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a b s t r a c t

Studies concerning European Proto-historic metallic artefacts can provide important clues about techno-
logical transfers during a period of time characterised by diverse cultural interactions. A collection of
Proto-historic metallic artefacts from Medronhal (western Iberian Peninsula) composed by rings, brace-
lets and a fibula related to different cultural affiliations were investigated by micro-EDXRF to provide a
major and a minor elemental characterisation. Results show that the Medronhal collection was manufac-
tured in a Cu–Sn alloy (binary bronze) with similar Sn contents among the various types of artefacts and a
low impurity pattern. Results of the type and quality of metal were compared to other artefact collections
to infer about metallurgical parallels. Strong parallels with indigenous Late Bronze Age Iberian metallur-
gical productions were found.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Analytical studies involving elemental analysis, including major
and minor elemental characterisations, can be very important in
the study of ancient metallurgy to identify the type and quality
of metal employed. These studies can provide important informa-
tion about the adoption of new metals and alloys, details regarding
ancient technological particularities related to different chronolog-
ical periods or specific regions, and also give important clues about
the skills of the ancient metallurgists.

Energy dispersive X-ray spectrometry (EDXRF) has established
itself as an important and frequently employed analytical tech-
nique for the study of cultural materials, due to its non-destructive
character (i.e. respecting the physical integrity of the material/ob-
ject), its multi-elemental and relatively fast results [1,2].

Given the crescent interest for elemental studies on various
cultural objects and materials, during the last decades EDXRF equip-
ments specially designed for cultural studies were developed, and
among those, portable micro-EDXRF has become an important and
frequently applied analytical tool (e.g. [3–5]). Besides allowing the
possibility of working outside the laboratory in the case of objects
that cannot be moved, the versatility of these equipments allows
the study of various shaped and sized artefacts, the selection of
different surface spots to be analysed, with no need of sampling.
All rights reserved.
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Also, regarding the study of ancient metals, given the specificities
of some alloys that develop superficial corrosion layers with altered
elemental compositions, only small size areas have to be superfi-
cially cleaned to allow the analysis of the unaltered metal, minimiz-
ing physical interventions to the objects [5].

The study of ancient metallic artefacts can be very important to
help tracing ancient contacts among different cultures or regions,
by allowing the identification of technological developments of local
communities, particularly among the illiterate, Pre- and Proto-
historic societies.

Since the early introduction of metal for artefact production in
the European territory, that manufacturing techniques improved,
and by Proto-historic times, artefacts with diverse typologies and
complex shapes were produced.

In western Iberian Peninsula, namely in the Portuguese terri-
tory, by Late Bronze Age and Early Iron Age the significant diversi-
fication in artefacts typologies can frequently be related to Atlantic
or Mediterranean influences [6–8]. Among those, are artefacts with
a strong decorative or symbolic function, such as rings, bracelets
and fibulae.

Generally, rings and bracelets can be found in various Late
Bronze Age archaeological contexts. Rings could have had diverse
functions, as to be worn in the body/fingers, or to be part of more
complex objects. Bracelets were worn in the body/arms for embel-
lishment purposes. Among the Atlantic cultural sphere, as in cen-
tral and northern Portuguese regions, bracelets can be found
particularly in burial contexts [9,10].

The fibulae are generally related to a Mediterranean cultural
sphere, and begin to appear in various archaeological contexts by
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Fig. 1. (a) Map of the Iberian Peninsula with the location of Medronhal cave annotated, as well as various Late Bronze Age and Early Iron Age/Orientalising hoards and sites
mentioned in the study. (b) Part of the artefact collection found in Medronhal cave (Portugal).

Table 1
Micro-EDXRF analysis of Phosphor Bronze 553 from BCS (average ± one standard
deviation for 3 spot analyses).

wt.% Cu Sn Pb Zn Fe Ni

Certified 87.0 10.8 0.47 0.49 0.06 0.44
Obtained 87.7 ± 0.1 10.5 ± 0.1 0.56 ± 0.07 0.58 ± 0.01 0.05 ± 0.01 0.51 ± 0.01
Accuracy 0.8 2.5 19.1 18.4 10.2 15.9

Table 2
Quantification limits for micro-EDXRF analysis (calculated as 10 � (background)½/
sensitivity [12]).

Cu Sn Pb As Fe Ni

0.04% 0.5% 0.10% 0.10% 0.05% 0.07%
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a late period of Late Bronze Age/beginning of Early Iron Age. These
items, which served to hold clothes/textiles over the body, had a
significant decorative function besides the utilitarian one. Fre-
quently, these items are considered as an indication of increasing
contacts of the Iberian communities with Eastern ones, as with
those from the Italic or Sicilian territories.

In the 1940’s, an interesting set of 37 metallic artefacts was
found together with human and various animals bones in Medron-
hal cave (Condeixa-a-Nova, Portugal), suggesting the discovery of a
Proto-historic burial. The metallic collection is composed by 31
rings, 5 bracelets and 1 double-spring fibula, bearing artefacts re-
lated both to the Atlantic as to the Mediterranean cultural spheres.
Part of the collection is shown in Fig. 1.

Taking into consideration the typologies of the artefacts, the
collection can be attributed to around the VIII century B.C., and
can thus be considered as an important testimony for a period that
comprises the transition from Late Bronze Age to Early Iron Age.

For the present work, an analytical study was performed on the
Medronhal collection, to provide archaeometallurgical relevant
information. All the artefacts were analysed by energy dispersive
micro X-ray fluorescence spectrometry (micro-EDXRF) in a small
prepared area to determine major and minor elements and thus
provide a characterisation of the Proto-historic alloy. The results
were compared to the compositions of other metal artefacts from
Late Bronze Age sites and Early Iron Age/Orientalising sites to infer
about metallurgical parallels.

2. Experimental

The elemental composition of the artefacts was obtained
thought micro-EDXRF analyses performed in an ArtTAX Pro spec-
trometer. This spectrometer has been developed especially for
applications in the archaeometric field, combining the advantages
of non-destructive and sensitive multi-elemental analysis at a sub-
mm lateral resolution, with the possibility of working outside the
laboratory in the case of objects that cannot be transported to
the laboratory. The system consists of an air-cooled, low-power
molybdenium tube, a set of polycapillary lenses that generates a
spot of about 70 lm in diameter of primary radiation, a silicon drift
detector, a CCD camera and three light diodes for sample position-
ing. Further details on the equipment can be found elsewhere [11].

For the present study the micro-EDXRF analysis were per-
formed on small cleaned areas (<25 mm2) of the artefacts. The
preparation involved the removal of the superficial corrosion
layers followed by a metallographic preparation. The metallo-
graphic preparation consisted of a manual polishing with several
diamond suspensions in a cotton swab until 1 lm diamond size.
In each area, three analyses were made on different spots to ac-
count for heterogeneities at the microstructural level, being con-
sidered the average values. Each analysis was performed using
40 kV of tube voltage, 0.5 mA of current intensity, and 100 s of live
time.

The quantitative analysis was made through WinAxil software
using fundamental parameter method and experimental calibra-
tion factors that were calculated with the certified reference mate-
rial Bronze 551 from British Chemical Standards (BCS).

The accuracy of the analytical technique was determined with
the analysis of another certified reference material, Phosphor
Bronze 553 from BCS, and the results are shown in Table 1.

Quantification limits were also calculated and are shown in Ta-
ble 2. Due to the frequent presence of Pb and As in ancient metals
and due to the interference between the lines of Pb (La) and As
(Ka), the quantification limit of As was (under)estimated as being
the quantification limit calculated for Pb.

3. Results and discussion

The results of the micro-EDXRF analysis are presented in Table 3.
These show that all the artefacts are made of Cu–Sn alloy (bronze)
with a low impurity pattern (sum is generally <0.5 wt.%).



Table 3
Results of micro-EDXRF analysis (results normalised; average of three analysis ± standard deviation; nd = not detected).

No. Item Composition (wt.%)

Cu Sn Pb As Fe Ni

MED-01 Ring 88.6 ± 2.3 11.3 ± 2.3 n.d. 0.12 ± 0.0 <0.05 n.d.
MED-02 Ring 85.5 ± 0.2 14.4 ± 0.2 n.d. 0.13 ± 0.0 <0.05 n.d.
MED-03 Ring 88.1 ± 0.9 11.9 ± 0.9 n.d. n.d. <0.05 n.d.
MED-04 Ring 84.4 ± 2.9 15.4 ± 2.9 n.d. 0.23 ± 0.0 <0.05 n.d.
MED-05 Ring 86.9 ± 1.0 12.9 ± 0.9 0.14 ± 0.0 n.d. <0.05 n.d.
MED-06 Ring 86.2 ± 2.3 13.6 ± 2.3 0.17 ± 0.0 n.d. <0.05 n.d.
MED-07 Ring 86.9 ± 2.9 12.9 ± 3.0 0.21 ± 0.0 n.d. <0.05 n.d.
MED-08 Ring 84.9 ± 0.3 14.8 ± 0.3 0.19 ± 0.0 n.d. <0.05 n.d.
MED-09 Ring 86.6 ± 2.5 12.9 ± 2.5 0.49 ± 0.2 n.d. <0.05 n.d.
MED-10 Ring 88.3 ± 1.5 11.4 ± 1.5 0.13 ± 0.0 n.d. <0.05 n.d.
MED-11 Ring 85.8 ± 2.9 14.0 ± 2.8 n.d. 0.18 ± 0.0 <0.05 n.d.
MED-12 Ring 85.2 ± 0.9 14.7 ± 0.9 n.d. 0.12 ± 0.0 <0.05 n.d.
MED-13 Ring 87.4 ± 0.6 12.3 ± 0.6 0.17 ± 0.0 n.d. <0.05 n.d.
MED-14 Ring 87.1 ± 4.2 12.7 ± 4.2 n.d. 0.16 ± 0.0 <0.05 n.d.
MED-15 Ring 86.6 ± 0.6 12.1 ± 0.5 0.61 ± 0.1 0.54 ± 0.0 <0.05 0.21
MED-16 Ring 85.2 ± 0.4 14.8 ± 0.4 n.d. n.d. <0.05 n.d.
MED-17 Ring 87.3 ± 0.9 12.6 ± 0.9 n.d. 0.15 ± 0.0 <0.05 n.d.
MED-18 Ring 84.8 ± 0.2 15.1 ± 0.2 n.d. 0.15 ± 0.0 <0.05 n.d.
MED-19 Open ring 87.9 ± 1.3 12.1 ± 1.3 n.d. n.d. <0.05 n.d.
MED-20 Ring 88.5 ± 0.6 11.1 ± 0.6 0.30 ± 0.0 n.d. <0.05 n.d.
MED-21 Ring 86.6 ± 1.1 13.2 ± 1.1 n.d. 0.17 ± 0.0 <0.05 n.d.
MED-22 Ring 85.1 ± 1.2 14.8 ± 1.1 n.d. 0.15 ± 0.0 <0.05 n.d.
MED-23 Ring 86.9 ± 0.1 12.9 ± 0.0 n.d. 0.16 ± 0.0 <0.05 n.d.
MED-24 Ring 85.0 ± 2.9 14.8 ± 2.9 0.16 ± 0.0 n.d. <0.05 n.d.
MED-25 Ring 87.5 ± 0.8 12.5 ± 0.9 n.d. n.d. <0.05 n.d.
MED-26 Ring 84.4 ± 1.9 15.6 ± 1.9 n.d. n.d. <0.05 n.d.
MED-27 Ring 84.6 ± 0.5 15.3 ± 0.6 n.d. n.d. <0.05 n.d.
MED-28 Ring 85.1 ± 5.5 14.6 ± 5.0 n.d. 0.21 ± 0.0 <0.05 n.d.
MED-29 Bracelet 89.8 ± 2.2 10.1 ± 2.1 0.19 ± 0.0 n.d. <0.05 n.d.
MED-30 Bracelet 88.0 ± 0.3 11.7 ± 0.3 0.24 ± 0.0 n.d. <0.05 n.d.
MED-31 Bracelet 87.3 ± 0.1 12.7 ± 0.0 n.d. n.d. <0.05 n.d.
MED-32 Bracelet 86.7 ± 1.5 13.1 ± 1.5 n.d. n.d. <0.05 n.d.
MED-33 Bracelet 89.8 ± 0.2 10.1 ± 0.2 n.d. n.d. <0.05 n.d.
MED-34 Open ring 85.9 ± 0.0 13.9 ± 0.0 0.17 n.d. <0.05 n.d.
MED-35 Ring 88.3 ± 1.2 11.3 ± 1.2 0.18 ± 0.1 0.17 ± 0.0 <0.05 n.d.
MED-36 Ringa 87.1 12.9 n.d. n.d. <0.05 n.d.
MED-37 Fíbula 88.2 ± 1.4 11.6 ± 1.4 n.d. 0.12 ± 0.0 <0.05 n.d.

a Only one micro-EDXRF analysis was considered due to the small size of the cleaned area (constrained by the shape of the artefact).
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Fig. 2. Histogram with the Sn contents in the studied artefacts from Medronhal
collection.
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The Sn content is in the range of 10–15 wt.% (average of
13.1 ± 1.5%Sn), without significant differences among the different
typologies (Fig. 2). Probably, the ancient metallurgists have inter-
est in the properties that this range of Sn contents could present,
as regarding hue/colour and mechanical properties.

The addition of up to 15%Sn to copper modifies the colour of
copper by decreasing its redness, so that the alloy approaches a
golden hue [13]. In the case of higher Sn contents (>18%Sn, high
tin bronzes) the increase of tin does not only reduces the redness
but does also reduces the yellowness of the alloy, making it to
approach a silvery colour. Besides showing a gold-like colour, a
10–15 wt.%Sn bronze has the properties of being substantially
harder than pure copper or low tin bronzes [14], but does still have
adequate mechanical properties when compared to high tin
bronzes to be worked through deformation processes. As a conse-
quence, the manufacture of all the items in an alloy with 10–15%Sn
could have been a deliberate choice of the ancient metallurgists to
attend both to colour preference as well as to adequate mechanical
properties.

Comparing the Sn contents of the Medronhal collection with the
Sn contents in bronze collections from both Late Bronze Age and
Early Iron Age/Orientalising sites similarities and differences can
be found (Fig. 3). Bronzes from neighbouring Late Bronze Age
hoards and sites show clear parallels to the Medronhal collection,
despite different numbers of artefacts studied from each site or
hoard and the use of different analytical techniques for the
elemental analysis. An incidence in bronzes with 10–15%Sn can
be observed not only for the Medronhal collection but also for
the Baiões/Santa Luzia cultural group analysed by micro-EDXRF
[15–18], Freixianda hoard analysed by PIXE [19] and Coles de Sam-
uel hoard analysed by optical emission spectroscopy (atomic emis-
sion spectrometry) [6]. In contrast, when compared to bronzes
from Early Iron Age/Orientalising sites from western Iberian Penin-
sula, such as Fraga dos Corvos shelter in northern Portugal [20],
Almaraz in central Portugal [21], Castro dos Ratinhos in southern
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Portugal [22] and El Palomar in south-western Spain [23], clear dif-
ferences are observed, showing more dispersed Sn contents, com-
bining the presence of bronzes with low Sn contents with those
with 10–15%Sn.

When comparing the contents of minor elements in the alloy,
such as Pb, As and Fe, relationships among collections of artefacts
can be observed despite different sensitivities of the analytical
techniques used in the studies (Fig. 4).

The presence of Pb occurs in the Medronhal collection in low
concentrations, namely <0.1%Pb in about 60% of the artefacts, hav-
ing the remaining ones <0.5%Pb, except for one artefact, the ring
MED-15 with 0.61%. This low Pb pattern is also found among the
Late Bronze Age artefacts from the Baiões/Sta Luzia cultural group,
Freixianda and Coles de Samuel hoards, where more than 60% of the
artefacts have <0.1%Pb, and the rest <0.5%Pb. The Early Iron Age site
of Castro dos Ratinhos does also show a high number of artefacts
with low Pb content (about 60% have <0.1%Pb), a few with
<0.5%Pb similarly to the Medronhal collection, however, it has some
bronzes with 1–2%Pb, which are absent in Medronhal and the Late
Bronze Age sites and hoards. The remaining sites with Orientalising
influences do show clear differences from the Medronhal collection
and those of Late Bronze Age, with the presence of artefacts with
higher Pb contents, namely artefacts with 2–10% Pb, which can al-
ready be considered as intentionally leaded bronzes. Such alloy has
different properties when compared to a binary Cu–Sn alloy, as a
lower liquidus temperature which can facilitate the casting of
larger sized objects, and can also confer different mechanical
properties to the objects.

The As content in the Medronhal collection is rather low, gener-
ally <0.5%As, similarly to bronzes from both Late Bronze Age and
Early Iron Age/Orientalising hoards and sites, where more than
90% of the artefacts show this low As content. Medronhal, Castro
dos Ratinhos, Almaraz and El Palomar have a small amount of
artefacts with higher As contents (0.5–1.0%As) and only the Orien-
talising site of El Palomar have artefacts with an even higher content
(1–2%As). Relatively low and dispersed As contents can be expected
in bronzes from both Late Bronze Age and Early Iron Age/Orientalis-
ing sites as a result of impurities in copper ores, namely when ores
from the Iberian Peninsula have been used since these can be rich
in this element [24], explaining the absence of differences among
the two cultural stages.

The Fe content in the Medronhal collection is very low, below
the quantification limit of 0.05%. Late Bronze Age bronzes do also
show these rather low contents, as those from Baiões/Santa Luzia
cultural group, Freixianda and Coles de Samuel hoards. On the
other hand, the Fe content in bronze artefacts from Early Iron
Age/Orientalising sites can be higher, reaching 0.5%Fe in some arte-
facts from Castro dos Ratinhos and Fraga dos Corvos Shelter, 1% in
El Palomar and even higher contents in Almaraz (1.1–2.0%Fe),
which is also the only site which has absence of bronzes with
<0.05%Fe. Craddock [25] has previously pointed out to Fe content
differences among indigenous bronzes of Spanish interior regions
when compared to bronzes from Phoenician/Orientalising settle-
ments dating to the beginning of the 1st millennium B.C., and ex-
plained it as a result of the smelting processes used to obtain
metal, with those smelted by more primitive processes resulting
in very low Fe contents and those smelted by more sophisticated
techniques (more reducing conditions) resulting in higher Fe
contents.

Regarding the Medronhal collection, its low Fe content clearly
points out to parallels with the indigenous Late Bronze Age
metallurgy. Taking into account its Pb and As contents, close affini-
ties can be found with the Late Bronze Age bronzes, however, the
Early Iron Age site of Castro dos Ratinhos does also find close



0%

20%

40%

60%

80%

100%

Med
ron

hal

Baiı
es

/Sta 
Lu

zia

Freixia
nd

a

C Sam
ue

l

C. R
ati

nh
os

Alm
ara

z

FC sh
elte

r

El P
alo

mar

A
rt

ef
ac

ts
 a

na
ly

se
d 5.1-10.0

2.1-5.0

1.1-2.0

0.51-1.0

0.11-0.5

0-0.1

Pb(w t.%)

0%

20%

40%

60%

80%

100%

Med
ron

hal

Baiı
es

/Sta 
Lu

zia

Freixia
nd

a

C Sam
ue

l

C. R
ati

nh
os

Alm
ara

z

FC sh
elte

r

El P
alo

mar

A
rt

ef
ac

ts
 a

na
ly

se
d

1.1-2.0

0.51-1.0

0.11-0.5

0-0.1

As(w t.%)

0%

20%

40%

60%

80%

100%

Med
ron

hal

Baiı
es

/Sta 
Lu

zia

Freixia
nd

a

C Sam
ue

l

C. R
ati

nh
os

Alm
ara

z

FC sh
elte

r

El P
alo

mar

A
rt

ef
ac

ts
 a

na
ly

se
d

1.1-2.0

0.51-1.0

0.11-0.5

0.051-0.1

0-0.05

Fe(w t.%)

Late Bronze Age Early Iron Age/Orientalising 

Fe(w t.%)

Fig. 4. Comparison of Pb, As and Fe contents in the Medronhal collection and Late Bronze Age and Early Iron Age/Orientalising bronze artefacts.
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resemblances, namely in the presence of some artefacts with 0.51–
1.0% of Pb and As, which are absent in the Late Bronze Age artefacts.
Since Castro dos Ratinhos has previously been described as a site
where Early Iron Age bronzes retain many characteristics from
earlier Late Bronze Age bronzes [22], further support to parallels of
the Medronhal collection with a Late Bronze Age metallurgical tradi-
tion from western Iberian Peninsula can be considered.
4. Conclusions

The present study shows that elemental micro-EDXRF analysis
made on ancient metallic bronzes can deliver very important infor-
mation regarding the composition of the alloy, namely the
contents of the alloying and relevant minor elements. This, in turn,
can be very important to consign a collection to a specific metallur-
gical tradition, giving important clues about its manufacturers.

In the present case, the Medronhal collection shows a composi-
tion with a rather high and narrow Sn range and a low impurity
pattern if compared to bronzes from Early Iron Age/Orientalising
sites, finding closer affinities to metallic collections from sites
and hoards attributed to Late Bronze Age from neighbouring areas.
Despite the presence of an artefact in the collection with a clear
Mediterranean typological affiliation – the fibula – the composition
of this particular item is not distinct from the composition of the
remaining artefacts with an Atlantic typological affiliation, which
could point out towards a collection composed by artefacts from
different workshops/cultural traditions. Instead, the results point
out to the production of the Medronhal collection following an
indigenous metallurgical bronze tradition, from the western
Iberian Late Bronze Age communities.
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