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Non-destructive characterization of archeological Cu-based
artifacts from the early metallurgy of southern Portugal
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Abstract In this study, Monte Carlo (MC) simulations com-
bined with energy dispersive X-ray fluorescence (EDXRF)
spectroscopy have been used to characterize non-
destructively a collection of Cu-based artifacts recovered from
two archeological sites in southern Portugal: (a) the
Chalcolithic E.T.A.R. site of Vila Nova de Mil Fontes and
(b) the Middle Bronze Age site of Quinta do Estácio 6. The
metal artifacts show a multilayered structure made up of three
distinct layers: (a) brownish carbonate soil-derived crust, (b)
green oxidized corrosion patina, and (c) bulk metal. In order to
assess the reliability of the EDXRF-based Monte Carlo simu-
lations to reproduce the composition of the alloy substrate in
archeological bronze artifacts without the need to previously
remove the superficial corrosion and soil derived patinas,
EDXRF analysis together with scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDS) was
also performed on cleaned and patina-/crust-coated areas of
the artifacts. Characterization of the mineralogical composi-
tion of the corrosion products in the surface patinas was fur-
ther determined by means of X-ray diffraction (XRD). Results
suggest that the adopted EDXRF/Monte Carlo protocol may
represent a safe and fast analytical approach in the quantitative

characterization of the bulk chemical composition of Cu-
based metal artifacts even in the presence of fairly thick cor-
rosion patinas and/or soil-derived encrustations at the surface
of the archeological objects.
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Introduction

One of the most distinctive elements to take into consideration
when analyzing an archeological object is its uniqueness.
Since artifacts are often the only witnesses of the past, the
removal of fragments cannot always be regarded as an accept-
able systematic practice.

Indeed, the growing concern towards these issues has led to
a decrease in invasive analytical approaches. Within this con-
text, X-ray fluorescence spectroscopy (XRF) has become a
routine and relatively low-cost technique for a non-
destructive analytical approach to compositional studies of
archeological objects, including metals, also due to the in-
creased accessibility of easy to use and miniaturized X-ray
detectors and tubes with built-in calibration software
(Figueiredo et al. 2011; Bottaini et al. 2012; Schiavon et al.
2013; Bottaini et al. 2016).

Although XRF qualitative analysis easily allows the identi-
fication of the chemical elements present in the alloy, quantifi-
cation of the same data is often essential to clarify more relevant
issues about ancient metal production technologies. The deter-
mination of the chemical composition of an archeological alloy
object is, however, a particularly challenging task as Cu-based
artifacts that have remained buried for thousands of years usu-
ally exhibit thick, rough corrosion layers whose chemical com-
position differs from that of the original metal alloy, both in
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terms of the abundance of the major elements present, such as
Cu, Sn, Fe, and Pb, and in terms of the addition of new ele-
ments (Fe, Ca, Cl, P, S) from the surrounding soil environment.
This enrichment led to the formation of different chemical
compounds on the metal surface such as carbonates, oxides,
sulfates, or sulfides, originated by electrochemical reactions
between the metal and the burial environment (Robbiola and
Portier 2006). This is why mechanical and/or chemical
cleaning of archeological metals prior to chemical analysis to
expose the Bpristine^ metal surface has become a routine pro-
cedure in archaeometric research. On the other hand, one must
consider that the patina itself belongs to the artifacts as it is part
of its history and should not be removed but preserved, when-
ever possible, in place.

In order to overcome this problem, in recent years, a Monte
Carlo (MC) simulation/energy dispersive X-ray fluorescence
(EDXRF) spectroscopy combined analytical setup has been
developed as a quantification tool able to obtain quantitative,
reliable data on the original metal substrate, taking into ac-
count not only surface patinas often present on metal alloys
but also the inherent surface roughness typical of almost every
archeological artifact (Brunetti and Golosio 2014). This meth-
odology has been successfully tested on a number of
archeological binary (Cu/Sn) bronze artifacts (Bottaini et al.
2015; Manso et al. 2015; Brunetti et al. 2016; Schiavon et al.
2016). It is, however, the first time that the same combined
analytical approach is tested on Cu and As-Cu alloys (with
variable concentrations of impurities such as Sn and Pb), arti-
facts that are commonly found within the early metallurgy
production in prehistoric times. In particular, the Cu-based
objects investigated in this study were discovered during ex-
cavation campaigns carried out in two archeological sites in
southern Portugal from the Chalcolithic and Middle Bronze
Age, respectively, the E.T.A.R. of Vila Nova de Mil Fontes
(VNMF) and the Quinta do Estácio 6 site (EST) (Fig. 1).
Every artifact displays a multilayered structure characterized
by the presence of three layers: (a) soil-derived crust, (b) cor-
rosion patina, and (c) metal substrate.

Materials

The E.T.A.R. of Vila Nova de Mil Fontes site is located in a
cliff not far from the mouth of the Mira River, over a consol-
idated dune covering a large area of about 1 km in length
along the cliff face. Following a first prospection campaign,
carried out about 20 years ago, an area of 525 m2 of the site
has been recently excavated showing signs of intermittent
occupation documented by different structures such as post
holes, fire places, pits, and a large circular hut (10 m in diam-
eter) with a large entrance in alignment with the winter solstice
(Fig. 2a). The group of metals analyzed in this paper comes
from an archeological context that has been dated at the

second quarter of the III millennium BC (ICEN-726:
4500 ± 60BP–2850-2622 cal BC) (Silva and Soares 1997)
and includes one awl (VNMF-10), one knife (VNMF-5),
two saws (VNMF-6 e VNMF-61), and one fragment of unde-
fined shape (VNMF-55) (Fig. 2b) (Valera and Parreira 2014).

The Quinta do Estácio 6 (EST) is a large site located on a
smooth hill, not far from the city of Beja (Fig. 3a). The
archeological excavation carried out in this site allowed recov-
ery of materials with different chronologies, ranging from the
Late Neolithic to the Late Roman period. Metals from EST
come from a more recent archeological context than those from
VNMF, having been recovered inside structures attributed to
the Middle Bronze Age (BBronze Pleno,^ ca. 2000–1500 BC).
The group of artifacts consists of one flat axe (EST-771), three
awls (EST-62, EST-124, EST-1275A), one bracelet (EST-383),
and one spearhead (EST-1275B) (Fig. 3b).

Thus, the group of metals analyzed in this paper has been
found at two different sites from southern Portugal and has
been recovered in archeological contexts dated to the second
quarter of the III millennium BC as for E.T.A.R. de Vila Nova
de Mil Fontes and the first half of the II millennium BC regard-
ing the objects from EST. Anyway, despite their wide age
range, all the metal objects investigated in the current study
can be considered as belonging to the early metallurgy of south-
west Iberia that was characterized by the production of metal
artifacts with simple morphologies (flat axes, arrowheads,
spearheads, saws, awls, knifes, etc.) made either in pure Cu
and/or in Cu/As alloys, generally with low concentration of
other elements as impurities (Soares et al. 1996; Ruíz
Taboada and Montero-Ruiz 1999; Hunt-Ortiz 2003; Rovira
2004). During this stage, ranging from the end of IV/
beginning of the III millennium BC (Soares et al. 1996) up to
the half of the II millennium BC, the production of Cu-based
objects in the region appears to be a small-scale activity, not
experiencing significant changes from a typological, composi-
tional, or technological point of view, until the first appearance
of objects made with a Sn-containing alloy (Valério et al. 2014).

Experimental

EDXRF/Monte Carlo simulation

The elemental analyses have been performed with a Bruker
TRACER III-SD handheld spectrometer equipped with a rho-
dium tube and silicon drift detector. The operating conditions
were 40 kVand 12.5 �A current with an Al/Ti filter (304.8 �m
aluminum/25.4 �m titanium) and 60 s acquisition time.
Bruker S1PXRF v.3.8.30 software has been used for the ac-
quisition of the spectra. In order to obtain compositional data
on the original bronze alloy without removing the surface
patinas, the EDXRF analyses were combined with MC
simulations.
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The MC simulation codes used in this work have already
been described in literature (Brunetti et al. 2015). The MC
techniques are probabilistic techniques capable of reproducing
the real phenomenon to be simulated. In the case of X-ray
interaction with matter, a set of photons is probabilistically
generated, according to the real X-ray source used in the ex-
periment, and their interaction with the sample is determined
also on a probabilistic basis biased by the so-called cross sec-
tions of the X-ray photons with the specific materials making
up the sample. In order to obtain a realistic MC simulation of a
XRF experiment, it is important to give the following: (a) an
accurate description of sample structure and composition, (b)
the geometry of the experimental setup, and (c) a detailed
characterization of the X-ray source emission, especially if
an unfiltered or quasi-unfiltered excitation mode is being used.
Accurate X-ray source characterization is, probably, the most
critical part of the simulation as this information is not always

available nor easily obtainable from the manufacturer. For this
reason, a direct measurement of the X-ray emission is often
mandatory. In our case, the quality of the simulation is
assessed by comparing, at first visually and then by
performing a Chi-square test, simulated and measured spectra:
when the simulated spectrum matches exactly the experimen-
tal one, the sample can be considered determined both in its
composition and structure. The error in the determination is
around 2.0–5.0 wt.% of the value of the concentration, with
the lowest error related to higher concentrations.

SEM-EDS

SEM-EDS was carried out using a HITACHI S3700N
interfaced with a Quanta EDS microanalysis system equipped
with a Bruker AXS XFlash silicon drift detector (129 eV spec-
tral resolution at FWHM/Mn K�). Standardless PB/ZAF

Fig. 1 Map localization of
E.T.A.R. de Vila Nova de Mil
Fontes (VNMF) and Quinta do
Estácio 6 (EST)

Fig. 2 a Circular hut from
E.T.A.R de Vila Nova de Mil
Fontes. b Studied artifacts from
VNMF as analyzed, i.e.,
recovered by the brownish
carbonate soil-derived crust and
green oxidized corrosion patinas:
1 awl (VNMF-10); 2 saw
(VNMF-61); 3 knife (VNMF-65);
4 saw (VNMF-6); 5 metal frag-
ment (VNMF-55)

Archaeol Anthropol Sci
















	Non-destructive characterization of archeological Cu-based artifacts from the early metallurgy of southern Portugal
	Abstract


