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In the Iberian Peninsula, the copper metallurgy from the Chalcolithic to the Middle Bronze
Age (MBA) was mostly characterized by low arsenic contents. A collection of 53 MBA arte-
facts from southern Portugal was analysed by micro-EDXRF, optical microscopy, SEM–
EDS and Vickers to investigate the metal composition and manufacture. No technological dis-
tinction was found between artefacts from domestic and funerary contexts, which were
radiocarbon-dated to 2000–1500 cal BC. The arsenic contents of almost 100 MBA artefacts
from this region, including the above-mentioned set, have a Gaussian distribution with a high
average (3.9 wt% As). Possible explanations are discussed for this distinctive metallurgy at
the south-western end of the Iberian Peninsula.
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INTRODUCTION

Archaeological studies have long related the metals and alloys used by prehistoric communities
with the technological evolution of humankind. The possibilities of attaining better castability,
higher hardness and appealing colours were certainly among the first improvements recognized
by ancient metallurgists. However, the production and use of arsenical copper alloys (>2 wt%
As) has been a matter of discussion for a long time, while the archaeological record provides ev-
idence of different developments in regions where those primitive alloys played an important role
during prehistory.

The early metallurgy in Iberia was dominated by copper with variable amounts of arsenic for
almost two millennia (~3000�1200 BC) (Harrison and Craddock 1981; Soares et al. 1996;
Rovira 2004). Arsenical coppers were initially considered an evolution of copper metallurgy,
which occurred sometime during the third millennium BC (Harrison and Craddock 1981;
Craddock 1995). However, sites with early metallurgy have copper and arsenical copper
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artefacts, as well as copper ores with arsenic impurities. Some examples are found in the southern
Iberian Peninsula, namely at Almizaraque (Delibes et al. 1991), Cerro Virtud (Ruíz-Taboada and
Montero-Ruíz 1999), Los Millares (Rovira 2004), Carmona (Rovira and Gómez-Ramos 1998)
and Cabezo Juré (Bayona et al. 2003). In Portuguese Estremadura, studied examples can also
be found at Zambujal (Müller et al. 2007), Leceia (Müller and Cardoso 2008) and Vila Nova
de São Pedro (Müller and Soares 2008; Pereira et al. 2013).

The comparison of the arsenic contents of ores and metals from Almizaraque has indicated that
the metal production does not show any attempt to increase the amount of arsenic. Additionally,
the arsenic content distribution of Chalcolithic artefacts from the south-eastern Iberian Peninsula
suggests that the amount of arsenic should have resulted from the natural variability of the copper
ores (Rovira 2004). Moreover, smelting experiments have showed that copper ores with low
amounts of arsenic are capable of producing an arsenical copper alloy (Hauptmann 2007;
Hanning et al. 2010).

Despite the apparently random scatter of the Chalcolithic metal composition, it seems that
there is some relationship between typology and arsenic content. At Los Millares, the halberds,
daggers and knives have higher amounts of arsenic than the remaining typologies (Rovira
2004). Palmela arrowheads, long awls, tanged daggers, saws and thin types of artefact are also
more frequently made of metal with a high arsenic content than axes and smaller awls from
Zambujal (Müller et al. 2007). At Leceia, there is also a tendency for thinly hammered artefacts
(saws and blades) and elongated artefacts (awls and fish hooks) to have higher amounts of arsenic
(Müller and Cardoso 2008). Similarly, the arsenical coppers from Vila Nova de São Pedro are
mostly arrowheads, daggers and knives (Pereira et al. 2013).

If arsenical coppers seem to be associated with some of the Chalcolithic typologies, the reason
for that is not obvious. Considering that most halberds and daggers were recovered from burials,
it was assumed that grave goods might suffer less recycling than domestic artefacts (Rovira
2004). However, this does not explain the compositional differences among the artefacts exclu-
sively recovered in settlements such as Leceia (Müller and Cardoso 2008) or Vila Nova de São
Pedro (Pereira et al. 2013). In the British Isles, the difference has been attributed to the less ox-
idizing conditions of the two-piece moulds of halberds compared to the open moulds of axes and
awls (Bray and Pollard 2012).

Lechtman (1996) studied the influence of arsenic in terms of the mechanical properties, show-
ing that the strain-hardening behaviour of the copper–arsenic system would be ruled by the α
phase properties; that is, increasing amounts of arsenic in solid solution confer a higher hardness
upon cold work, while the γ phase (Cu3As) has a negligible effect. However, recent works have
found out that the arsenic content is not related to the hardness of artefacts, suggesting the inabil-
ity of the prehistoric metallurgists to obtain tougher alloys (Pereira et al. 2013; Valério et al.
2014). On the other hand, the silvery colour of high-arsenic alloys would be appreciated for
prestige artefacts (Rovira and Montero-Ruíz 2013). For instance, prestige goods from the Nahal
Mishmar hoard (Israel) are made of arsenical copper, while common tools were manufactured
using copper (Tadmor et al. 1995).

The metallurgy does not seem to have changed drastically in Iberia from the Chalcolithic to the
Middle Bronze Age (MBA). Apart from the appearance of bronze and silver, the metallurgy con-
tinued to be dominated by copper, with variable arsenic contents (see, e.g., Hunt Ortiz 2003;
Valério et al. 2014). The south-eastern region has been studied extensively—a comparison of
about 300 artefacts from the Los Millares (Chalcolithic) and Argaric (EBA/MBA) cultures iden-
tified a slight increase in arsenic (from 2.0 to 2.4 wt% As, respectively) (Montero-Ruíz 1994).
This was associated with the funerary origin of most Argaric examples and the exploitation of
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new ore sources (Rovira 2004). On the contrary, a similarly large collection from the south-
western region (Spanish area) evidenced a small reduction in arsenic (Chalcolithic, 1.9 wt%
As, n=120; MBA, 1.1 wt% As, n=161), despite a similar increase in MBA funerary contexts
(Costa Caramé 2010). In southern Portugal, 40 artefacts recently recovered from MBA funerary
structures and domestic contexts disclosed a metallurgy comprising more than 80% of arsenical
coppers that exhibited an average of about 4 wt% As (Valério et al. 2014). This suggests a dif-
ferent trend of copper-based metals, especially considering that the Chalcolithic artefacts from
this region point to lower arsenic contents (Orestes Vidigal et al. 2015).

An evolution of copper alloys has also been noted in other regions of the Old World. For in-
stance, Bulgarian and Serbian artefacts show a noticeable increase in arsenic from the
Chalcolithic to the Early Bronze Age (EBA), the arsenical coppers being attributed to the
smelting of new ores that were richer in arsenic (Pernicka et al. 1993, 1997). On the other hand,
the third millennium BC Iranian and Anatolian metallurgies indicate intentional alloying to pro-
duce an arsenical copper alloy (Thornton et al. 2009; Rehren et al. 2012; Pernicka 2014).

Therefore, it was considered imperative to continue the research concerning the apparently
arsenic-rich metallurgy in southern Portugal during the MBA (~2000–1200 BC), to better under-
stand the role of arsenical copper alloys in prehistoric metallurgy. This work establishes the com-
position, manufacture and hardness of tools, weapons and ornaments recovered from
radiocarbon-dated archaeological contexts, allowing a reliable comparison with the
Chalcolithic/EBA (~3000–2000 BC) metallurgies in southern Portugal and neighbouring regions.

METALS

The archaeological contexts

The artefacts belong to MBA contexts recently excavated in southern Portugal: Abelheira 1
(AB1), Horta da Morgadinha (HMG), Montinhos 6 (MT6), Pexem (PX), Torre Velha 12
(TV12), Vale Frio 2 (VF2) and Vinha das Caliças 5 (VC5) (Fig. 1). The archaeological excava-
tions took place from 2009 to 2012, concerning structures and contexts identified during the im-
plementation of several ‘Irrigation Blocks’ (Brinches–Enxoé, Ervidel and Pedrógão) related to
the Alqueva Dam (Baptista 2013; Baptista et al. 2013a,2013b; Gomes et al. 2013). A dagger re-
covered at Carapetal (CR), a MBA cist accidentally discovered and excavated in the early 1970s
(Soares 1977) was also analysed.

The metallic artefacts were recovered in different negative structures, namely pits/silos and fu-
nerary monuments comprising hypogea, cists and sub-rectangular pits (Table 1). Pits/silos are
usually linked to the domestic sphere and display a multiple use, but sometimes have a funerary
utilization. Hypogea, cists and sub-rectangular pits have only a funerary character. Moreover, all
of these structures usually coexist in the neighbourhood of MBA habitats.

The hypogeum was a common MBA funerary structure in the southern Iberian Peninsula, ini-
tially considered characteristic of the Argaric culture (2250–1450 BC), where it was located under-
neath the houses (Lull 2000; Aranda Jiménez et al. 2009). The Belmeque hypogeum (Schubart
1974; Soares 1994; Soares et al. 2009) was long known in the south-western region, but only
recent works have shown that hypogea are also widespread in this area. MBA contexts currently
include hypogea at sites such as Torre Velha 3 (Alves et al. 2010), Torre Velha 12 (Gomes et al.
2013), Outeiro Alto 2 (Valera and Filipe 2010), Pexem (Baptista et al. 2013a), Montinhos 6
(Baptista et al. 2012) and Horta do Folgão (Nunes da Ponte et al. 2012). Hypogea are located
in the vicinity of the domestic space, as denoted by many neighbouring pits sometimes filled up
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with domestic refuse. These western hypogea usually display a lesser wealth of funerary offerings
than their south-eastern counterparts. The grave goods often include metals and ceramic con-
tainers. Meat offerings from commensality rituals are frequently present and the consumed meat
(bovine or ovicaprid) might be linked to the social status of the buried person (Aranda Jiménez
and Esquivel Guerrero 2007). The grave goods also seem to depict the social status, while some
typologies are associated with gender (Castro-Martínez et al. 2006). For instance, awls are usually
associated with female burials (Pavón Soldevila 2008; Lull et al. 2011). Actually, awls and
daggers constitute the more common typologies in the studied hypogea, the latter showing a var-
iable number of rivets, depending on the length of the blade (see Fig. 1). The use of rivets instead
of notches to fix the handle was one of the innovations of the MBA (Hunt Ortiz 2003). The dagger
and ring-shaped bead from hypogeum TV12.10 had relics of cloth, which in the latter case could
be identified as linen fibres with a counterclockwise twist.

Until recently, the cist was the typical MBA burial structure in the south-western Iberian
Peninsula. This rectangular structure is usually bounded by four slabs constituting the walls and
is covered by a stone lid (see Fig. 1, cist AB1.14). Some regional examples are present at Atalaia
(Schubart 1975), Monte da Cabida 3 (Antunes et al. 2012), Abelheira 1 (Baptista et al. 2013a)
and Herdade do Montinho, Carapetal, Santa Justa, Barranco do Salto, Bugalhos, Talho do
Chaparrinho and Carapinhais (Soares 1977, 1994; Soares et al. 2009). Sub-rectangular pits are
shallow funerary structures similar to cists but not bounded by slabs. Some examples of sub-
rectangular pits have been found at Atalaia (Schubart 1975), Pexem (Baptista et al. 2013a), Torre
Velha 12 (Gomes et al. 2013) and Vale Frio 2 (Baptista et al. 2013b). The burial offerings from

Figure 1 A map of southern Portugal with the location of sites with metals characterized in this work (black circles:
AB1, Abelheira 1; CR, Carapetal; HMG, Horta da Morgadinha; MT6, Montinhos 6; PX, Pexem; TV12, Torre Velha
12; VF2, Vale Frio 2; VC5, Vinha das Caliças 5) and other sites with coeval metals (white circles: C2, Tholos Centirã
2; HF, Horta do Folgão; MC3, Monte da Cabida 3; TV3, Torre Velha 3). Photographs of some of the artefacts studied
and various funerary monuments (hypogeum MT6.169, cist AB1.14 and pit MT6.147).
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cists and sub-rectangular pits are similar to those from hypogea, including ceramic ware some-
times associated with metals such as daggers or awls. The arrowhead set of sub-rectangular pit
VF2.38 (see Fig. 1) is distinctive, suggesting a ceremonial deposition instead of a violent death
(Baptista et al. 2013b). The archaeological record does not have a single site with both hypogea
and cists or sub-rectangular pits, which seems to reflect distinct funerary traditions of
neighbouring communities.

Pits/silos are rounded structures dug into the soil (see Fig. 1, pit MT6.147) for the storage of
supplies and other materials. Sometimes they were also used as graves, but this seems to be a not
very common secondary usage. For instance, from a total of 80 pits excavated at Torre Velha 3,
only seven contained human skeletons (Alves et al. 2010). Moreover, inhumations in pits usually
do not display grave goods, suggesting that those individuals had a low social status.

Radiocarbon chronology

The chronology of the archaeological contexts was obtained by radiocarbon dating of bone sam-
ples belonging to human inhumations at Abelheira 1, Montinhos 6, Torre Velha 12 and Vale Frio
2 (Table 1). An additional date was obtained from a charcoal sample closely associated with an
arrowhead from pit 147 at Montinhos 6. The human bones from Carapetal and Pexem were un-
able to produce reliable samples for radiocarbon dating.

The set of radiocarbon dates establishes a period included in the MBA time interval, covering
essentially the first half of the second millennium BC (Fig. 2). This chronology is very similar to
the one obtained with a set of 17 bone samples of human inhumations, meat offerings and kitchen
refuse from hypogea, cists and pits at Torre Velha 3 and Monte da Cabida 3; that is, ~1900–1300
cal BC (Valério et al. 2014). The new data confirm the contemporaneity of those different types of
funerary monuments in southern Portugal.

In another issue, two inhumations from hypogeum MT6.59 (with five burials) show statisti-
cally indistinguishable results (1740–1630 cal BC and 1740–1640 cal BC, 1σ) indicating that they
occurred over a short period of time and suggesting some kind of familial funerary structure,
which was rather common among Argaric communities (Aranda and Molina 2006), but is still
not yet investigated in the south-western region.

METHODOLOGY

The elemental and microstructural study of metallic artefacts has required the removal of corro-
sion products in a small area (∅~3–5 mm). The procedure involved polishing with diamond
pastes of increasingly fine grit size (15 μm to 1 μm), followed by optical microscopy observa-
tions to verify a clean metallic surface. In fragmented artefacts, the cutting of a small section
was allowed, which was then mounted in epoxide resin and polished with silicon carbide papers
(1000 to 4000 grit size) and diamond pastes (3 μm and 1 μm). The latter originates a completely
flat surface, allowing the measurement of the metal hardness.

Micro-EDXRF analyses were undertaken using an ArtTAX Pro spectrometer equipped with a
30 W Mo X-ray tube, a focusing polycapillary lens (an analysis area with a diameter less than
100 μm) and an electro-thermally cooled silicon drift detector (FWHM of 160 eV at 5.9 keV).
Samples were analysed at three ‘spots’ using a tube voltage of 40 kV, a current intensity of
600 μA and 100 s of live time. Quantifications were made using the WinAxil software, and in-
volving experimental calibration factors calculated by means of analyses of the following refer-
ence materials: Phosphor Bronze 551 (British Chemical Standards, BCS) and IDLF5 (Industries
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de la Fonderie). The method’s uncertainty is lower than 10% for the elements of interest. The
quantification limits are 0.05 wt% Fe and 0.10 wt% As. The detection limits for elements usually
present in copper-based artefacts are 0.02 wt% Ni, 0.06 wt% Zn, 0.15 wt% Sn, 0.15 wt% Sb and
0.03 wt% Pb.

Optical microscopy observations were undertaken using a Leica DMI 5000M microscope.
Microstructural features were highlighted with aqueous ferric chloride etching. SEM–EDS
analyses involved a Zeiss DSM 962, equipped with a conventional tungsten filament and
working in secondary electron and backscattered electron imaging modes. The Oxford Instru-
ments INCAx-sight EDS spectrometer has an ultra-thin window for the detection of low
atomic number elements. The analysis area was partially coated with a carbon-conductive
bridge to prevent charge accumulation. The analysing conditions involve 25 mm of working
distance, 20 kV of accelerating voltage, 3 A of filament current and 70 μA of emission
current.

Vickers microhardness testing was undertaken using Zwick–Roell Indentec equipment on
samples mounted in epoxy resin. Vickers testing uses a 0.20 kgf load for a duration of 10 s.
The hardness calculated comprises the average of at least three indentations having a relative
standard deviation lower than 10%.

Figure 2 Calibrated radiocarbon dates of archaeological structures at Montinhos 6, Torre Velha 12, Abelheira 1 and Vale
Frio 2, using the IntCal13 calibration curve (Reimer et al. 2013) and the OxCal program (V4.2.3) (Bronk Ramsey 2013).
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RESULTS

Awls

Copper-based awls from Abelheira 1, Horta da Morgadinha, Montinhos 6, Pexem and Vinha das
Caliças 5 have relatively high arsenic contents and very low amounts of iron (Table 2). More-
over, no compositional differences were observed between examples from funerary monuments
and domestic contexts. Overall, these tools have an average arsenic content of 4.7 ±1.2 wt%
(n=17; samples with values within the three standard deviation interval; sample MT6.15810.02
was excluded due to its significantly higher value).

Although the majority of the awls are complete (having a variable length of between 3.7 and
9.2 cm, n=14), no correlation could be found between length and arsenic content. The absence of
such a correlation was also observed in awls from Torre Velha 3 and Monte da Cabida 3 (Valério
et al. 2014). This contrasts with Chalcolithic awls from Zambujal, where smaller examples were
made of copper and have been considered as tools for specific tasks such as leather working,
while the longer ones were composed of arsenical copper and viewed as symbols of status
(Müller et al. 2007). Therefore, the MBA long awl seems to maintain its prestige, despite having
lost the distinction of a higher arsenic content that was characteristic during the Chalcolithic.
From another perspective, the absence of such a correlation in the MBA artefacts could indicate
that although the smaller artefacts may result from the continuous use and reconditioning of the
longer ones, their recycling should include mostly mechanical work such as abrasion sharpening,
since annealing would reduce the arsenic content.

Optical microscopy observations of awls have identified deformed equiaxial microstructures with
annealing twins and slip bands with variable density (e.g., MT6.02200.02 and MT6.06920.01;
Fig. 3). These features indicate post-casting operations including cycles of hammering and
annealing followed by a final hammering of variable intensity (see Table 2).

Some of these microstructures have a distinct superficial layer (e.g., MT6.05920.01 and
MT6.04910.05, Fig. 3). In the awl MT6.04910.05, this layer is particularly thick (~10–20 μm)
and SEM–EDS quantification (27.4 wt% As) indicates that it is Cu3As. Due to casting in non-
equilibrium conditions, this intermetallic γ phase has also been identified in copper containing
as low as 1–2 wt% arsenic (Northover 1989; Budd 1991). The arsenic-rich superficial layer is
responsible for the silvery colour of arsenical copper alloys and usually is formed by inverse
segregation of arsenic during casting.

Optical microscopy observations also identified a similar phase surrounding the grains of
some microstructures. The awl with a higher arsenic content (MT6.15810.02) has an elevated
amount of this phase (Fig. 3), which was also identified as Cu3As (SEM–EDS: 26.9 wt% As).
Budd (1991) reported that the solid solution could remain supersaturated in arsenic due to the
fast cooling, while a subsequent low-temperature annealing would precipitate further Cu3As, at
a higher rate than the diffusion of As in solid solution. Arsenical copper recrystallizes at
300–400°C, but about 600–700°C would be necessary to remove the cast-in segregation in a
reasonable time (Northover 1989). Therefore, the segregation bands in some of those prehis-
toric microstructures provide evidence of a low-temperature annealing (see Fig. 3) producing
the observed intergranular Cu3As. Another possible explanation for this As-rich phase comes
from the arsenic segregation from solid solution during the long burial time (Budd and
Ottaway 1995).

The morphology of the Cu3As superficial layer and the orientation of the segregation bands in
awl MT6.04910.05 indicate that this awl was rounded by hammering (see Fig. 3). If this example
is representative of this type of awl—one side with a quadrangular section and the opposite side
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with a rounded one—then their manufacture involves the casting of a quadrangular rod that is
rounded on one side. Otherwise, this might reveal a particular manufacture relying on an anom-
alous mechanical deformation. This issue has ethnographic parallels in other areas such as the
Andean region, where the manufacture of awls relies mostly on cold work, being an adaptation
of the production of gold ornaments (Lechtman 1996).

Vickers microhardness testing on selected awls identified different hardnesses, ranging from
a value similar to that for non-hardened copper (MT6.02200.02: 61± 2 HV0.2) to a three-fold
increase (MT6.15810.02: 200±4 HV0.2). The higher hardness of awls MT6.04910.05 (129
±2 HV0.2), MT6.05914.01 (142±4 HV0.2) and MT6.15810.02 is an outcome of the smaller

Figure 3 Optical microscopy and SEM–EDS images of awls (MT6.02200.02, MT6.05920.01, MT6.04910.05 and
MT6.15810.02), a chisel (MT6.16907.01), daggers (MT6.05916.03, TV12.00929.01 blade centre and MT6.04711.18
blade edge) and a rivet (TV12.00929.01c). Optical microscopy images of oxide inclusions in fragment MT6.15804.02a
and awl MT6.15522.01.

1014 P. Valério et al.
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grain size (efficient cycles of forging and annealing) and the higher density of slip bands
(tougher final deformation). The differences among them can be attributed to increasing
amounts of arsenic in solid solution (superior strain hardening), and even some differences
in the amount of final cold work. Overall, these data show that awls could be extensively
toughened, although they provide evidence of the irregular manufacture of prehistoric
metallurgy.

These MBA awls have a higher hardness than Chalcolithic awls from Vila Nova de São Pedro
(40–106 HV0.2; Pereira et al. 2013), mostly due to an increased usage of final forging. More-
over, the hardness of those MBA arsenical coppers is comparable to the hardness of early bronze
awls from Torre Velha 3 (61–200 HV0.2; Valério et al. 2014), suggesting that the initial bronzes
were mechanically equivalent to coeval arsenical coppers. A similar conclusion was obtained
with regard to the hardness of arsenical coppers and coeval bronzes from the Argaric site of Cerro
de San Cristóbal (Granada) (Aranda Jiménez et al. 2012).

Daggers and rivets

Micro-EDXRF analyses of daggers from Abelheira 1, Carapetal, Montinhos 6 and Torre
Velha 12 show the presence of copper with relatively high amounts of arsenic and a very
low iron content (Table 2). The dagger AB1.01207.01 is totally corroded (SEM–EDS identi-
fied a matrix of Cu–O and Cu–As–O compounds with a few silver inclusions). The remaining
set has an average arsenic content of 4.1 ± 1.8 wt% (n=8; samples with values within the
three standard deviation interval). Daggers from hypogea seem to be richer in arsenic than
the examples from a cist and a sub-rectangular pit, but the number of samples is not statisti-
cally significant.

The composition of the daggers is not distinguishable from that of the awls, but it must be
noted that artefacts richer in arsenic in both sets belong to the same hypogeum; that is, awl
MT6.15810.02 and dagger MT6.15810.01. These arsenic-rich artefacts show an increased
amount of the Cu3As phase, which is responsible for the silvery colour of such alloys. The pres-
ence of those artefacts in hypogeum MT6.158 evidences the particular interest of the group re-
lated to the grave in silvery-coloured offerings, probably to express the high status of the
buried individual.

Most dagger microstructures have twinned grains and slip bands. The blades were mostly de-
formed alongside the central axis, as evidenced by segregation bands parallel to it (e.g.,
MT6.05916.03 and TV12.00929.01; Fig. 3). Moreover, the cutting edge was heavily hammered,
thus showing a high density of deformation bands (e.g., MT6.04711.18; Fig. 3). Several exper-
iments have proven that such extreme deformation becomes possible with a higher arsenic con-
tent (up to the solubility limit, ~7–8% As, in equilibrium) producing a stronger and more ductile
alloy (Hanson and Marryat 1927; Lechtman 1996). Prehistoric tools with a harder cutting edge
and a softer inner bulk were more efficient for cutting and had a greater toughness, thus reducing
the probability of cracks and fractures (Shalev et al. 2014).

Similarly to the awls, the majority of the daggers have a low density of oxide inclusions
(Cu–As–O, Table 2) which is facilitated by higher arsenic contents. McKerrell and Tylecote
(1972) inferred that the oxygen in the metal reacts with arsenic to form arsenic trioxide that
is then volatilized. In fact, this experimental work identified a significant loss of arsenic when
working under oxidizing conditions: about 10% after melting and cooling twice, and 16% after
melting and hot working twice. Experiments by Budd and Ottaway (1991) showed that the loss
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of arsenic could be avoided by melting and alloying under a layer of charcoal. Therefore, the
low density of oxide inclusions of most awls and daggers provides evidence of some degree of
control of the working conditions. Moreover, some exceptions are suggestive of the variable
conditions of such primitive metallurgy; for example, the awl MT6.15522.01 displays a high
arsenic content (5.63 wt%) and an elevated density of Cu–As–O inclusions, parallel to the
value found in the low arsenic content (1.29 wt%) fragment MT6.15804.02a (Fig. 3).

A group of rivets from those daggers was also analysed by micro-EDXRF (Table 2). The re-
sults identified an average arsenic content of 3.6 ±1.1 wt% (n=14 samples; values within the
three standard deviation interval; sample CR.01.01a was excluded due to its significantly higher
value). The blade CR.01.01 has a very low arsenic amount (1.07 wt%) and displays a reddish col-
our that contrasts with the silvery rivet (10.5 wt% As) or rivets (probably three; see Fig. 1). Most
daggers have a set of rivets with comparable arsenic contents, indicating that they were probably
made from the same rod. However, the dagger TV12.01011.01 has one rivet with less arsenic
than the remaining ones, which indicates that they were not obtained from the same casting. This
agrees well with the unusually small and pointy blade of this dagger (see Fig. 1), also suggesting
that this was a worn dagger that would have been recycled.

Optical microscopy observations of rivets show dendrites enhanced by the segregation of ar-
senic during the cooling of the molten alloy (Fig. 3). The blade was later riveted to the handle
by hammering both sides of those small rods, leaving a deformed rivet structure. The higher den-
sity of Cu–As–O inclusions in most rivets may suggest a lower degree of control of the working
conditions for these attachments, contrary to what is observed in most of the analysed tools and
weapons.

Other types

Micro-EDXRF analyses of the remaining artefacts identified an average arsenic content of 3.3
± 1.8 wt% (n=11; samples with values within the three standard deviation interval) (Table 2).
The group is mostly composed by arsenical coppers but also includes copper with a low arsenic
content (one arrowhead and two fragments). The elements in each typology are too low to draw
significant conclusions, but it can be stated that arrowheads show a quite variable arsenic content
(0.46–4.03 wt%).

Besides a variable composition, arrowheads also exhibit different manufacturing sequences
(Table 2). The tangs of arrowheads VF2.03801.01, VF2.03802.01 and VF2.03803.01 were
heavily worked, but two of them had undergone only cold work, evidenced by elongated and thin
segregation bands. The blade of arrowhead MT6.14704.01 has extremely large grains, but no
traces of twins or slip bands. However, these features are most probably a consequence of fire
in the structure where the artefact was found (the arrowhead was recovered among remains of
charcoal and ashes of cork that once lined the pit wall).

The microstructure of chisel MT6.16907.01 shows intentional manufacturing features com-
prising forging and annealing (Fig. 3). Those chisels were not extensively toughened (low den-
sity of slip bands), thus having a low hardness (MT6.1690701: 62±3 HV0.2). This agrees
with the value of a MBA chisel from Torre Velha 3 (615: 73±5 HV0.2; Valério et al. 2014)
and the hardness values of Chalcolithic chisels from Vila Nova de São Pedro (36–97 HV0.2,
Pereira et al. 2013). The tips of those Chalcolithic chisels was hardened (approximately
+30%), but it was not possible to make similar tests on MBA examples. Finally, bracelet
VF2.03000.01 was found to be slightly hardened (97±7 HV0.2) due to a mild final hammering.
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ARSENICAL COPPER ALLOYS AT THE SOUTH-WESTERN END OF IBERIA

The elemental compositions, microstructural features and hardness values of this set of MBA
artefacts are very similar to those found in coeval metals in southern Portugal (Table 3). The
latter belong to Torre Velha 3 and Monte da Cabida 3 (Valério et al. 2014), Horta do Folgão
(Nunes da Ponte et al. 2012) and Tholos Centirã 2 (Henriques et al. 2013). The following discus-
sion comprises all research on MBA metallurgy from southern Portugal, including almost 100
artefacts from nine archaeological sites (see Fig. 1).

The metallic artefacts belonging either to funerary monuments or to domestic contexts are
mostly composed by arsenical copper alloys. Moreover, this MBA metallurgy exhibits a
Gaussian distribution with a rather high arsenic content (3.9 ± 1.4 wt%; n=90; four arsenic-rich
alloys with values outside the three standard deviation interval were excluded) (Fig. 4 (a)). The
post-casting manufacture of different types did not show significant differences since most
involved thermomechanical work. Daggers seem to have a lengthier manufacturing process
involving strong forging on the cutting edge, while rivets were typically as cast and arrowheads
present variable manufacturing processes, with substantial cold work.

As mentioned in the previous section, the higher arsenic content of metals from a burial at
Montinhos 6 (hypogeum MT6.158) suggests the high status of this individual. On the contrary,
there are no meaningful distinctions among the arsenical coppers from burials and domestic con-
texts at Torre Velha 3, where the metallic symbols of status could eventually be associated with
innovative materials such as silver and bronze (Valério et al. 2014). Moreover, the arsenical
copper alloys from Montinhos 6 and Torre Velha 3 have similar average arsenic contents
(4.4 ± 1.2 wt%, n=28, and 4.1 ± 1.0 wt%, n= 27, respectively), which suggests the analogous
hierarchical importance of these MBA communities.

Data for Chalcolithic metallurgy in southern Portugal are scarce, but artefacts analysed from
several sites, namely from São Pedro, Três Moinhos, Atalaia do Peixoto, Castro dos Ratinhos
and Tholos de Caladinho (Orestes Vidigal et al. 2015), have lower arsenic contents than their
MBA counterparts (Fig. 4 (b)). Moreover, a study concerning the Chalcolithic metallurgy in
the neighbouring region of western Andalusia, namely at La Junta, Cabezo Juré, Valencina de
la Concepción, Amarguillo II and Cueva Antoniana (Bayona 2008), all perhaps based on the
smelting of Iberian Pyrite Belt ores, does not change the picture with regard to metallurgy in
the south-western Iberian Peninsula: half of the artefacts from these Chalcolithic sites have an ar-
senic content of less than 2 wt% (Fig. 4 (c)). A similar pattern can be found in Portuguese Estre-
madura, as evidenced by metals from Leceia (Müller and Cardoso 2008) and Vila Nova de São
Pedro (Müller and Soares 2008; Pereira et al. 2013) (Fig. 4 (d)). Similar histograms of arsenic
content suggest a common Chalcolithic metallurgy the low arsenic contents of which seem to
arise from its natural distribution in copper ores. Lead isotopic studies have indicated that the
Chalcolithic copper of Portuguese Estremadura came from the Ossa Morena Zone (Müller
et al. 2007; Müller and Cardoso 2008; Müller and Soares 2008). In southern Portugal, there
are no provenance studies, although the geographical setting is closer to the Iberian Pyrite Belt.

There is an obvious difference in the MBA metals of southern Portugal, which show an in-
creased usage of arsenical copper alloys. It can be reasoned that Chalcolithic metals have a higher
proportion of domestic contexts, thus including typologies that are not present among MBA ar-
tefacts. However, when comparing specific typologies such as awls, it is clear that MBA exam-
ples have higher amounts of arsenic than Chalcolithic ones (4.7 ±0.9 wt% As, n=31, and 2.5
±1.9 wt% As, n=14, respectively). Post-casting operations also show an improvement,
consisting of increased use of final cold work, since MBA tools and weapons are almost always
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in a strain-hardened state, contrary to Chalcolithic metals (see, e.g., the manufactures at Vila
Nova de São Pedro; Pereira et al. 2013). A similar trend has been found among the chaîne
opératoire of metals from the south-eastern Iberian Peninsula (Rovira 2004).

Table 3 The composition of MBA artefacts from Torre Velha 3 (TV3), Monte da Cabida 3 (MC3), Horta do Folgão (HF)
and Tholos Centirã 2 (C2): n.d., not detected

Artefact Reference Context Cu (wt%) As (wt.%) Sn (wt%) Ag (wt%) Fe (wt%)

Awl TV3-395 Hypogeum 88.5 ± 0.6 <0.10 11.4 ± 0.6 n.d. <0.05
Awl TV3-401 Hypogeum 95.9 ± 0.1 4.03 ± 0.19 n.d. n.d. <0.05
Awl TV3-403 Hypogeum 97.5 ± 0.2 2.49 ± 0.21 n.d. n.d. <0.05
Awl TV3-405 Hypogeum 96.7 ± 0.7 3.24 ± 0.70 n.d. n.d. <0.05
Awl TV3-408 Hypogeum 94.3 ± 0.5 5.70 ± 0.51 n.d. n.d. <0.05
Awl TV3-410 Hypogeum 95.2 ± 0.2 4.74 ± 0.18 n.d. n.d. <0.05
Awl TV3-411 Hypogeum 95.5 ± 0.2 4.45 ± 0.22 n.d. n.d. <0.05
Awl TV3-412 Hypogeum 91.4 ± 0.5 4.09 ± 0.35 n.d. 4.65 ± 0.21 <0.05
Awl TV3-416 Hypogeum 95.0 ± 0.1 4.91 ± 0.21 n.d. n.d. <0.05
Awl TV3-418 Hypogeum 90.1 ± 0.6 0.64 ± 0.03 9.23 ± 0.51 n.d. <0.05
Awl TV3-419 Hypogeum 95.5 ± 0.2 4.46 ± 0.21 n.d. n.d. <0.05
Awl TV3-421 Hypogeum 95.6 ± 0.1 4.38 ± 0.15 n.d. n.d. <0.05
Awl TV3-422 Hypogeum 89.1 ± 0.1 2.17 ± 0.03 8.73 ± 0.06 n.d. <0.05
Awl HF-M1 Hypogeum 98.4 ± 0.2 1.64 ± 0.13 n.d. n.d. <0.05
Awl MC3-M1 Cist 97.1 ± 0.5 2.81 ± 0.45 n.d. n.d. <0.05
Awl MC3-M2 Cist 94.1 ± 0.4 5.88 ± 0.48 n.d. n.d. <0.05
Awl MC3-M3 Cist 94.6 ± 0.4 5.37 ± 0.38 n.d. n.d. <0.05
Awl TV3-390 Pit 95.6 ± 0.2 4.34 ± 0.21 n.d. n.d. <0.05
“Awl” TV3-393 Pit 90.0 ± 0.2 n.d. 10.0 ± 0.2 n.d. <0.05
Awl TV3-407 Pit 95.3 ± 0.1 4.67 ± 0.16 n.d. n.d. <0.05
Dagger TV3-406 Hypogeum 95.1 ± 0.4 4.82 ± 0.42 n.d. n.d. <0.05
Dagger TV3-423 Hypogeum 96.3 ± 0.6 3.87 ± 0.21 n.d. n.d. <0.05
Dagger TV3-428 Hypogeum 97.7 ± 0.1 2.33 ± 0.08 n.d. n.d. <0.05
Dagger TV3-714 Hypogeum 90.8 ± 0.4 0.12 ± 0.01 9.03 ± 0.32 n.d. <0.05
Dagger MC3-M4 Cist 95.4 ± 0.6 4.59 ± 0.63 n.d. n.d. <0.05
Dagger TV3-397 Pit 94.6 ± 0.1 5.31 ± 0.11 n.d. n.d. <0.05
Sword HF-M2 Hypogeum 95.7 ± 0.5 4.27 ± 0.48 n.d. n.d. <0.05
Rivet TV3-406a Hypogeum 94.5 ± 0.3 5.45 ± 0.24 n.d. n.d. <0.05
Rivet TV3-406b Hypogeum 95.1 ± 0.2 4.81 ± 0.15 n.d. n.d. <0.05
Rivet HF-M3 Hypogeum 97.0 ± 0.1 2.97 ± 0.06 n.d. n.d. <0.05
Rivet MC3-M4a Cist 73.5 ± 1.3 26.5 ± 1.3 n.d. n.d. <0.05
Rivet TV3-391 Pit 94.6 ± 0.8 5.37 ± 0.74 n.d. n.d. <0.05
Bead TV3-911 Hypogeum 97.3 ± 0.1 2.60 ± 0.11 n.d. n.d. <0.05
Bead TV3-912 Hypogeum 97.4 ± 0.2 2.57 ± 0.16 n.d. n.d. <0.05
Ring TV3-415 Hypogeum 86.7 ± 0.4 13.3 ± 0.4 n.d. n.d. <0.05
Arrowhead TV3-392 Pit 95.7 ± 0.2 4.27 ± 0.18 n.d. n.d. <0.05
Arrowhead TC3-M1 Other 96.5 ± 0.1 3.35 ± 0.12 n.d. n.d. 0.07 ± 0.03
Chisel TV3-398 Pit 95.8 ± 0.1 4.15 ± 0.09 n.d. n.d. <0.05
Chisel TV3-615 Pit 95.3 ± 0.2 4.63 ± 0.24 n.d. n.d. <0.05
Fragment TV3-400 Pit 98.5 ± 0.1 1.46 ± 0.04 n.d. n.d. <0.05
Fragment TV3-429 Pit 97.4 ± 0.8 2.57 ± 0.76 n.d. n.d. <0.05
Fragment MC3-M8 Pit 97.4 ± 0.3 2.58 ± 0.27 n.d. n.d. <0.05
Fragment MC3-M9 Pit 99.0 ± 0.2 0.94 ± 0.21 n.d. n.d. <0.05
Saw TV3-388 Pit 97.4 ± 0.3 2.58 ± 0.27 n.d. n.d. <0.05
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The histogram of arsenic contents of MBA metals from southern Portugal resembles the dis-
tribution of tin in LBA bronzes; that is, a Gaussian curve centred on an intended content suggest-
ing intentional alloying (see, e.g., Figueiredo et al. 2010; Valério et al. 2010). It is only in recent
years that MBA domestic contexts have been recorded in southern Portugal, although without
studied evidence of metal production. The absence of such evidence and the lack of experimental
metallurgical studies hinder a comprehensive explanation for the emergence of those arsenic-rich
copper alloys, but some hypotheses can be built up based on production methods identified in
other regions of the Old World.

One possible explanation comes from recent research concerning the EBA metallurgy on the
Iranian Plateau, showing the intentional production of speiss, a mixture of arsenical iron and iron
arsenides (Thornton et al. 2009; Rehren et al. 2012). It has been suggested that the arsenical cop-
per alloy could be produced by smelting the speiss and oxidized copper ore or by melting the
speiss and copper. Also, in eastern Anatolia and Crete, a similar metallurgical process could have
been used during the MBA (Thornton et al. 2009; Rehren et al. 2012). A recent experiment sug-
gests that speiss can be added to molten copper to produce arsenical copper (Park and Gelegdorj
2014). Nevertheless, it should be emphasized that MBA slags bearing those characteristics have
not yet been recorded in the Iberian Peninsula and, consequently, such an explanation is only a
hypothesis, which needs to be demonstrated. An alternative reasoning, which is possibly more
acceptable in the light of current knowledge, concerns the use of new ores that are richer in ar-
senic, as identified in the Balkan region (Pernicka et al. 1993, 1997). This transitional stage of
alloying could also comprise the selection of arsenic-rich copper prills obtained from smelting.
Again, any remains that could prove such operations have not been recorded to date in southern
Portugal. Another explanation comprises the smelting of copper ores with higher temperatures

Figure 4 Histograms of the arsenic content of MBA (left) and Chalcolithic (right) metals: (a) southern Portugal (this
work; Nunes da Ponte et al. 2012; Henriques et al. 2013; Valério et al. 2014); (b) southern Portugal (Orestes Vidigal
et al. 2015); (c) western Andalusia (Bayona 2008); (d) Portuguese Estremadura (Müller and Cardoso 2008; Pereira
et al. 2013).
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and, especially, with more reducing conditions that minimize the arsenic losses. However, no sig-
nificant advances are known regarding the MBA smelting technology and the iron content of ar-
tefacts remains low, reflecting the poor reducing conditions.

CONCLUSIONS

This research concerning MBA copper metallurgy at the south-western end of the Iberian Penin-
sula has significantly increased our knowledge about the diachrony of manufacture and use of
arsenical copper alloys. A significant set of radiocarbon dates from archaeological contexts asso-
ciated with metals has ascribed them mostly to the first half and the third quarter of the second
millennium BC. Regarding the artefact composition, strong evidence was found for a regional
preference for high arsenic contents (3.9 wt% average) for the manufacturing of tools and
weapons, while no distinction was found between the composition and manufacture of metals
from distinct funerary practices and domestic contexts. Moreover, the Gaussian distribution of
MBA arsenic contents clearly indicates a change from what was in use in Chalcolithic metal-
lurgies either in southern Portugal or in neighbouring regions. Regardless of the method used
to obtain the arsenical copper alloy, there seems to have been a growing awareness amongst
MBA metallurgists in southern Portugal of the aesthetic and practical value of this alloy, which
indirectly reveals the growing importance of metal among prehistoric communities of the second
millennium BC in this region.

However, the lack of studies related to the prehistoric production of arsenical copper makes the
question of natural or intentional alloying an unsolvable issue at the present time. Provenance
studies would be very important to ascertain possible changes in raw materials from the
Chalcolithic to the MBA, while metallurgical experiments and the investigation of archaeological
slags might suggest the evolution of metal production methods during this period. Further re-
search into artefacts and production remains from the Beaker period (Late Chalcolithic/EBA)
will be of particular importance, since this period is culturally an era of transition, and it will
be interesting to ascertain the use of arsenical copper alloys and possible changes in the prove-
nance of ores.
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