the grain boundaries due to the segregation phenomena occur-
ring during the molten-to-solid transition. Further elements (S,
As, Ni, Co) are detected inside the inclusions, as precipitates,
or in the internally developed corrosion layer.

The most common inclusions in the whole set of armbands
are white-rounded tin oxides (cassiterite, SnO,) of various
dimensions. They are present in the metallic matrix as well
as in the patina (Fig. 5A). Elongated inclusions (Fig. 5B)
composed of copper sulfide with selenium (Cu,Se,S;_,) are
present in a wide number of samples. No iron has been detect-
ed. A composite nodule, found in sample 3 from Ollon, cor-
responds to an inclusion of partially smelted ore (Fig. 6). The
dark inner part of the nodule is rich in nickel (Ni) (between 15
and 23 wt.%) and cobalt (Co) (between 32 and 40 wt.%), with
lower amount of tin (Sn), antimony (Sb), and silver (Ag). The
brighter area surrounding this core corresponds to the partial
diffusion of Sn and Sb into the copper matrix.

Further inclusions are concentrated in the intergranular cor-
rosion layers. As previously discussed elsewhere (Ghiara
2016), the corrosion process is selective and depends on the
cation’s diffusivity in the oxidizing medium (e.g., the soil):
while copper tends to diffuse into the soil, the concentration of
other elements in the patina increases. Figure 5C represents a
clear example of this phenomenon. This way, the intergranu-
lar oxidation process reveals the presence of phases and ele-
ments whose concentration ratio is different from the one of
the matrixes.

The white phases in the corroded areas (Fig. 5C) are me-
tallic Ag with a volume percentage higher than the one char-
acterizing the microstructure. This could be explained by a
selective corrosion mechanism involving the metallic matrix,
and the more noble element is left uncorroded (Shreir et al.
1963). As a matter of fact, Ag is detected in 11 out of 18
armbands of the corpus as a metallic phase, mainly visible in
the corrosion layers. Under 400 °C, this element is scarcely
soluble in the copper matrix and can generate either rounded
precipitates at the grain boundary during the cooling phase
after casting or needle-like precipitates inside the grains if
formed during a thermal treatment below 400 °C (e.g., anneal-
ing). In 6 armbands, this element is combined with the Sb
inclusions, and in two others from Sierre, it is associated with
traces of As (Table 2).

A similar microstructural feature has been observed in sam-
ple 13 from Sierre showing Sb-rich precipitates (white

@ Springer
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Fig. 3 Biplot of PCA on average
alloys composition. Three clusters
are identified based on the
composition of the alloys

200 uym

Fig.4 Microstructures from the three groups identified. LOM-BF micro-
graphs of (A) sample 17 (MCA VS 40592b from Leuk VS Foret de

Component 2 (21.7% of variance)

Biplot (92.2% of total variance)
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Component 1 (70.5% of variance)

Group B

Guttet), (B) sample 1 (MCAH VD 20 from Ollon VD Derriere la
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Group C

Roche), and (C) sample 3 (MCAH VD 27 from Ollon VD Verschiez).
SEM-BSE micrographs of (D) sample 17, (E) sample 1, and (F) sample 3
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Table 3 Description of inclusions

of the Valaisan-type armbands N sample Deposit Alloy group Inclusions
1 Ollon VD Derriere la Roche B SnO,; Cu,Se, S«
2 Ollon VD Verschiez B Sn0,; Cu,Se, S«
3 Ollon VD Verschiez C SnO,; Sb; Ag; Ni; Co
4 Ollon VD Verschiez B SnO,; Ag; Cu,S
5 Ollon VD Verschiez A Sn0,; Cu,Se, S«
6 Ayent VS Les Places A SnO,; Pb; Se
7 Ayent VS Les Places B SnO,; Ag; Pb; Cu,SeS; .«
8 Ayent VS Les Places A Sn0,; Cu,Se, S«
9 Ayent VS Les Places B SnO,; Sb; Ag; Ni; Cu,Se, S«
10 Ayent VS Les Places A SnO,; Sb; Ag, Ni
11 Sierre VS Muraz C Sb; Ag; Ni; As
12 Sierre VS Muraz A SnO,; Ag
13 Sierre VS Muraz C SnO,; Sb; Ag; Ni
14 Sierre VS Muraz A SnO,; Ag; Cu,S
15 Sierre VS Muraz C SnO,; Sb; Ag; Ni; As
16 Conthey VS Tombe 1972 A SnO,; Pb
17 Leuk VS Foret de Guttet A SnO,; Sb; Ag; Pb ; Ni
18 Leuk VS Foret de Guttet A SnO,; Ag; CupSecS; .«

acicular micro-crystals) at the grain boundaries and in the core
of the solid solution (Fig. SD). This corresponds to a typical
precipitation occurring in hypoeutectic Cu-Sb alloys, when
the supersaturated «-solid solution (previously obtained by
fast cooling rates, or quenching) is annealed at a temperature
below the eutectic temperature (e.g., 645 °C).

Sulfide inclusions present the peculiarity to deform with
the bulk when submitted to mechanical stress, changing shape
from rounded (i.e., typical of as-cast microstructures) to elon-
gated along the direction of deformation, and then to keep
such a shape even after recrystallization annealing. The shape
factor of the inclusions (sf) can be computed by calculating

Fig. 5 Types of inclusions
detected by SEM-BSE. (A) SnO,
on sample 7 (MCA VS 742 from
Ayent VS Les Places), (B)
Cu,Se, S inclusion on sample 4
(MCAH VD 28 from Ollon VD
Verschiez), (C) Ag and Sb inclu-
sions on sample 11 MCA VS 750
from Sierre VS Muraz), and (D)
Sb-rich precipitates on sample 13
MCA VS 752 from Sierre VS
Muraz)

@ Springer
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10 um

Fig. 6 SEM-EDS elemental mapping of sample 3 (MCAH VD 27 from Ollon VD Verschiez)

their width/length ratio and by correlating it to the stress
absorbed by the material (Piccardo and Pernot 1997,
Madlinger and Piccardo 2013). According to such studies,
the deformation applied, resulting in a reduction of thickness
(D%), is described as:

D%:M.mo

Eq.1
thickg (Eq.1)

where thick,,, is final thickness of the metal sheet and
thick, the initial thickness of the metal plate after casting and
before any shaping process is applied. The equation was then
further implemented correlating the sf of the inclusions to the
deformation applied:
sf=V/sf

D% =Y 100
‘ sf

Thicky = thickea.sf?

(Eq.2)

(Eq.3)

Considering a statistical population of sulfides in one single
sample, it is possible to calculate the order of magnitude of the
deformation applied during the whole shaping process, i.e.,
from the as-cast state to the final object. Table 4 displays the
deformation rates of three armbands containing enough sul-
fides to have a statistical reliability. Combining the metal plate
thickness with the deformation ratio, the initial thickness of
the as-cast draft can be estimated. This value is only an ap-
proximation of the real thick, because of the underestimation
related to the unknown amount of metal loss due to oxidation
(e.g., during the annealing steps) and to surface finishing. The
results are coherent with previous studies performed on

@ Springer

findings from later periods like the LBA (Pernot and
Lehoérff 2003).

Discussion
Alloying process and sources of exploitation

Alloying elements in archaeological artifacts made of copper
might have two origins: (i) a natural occurrence in the copper-
rich ore and the resulting diffusion during the smelting pro-
cess; (ii) a deliberate addition by the metalworkers. However,
a deliberate choice must be considered either way, as related to
the selection of the ore, the mine, or the supplier. Copper
mines containing tin-rich minerals are widely known
(Niederschlag et al. 2003; Hoppner et al. 2005; Artioli et al.
2009; Schreiner 2007; Frotzscher 2012; Delibes de Castro
et al. 1998), and when tin is detected in the metallic matrix
below 1.5 wt.%, it is usually accepted as a natural occurrence
coming from the smelting procedure. On the other hand, an
amount greater or equal to 1.5 wt.% can be considered an
anthropological addition (Pernicka 1999). In this collection,
9 armbands over 18 can be classified this way (Table 2). From
a preliminary study, the systematic presence of Sn oxides in
the microstructure of the armbands could suggest a co-
smelting process of both copper-rich and tin-rich ores, but
the different smelting parameters of these elements make this
process very unlikely. A direct addition of Sn as cassiferite or
a partially reduced Sn (due to a previous smelting) can be
assumed. The direct use of SnO, for the alloying procedure
opens an important issue because of the absence of known
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Table 4 Maximum deformation

rate and initial thickness N sample

Measured thick,,,; (mm)

Maximum deformation rate (%) Estimated thick, (mm)

estimation of three armbands

from Ollon showing a statistically 1 0.17+0.01
suitable number of sulfides 2 0.16 £ 0.02
0.27 £0.02

75.45 0.73+£0.17
71.74 0.67 £0.30
70.87 0.96 +0.21

cassiterite or tin-bearing mines exploited in Western
Switzerland during the EBA. At the current stage of the ar-
chaeological knowledge, only direct or indirect long-distance
communication and material circulation with mines from
Cornwall, Britain (Penhallurick 1986; Budd et al. 1992;
Valera and Valera 2003; Haustein et al. 2010), or
Erzgebirge, Germany (Niederschlag et al. 2003; Penhallurick
1986; Valera and Valera 2003; Schreiner 2007; Frotzscher
2012), can be hypothesized. Even if Sn mines in Tuscany have
been identified for Etruscan metallurgy (Benvenuti et al.
2003), no exploitation evidences during the EBA have been
found yet.

The detection of Ag, Ni, Sb, As, Zn, Pb, Co, and Sn as
traces or inclusions (i.e., Ag and Sb/As) in the samples are
related to the alloy production process and in particular to the
chemical nature of the ore used for the copper extraction
(Dupouy 1998; Ixer and Budd 1998). The classification of
both metallic and nonmetallic impurity elements was used to
provide information on the technological transitions of copper
metallurgy, in particular for Fe, S, As, and Sb (Rychner and
Kléntschi 1995; Tylecote 1977).

The so-called chalcolithic copper smelting model classical-
ly describes the early copper extraction processes, from the
Late Neolitic to the first phases of the EBA, as a reduction of
oxidized minerals like carbonates (malachite, azurite) or ox-
ides (cuprite, tenorite). The emergence of more sophisticated
processes for the copper sulfide smelting, like fahlerz, and
later mixed copper and iron sulfides, appeared in more recent
periods (Bourgarit 2007). As a support of this hypothesis,
artifacts from the EBA often feature low sulfide amounts in
the metallic matrix (Tylecote 2002). However, the early use of
sulfide-based copper ores was also attested for several EBA-
dated European sites, where the smelting was performed from
mixed sulfide and oxidized minerals (Bourgarit and Mille
2001; Jovanovich and Ottaway 1976). In support of this hy-
pothesis, experimental archaeology confirmed the possibility
of direct reduction of some oxide-sulfide minerals
(Timberlake 2007; Rostocker et al. 1989).

In the present study, two hypotheses can be formulated as
related to the ores exploited for the production of the arm-
bands. On the one hand, copper oxides like carbonates might
have been used, which would be coherent with the low S and
Fe amounts (Tylecote et al. 1977) and the large number of
other elements previously listed (Delibes de Castro et al.
1998; Rychner and Klédntschi 1995; Rychner and Stos-Gale

1998). Furthermore, the detection of As in two out of 18
armbands can be explained either by the absence of such an
element in the original ore or, more probably, by its evapora-
tion during the smelting process (Mddlinger et al. 2017;
Seeliger et al. 1985). On the other hand, the minerals used
could be sulfides, particularly the system tennantite-
tetrahedrite (Cu;,SbyS13) where Cu can be partially substitut-
ed by Ag, Zn, or Fe (Ixer and Budd 1998). This could justify
the particularly high amount of Sb over As. However, more
analyses have to be performed to fully understand this specific
aspect of metal production. What can be drawn for these data
is that the clear absence of iron in sulfide inclusions allows for
the exclusion of ores that exploit chalcopyrite as a copper
source. Furthermore, the partially smelted inclusions of sam-
ple 3 from Ollon may confirm the common mineralogical
origin of Ni and Co, also suggesting that for 7 armbands
(one from Ollon, two from Ayent, three from Sierre, and one
from Leuk), copper could have been provided from minerals
associated with Co-Ni arsenides (Staude et al. 2010). Ni in-
clusions detected systematically with Sb in 3 armbands (sam-
ples 9, 10, 17) could give a further indication of a specific ore
source. No correlation can be suggested for the other objects.

According to such observations, three main clusters of ob-
jects can be suggested:

Natural copper alloys produced by the smelting of copper-
rich ores, either oxidized or sulfide-based or a mix of the two
types (most of them without sulfur): 7 objects (sample 3 from
Ollon, samples 11, 12, 13, and 15 from Sierre and samples 17
and 18 from Leuk).

Natural tin-copper alloys, where tin is both present as
micro-alloying element (< 1.5 wt.%) and as part of oxide
inclusion: 5 objects (samples 6, 8, and 10 from Ayent, sample
14 from Sierre, and sample 16 from Conthey). In such a case,
Sn most probably derives from the exploited minerals.

Anthropogenic tin-copper alloys, where tin is present in
both the solid solution (> 1 wt.%) and as SnO, inclusions,
for which the higher tin amounts suggest a conscious post-
smelting addition. These objects are usually also characterized
by the presence of Cu sulfides. Such inclusions are rich in Se
and suggest the exploitation of deeper veins: 6 objects (sam-
ples 1, 2, 4, and 5 from Ollon and samples 7 and 9 from
Ayent).

If Sn, Sb, As, or even Ag are found as alloying elements
together with residual copper or as inclusions (in the form of
oxides), it is reasonable to make a direct connection with the
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original ores. From previous researches (Cattin 2008; Cattin
et al. 2011), it is suggested that the exploitation of copper is
derived from local ores, even if the distinction would require
further analyses (Fig. 7A). Likewise, if the presence of tin is
not a deliberate addition but present as micro-alloying ele-
ment, further hypotheses could be made. In this period, ores
containing both Cu and Sn minerals (Fig. 7B) can be found on
the Austrian side of the European Alps (Niederschlag et al.
2003; Hoppner et al. 2005), in Tuscany (Artioli et al. 2009;
Benvenuti et al. 2003), in Erzgebirge, between Germany and
Czech Republic (Niederschlag et al. 2003; Penhallurick 1986;
Valera and Valera 2003), and in Central Germany (Frotzscher
2012). On the other hand, if SnO, is deliberately added as
source of tin, as it appears from the analyses, it opens new
questions and fields of investigations. The exploitation of
SnO, as a Sn source is interesting and, besides being already
explored in past researches (Radivojevi¢ et al. 2018; Berger
et al. 2018; Vernet et al. 2019), is an important improvement
in the alloy production. The presence of oxides in the metal
matrix might be interpreted as the evidence of uncontrolled
conditions during the manufacturing process, connected to a
poor production of CO typical of non-aerated conditions,
which can be coherent with the early copper smelting process-
es, carried out under relatively low temperatures and/or poorly
reducing conditions (Bourgarit 2007). However, it is not pos-
sible to define with certainty the quantity and volume percent-
age of SnO, inside an object, not even with chemical calcula-
tions that could indicate the amount of SnO, originally added.
The reason is connected to possible post-production processes
such as re-melting (e.g., from ingot to object) and recycling
(i.e., re-use and mix of alloys) that can affect the metallurgical
features by reducing the size and volume fraction of the oxides
without modifying the copper sulfides (Vernet et al. 2019). To
our knowledge, no studies indicating re-melting are carried

[ Valaisian-type armbands deposits

X Possible local Cu mines sites

A Possible Cu and Sn mines sites

b

out in this region and for this specific period, but that does
not mean that the procedure was not performed at all (Cattin
2008). This hypothesis could be confirmed only by the con-
comitant analysis of possible slags and/or crucibles, as dem-
onstrated by Erb-Satullo (2015) in a different context, but this
information for this context is, to our knowledge, still missing
or currently unpublished. In the end, the absence of experi-
mental data on this topic makes any further conclusion impos-
sible, and a new field of experimental research is now open.

Shaping process

The armbands are recrystallized bronzes with regular polygonal
grains, characteristic of the shaping sequence: cold hammering
and recrystallization annealing sessions applied on an as-cast
flat ingot. Mechanical twins and slip bands also indicate that
some post-annealing cold deformation was carried out. The
narrow range of composition makes these alloys very similar
from the thermomechanical point of view. They are character-
ized by good shape properties, deformability, plasticity, resil-
ience, and toughness. The same thermal treatments (e.g., an-
nealing) can be successfully applied and the few differences in
color (mainly for those armbands made of unalloyed copper)
should become unnoticeable once the finished surface suffers
from natural tarnishing (Fang and McDonnell 2011).

Through measurements of sulfide dimensions, the total
thickness reduction performed during cold hammering stages
is estimated between around 70 and 76 % (Table 4). On the
one hand, the recrystallized microstructures confirm that an-
nealing was carried out after many steps of mechanical defor-
mation at a temperature high enough to recover the
deformability of the metal. On the other hand, the presence
of residual heterogeneity in the solid solution shows that this
annealing was not enough in terms of temperature and/or time
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Fig.7 Maps of Early Bronze Age cultures highlighting (A) the area of discovery of the Valaisan-type armbands, regional groups, and the possible copper
sources (from David-Elbiali 2000); (B) the distribution of possible Cu and Cu and Sn sources considered in the study (from Cattin et al. 2011)

@ Springer



Archaeol Anthropol Sci (2020) 12:215

Page 11 of 13 215

to homogenize the solid solution. Since the annealing temper-
atures for the complete recrystallization of tin bronzes are
often considered in the range 500-600 °C (Smallman and
Ngan 2007), it can be assumed that for this corpus no homog-
enizing annealing was performed before the mechanical de-
formation. Antimony-rich inclusions of sample 13 from Sierre
could help identify the range of annealing temperatures for the
corresponding armband. For the Sb amount detected in the
alloy (1.7 wt.%), the Cu-Sb system phase diagram indicates
that the annealing temperatures are between 310 and 360 °C
(Ixer and Budd 1998). The presence of such insoluble inclu-
sion shows that annealing was performed at a lower tempera-
ture than 360 °C, followed by a quenching stage. This is
coherent with the presence of Ag precipitates in sample 11
from Sierre, which are insoluble in a copper matrix under
400 °C.

These low annealing temperatures (7' < 360 °C) can be easily
reached by using a plain wood fire. This would coincide with
the preferential use of wood rather than charcoal to feed the fires
during the annealing operations. These technical choices allow
for an economy of fuel, time, and energy by keeping the char-
coal for energy-consuming activities as smelting and casting.
These evidences can be associated with both chronological and
geographical aspects, translating an evolution of the methods
during the 200 years of the Aar-Rhone group classical period,
or with the differences between the craftsmanship related to
each archaeological site or artifact.

Conclusions

Eighteen Valaisan-type armbands dated back to the EBA and
belonging to the Aar-Rhone culture were investigated by a
multi-technical approach with the aim to contribute to the
identification of the sources of the raw materials and the re-
construction of the manufacturing process. The collection of
data on the composition of the alloy and the nature of the
inclusions, together with the observation of their microstruc-
tures, allowed to assess that armbands are made of a copper-
based alloy undergoing a similar shaping process: alloy prep-
aration by melting process of raw copper with or without the
addition of alloying ingredients; casting of an ingot which
might have been flat, with a thickness of ca. | mm; and appli-
cation of several stages of cold hammering and annealing to
reach a final thickness reduction between 70 and 76%.
Furthermore, the residual heterogeneity of the solid solu-
tion and the presence of Sb- or Ag-rich precipitates gives also
information on the range of temperatures reached during the
annealing treatments: between 300 and 360 °C, high enough
to recrystallize a cold-hardened alloy but not enough to ho-
mogenize the solid solution. This can be due to multiple fac-
tors as technical evolution, availability of the resources, econ-
omy of time, and fuel. By the quality of the final product, it is

evident that the metal craft technology is mature and well
consolidated and can be compared to more recent productions,
typical of LBA.

Important information could be gathered also on the
alloying process, since three groups of objects could be iden-
tified: (i) natural alloys with and without Sn, (ii) anthropogen-
ic alloys with Sn higher than the 1.9 wt.%, and (iii) alloys with
Sb, Ag, and Ni as alloying elements. The first two sets of
samples showed the presence of SnO,, evidencing cassiterite
as the main alloying ingredient for the alloy production. The
characterization of the metallic matrix thus highlighted the
distinction of copper base alloys between “naturally” and
“voluntarily” alloyed. The careful understanding of the infor-
mation kept in the metal enriches the research on material
provenance and distribution and knowledge “routes” across
cultures and regions. Moreover, the insights on the conscious-
ness on the materials’ and minerals’ properties contribute to
the discussion on the choice of sources selection.

The partially reduced inclusions found in most of the ob-
jects testify a small number of casting after the smelting pro-
cess and a possible direct link with the original ores. These
outcomes would work synergistically with well-established
trace analyses and lead isotope ratio studies in the perspective
of identifying the actual SnO, sources as well as verifying the
introduction of a primitive bronze production in such an area.
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