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ABSTRACT 
A collection of 30 copper-based artefacts recovered during archeological excavations at the São Pedro 
settlement (Redondo, Portugal) was characterized by optical microscopy and Vickers microhardness 
testing. The radiocarbon dating of bone samples and the existence of Bell Beaker ceramics establish a 
chronology of c. 2700–2000 BC for tools and weapons made of copper with varying arsenic contents. The 
manufacture included one or more cycles of forging and annealing, while final work hardening was 
uncommon. The collection shows a wide range of hardness (52–142 HV0.2) without any correlation with 
typology or arsenic content, suggesting unawareness of the hardening potential of this alloying element. 
Technological features of São Pedro artefacts were compared with those of coeval metallurgies from 
neighboring regions (Portuguese Estremadura and Southern Andalusia) revealing common and 
distinctive characteristics that help to understand the use of arsenical copper alloys among communities 
of the third millennium BC. 
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Introduction 

The knowledge of early metallurgical development in the 
Iberian Peninsula has many open issues because of the lack 
of reliable archaeological contexts and archeometallurgical 
research. The artefacts made of copper with varying arsenic 
contents and with simple typologies found in the Chalcolithic 
settlements of São Pedro [1], San Blas [2], and La Pijotilla [3], 
in the Ossa Morena Zone (OMZ, Fig. 1), represent an 
exception. It is generally accepted that Chalcolithic arsenical 
copper (i.e., copper with more than 2 wt% arsenic) is the natu-
ral result of smelting mixed copper ores [4]. Nevertheless, cer-
tain typologies, such as arrowheads, daggers, knives, and long 
awls from settlements in the OMZ (São Pedro) and Portuguese 
Estremadura (Zambujal [5], Leceia [6], and Vila Nova de São 
Pedro [7]), show higher arsenic contents. This fact suggests the 
selection of raw materials during the third millennium BC. 

A higher amount of arsenic produces a superior hardness, 
especially in strain hardened metal [8]. Consequently, the 
comparison of composition, manufacture, and hardness of 
different typologies can provide important answers about the 
significance of arsenical copper alloys in prehistoric societies. 
Chalcolithic arsenical coppers from Southern Andalusia and 
Portuguese Estremadura do not show an improved hardness, 
suggesting that ancient communities were unaware of the 
mechanical superiority of high-arsenical copper and, in some 
cases, that the feature pursued by the metalworkers was the 
silvery color of the alloy [7, 9]. In Portuguese Estremadura, 
the Pb isotopic composition of artefacts [5, 6] and the 

petrographic analysis of amphibolite tools [10] indicate that 
raw materials came from the OMZ. In Southern Andalusia, 
the Pb isotope ratios of copper-based metals from Cabezo Juré 
suggest the smelting of ores from the Iberian Pyrite Belt [11]. 
Moreover, the Pb isotope ratios of metals from settlements 
such as La Pijotilla, located in the OMZ, point to local sources 
and the Iberian Pyrite Belt [3]. Hence, those neighboring 
regions clearly had close contacts, and probably share not only 
raw materials but also metallurgical knowledge. 

This study presents the microstructural characterization 
of copper-based artefacts from the settlement of São Pedro 
(Redondo, Southern Portugal), located in the OMZ copper-rich 
district. It was recently established that nearly half of the 
collection is composed by arsenical copper alloys [1], but the 
post-casting operations of local artefacts are mostly unknown. 
Optical microscopy observations establish the distinctive 
features of processing operations (casting, forging, annealing, 
etc.), while Vickers hardness testing identifies any attempts to 
harden weapons and tools. The results are compared with the 
Chalcolithic metallurgical technology in Portuguese Estrema-
dura and Southern Andalusia to appraise the true role of 
arsenical copper alloy in the southwestern end of the Iberian 
Peninsula during the third millennium BC. 

Materials and Methods 

Archeological excavations carried out in 2004–2009 at the 
settlement of São Pedro recovered metallic artefacts from four 
occupation phases from the second quarter of the third 
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millennium BC (Phase II) to the Beaker Period (Phase V) [12]. 
Phase I contexts did not show traces of metallurgy. Radio-
carbon dating of bone samples (Phases II and IV) attempted 
to discriminate the settlement chronology. Phase III occurred 
in a short period of time between the destruction of Phase II 
structures and the building of Phase IV structures. The 
calibration of radiocarbon dates was made with the IntCal13 
calibration curve [13] and an Oxcal Bayesian modeling 
[14, 15]. The radiocarbon dataset established a long occu-
pation in the second (Phase II) and third quarter (Phase IV) 
of the third millennium BC (Fig. 1). The final occupation of 
the settlement (Phase V) could not be radiocarbon dated, 
but the existing stratigraphy and the presence of Bell Beaker 
ceramics ascribes it to the last centuries of the third 
millennium BC. 

Metallic artefacts include mostly tools and weapons, in 
addition to some fragments of unknown function. Weapons 
comprise arrowheads and daggers. One of the daggers has a 
rivet hole that ascribes it to the end of the third millennium 
BC (earlier daggers commonly have a tanged hilt). Tools 
include awls, chisels, spatulas, a needle, and a saw. The uncom-
mon shape of the spatula SP58 (Fig. 1) has a possible parallel in 
the Chalcolithic settlement of Zambujal [16]. The scarcity or 
absence of copper ornaments in Chalcolithic contexts, such 
as São Pedro, suggests that this material did not possess a 
prestige value, and ornamental artefacts in those communities 
were made of gold or non-metallic materials [17]. 

The preparation for analytical processes involved the clean-
ing and polishing of a small area with about 3–5 mm diameter. 
In the case of some incomplete artefacts, a small cross-section 
(∼1–3 mm long) was cut and mounted in epoxy resin. The met-
allic surface was polished with silicon carbide abrasive papers 
(1000, 2500, and 4000 grit sizes) and finished with diamond 
pastes (3 and 1 µm). Microstructural observations were made 
with a Leica DMI 5000 M optical microscope having bright 

field, dark field, and polarized light illumination modes. An 
aqueous ferric chloride solution was used for etching. Vickers 
microhardness testing of mounted samples involved a 
Zwick-Roell Indentec equipment with 0.20 kgf load during 
10 s. The average hardness comprises at least three indentations 
with a relative standard deviation lower than 10%. 

Results and Discussion 

As a preliminary note, it should be mentioned that Phase II 
artefacts tend to have lower arsenic contents than later ones: 
Phase II has 1 arsenical copper out of 6 (∼17% frequency), 
while Phases III to V have 8 out of 14 (54%). However, the 
observation of a tendency to an increased occurrence of 
arsenical copper alloys in the last stage of the third millennium 
BC is based on a limited number of examples. Moreover, no 
significant differences were observed in the microstructural 
features of artefacts from different phases, and hence the 
collection is considered as a whole in the following discussion 
on the evidence of casting conditions and post-casting 
operations of Chalcolithic artefacts from São Pedro (Table 1). 

It was established that most artefacts have copper oxide 
inclusions dispersed in the α-Cu matrix (Fig. 2). Cuprous oxide 
inclusions occur by reaction of molten copper with oxygen, 
appearing by eutectic decomposition during solidification. 
Higher oxygen contents dissolved in the molten bath form an 
interdendritic network around the primary solid phase, while 
minor amounts occur as more or less rounded globules. 
SEM-EDS analyses of prehistoric arsenical coppers have shown 
that these inclusions are Cu-As oxides of variable composition 
[18]. In our collection, the few artefacts without oxide 
inclusions are of arsenical copper (SP61, SP68, SP55, SP67, 
SP57, and SP58 showing 2.46–4.92 wt% As). Arsenic com-
monly acts as deoxidizer by retaining dissolved oxygen, which 
is then removed as As2O3 fumes. However, even in artefacts 

Figure 1. The location of relevant archaeological sites and geologic units in Iberian Peninsula (1 – São Pedro; 2 – La Pijotilla; 3 – San Blas; 4 - Leceia; 5 – Zambujal; 
6 – Vila Nova de São Pedro; 7 – La Junta and 8 – Cabezo Juré), a photo of the spatula (SP58) with uncommon shape and calibrated radiocarbon dates of stratigraphic 
units at São Pedro settlement (A is the agreement index, Amodel = 103; IntCal13 calibration curve [13] and OxCal program [14, 15]).  
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with significant arsenic contents, such as the chisel SP20 
(3.84 wt% As), a high amount of oxide inclusions were found, 
indicating the use of open mold casting and/or impure copper 
with higher oxygen content. This was also observed in other 
primitive metallurgical traditions, and was interpreted as proof 
of limited control over gas absorption during melting and 
casting processes [19]. For instance, covering the crucible with 
a charcoal layer would promote a less oxidizing atmosphere 
and minimize the oxygen uptake. The use of closed molds 
has the same effect, and initially it was even suggested that 
the presence of oxide inclusions was an indication of casting 
in open molds [20]. 

When considering the primitive casting conditions of these 
arsenical coppers, it is not surprising to find that most artefacts 
show segregation bands (Table 1). The copper–arsenic system 
is prone to segregation by uncontrolled cooling conditions (see 
the high negative slope of solidus line [21]), so relics of 

dendritic segregation can be observed in copper with very 
low arsenic contents (0.62–0.84 wt%, Table 1). Furthermore, 
sometimes the segregation bands are heavily elongated, 
indicating a high post-casting deformation (Fig. 3). 

A further feature is the existence of an As-rich (blue-gray) 
phase in artefacts with arsenic contents well below the 
solubility limit (in equilibrium conditions the α-Cu phase 
can dissolve around 8 wt% As [21]). In our set, the As-rich 
phase was observed in copper with 2.89 wt% As (SP59, 
Table 1), which attests fast cooling rates in open molds made 
of clay or stone (e.g., sandstone and steatite). The As-rich 
phase was found in intergranular regions of some artefacts, 
as in other prehistoric examples, where it was identified as γ 
phase (Cu3As) [7, 18]. Recently, it was shown that part of 
the intergranular Cu3As phase in prehistoric arsenical copper 
alloys occurs from long-term solid solution precipitation at 
ambient temperatures in the course of several millennia [22]. 

Table 1. Microstructural features of São Pedro artefacts. 
Type Artefact Reference Phase As Inclusions Segregation Phases Grain size (µm) Post-casting HV0.2  
Weapons Arrowhead SP61 –  3.65 – P a 20–60 (F þ A) þ FF – 

Arrowhead SP68 –  4.92 – E a and c 60–100 (F þ A)↑ 142 
Dagger SP05 V  <0.10 Oxides – a 20–60 (F þ A) 105 
Dagger SP09 III  2.89 Oxides P a 20–60 (F þ A) 104 
Dagger SP15 –  1.22 Oxides↑ E a <20 (F þ A)↑ 140 
Dagger SP55 IV  3.15 – P a 60–100 (F þ A) þ FF↑ – 
Dagger SP56 IV  3.86 Oxides E a and c 60–100 (F þ A)↑ 98 
Dagger SP67 –  3.45 – – a and c 60–100 (F þ A) – 

Tools Awl SP17 IV/V  3.54 Oxides↑ – a 60–100 (F þ A) 86 
Awl SP22 II  <0.10 Oxides↑ – a 60–100 (F þ A) – 
Awl SP23 –  4.41 Oxides E a 20–60 (F þ A)↑ – 
Awl SP57 IV  2.46 – P a <20 (F þ A) 59 
Awl SP62 –  3.62 Oxides E a 20–60 (F þ A)↑ – 
Awl SP64 III/IV  1.27 Oxides↑ – a 60–100 (F þ A) 97 
Awl SP66 IV  1.40 Oxides↑ – a 60–100 (F þ A) 85 
Awl SP69 –  2.23 Oxides E a <20 (F þ A)↑ – 
Awl SP71 IV  0.62 Oxides P a <20 (F þ A) 126 
Awl SP72 IV  5.08 Oxides P a and c <20 (F þ A) 120 

Chisel SP06 –  1.48 Oxides↑ P a <20 (F þ A) 107 
Chisel SP20 II  3.84 Oxides↑ P a 60–100 (F þ A) 52 
Chisel SP60 V  <0.10 Oxides↑ – a 20–60 (F þ A) – 
Chisel SP70 II  0.84 Oxides↑ P a 20–60 (F þ A) 97 

Needle SP07 II  0.96 Oxides↑ – a 20–60 (F þ A) 99 
Saw SP59 –  2.89 Oxides P a and c 20–60 (F þ A) – 

Spatula SP58 III  4.38 – – a 60–100 (F þ A) þ FF – 
Spatula SP63 V  2.37 Oxides E a 20–60 (F þ A)↑ – 

Other Plaque SP14 –  <0.10 Oxides – a 60–100 (F þ A) 82 
Fragment SP02 II  1.87 Oxides P a 20–60 (F þ A) 126 
Fragment SP13 II  1.54 Oxides P a 20–60 (F þ A) 86 

Rod SP74 III/IV  <0.10 Oxides↑ – a 60–100 (F þ A) 86 

Note: Arsenic in wt% [1]; ↑, high amount; P, present; E, elongated; F þ A, forging plus annealing; FF, final forging; oxides correspond to Cu2O for “pure” copper and 
Cu–As–O for remaining artefacts.   

Figure 2. Optical microscopy images of copper rod SP74 and arsenical copper chisel SP70 (non-etched samples; polarised light; reddish inclusions are oxides).  
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Concerning the microstructural features related with the 
post-casting manufacture, São Pedro artefacts show deformed 
equiaxial grains with annealing twins, indicating forging 
followed by annealing (Fig. 4). Studies of Chalcolithic artefacts 
from the Iberian Peninsula showed different post-casting set-
ups, namely cold forging (F), annealing (A), cold forging 
followed by annealing (FþA), annealing followed by forging 
(AþF), and cold forging followed by annealing and a final 
forging (FþAþFF) [23]. Artefacts from São Pedro have 
different grain sizes indicating distinct processing conditions, 
that is, the number of thermomechanical cycles, amount of 
deformation, and annealing temperature and time. Several 
thermomechanical cycles might be used to achieve the 
required shape because annealing softens the metal avoiding 
fracture by additional plastic deformation. This is the case of 
artefacts with heavily elongated segregation bands. According 
to Northover [24], the recrystallization can be achieved in 
30 min at 300–400°C. This setup is not sufficient to fully 
homogenize the alloy (homogenization requires 600–700°C 
for the same period of time) and this explains the common 
presence of segregation bands in prehistoric arsenical copper. 

Annealing was applied to all artefacts from São Pedro, and 
this compares well with the high frequency of heat treatment 
on the manufacture of artefacts from Vila Nova de São Pedro 
(96% [7]) and, to a lesser extent, on those from La Junta and 
Cabezo Juré (66% [9]). The recurrent use of heat treatments in 
these sites differs from what we know on early findings of 
Chalcolithic metallurgy from other regions in the Iberian 
Peninsula, mostly from the southeastern region, where anneal-
ing seems less important (frequency of about 20%) in the third 
millennium BC [25]. 

Some of the artefacts show a significant incidence of slip 
bands (arrowhead SP61, dagger SP55, and spatula SP58, 
Table 1) indicating a final forging operation that could be used 
to smooth the surface or to sharpen specific areas, such as the 
cutting edge of a blade (Fig. 4). A considerable strain increases 
the hardness, but the São Pedro artefacts with slip bands were 
non-mounted samples and could not be tested. The minimal 
use of final forging seems to be a distinctive feature of 
Chalcolithic metallurgy since local Middle Bronze Age 
artefacts usually present slip bands [18, 26]. 

The hardness measurements of mounted samples show 
variable values ranging from approximately the value of pure 
copper (chisel SP20: 52 HV0.2) to almost a threefold increase 
(arrowhead SP68: 142 HV0.2) (Table 1). Besides, artefacts with 
similar typologies have distinct hardnesses, such as daggers 
(98-140 HV0.2), awls (59-126 HV0.2), and chisels (52-107 
HV0.2). The higher hardness of some artefacts (e.g., arrow-
head SP68 and awl SP72) is partially due to the establishment 
of strain fields from γ phase precipitation. A smaller grain size 
also confers a higher hardness (e.g., dagger SP15, awl SP71, 
and awl SP72), resulting from a higher deformation and/or 
weaker annealing. Moreover, the solid solution hardening of 
arsenic in copper is negligible [8]. 

Overall, the arsenic content of these artefacts does not show 
any significant correlation with hardness or function (Fig. 5). 
Despite some examples with a very high hardness (155 � 204 
HV0.2) the arsenic content does not seem to be related to the 
hardness of artefacts from Vila Nova de São Pedro, La Junta, 
and Cabezo Juré (Fig. 5). The comparison with the hardness 
achievable through thickness reduction by cold hammering 
[8] suggests low hardness increase of most weapons and tools. 

Figure 3. Optical microscopy images of arsenical copper awls SP72 and SP69 (etched samples; bright field illumination; lighter areas have higher arsenic content).  

Figure 4. Optical microscopy images of copper dagger SP05 and arsenical copper dagger SP55 (etched samples; bright field illumination; deformed grains with 
annealing twins and, in the second example, slip bands).  
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The comparison of arsenic content, hardness, and manufac-
ture of awls, chisels, and daggers from São Pedro, Vila Nova de 
São Pedro, La Junta, and Cabezo Juré indicates that most 
examples have a hardness corresponding to a low thickness 
reduction, up to 25% (Fig. 6). Higher hardness is observed 
in strain-hardened artefacts with mid-range arsenic content, 
although the arsenical copper alloy remains ductile at compo-
sitions closely approaching the solid solubility limit of ∼6 wt% 
As [8]. Therefore, it is clear that the strain-hardening 
advantage of arsenical copper was not exploited. In certain 
settlements, such as São Pedro and Vila Nova de São Pedro, 
final forging was barely used and usually was not intense 
enough to increase the hardness, while in sites like La Junta 
and Cabezo Juré, work hardening was not applied to copper 
with high arsenic content. Consequently, the Chalcolithic 
post-casting operations seem to be mostly directed to shaping 
the artefact and not to increasing the hardness. 

Conclusions 

The composition and manufacture of copper-based artefacts 
from the settlement of São Pedro indicate a primitive metal-
lurgy, characterized by a limited control of casting conditions, 
in addition to a possible trend to a higher frequency of 
arsenical copper alloys during the second half of the third 

millennium BC. Post-casting operations of weapons and tools 
commonly included cycles of forging and annealing, while the 
use of work hardening was minimal, and similar to what is 
known from the Chalcolithic Portuguese Estremadura. 

On the contrary, in Southern Andalusia the regular use 
of work hardening occasionally produced artefacts with sig-
nificantly higher hardness, but these mechanically improved 
weapons and tools do not correspond to artefacts with higher 
amounts of arsenic. Apparently, unawareness of the potential 
arsenic hardening was a common feature of 
the metallurgical knowledge in the southwestern end of the 
Iberian Peninsula during the third millennium BC. 
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