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The hoard from Coles de Samuel is one of the largest Cu-based metal collections from the Late Bronze Age (LBA)
(13th–8th centuries BC) ever found in Central Portugal, consisting of 18 artefacts which typologically display a
strong regional identity. In the present study, an integratedmulti-analytical approach combining Energy Disper-
sive X-Ray Fluorescence (EDXRF) analysis, Optical Microscopy (OM) and Scanning ElectronMicroscopywith En-
ergy Dispersive X-ray spectroscopy (SEM-EDS) has been used to characterise the artefacts both from a chemical
and microstructural point of view with the aim to unravel their elemental composition and technological
features.
Results show that all artefacts are made of binary bronze (Cu-Sn) alloys, with a Sn content in the range of 8.7 ±
0.9 and 13.0± 1.0wt%, withminor elements (Pb, As and Fe) never exceeding 1.1wt% in total. Themicrostructure
of the vast majority of themetal objects (13 out of 18) shows the presence of equiaxialα-copper grains with an-
nealing twins and slip bands suggesting that, in the manufacturing process, they were subjected to forging plus
annealing cycles. The remains of the objects present an as-castmicrostructure constituted bydendritic structures,
suggesting that metals did not suffer any thermo-mechanical operation after being removed from themould. Pb,
Ag and Au-rich globules together with Cu–S and unalloyed Cu-inclusions have been observed as well, resulting
from impurities from ores.
The typological characterisation of thesemetals and their archaeometallurgical data are consistent with an indig-
enous LBA Iberian metallurgical production supporting the hypothesis of a regional/local production and use of
the artefacts from Coles de Samuel.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Archaeological context

Hoarding objects is a common and cross-cultural human practice all
throughout the European Prehistory (Hamon and Quilliec, 2008). In
general terms, a hoardmay be defined as a collection of one or more ar-
chaeological objects with distinct functional and typological character-
istics, intentionally and selectively collected and either buried or
deposited in underwater environment in specific sites in the absence
of a clear archaeological context (Bottaini, 2013; Bradley, 1990;
Delibes De Castro, 2007; Levy, 1981; Vilaça, 2006).
The visual characteristics of the objects inside the hoards (typology,
number and state of preservation) as well as the context where the
items were deposited (wet or dry places, close to a settlement or a
prominent element in the landscape, inside caves, mines, etc.) are the
two main parameters traditionally taken into account for their classifi-
cation and interpretation.

Based on these elements, a distinction is traditionallymade between
utilitarian (or non-ritual) and votive (or ritual) hoards: the former
would reflect processes within the production and the circulation of
metal and are usually considered as temporarily buried trade stocks
(i.e. reserve of raw material or newly-made objects). The latter, linked
to metal consumption, would be associated with the social position of
the depositary and are considered ways of express wealth, status and
ritual offerings to divinities or secular people. In contrast with the utili-
tarian hoards, the ritual ones are composed of objects with special
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symbolic values that would have been buried permanently, without the
intention of being recovered (Taylor, 1993).

Since the first studies on hoards, in the second half of the 19th cen-
tury, this bipolar classification – utilitarian vs. ritual hoards – has given
rise tomany interpretative problems and prolonged debates and discus-
sions among researchers, proving that this approach is too paradigmatic
and schematic to explain an archaeological evidence as complex as pre-
historic hoards are: in fact, it is nowadays generally accepted that a
hoard can no longer be viewed in terms of utilitarian or votive deposi-
tion and new and stimulating alternative perspectives have been
adopted (Fontijn, 2002; Gosden and Marshall, 1999; Kopytoff, 1986;
Osborne, 2004; Whitley, 2002; York, 2002).

Notwithstanding in the pre-industrial societies, technology does not
correspond to a simply transformation of matter but it is embedded in
social and cultural dynamics, the methodologies of physical, chemistry
and material sciences can provide significant data for a more complete
understanding of the hoarding phenomenon. To contribute to this sci-
entific debate, the 18 artefacts from the Coles de Samuel collection
Fig. 1.Map of Central Portugal, with the lo
were analysed by Energy Dispersive X-Ray Fluorescence (EDXRF) spec-
trometry to determine major and minor elements and thus provide
their chemical composition and by Optical Microscopy (OM) and Scan-
ning Electron Microscopy with Energy Dispersive X-ray spectroscopy
(SEM-EDS) to characterise the microstructural features of the alloys
and to reconstruct the technical chain of sequential operations by
which natural resources were physically turned into cultural commod-
ities (Dobres and Hoffman, 1994). Through the reconstruction of the
technology applied in the production of these objects, the technological
choices that ancientmetalworkers did in themanufacturing of an object
will be investigated.

More concretely, this paper seeks to: a) identify the chemical
composition of the metals in order to compare the results with
other data present in the literature; b) focus on the production tech-
nique used in the manufacturing of the metal artefacts; c) time-
frame the results from Coles de Samuel collection within the LBA
metallurgy fromWestern Iberia, in order to infer about metallurgical
parallels.
cation of the Coles de Samuel hoard.



Fig. 2. Artefact collection from Coles de Samuel: one single-looped palstave (inv. nr. 81.01), four double looped socketed axes (inv. nr. 81.02 to 81.05), six sickles with elongated terminal
knob (inv. nr. 81.06 to 81.11), six bracelet-shaped objects (inv. nr. 81.12 to 81.17) and one chisel (inv. nr. 81.18). The red dot indicates the area where the metallographic samples were
removed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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1.2. The Coles de Samuel hoard

The selective and deliberate deposition ofmetals is a structuring fea-
ture of the Late Bronze Age (LBA) and Early Iron Age (EIA) (13th–8th
century BC) in Central Portugal. In fact, single and multiple hoards,
both mono- and multi-typological, composed by scraps, newly-made
and used artefacts, buried in apparently expressionless places, close to
Table 1
Results from XRF, OM and SEM-EDS; n.d.: not detected in the XRF analysis. The quoted errors

Artefact Inv. nr. Cu (wt%) Sn (wt%)

Palstave 81.01 89.5 ± 0.4 10.0 ± 1.0
Socketed axe 81.02 89.5 ± 0.4 10.2 ± 1.0
Socketed axe 81.03 90.0 ± 0.4 9.7 ± 1.0
Socketed axe 81.04 88.5 ± 0.4 11.0 ± 1.0
Socketed axe 81.05 87.3 ± 0.4 12.0 ± 1.0
Sickle 81.06 87.2 ± 0.4 13.0 ± 1.0
Sickle 81.07 86.9 ± 0.4 13.0 ± 1.0
Sickle 81.08 91.3 ± 0.5 8.7 ± 0.9
Sickle 81.09 87.5 ± 0.4 12.0 ± 1.0
Sickle 81.10 88.6 ± 0.4 11.0 ± 1.0
Sickle 81.11 86.7 ± 0.5 13.0 ± 1.0
Bracelet shaped object 81.12 87.1 ± 0.4 12.4 ± 0.8
Bracelet shaped object 81.13 88.1 ± 0.4 11.6 ± 0.7
Bracelet shaped object 81.14 88.5 ± 0.4 11.3 ± 0.7
Bracelet shaped object 81.15 88.8 ± 0.4 11.1 ± 0.7
Bracelet shaped object 81.16 88.1 ± 0.4 11.8 ± 0.7
Bracelet shaped object 81.17 88.2 ± 0.4 12.0 ± 1.0
Chisel 81.18 86.7 ± 0.4 13.0 ± 1.0
stones, inside caves andmines, habitats or inwet places arewidespread
all over the region located between the Tagus and Douro rivers
(Bottaini, 2013; Melo, 2000; Vilaça, 2006).

Within this scenario, Coles de Samuel can be considered as oneof the
largest multiple-object hoards from Central Portugal (Fig. 1), consisting
of 18 artefacts: one single-looped palstave (inventory number 81.01), 4
double looped socketed axes (inv. nr. 81.02 to 81.05), six sickles with
are one standard deviation. C: Casting; A: Annealing; F: Forging; FF: Final Forging.

Pb (wt%) As (wt%) Fe (wt%) Manufacture

n.d. n.d. b0.05 C
b0.2 0.12 ± 0.03 n.d. C + (F + A) + FF
0.28 ± 0.06 n.d. n.d. C + (F + A) + FF
0.22 ± 0.07 b0.08 n.d. C + (F + A) + FF
0.8 ± 0.1 0.29 ± 0.05 n.d. C + (F + A) + FF
b0.2 0.10 ± 0.03 n.d. C
0.20 ± 0.07 b0.08 n.d. C + (F + A) + FF
n.d. n.d. n.d. C + (F + A) + FF
n.d. 0.14 ± 0.02 n.d. C
0.31 ± 0.08 0.12 ± 0.03 n.d. C
n.d. 0.67 ± 0.07 n.d. C
n.d. 0.44 ± 0.09 0.06 ± 0.02 C + (F + A)
n.d. 0.31 ± 0.07 n.d. C + (F + A)
0.16 ± 0.04 n.d. n.d. C + (F + A) + FF
0.13 ± 0.04 b0.04 n.d. C + (F + A)
n.d. 0.08 ± 0.02 n.d. C + (F + A)
0.25 ± 0.06 n.d. n.d. C + (F + A)
0.34 ± 0.06 n.d. n.d. C + (F + A) + FF



Fig. 3. Principal Component Analysis discriminating among the Sn, Fe and Pb amount in
Cu-based artefacts from Portuguese territory during LBA/ EIA. LBA/EIA Central Portugal:
Freixianda (9 objects) (Gutiérrez Neira et al., 2011), Vila Cova de Perrinho (8 objects)
(Bottaini et al., 2012), Casais da Pedreira (2 objects) (Bottaini et al., 2012), Coles de Samuel
(18 objects), Travasso (4 objects) (Leitão and Lopes, 1985), Moita da Ladra (10 objects)
(Valério et al., in press). LBA/EIA Southern Portugal: Castro dos Ratinhos (5 objects)
(Valério et al., 2010), Monte do Guedelha (2 objects), Vale de Tijolos (3 objects), Outeiro
do Circo (4 objects), Salsa 3 (1 object), Cerro da Mangancha (1 object), Cabeço Redondo
(4 objects), Nora Velha (1 object) (Valério et al., 2015). LBA/EIA Northern Portugal: Castro
da Senhora da Aparecida (4 objects), Carpinteira (3 objects) (Bottaini, 2013), Monte da
Virgem (4 objects) (Lobato, 1992/1993). EIA Southern Portugal: Palhais (7 objects)
(Valério et al., 2013), Quinta de Almaraz (23 objects) (Valério et al., 2012).

Fig. 4. OMmicrographs from the cross-section of the palstave (inv. nr. 81.01) showing a
dendritic microstructure characteristic of an as-cast alloy.
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elongated terminal knob (Rocanes type) (inv. nr. 81.06 to 81.11), six
bracelet-shaped objects (inv. nr. 81.12 to 81.17), and one chisel (inv.
nr. 81.18) (Fig. 2) (Ferreira and Lapa, 1991; Pereira, 1971).

Available information about the circumstances of this find are quite
incomplete e poorly documented. In fact, the metals were accidentally
found during agricultural activities and then purchased from an antique
dealer in the 1960s. Thus, the precise location and landscape where the
objects were buried is unknown although it is plausible that the deposi-
tion of the metals took place in a non-settlement location.

In functional terms, the metals from Coles de Samuel comprise tools
(axes, sickles and a chisel) and artefacts of unknown functionality
(bracelet-shaped objects) belonging to five different typologies
(palstave, socketed axes, sickles, chisel and bracelet-shaped objects)
which denote a strong regional connotation, being usually considered
as typical productions fromNorthern andCentral Portugal, possibly pro-
duced during the first quarter of the I millennium BC (Coffyn, 1985).

With respect to typology, Coles de Samuel hoard reproduces a com-
mon pattern as regards the combination between specific kinds of ob-
jects: for instances, socketed axes and palstaves have been found in
association in the hoards from Cabeço de Maria de Candal (Bottaini,
2013; Gutiérrez Neira et al., 2011; Vilaça et al., 2012b) and Casais da
Pedreira (Bottaini, 2013; Bottaini et al., 2012); palstaves and sickles
are known in the hoards of Travasso (Leitão and Lopes, 1985), Porto
do Concelho (Jalhay, 1944; Bottaini, 2013; Bottaini et al., 2015) and
Moura da Serra (Coffyn, 1985); a socketed axe was associated with
bracelet-shaped objects in the Casal dos Fiéis de Deus hoard
(Vasconcelos, 1919–20; Melo, 2000), etc.

The combination between certain tools (palstaves, socketed axes,
sickles and chisels) is a recurrent element among the multiple hoards
from LBA of Central Portugal while, on the contrary, the presence of
other types of artefacts such as weapons (i.e. swords and spear-heads)
is generally an exception. According to this situation, and although we
lack information on most of these finds, some researchers have pointed
out that we may be dealing here with hoards that could metaphorically
represent a selection of objects linked to work and everyday activities
(Bottaini, 2013; Vilaça, 2006; Vilaça et al., 2012b).

From a physical point of view, all the metals from Coles de Samuel
show clear traces of wear and use, just like nicks, cracks and scratches
mainly concentrated along the cutting edges. Socketed axes 81.02,
81.03 and 81.04 also present an asymmetric cutting edge, possibly
resulting of blades re-sharpening and/or reforging processes (cf.
Moyler, 2008). Four of the sickles are complete, while two are lacking
their tips. The single-looped palstave has the blade missing and five of
the bracelet-shaped objects (from 81.13 to 81.17) are not whole as
well. It is quite hard to determine whether these objects have been in-
tentionally broken before their deposition or if their destruction has
been the consequence of ritual acts, as some researchers admit in this
kind of situation (Nebelski, 2000; Perea, 2008).

Regardless of interpretative issues, the presence of broken and in-
complete artefacts is a common characteristic in a number of multiple
hoards from Central Portugal: besides Coles de Samuel, this is the case
of Quinta do Ervedal (Coffyn, 1985), Casal de Fiéis de Deus
(Vasconcelos, 1919–20; Melo, 2000), Porto do Concelho (Jalhay,
1944), Moura da Serra (Coffyn, 1985), etc.

By combining all the available archaeological information, we can
observe that in most of these deposits, although an object is broken
into two or more parts, only one of these fragments has been hoarded,
being the rest of such artefact lacking and probably intended for other
purposes (i.e. recycling and remelting of the metal or reuse of the frag-
ments) (Fontijn, 2002; Nebelski, 2000).

To sum up, the empirical evidences from Central Portugal show that
Coles de Samuel could be part of a practice of hoarding common to LBA
and characterised by the repetitiveness of certain typological combina-
tions and by the co-existence of worn, entire and fragmented artefacts
inside the same deposit. The Coles de Samuel hoard could thereforema-
terializewidespread beliefs that seem to suggest that depositional prac-
tices implied a deliberate selection of such artefact or part of it, also
allowing identifying the existence of a social behaviour with ideological
and accepted cultural meanings shared between the ancient communi-
ties living in Central Portugal during the last phase of Bronze Age.

2. Experimental

EDXRF measurements were performed using a Pd anode X-ray gen-
erator. In front of the detector, a He gasflowwas established (about 0.2–
0.3 l/min) for light elements detection and for the detection of L-andM-



Fig. 5. Backscattered electron image of the palstave (inv. nr. 81.01) with EDS spectra ofα+ δ phase (point 1), Cu-S inclusion (point 2), Pb inclusion (point 3), and Ag inclusion (point 4).
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lines of Sn, Sb and Pb. The angle between the incident and emitted beam
was 50°. Energy resolution was 160 eV at 5.9 keV. Samples surfaces
were placed at 53 mm distance from the tube and 22 mm from the de-
tector. XRF spectra were processed by means of the WinAxil software
package. A fundamental parametermethodwas used to extract the con-
centrations of the various elements, using certified reference material
BCR-691. The X-ray generator was operated at 40 kV and 20 μA, with
an acquisition time of 120 s.
Fig. 6.OMmicrographs from the cross-section of the socketed axes (inv. nr. 81.02 to 81.05) show
X-ray fluorescence results from Coles de Samuel were then corre-
lated with the data from other collection of metals from the LBA and
EIA from Portuguese territory through a principal component analysis
(PCA) approach. PCAwasperformedwithOriginLab v8 software on spe-
cific chemical elements (Sn, Pb and Fe) with the aim to understand how
different alloys were distributed in space and time. This statistical
method proved to be a useful tool to discriminate group and meaning-
less variations within the set of metals considered, thus highlighting
ing the presence of twinned grainswith strain lines fromhammering and heat treatments.



Fig. 7. Backscattered electron image with EDS spectra of an Ag-rich inclusion from the
socketed axe 81.03.
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compositional differences both in a geographical and diachronic
perspective.

The microstructure of the bronzes was investigated on cross-
sections by optical microscopy: samples were mounted on resin,
grounded, polished, and etched with FeCl3 and HCl in a solution of
Fig. 8. Backscattered electron image with EDS spectra of a Cu-S inclusion (point 1), α
ethanol, according to a standard metallographic protocol (Scott, 1991).
Metallographic observations were performed with an optical micro-
scope Leica DM2500P, equipped with a digital camera Leica
MC170HD, coupled to a computer with the LAS V 4.4.0 software, with
the aim to provide information about thermo-mechanical treatments
performed on the finished objects. This studywas completed by explor-
ing the images obtained by SEM with backscattering electrons detector
and microanalysis by Energy Dispersive X-ray Spectrometry (SEM-
EDS). For this purpose, a Hitachi S-3700N interfaced with a Quantax
EDS microanalysis system equipped with a Bruker AXS Xflash Silicon
Drift Detector (129 eV Spectral Resolution at FWHM/Mn Kα) was
used. Quantitative elemental analysis was processed with the Bruker
ESPRIT software with the followings operating conditions:
backscattered electron mode (BSEM), accelerating voltage of 20 kV,
working distance of ~10 mm and emission current of 90 μA.
3. Results and discussion

3.1. EDXRF

The chemical results show that all the artefacts fromColes de Samuel
are binary Cu-Sn bronze alloys with Pb, As and Fe as minor constituents
(Table 1).

This data partially agreeswith a previous analytical study carried out
on nine objects from this collection (five axes, two sickles, one bracelet-
shaped object and the chisel) and performed by optical emission spec-
troscopy in the second half of the 1970s (Coffyn, 1985).

The amount of tin ranges from8.7±0.9 to 13.0±1.0wt%, indicating
that the artefacts were produced with good-quality melted binary tin
bronzes. The control over the final tin content is very important to ob-
tain a metal with adequate physical properties, since the amount of Sn
affects the thermo-mechanical behaviour of the alloy during the forging
and annealing processes. In accordancewith the Cu-Sn diagram, the ad-
dition of Sn to Cu reduces the melting temperature resulting in a better
castability of the alloy. A bronze with ~10 wt% Sn can be considered to
have good castability properties and thermomechanical treatments
can make the metal tough enough to absorb and disperse some of the
energy resulting from any impact arising from the use of the objects.
+ δ phase (point 2), and Pb inclusions (point 3) from the socketed axe 81.05.



Fig. 9. OMmicrographs from the cross-section of the sickles showing dendritic microstructures (inv. nr. 81.06, 81.09, 81.10 and 81.11) suggesting an alloy left in as-cast conditions and
twinned grains with slip bands from forging and annealing work (inv. nr. 81.07 and 81.08).
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By contrast, an excessive tin content (~15 wt% according with modern
phase diagrams) may increase the metal's brittleness due to the forma-
tion of theα+ δ eutectoid phase thatmake the objects more difficult to
forge.

The Sn content detected in the metals from Coles de Samuel results
to be quite constant regardless the type or the function of the artefacts.
In fact, significant differences in tin amount are not evident between ob-
jects that due to their functionality would require a high mechanical
strength such as axes, sickles and chisel, and those artefactswith a likely
ornamental function, such as bracelet-shaped objects.

Comparing the metals from Coles de Samuel with others LBA/EIA
hoards and sites from Central Portugal, a quite standardised framework
can be drawn with respect to Sn amount, since in most cases Cu-based
metals can be grouped in a range between 10 wt% and 15 wt% Sn.
Some examples can be found both in hoards and sites, such as
Freixianda (average of ~14 wt% Sn) (Gutiérrez Neira et al., 2011), Vila
Cova de Perrinho (average of ~10 wt% Sn), Casais da Pedreira (average
of ~10.3 wt% Sn), Moinho do Raposo (10.17 ± 0.04 wt% Sn) (Bottaini
et al., 2012), Medronhal (average of ~13.1 wt% Sn) (Figueiredo et al.,
2013) and Moita da Ladra (average of ~11.6 wt% Sn) (Valério et al., in
press).

A twofold interpretation can be given to the steady percentage of tin
in the LBA/EIA from Central Portugal: on one side, it shows that ancient
metalworkerswere able to have some control over the tin content in the
alloy suggesting that good mechanical properties mattered and were
appreciated; on the other side, the regular tin content of bronzes from
Coles de Samuel also indicates that communities that produced these
metals had a constant access to tin sources.

Among minor elements, iron, arsenic and lead have also been de-
tected and occur up to about 1.1 wt% in total. The presence of these



Fig. 10. OM micrograph from the cross-section of the sickles 81.07 showing a transition
area between the dendritic structure (lower part of the image) and annealing twins and
slip lines in some grains (upper part of the image) evidencing a selective application of
thermomechanical treatments.
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impurities is quite recurrent in the LBA/EIA metallurgy from Western
Iberian and is usually connected with the occurrence of these metal
compounds in the copper ores used.

The low Fe pattern is generally interpreted as a technological indica-
tor of a quite simple smelting process that would produce a metal with
very low iron content, not exceeding 0.05 wt% Fe (Craddock andMeeks,
1987). During prehistoric times in the Portuguese territory, as well as in
the rest of the Iberian Peninsula, the smelting technology showed a very
conservative character. In fact, since the dissemination of metallurgy, in
the transition between the 4th and the 3rd millennium BC (Soares and
Cabral, 1993), smelting operations were carried out in open smelting
crucibles placed in direct contact with the fire. Newmetallurgical prac-
tices were not introduced until the LBA/EIA with the rise of a more effi-
cient copper smelting technology, consisting in the use of closed
furnaces able to achieve higher temperatures and stronger reducing
conditions (Rovira Llorens, 2004; Rovira Llorens and Ambert, 2002;
Rovira Llorens and Montero-Ruiz, 2013). Consequently, as result of the
introduction of this new smelting method, Fe content increases in Cu-
based metals, mainly in Southern Portugal (Schiavon et al., 2013;
Valério et al., 2015).

Within this scenario, it is worth to be highlighted that the iron con-
tent of the artefacts from Coles de Samuel is very low, suggesting that
themetals buried in this hoardwere produced by local communities be-
fore the dissemination of this new smelting technology. This is in agree-
ment with the indigenous LBA/EIA metallurgy from Central Portugal
that is characterised by an iron content below 0.05wt%, as documented
in a number of hoards and habitats (Bottaini, 2013), such as Freixianda
(Gutiérrez Neira et al., 2011), Vila Cova de Perrinho (Bottaini et al.,
2012), Castro de Argemela (Vilaça et al., 2012a) and Baiões
(Figueiredo et al., 2010; Valério et al., 2006).
Fig. 11. Backscattered electron image with EDS spectra of the socketed axe 81.08 sh
Lead also occurs as impurity. From a structural point of view, its ad-
dition improves the fluidity of the molten metal but reduces the alloy's
hardness due to the low miscibility of Pb in copper, leading to the for-
mation of small Pb rich globular segregates which crystallize along the
grain boundaries making the metal more brittle and difficult to work.
Lead contents lower than 2 wt% generally indicate that this element
was not intentionally added in the alloy but it could depend on its pres-
ence asminor element in the primary ores used in the smelting process
(Tylecote, 1992).

The residual occurrence of Pb in the objects under study was an ex-
pected result, since lowPb content is a recurrent featurewithin the LBA/
EIAmetallurgy from Central and Southern Portugal, as frommost of the
Iberian Peninsula. In fact, notwithstanding the caution that should be
applied when comparing quantitative chemical results obtained with
different analytical techniques and methodologies, the sporadic pres-
ence of Pb detected in the Coles de Samuel collection is characteristic
of a number of hoards and habitats from the region (Bottaini, 2013;
Bottaini et al., 2012; Figueiredo et al., 2010; Figueiredo et al., 2013;
Gutiérrez Neira et al., 2011; Valério et al., 2006; Valério et al., 2007;
Valério et al., 2010; Vilaça, 1997).

High-leaded tin bronze, in contrast, are more common in the LBA/
EIA and are mainly linked to the production of palstaves in Galicia and
Northern Portugal, gravitating within the so called Atlantic Bronze Age
(Bottaini, 2013; Montero-Ruiz et al., 2003).

Fig. 3 shows a statistical multivariate analysis (PCA) applied on the
matrix dataset composed of the XRF data from Coles de Samuel and
from other collection of metals from Late Bronze Age and Early Iron
Age from the Portuguese territory. The PCA confirms that the chemical
composition of metals from Coles de Samuel (8–13 wt% Sn, b2 wt% Pb
and low contents of minor elements) is in agreement with a LBA/EIA
metallurgy from Central Portugal, suggesting a local production of
these artefacts. In fact, in a regional perspective, Cu-based metals from
Central Portugal show a slightly higher tin content and reduced impuri-
ties of iron with respect to those produced under the Phoenician influ-
ence, in the Southern Portuguese territory since the EIA. At the same
time, lead appears as impurities, unlike the productions widespread in
the Northwestern Iberian Peninsula during the LBA/EIA.

3.2. Metallurgical analysis

OpticalMetallography (OM) and Scanning ElectronMicroscopywith
X-ray microanalysis (SEM-EDS) has been used to characterise the arte-
facts from a microstructural point of view. These techniques allowed to
identify metallic phases, inclusions and to observe the typology and
morphology of the grains, recrystallization twins and/or deformation
bands, thus reconstructing backwards the processes that ancient metal-
worker applied in the manufacture of the artefacts. The data is pre-
sented and discussed based on a typological approach.

3.2.1. Palstave
The microscopic observation of palstave 81.01 was made in the

proximal area of the axe, not corresponding to the cutting edge that is
lost. The metallographic image shows the presence of grains whose
owing the occurrence of a Cu-S inclusion (point 1) and α + δ phase (point 2).



Fig. 12. Backscattered electron image with EDS spectra of the socketed axes showing an Au inclusion (81.06), Ag inclusion (inv. nr. 81.07) and Pb inclusion (inv. nr. 81.07).
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morphology suggests that the palstave medial region has not been sub-
mitted to any thermo-mechanical treatment. The shape of the holes left
by gas inclusions during casting as well as the globular morphology of
the Cu-S also confirms this interpretation (Fig. 4).

This result points out a different operational sequence with respect
to other one single-looped palstaves from Central Portugal: in fact, the
palstaves from Freixanda (Gutiérrez Neira et al., 2011; Vilaça et al.,
2012b), Casais das Pedreiras (Bottaini et al., 2012), and Porto do
Concelho (Bottaini, 2013) show a microstructure suggesting that ob-
jects were finished with one or more cycles of forging and annealing.
This kind of treatment would make the cutting edge harder and
thermo-mechanically more appropriate to withstand stronger impacts.
Nevertheless, the discrepancy between the palstave from Coles de Sam-
uel on one side and the rest of the metallographed ones on the other,
may be explained with the fact that observation has been made in dif-
ferent areas of the object.

SEM-EDS analysis confirms the presence of Cu-S inclusions and also
reveals the occurrence of very small globular unalloyed inclusions rich
in Pb and Ag. This kind of inclusions have already been reported in
LBA bronzes from the Portuguese territory and can be likely considered
Fig. 13. Backscattered electron image with EDS elemental distribution ma
as micro-inclusions from the original ore material used in the produc-
tion of the artefacts (Figueiredo et al., 2011). Moreover, and although
a relatively low tin amount (10 ± 1 wt%), the α + δ eutectoid phase
has been observed as well (Fig. 5). This situation suggests that heat
treatment that ancient metalworkers applied during the production of
the palstave has not been high enough to completely homogenize the
microstructure of the alloy.

3.2.2. Socketed axes
The four socketed axes (inv. nr. 81.02 to 81.05) have been sampled

in the cutting area. The microstructure of the etched samples shows
the presence of equiaxed grains with annealing twins and strain lines,
suggesting the application of one or more cycles of forging plus anneal-
ing. The presence of the strain lines can indicate the use of a final plastic
deformation.

Despite the application of the longest operational sequence for the
manufacturing of the axes 81.02 and 81.05, the α + δ eutectoid is still
visible, suggesting that annealing and forging cycles were not sufficient
to completely homogenize the alloy. The occurrence of elongated Cu-S
inclusions is a common feature observed in the microstructures of this
ps of a globular unalloyed Cu-inclusion observed in the sickle 81.06.



Fig. 14.OMmicrograph from the cross-section of the bracelets shaped objects characterised by the presence of equiaxed grainswith annealing twins (inv. nr. 81.12 81.13, 81.15, 81.16 and
81.17) with strain bands (inv. nr. 81.14), suggesting the combination between mechanical and thermal operations.
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group of socketed axes also confirming the deformation degree applied
in order to obtain the final objects morphology (Fig. 6).

Metallographic analyses of socketed axes in the region are quite
scarce and performing a comparative study is therefore not an easy
task. However, four specimens from the hoard of Freixianda
(Gutiérrez Neira et al., 2011; Vilaça et al., 2012b) and one fromMoinho
do Raposo (Bottaini, 2013) have been recently studied. With the excep-
tion of one fractured and incomplete socketed axe from Freixianda,
which presents a dendritic as-cast microstructure, the remaining ones
are characterised by the occurrence of deformed equiaxial grains with
annealing twins and slip bands evidencing the application of thermo-
mechanical treatments.

Also in the case of socketed axes, the SEM-EDS characterisation
allowed the identification of some of the most common inclusions
observed in the LBA metals from the Portuguese territory (Figueiredo
et al., 2011), namely Ag (Fig. 7), Pb and Cu-S, as well as theα+ δ eutec-
toid richer in tin (Fig. 8). This might be the result of the exploitation of
mineral resources with the presence of these micro-inclusions
compounds.

3.2.3. Sickles
Fig. 9 shows the microstructure of the sickles (inv. nr. 81.06 to

81.11). The artefacts 81.06, 81.09, 81.10 and 81.11 exhibited an as-cast
microstructures constituted by dendritic morphology which means
that they would not have been subjected to any post-casting treatment
after being removed from their respective moulds. For reasons of accu-
racy, it should be underlined that these results were obtained in non-
functional areas of the sickles. In fact, observing their blades, the



Fig. 15. Backscattered electron image with EDS spectra and EDS elemental distribution maps of the microstructure of a bracelet shaped object (inv. nr. 81.16) showing an unalloyed Cu-
inclusion (point 1), a Pb inclusion (point 2) and a Cu-S inclusion (point 3).
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presence of cracks and scratches is clear, empirically indicating that
these objects could be involved in practical activities before being bur-
ied, regardless the microstructural features observed.

Unlike the previous ones, sickles 81.07 and 81.08 showed an
equiaxial microstructure with twined grains and slip bands, suggesting
that the manufacturing process consisted of cycles of annealing and
hammering. The observation of the microstructure from the sickles
81.07, in particular, allowed identifying the transition area between
the inner as-cast dendritic microstructure and the outer zone with the
presence of grains resulting by annealing and forging processes
(Fig. 10). These results, that point out to a selective application of
post-casting treatments to the cutting edge, also showhow the sampled
area is determinant for the identification of themicrostructure and thus
Fig. 16. OM micrograph from the cross-section of the chisel (inv. nr. 81.18) showing a
microstructure characterised by the occurrence of equiaxial grains with annealing twins
and slip bands which suggest that thermal and mechanical treatments were applied
during the manufacture of the object. The elongated morphology of Cu-S in the line of
working also confirms the intensity of the plastic deformation. The α + δ eutectoid
phase is clearly visible as well.
for the interpretation of the data and the understanding of the opera-
tional sequence.

A very reduced number of sickles fromWestern Iberia have been ob-
served by OM and there are very few parallels. Two items from Porto do
Concelho were recently analysed. Both samples were removed from
functional areas of the artefacts, showing a shape-casting structure as
well (Bottaini, 2013).

The SEM-EDS clearly evidences a copper-rich α-phase matrix and
theα+ δ eutectoid richer in tin both in the areas between the dendrite
arms and in the intergranular spaces: in the latter case, the presence of
the α + δ phase suggests that post-casting treatments, selectively ap-
plied to the cutting edge of the sickle, were not adequate to homogenize
the metal. The presence of numerous inclusions, namely Cu-S (Fig. 11),
Au-rich and Ag-rich micro-inclusions and Pb globules were also de-
tected (Fig. 12) being their occurrence likely dependant on the ores
used for metal production. Gold, for example, may be associated with
Sn deposits derived from hydrothermal fractionation of in the
Hercynian Tin-bearing granites commonly present in Central and
Southern Portugal (Neiva, 2002) and cassiterite (SnO2) and gold can
sometimes occur simultaneously in the same vein or alluvial placer de-
posit (Dube, 2006). Their presence in the alloy could be therefore
interpreted as a natural associationwithin the ores used in themanufac-
ture of these artefacts. Since Au and Ag-rich inclusions are generally as-
sociated with corrosion areas, it is likely that they result of selective
corrosion and redeposition in the metal. Finally, globular unalloyed
Cu-inclusions surrounded by Cu-S inclusions have been detected as
well (81.06 and 81.07) (Fig. 13). The occurrence of this particular
microconstituent is a rather common feature of ancient bronzes (Silva
et al., 2008;Wang andMerkel, 2001), and its formation is generally con-
sidered as the result of a copper redeposition process resulting from cor-
rosion phenomenon (Bosi et al., 2002; Emami and Bigham, 2013).

3.2.4. Bracelets shaped objects
The six objects belonging to this metallic type (inv. nr. 81.12 to

81.17) reveal very similar microstructural features, having been casted,
annealed and forged: their microstructure shows twinned grains from
hammering and heat treatments. The presence of the strain lines in
the microstructure of the bracelet 81.14 suggest that this artefact was



Fig. 17. Backscattered electron image with EDS spectra of the chisel showing Pb inclusions (point 1) and Cu-S inclusions (point 2).
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submitted to a final plastic deformation. OM also revealed the presence
of the α + δ eutectoid microstructure (inv. nr. 81.12 and 81.13)
(Fig. 14).

The cross section of some of these artefacts, partly circular and partly
quadrangular (inv. nr. 81.13 to 81.16), could suggest that these objects
were manufactured from small bars with circular cross section, to
which the desired shape was given through forging and annealing cy-
cles. Bracelet-shaped objects from other archaeological contexts such
as Porto do Concelho and Vila Cova de Perrinho, for instance, show sim-
ilar microstructure, suggesting analogous operational sequences
(Bottaini, 2013).

The SEM-EDS characterisation of the object 81.16 highlights the
presence of non-spherical unalloyed twinned Cu grains surrounded by
Cu-S. The formation of this kind of structure is generally associated
with corrosion mechanisms of the alloy (Bosi et al., 2002; Emami and
Bigham, 2013). As has been already observed in the rest of the collection
from Coles de Samuel, Pb-rich inclusions are also visible (Fig. 15).

3.2.5. Chisel
The microstructure of the chisel (inv. nr. 81.18) shows very small

equiaxed grains with twinned grains, plus fracture lines, caused by a
process of successive annealing and forging to shape the cutting edge
of the object. The Cu-S inclusions have an elongated morphology
along the preferential deformation plane of the artefact, confirming
the application of thermo-mechanical treatments, not sufficient, how-
ever, to homogenize the biphasic microstructure characterised by the
presence of the α + δ eutectoid phase (Fig. 16).

Metallographed chisels from Central Portugal, namely from
Freixianda andVila Cova de Perrinho, regardless of their shape andmor-
phology, also suggest an intense annealing and hammering treatment
for this kind of artefacts (Bottaini, 2013; Vilaça et al., 2012b).

Finally, the SEM-EDS image of the sampled area displays the pres-
ence Cu-S inclusions. Due to its lowmiscibility inmolten alloy and in ac-
cordance with other artefacts of the collection, globular inclusions of
lead have been also observed (Fig. 17).

4. Conclusions

This study presents a new insight on the metallurgical characteris-
tics of metals buried inside hoards from the LBA in Western Iberia. The
chemical and metallographic examinations of the metals from Coles
de Samuel allowed the identification of the composition and micro-
structure of the studied alloys, providing information on the
technological choices that ancient metalworkers made during the met-
allurgical process.

The EDXRF analytical results show that this collection of metals is
madeof binary tin bronzeswith a low impurity content (Pb, As, Fe), sug-
gesting that the ancient metalworkers had the necessary skills to care-
fully control the manufacturing process in order to improve the
resistance of the metal to mechanical stress and physical impacts.

The EDXRF data from Coles de Samuel combined with the PCA anal-
ysis also confirmed the identification ofmetallurgical traditionswith re-
gional and chronological value, reinforcing at the same time the idea
that metals from Coles de Samuel have been locally produced.

The metallographic observations carried out on the functional areas
of the objects confirm thatmost of the objects fromColes de Samuel had
been adequately prepared through annealing and hammering cycles to
create harder edges which make the metals mechanically more appro-
priate to be actively used. The only exception is represented by the
palstave and by four sickles even if the metallographic observations
have been carried out in a non-functional area. In any case, nearly all
the tools examined display signs of wear (nicks and scratches on the
cutting edges, asymmetry of the blade, cracks on the surfaces of the ob-
jects) also suggesting that these objects might be actively involved in
everyday activities causing some kind of mechanical stress before
being buried.

On the other side, from an archaeological point of view, it has been
highlighted that the collection from Coles de Samuel reproduces a com-
mon pattern as regards the typological combination of objects which is
common to other LBA hoards from Central Portugal. The repetitiveness
of well-defined typological associations, with palstaves, socketed axes,
chisels and bracelet-shaped objects, found inside the same archaeolog-
ical context, seem to point out that the metals from Coles de Samuel
could belong to a widespread pattern of selective depositions in which
certain object types were intentionally associated to other peculiar
ones. In this way, the metals from Coles de Samuel could be the result
of structured social and cultural practices in which, through deposition,
artefacts imbuedwith specialmeaningswere selected and permanently
removed from the everyday activities being deliberately buried in spe-
cific types of places.
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