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Copper ores recovered at the third millennium BCE settlement of Sdo Pedro, Portugal, were
characterized by micro-Raman spectroscopy, micro-energy dispersive X-ray spectrometry
(micro-EDXRF) and micro-particle-induced X-ray emission spectrometry (micro-PIXE). The
collection shows the common presence of secondary copper minerals (malachite,
pseudomalachite and libethenite) combined with iron oxyhydroxides (hematite and goethite),
while arsenic-rich minerals are absent and, therefore, can be excluded as the source of
arsenical copper. Overall, these copper ores suggest a primitive technology involving the
exploitation of the superficial zone of ore bodies and reliant on the fortuitous finding of
arsenic-rich sources to produce the arsenical copper alloy frequently present among metallic
collections of the Iberian Peninsula.
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INTRODUCTION

The third millennium BCE witnessed the wide spread of copper metallurgy in the
Iberian Peninsula, comprising ore smelting in ceramic crucibles to produce the raw metal,
which was later used in tools and weapons of basic typology such as awls, flat axes, daggers
and arrowheads (Rovira and Montero-Ruiz 2013). Early artefacts were composed of
Cu with varying contents of arsenic, an alloying element that induces significant changes to
the metal, such as a better castability, higher strain hardening and a silvery colour. However,
it is still unclear whether the arsenical Cu alloy (Cu with more than 2wt% arsenic ) was in-
tentionally produced and, if so, whether it would be used as a prestige symbol owing to its
unique colour or be chosen for more practical reasons such as the higher hardness of ham-
mered artefacts (Miiller et al. 2007; Miiller and Cardoso 2008; Miiller and Soares 2008;
Pereira et al. 2013; Valério et al. 2017).

The study of ore samples from ancient mines located in the south-western Iberian Peninsula
suggests the common occurrence of secondary Cu ores occasionally associated with As-bearing
minerals (Rothenberg and Blanco-Freijeiro 1981; Gauss 2015). However, the samples collected
in modern times may not be representative of the ores exploited by prehistoric communities. On
the contrary, ore samples recovered by archaeological excavations in Chalcolithic settlements
are actual remnants of the raw materials collected in ancient times in the near-surface zone
of ore bodies. Most likely, these raw materials would be high-grade Cu ores readily identifiable
by their greenish colour and easily processed with the available smelting technology. A very
small number of specimens belonging to settlements in south-western Iberian Peninsula have
been studied, indicating them to be composed of a mixture of Cu carbonates and iron
oxyhydroxides without As (Gaspar 1994; Sdez et al. 2003; Nocete et al. 2008).

Archaeological works at Sdo Pedro, southern Portugal (Fig. 1), revealed a Chalcolithic
settlement with a notable collection of metallurgical materials (Mataloto et al. 2017).
Apart from many tools and weapons (Vidigal et al. 2016), the set included ore samples,
ceramic crucibles and slags, all of which attest to the existence of metallurgical
operations at the settlement. Moreover, the lead isotopic signature of metallic prills of
local smelting operations is consistent with Cu sources in the Ossa Morena Zone
(Gauss 2015). The metallurgical materials belong to different occupation phases (phases
[I-V), which radiocarbon dating of bone samples assigned to the second (Phase II) and third
quarter (Phase IV) of the third millennium BCE (Valério et al. 2017). Between these phases,
there was a short period (Phase III) involving the destruction of Phase II structures and the
construction of Phase IV structures. The last occupation of the site (Phase V) could not be
radiocarbon dated, but the existing stratigraphy and the existence of Bell Beaker ceramics as-
cribes it to the last quarter of the third millennium BCE.

The collection of ore samples from Sdo Pedro settlement was then subjected to an elemen-
tal and mineralogical study to provide valuable answers about the metallurgy of this
Chalcolithic community. A microanalytical methodology was chosen to preserve the physical
integrity and archaeological significance of this irreplaceable evidence of prehistoric mining,
although a few representative samples have required some processing for further study. More-
over, the eventual association of As with ores of distinct colour was investigated, as it would

© 2019 University of Oxford, Archaeometry 62,2 (2020) 314-328



316 P. Valério et al.

R RIVER

GUADALQUIV!

VC

100 km

Figure 1  South-western Iberian Peninsula with the location of Sdo Pedro (SP) and other settlements with studied ore
samples mentioned in the text: Porto Torrdao (PT), Porto Mourdo (PM), Cabezo Juré (CJ) and Valencina de la
Concepcion (VC) (Gaspar 1994; Saez et al. 2003, Nocete et al. 2008).

be a simple method to identify As-rich Cu ores, and thus to obtain the basis for the arsenical
copper alloy often found in Chalcolithic artefacts.

MATERIALS AND METHODS

Ore samples

The set of ore samples recovered during archaeological excavations at Sdo Pedro settlement
comprises 22 small specimens from occupation phases II-IV and weighing between 0.1 and
14.8 g (Table 1). Considering that we are dealing with a primitive metallurgy, it is safe to
assume that prehistoric miners would seek for the characteristic green colour of Cu ores, which
are usually found in the supergene oxidized zone of certain type of ore bodies. In this region, we
should emphasize the ore bodies comprising the Estremoz-Alandroal and Barrancos-S™ Aleixo
regions (Mateus et al. 2003), which are 14-19km from the settlement. Therefore, the relevance
of each ore body to prehistoric miners would most likely be directly related to the amount of
green constituents, and so the collection of ores from Sao Pedro was divided in four types
according to the visual appearance of each sample: green (type I), seven samples; dark grey (type
1D), five samples; brown (type III), eight samples; and red (type IV), two samples. It should be
emphasized that there is no clear relation between occupation phase and ore type (Table 1), thus
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Table 1  Distribution of ore samples between the different occupation phases of the Chalcolithic settlement of Sao Pedro

Occupation phase Ore sample Weight (g) Tipe
Phase 1T SP0925 0.2 I
Phase 11 SP2572 0.5 I
Phase 11 SP2385 9.3 I
Phase 1T SP2450 2.8 I
Phase 11 SP2777 1.5 11
Phase 11 SP2823 4.2 I
Phase III SP1690 4.4 1
Phase 111 SP1515 0.9 11
Phase III SP1635 9.2 v
Phase IV SP0987 1.1 I
Phase IV SP3030 0.1 |
Phase IV SP0208 1.8 i
Phase IV SP1465 7.1 i
Phase IV SP1565 8.0 1T
Phase IV SP1586 14.7 i
Phase IV SP2151 8.4 I
Phase IV SP0743 3.1 v
Phase V SPO115 14.8 11
Unknown SPOOOA 8.2 I
Unknown SPO00OB 0.1 I
Unknown SP0O00C 0.2 I
Unknown SPO00OD 0.4 I

inhibiting a chronological valuation that could possibly point out to changes in sources of Cu
exploited by this community. Other important factors in more recent times, such as the optimal
metal recovery owing to the formation of a liquid slag with suitable Fe and silica contents, were
not yet significant in those early stages due to the low quantity of metal entailed by Chalcolithic
communities (Bourgarit 2007).

Initially, the samples were photographed with a QP colour reference card using a Nikon D200
digital camera. Closer observation with a Zeiss Discovery V20 stereomicroscope then enabled the
selection of the areas suitable for micro-analysis. The mineralogical and elemental characteriza-
tion was made by micro-Raman spectroscopy (micro-Raman) and micro-energy dispersive X-ray
spectrometry (micro-EDXRF). Additionally, some representative samples were mounted in resin
(Paralloid B72, 15% in acetone) and polished (up to 8000 grit size) for further characterization
with elemental mapping analyses by micro-EDXRF and micro-particle-induced X-ray emission
spectrometry (micro-PIXE), the latter being capable of a better spatial resolution, that is, typically
5x 5 um? instead of 100 x 100 um?.

Micro-Raman

Raman microscopy was carried out using a Labram 300 Jobin Yvon spectrometer equipped with
a HeNe laser of 17 mW operating at 632.8 nm. Spectra were recorded as an extended scan. The
laser beam was focused with 50x Olympus objective lens. The laser power at the surface of the
samples was varied with the aid of a set of neutral density filters (optical densities of 0.3, 0.6 and
1.0). A minimum of 10-point analysis was made in each area of interest to obtain a reliable char-
acterization of different constituents (Smith and Clark 2004).
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Micro-EDXRF

Microanalyses were made with an ArtTAX Pro spectrometer equipped with a 30 W molybdenum
X-ray tube, focusing polycapillary lenses and an electrothermally cooled silicon drift detector
with a resolution of 160eV at 5.9keV. Polycapillary optics focus the primary X-ray beam en-
abling an optimal spatial resolution of around 70 um, while a CCD camera and a motorized po-
sitioning system allow the precise selection of the analysis area on the sample surface (Bronk
et al. 2001). Micro-EDXRF point analyses were carried out with 40kV of tube voltage,
600 pA of current intensity and 100 s of live time spectrum acquisition, while the micro-EDXRF
elemental mapping analyses were made with 40kV, 600 pA and 20s, in sample areas ranging
from 0.6 x0.6 to 1.6 x 1.6 mm? (100 or 200 um step size, respectively).

Micro-PIXE

Elemental mapping analyses were carried out using an Oxford Microbeams scanning nuclear mi-
croprobe set-up using a 2.0 MeV proton beam generated by a 2.5 MV Van de Graaf accelerator,
together with a 30 mm? SDD X-ray detector with a resolution of 145eV at 5.9keV (Alves et al.
2000). With the beam focused down to 5x 5 um?, elemental distribution maps were obtained
from sample areas up to 2.64 x 2.64 mm?>.

RESULTS AND DISCUSSION

Elemental and mineralogical characterization

Micro-EDXREF analyses of type I samples (‘green’ ores) show pure Cu ores with minor amounts
of Fe and As (Fig. 2). The Cu content of these ores depends mostly on the amount of gangue
material and can hardly be estimated from such small samples. Micro-Raman analyses of type
I samples identified the main ore component as malachite (Cu,CO3(OH),). Additionally, cuprite
(Cu,0) occurs as small inclusions in two samples (SPOOOA and SPOOOB). The gangue is mostly
composed of hematite (a-Fe,O3) and goethite (a-FeO (OH)), in addition to some amount of
quartz (SiO,) and anatase (TiO,). The smelting of such high-grade Cu ore would produce very
little amount of slag, which is in accordance to what is usually found in prehistoric contexts with
evidences of smelting operations in the Iberian Peninsula (Rovira and Montero-Ruiz 2013).

Micro-EDXRF analyses of type II samples (‘dark grey’ ores) evidence a composition quite
different from the former group due to the presence of an Fe—Cu matrix with non-metallic
impurities (Fig. 2). Moreover, none of these type II samples exhibits traces of As, which is a
common impurity among type I Cu ores. Consequently, the type II ore samples proved to be a
mixture of minerals with prevalence of Fe-bearing phases in dark grey areas versus the
predominance of Cu-bearing phases in green areas. Micro-Raman analyses of type II ore samples
identified a mixture of hematite and goethite with malachite, pseudomalachite (Cus(PO,4),(OH)4)
and libethenite (Cu,PO,OH). Additionally, one of these specimens (SP1586) showed some
vestiges of tenorite (CuO).

Micro-EDXRF analyses of type III samples (‘brown’ ores) show an overall composition very
similar to the one of type II ores, namely an Fe—Cu rich matrix with non-metallic impurities. A
significant distinction consists in the presence of As in the majority of type III samples
(SP1515, SP2151, SP2777 and SP2823), whereas this element is totally absent in type II ores.
Moreover, micro-Raman analyses showed a higher ratio of goethite/hematite in type III samples,
which can probably explain the different visual appearance of these two ore groups. There are

© 2019 University of Oxford, Archaeometry 62, 2 (2020) 314-328



Microanalytical study of copper ores from Sdo Pedro 319

1000000 - 2 .
SP2572 - o Malachite
— g
£ 100000 <
3 2
‘8’ -~
= 10000 ‘
2
]
£ 1000 [
100 | —
0 2 4 100 200 300 400 500 600 700 800
Raman shift (cm™)

1000000 - 8 Cupri
_ SP3030 uprite
£ 100000 -
>
S
> 10000 |
2
£ 1000 -

100 : o
0 2 4 160 260 360 460 5(')0 660 700
Raman shift (cm™)
1000000 - s .
SP0208 1 Cu i 2 Pseudomalachite
—_ | -t
£ 100000 - (greenarea) Fe \
g
< 10000 -
z :
g 3 P
£ 1000
100 e .
0 2 4
Raman shift (cm)
1000000 - s o
SP0208 e i
g 100000 - (dark grey area) ‘wﬂ‘
2 10000 - /\ \
= i
g Fe* Mn b ) | \ ,“ Fe*
£ 1000 - \M.,WK, W, \/ \ ‘ A
: P——ly
100 o o . i
0 2 4 6 8 10 12 14 260 4(’70 660 8(‘)0 10'00 12b0 14'00
Energy (keV) Raman shift (cm)

Figure 2 Micro-EDXRF spectra of type I samples (A: SP2572 and B: SP3030) and a type 1 sample (C: SP0208—green
and dark grey areas) (*escape peak; "sum peak). Micro-Raman spectra of malachite, cuprite, pseudomalachite and
libethenite identified in some type I and type Il samples from the Chalcolithic settlement of Sdo Pedro. [Colour figure
can be viewed at wileyonlinelibrary.com]

two samples, however, that have quite distinct compositions, despite showing the typical
brown/green colour of type III samples: the micro-EDXRF analyses of SPOOOC and SPOOOD
samples evidence a complex composition with low Cu content and the uncommon presence of
chromium and lead (Fig. 3). Micro-Raman analyses identified hematite and quartz, in addition
to celadonite ((K,Al,Fe,Mg)AISicO,o(OH),) and crocoite (PbCrO,). The latter component was
only identified in sample SPOOOC, but the compositional resemblance established by micro-
EDXREF analyses indicates that crocoite should be present in both samples.

Micro-EDXRF and micro-Raman analyses of type IV samples (‘red’ ores) evidence a mixture
of Fe oxyhydroxides with Cu minerals (Fig. 3). The Cu species were identified as malachite,
pseudomalachite and libethenite. Moreover, most of the Raman spectra of hematite and goethite
show the MnO, characteristic bands (612 and 659 cm™'; Montagner et al. 2013) indicating the

© 2019 University of Oxford, Archaeometry 62,2 (2020) 314-328


http://wileyonlinelibrary.com

320 P. Valério et al.

12124
1534

100000 .
- SPO0OOD Fe Celadonite 3
5 2
[=4
3 10000 - Ti I
S K Ca S .
z 1 i Cl o Be 82 g
2 1000 - S m g (115
£ i~y = .shlle TE |Mgl8
= § < =2 3 S ~ =7l
83
100 T T 1
0 2 4 6 8 10 12 14 250 500 750 1000 1250 1500 1750
Energy (keV) Raman shift (cm™)
100000 - . 2 o
SP0O00C Crocoite 3

Fe
10000

1000

Intensity (counts)

100

0 2 4 6 8 10 12 14 200 400 600 800 1000
Energy (keV) Raman shift (cm™)
1000000 - Cu .
E SP1635 Hematite
£ 100000 (green area)
§ 3
= As
z 10000 :
2 3 =
g 1000 - S
100 T T
0 2 4 6 8 10 12 200 400 600 800 1000 1200 1400
Energy (keV) Raman shift (cm?)
1000000 - 3 i
SP1635 Fe i Goethite
g 100000 (red area)
3 ]
z 10000 - e
2 e
) As
£ 1000 - W
100 \/\4
0 2 2 6 3 10 1 14 100 200 300 400 500 600
Energy (keV) Raman shift (cm™)

Figure 3 Micro-EDXRF spectra of type Il samples (A: SPO00OD and B: SPO00C) and a type IV sample (C: SP1635—
green and red areas) (*sum peak). Micro-Raman spectra of celadonite and crocoite detected in these type Ill samples and
micro-Raman spectra of hematite and goethite identified in some type IV samples from Sdao Pedro (the 612 and 659 em™!
bands in the hematite spectrum are due to MnO; evidencing a manganese-rich hematite). [Colour figure can be viewed at
wileyonlinelibrary.com]

presence of Fe phases rich in manganese or mixture of Fe phases with manganese oxides
(MnO,), which is not uncommon in such circumstances. Another significant evidence concerns
a poorly defined broad band (817-840cm™") in the Raman spectra of hematite and goethite,
which corresponds to the presence of adsorbed As in these Fe-rich phases (Das and Hendry
2011). The characteristic bands of MnO, and adsorbed As were identified in ore samples (types
[I-IV) showing a significant presence of those in Fe oxyhydroxides.

The mineral components identified in ore samples from S@o Pedro are summarized in Table 2.
Apart from type I samples that proved to be very rich in malachite, the remaining ore types have
variable amounts of other secondary Cu minerals such as pseudomalachite and libethenite, in ad-
dition to Fe-rich phases such as hematite and goethite. Despite the high content of Fe-bearing
phases in type II-IV samples, Cu is also present in significant amounts in these ores (cf., for
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Table 2 Mineralogical composition identified by micro-Raman in ore samples from the Chalcolithic settlement of Sdo

Pedro
Type Ore sample Mineralogical composition
I SPOOOA Malachite, cuprite, hematite, goethite, quartz, anatase
I SPO00OB Malachite, cuprite, anatase
I SP0925 Malachite, hematite, goethite, quartz, anatase
1 SP0987 Malachite
| SP1690 Malachite, hematite, goethite
I SP2572 Malachite, goethite, anatase
1 SP3030 Malachite, hematite, goethite, anatase
1T SPO115 Hematite, goethite, malachite, quartz
1I SP0208 Hematite, malachite, pseudomalachite, quartz, anatase
II SP1465 Hematite, malachite, quartz
1T SP1565 Hematite, goethite, malachite, libethenite, quartz
1T SP1586 Hematite, malachite, libethenite, tenorite, quartz
111 SPO00C Hematite, quartz, celadonite, crocoite
111 SPO0O0D Hematite, quartz, celadonite, crocoite (?)
1T SP1515 Goethite, hematite, malachite, pseudomalachite, quartz
111 SP2151 Goethite, malachite, pseudomalachite, anatase
111 SP2385 Goethite, malachite, quartz
111 SP2450 Goethite, malachite, tenorite, anatase
111 SP2777 Hematite, malachite
111 SP2823 Goethite, hematite, malachite, pseudomalachite, tenorite, anatase
v SP0743 Hematite, goethite, libethenite, quartz
v SP1635 Hematite, goethite, malachite, pseudomalachite, anatase, quartz

*Type I, ‘green’; type 11, ‘dark grey’; type III, ‘brown’; type IV, ‘red’. Text shown in bold indicates a main mineralogical component.

instance, the micro-EDXRF spectra of type I, Il and IV samples; Figs 2 and 3). Moreover, Cu is
mostly present as an easily reducible phase (malachite), suggesting that type II-IV ores could
also be used as a source of metal, in spite of being obviously less profitable than type I ores.
Nevertheless, the smelting of ores with a high amount of Fe-rich phases would produce a certain
amount of slag. In this case, the small volume of slags recovered in the archaeological record
might be due to the small-scale metallurgical practice of this early chronological period and to
the difficulty in finding those remains because of the crushing of the smelting charge to collect
the Cu prills (Rovira 2002a; Hunt-Ortiz 2003). Alternatively, it should be considered whether
the small amount of slag in the archaeological record implies the prevailing use of high-grade
ores such as type I, while the other types (II-IV) would have only a minor role in this prehistoric
metallurgy.

The ore concentration and Cu smelting at settlements such as Sdo Pedro is another indication
of the small-scale metallurgical practice of this period. The most logical action for large opera-
tions was to carry out these operations at the mining site, but there is evidence of the use of stone
mortars and hammers in sites away from mining areas, for example, Amarguillo, Cerro do
Castelo de Corte Jodo Marques and Carmona (Hunt-Ortiz 2003). As pointed out by Rovira
(2002a), this means that on many occasions the circulating commodity was the ore instead of
the ingots or finished objects. The ore beneficiation at the settlement may also mean that some
of the studied samples may have been discarded after being brought from the mine. For instance,
the type IV samples (SP0743 and SP1635), rich in Fe oxides, could have been used as pigments
for ritual practices, which are well documented in the south-western Iberian Peninsula at sites

© 2019 University of Oxford, Archaeometry 62,2 (2020) 314-328



322 P. Valério et al.

such as Pijotilla and Valencina de la Concepcién (Hunt-Ortiz 2003). On the other hand, some of
the studied samples are so small that they also may have been lost during the beneficiation pro-
cess, thus being real vestiges of the smelting charge.

The As ‘connection’

As constitutes the main metallic impurity of Cu ores recovered at the settlement of Sdo Pedro.
The pattern agrees with the collection of tools and weapons from this site, showing Cu with
2.3+ 1.6 wt% As (average + standard deviation, n=30). More specifically, the set has 14 artefacts
made of Cu and 16 artefacts composed of arsenical copper, including four high-arsenical Cu al-
loys (As > 4wt%) (Vidigal et al. 2016). The absence of significant amounts of other elements
(e.g., Co, Ni, Zn, Sn, Sb, Pb or Bi) in artefacts of Sdo Pedro is also in agreement with the majority
of ore samples identified in this site. The exceptions are samples SPOOOC and SPOOOD due to the
significant amount of Cr and Pb, in addition to samples SP1515, SP1635 and SP2823 due to the
presence of Ni. The production of Cu with varying As content is a recurrent feature of the
Chalcolithic metallurgy in the south-western Iberian Peninsula, as evidenced by a collection of
about 200 artefacts from 26 archaeological sites spread throughout the region (Valério et al.
2019). The association of arsenical Cu alloys with certain articles, such as daggers and arrow-
heads, is another distinctive trait of this early metallurgy. The selection of As-rich raw materials
could be made for aesthetic reasons rather than functional purposes due to the apparent inability
of those metallurgists to exploit the hardening capability of As fully (e.g., Pereira et al. 2013;
Valério et al. 2017). Other authors suggest that the differences in As content between different
types of artefacts might be explained by the higher probability of recycling of metals collected
in settlements when compared with objects chosen to be deposited in graves (Rovira and Delibes
de Castro 2005; Rovira and Montero-Ruiz 2018).

There are some questions, however, regarding the production of Chalcolithic arsenical Cu al-
loys due to the low occurrence of As rich minerals in the supergene oxidized ores exploited dur-
ing the third millennium BCE in the south-western Iberian Peninsula (Gaspar 1994; Séez et al.
2003; Valério ef al. 2007; Nocete et al. 2008; Gauss 2015). In the south-east region there is ev-
idence of the use of Cu arsenates such as olivenite in the Chalcolithic settlements of Almizaraque
(Rovira 2002b) and Agua Amarga (Artigas et al. 2016). However, a preliminary characterization
by neutron activation analysis of six ore samples from Sao Pedro showed very low As contents,
0-0.30 wt% As (Gauss 2015, 264). A few smelting experiments with ores collected from five dif-
ferent ore deposits in Portugal suggested that ores with a low As content can produce Cu with a
high As content (Hanning et al. 2010). The high partition coefficient of As between Cu and slag
can be explained by the cementation of gaseous As,O5 into Cu (Hauptmann 2007, 205), hence
this strong affinity of As to molten Cu (Sabatini 2015) will produce an enrichment in some
smelting prills. Therefore, it has been argued that prills with a higher As content, which display
a distinctive silvery colour, could be chosen to produce specific types of artefacts of high prestige
value (Miiller et al. 2007; Miiller and Cardoso 2008; Miiller and Soares 2008). However, it is ar-
guable whether such a procedure based on the casual smelting of Cu ores with some As content
would be enough to obtain the collection of artefacts from the settlement of Sdo Pedro, which is
predominantly (53%) composed of specimens made of arsenical Cu (Vidigal et al. 2016).

The assemblage of Cu ores from Sao Pedro opened a new possibility regarding the identifica-
tion of As-rich sources. As the mineralogical characterization showed the absence of As min-
erals, an alternative method for the selection of As-rich Cu ores comprised the association of
As with ores of distinct colour, which would be controlled by the chemistry of those ores. It
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should be stressed that among the unaltered and non-oxidized primary mineralogy of the Cu
deposits surrounding the Sdo Pedro settlement, apart from chalcopyrite (CuFeS,), usually low
but variable quantities of arsenopyrite (FeAsS) occur (Mateus et al. 2003). These deposits also
develop variable deeply weathered profiles that result in the surface mineralogy with the
secondary Cu ores. Some of those secondary Cu ores show quite significant amounts of Fe
oxyhydroxides yielding a distinctive reddish colour. The micro-EDXRF mapping of one of those
type IV ores (SP0743) confirmed the absence of As already identified by spot analyses, thus only
exhibiting an association of Cu and phosphorous due to libethenite. The elemental mapping of
the other type IV sample (SP1635) was much more informative, but the As seems to be
associated either with Cu or with Fe depending on the analysed area (Fig. 4). Sample SP2823
was also characterized due to a significant presence of reddish areas, whose elemental mapping

Figure 4  Micro-EDXRF mapping of ore sample SP1635 from Sdo Pedro (left: general image of the mapped area; area
A: 1.2% 1.2mm’ and 100 um step size; area B: 1.6 1 .6 mm’ and 200 um step size (the mapped area is larger than the
optical image shown), area C: 0.6 % 0.6 mm’ and 100 um step size, the maps of Ni, Ti and P in areas B and C were not
considered to simplify the figure). [Colour figure can be viewed at wileyonlinelibrary.com]
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evidenced a clear correlation between As and Fe (Fig. 5). The evident relationship of Fe and Mn
in this sample was already identified by MnO, characteristic bands in the micro-Raman spectra of
hematite and goethite resulting from the occurrence of Mn-rich Fe oxyhydroxides.

The elemental mapping of higher resolution using micro-PIXE was made on samples SP1635
and SP2823 to investigate better the apparent mixed behaviour of As (Fig. 6). The sample
SP1635 has the As dispersed by Cu- and Fe-rich areas, but mostly associated with non-metallic
elements (e.g., Si, P, K and Ca). Regarding the mapping of sample SP2823, the As is also
distributed by Cu- and Fe-rich areas, although with some preponderance to these latter ones.
These observations suggest a heterogeneous distribution of As in the ores, which seems to be
controlled by its availability and current secondary mineralogy. First, it is likely that different
ore types may have different sources (there are several known Cu deposits within a 20km
radius), since small differences in either primary or secondary mineralogy exist as has been
reported by Mateus et al. (2003), and can result in the presence or absence of As in the collected
ores. The different deposits of the Estremoz-Alandroal and S* Aleixo-Barrancos region have
distinct As concentrations, mostly ranging from 0.1 to 0.7 wt%, but locally can go up to 8 wt

Figure 5 Micro-EDXRF mapping of ore sample SP2823 from Sdo Pedro (left: general image of the mapped area; area
A: 1.6% 1.6 mm’ and 100 um step size (the mapped area is larger than the optical image shown), area B: 0.8 % 0.8 mm’
and 100 um step size). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 6  Micro-PIXE mapping over a 2.64 x 2.64 mm’ area of ore samples SP1635 (top) and SP2823 (bottom) from the
Chalcolithic settlement of Sao Pedro. [Colour figure can be viewed at wileyonlinelibrary.com]

%. Second, As, as arsenate ion (AsO3 "), has the ability either to substitute for other anions or to
sorb onto mineral phases. The affinity of As ions for Fe oxyhydroxide phases is well known
(Campbell and Nordstrom 2014), and because arsenate is isostructural and isoelectric with
phosphate (PO3 "), it can substitute this ion in the structure of phosphate minerals (Lee et al.
2009; Zhang et al. 2011). These aspects can explain part of the results obtained, especially the
combined association of As with Cu and phosphorous, which would suggest its incorporation
in the libethenite structure as observed in sample SP1635. Therefore, albeit As concentrations
being relatively low, its distribution in the different ore samples depends on the relative chemical
affinity for the coexisting phases and their timing of co-precipitation with As species. However,
sorption onto other phases and the development of nanosized clusters within mineral mixtures is
also a possibility. Consequently, it is not clear that Cu ores with significant amounts of Fe
oxyhydroxides might have higher amounts of As and, therefore, the selection of ‘reddish’ Cu
ores cannot be considered an alternative to produce the arsenical Cu alloy often associated with
some prehistoric typologies.
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CONCLUSIONS

The elemental and mineralogical characterization of ore samples recovered by archaeological
excavations at the Chalcolithic settlement of Sdo Pedro established that these ores were
composed of a variable combination of secondary Cu minerals (malachite, pseudomalachite
and libethenite) and Fe oxyhydroxides (hematite and goethite). These minerals are typical of
the supergene oxidized zone of ore bodies, thus being easily exploited without the need of
complex mining operations. However, it is conceivable that high-grade Cu ores mostly
composed of malachite (type I) have played a major role in this prehistoric metallurgy due to
the absence of significant amounts of slags in the archaeological record. Moreover, such second-
ary Cu minerals could be efficiently exploited, even with the primitive reducing conditions of the
Chalcolithic metallurgy that result from smelting in open ceramic crucibles filled with crushed
ore and covered by wood or charcoal.

The collection of ore samples from the Sao Pedro settlement did not show the As-rich minerals
occasionally suggested as the source for arsenical Cu alloys in Chalcolithic assemblages. More-
over, there is no clear association of As with the distinct-looking ores exploited by those ancient
communities, thus hindering the selection of As-rich Cu ores based on their colour, as was also
proposed for the early metallurgy of the British Isles and the south-eastern Iberian Peninsula
(Pollard et al. 1990; Montero-Ruiz 1994).

For the moment, the more likely method for the production of arsenical Cu alloys during the
third millennium BCE in the south-western Iberian Peninsula seems to be the selection of As-rich
Cu prills. It should be emphasized, however, that such a system is dependent on the fortuity of
finding As-rich Cu ores and it could only thrive in a society with a low demand for metal. There-
fore, the growing importance of arsenical Cu alloys, clearly visible among metallic collections of
the following millennium (Valério ef al. 2016), should have given rise to new production systems
that require further research.
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