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Provenance and production of tin in the Ancient World has since long been a major topic of discussion
among archaeologists. In Western Europe, where significant tin ore (cassiterite) deposits are known, only
a few remains of ancient tin production, such as tin slags, have been detected. In the present work,
elemental and microstructural analyses by WDXRF, SEM-EDS and XRD were performed on recently
recognised tin slags from the Iron Age Carvalhelhos hillfort located in NW Iberia, a territory that rep-
resents the largest extension with tin mineralisation in Western Europe. Elemental and microstructural
characterisation of cassiterite collected in a pilot field survey in the region of the hillfort are presented

i?é;‘;fg;etanurgy and discussed, as well as two ceramic fragments that could be part of a smelting structure and an iron
Smelting slag from the settlement. Results show that the tin slags have variable but high contents in Sn, similarly
Slags to Pre-Medieval tin slags found in other Western European areas, but also high contents of Ta and Nb,
Tin which specifically distinguish them from other tin slags, such as those found in SW Britain. Tin ores from

Iberian Peninsula
Iron Age
Roman transition

the hillfort region frequently have Ta and Nb in cassiterite solid solution or as inclusions of columbite
group minerals, relating well with the Carvalhelhos tin slags. Up to present, the Carvalhelhos slags are
amongst the very few ancient tin slags known in Western Europe, and their study can contribute to a
better knowledge on ancient tin sources and trade routes.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction only scarce evidence for metallic tin production, such as tin slags or

tin smelting furnaces has been found in archaeological Pre-

Tin (Sn) ores, such as cassiterite, are concentrated in a few
geographical areas in Western Europe in contrast with copper (Cu)
ores which are more widely spread. Among these regions are SW
Britain, W France and NW Iberia, where tin deposits were available
for ancient exploitation (Fig. 1a).

Tin was necessary for making bronze (Cu-Sn alloy), and access to
it was important from Bronze Age onwards for the production of
various types of artefacts. Nevertheless, despite much evidence for
copper production and bronze artefact manufacturing, until now
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Medieval contexts (Malham, 2010). The very few tin slags that
have been identified (Table 1) originate from areas where cassit-
erite was available, and comprise: seven pieces of slag from Early
Bronze Age (~1600 BCE) ritual enclosure at Caerloggas, Cornwall,
SW England; a single tiny bead of slag discovered in one of the
roundhouses of the Late Bronze Age settlement at Dean Moor,
Devon, SW England (this particular slag is described with some
detail but no analyses are available) (Tylecote et al., 1989; Malham,
2010); small size slags found in a geological borehole and dated to
the Middle Bronze Age (~1400-1100cal BCE) from St Renan in
Bretagne, W France (Mahé-Le Carlier et al., 2001) and Roman tin
slags from Centum Cellas, Belmonte, Portugal (Merideth, 1996).
Many of these slags underwent chemical and mineralogical
analysis. These analyses showed that ancient tin slags are
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Fig. 1. Maps with: (a) major tin fields in Western Europe and location of Carvalhelhos hillfort and Centum Cellas Roman site (both with tin slags); (b) distribution of tin occurrences
in Northern Portugal based on geological database (SIORMINP-LNEG). Note that the distribution and density of tin occurrences may have a strong relationship to 20th century tin

extraction activities.

Table 1

List of ancient (Pre-Medieval) tin slags from Western Europe with some information about physical and chemical characteristics and notes on local/regional ores.

Chronological Size, colour
attribution and texture

Tin slags Finding context

Elemental, microstructural or other
characteristics areas

Notes on cassiterite ores from local or regional

Centum Cellas, Beira Roman, 1-3
Baixa, Central century CE
Portugal
(Merideth, 1996)

St Renan, Bretagne, W Middle
France (Mahé-Le  Bronze Age

Medium size (1 Archaeological
—4 cm); Dark; excavation of a
Vitreous Roman context

Small size, 1
—2mm

Geological
borehole

High Sn, Ta, Nb, Fe and Ti values; 5—17% SnO,, 6 Cassiterite ores are present in both primary and
—14% Nb,0s, 9—12% Ta,0s, 25—30% Fe,03 and secondary deposits. Associated with W or Ta-
8—16% TiO,. Slags under furnace testing shows Nb. Cassiterite does frequently show banded
to begin to soften at 1200 °C and total fusion at regions rich in elements such as Nb, Ta, Ti and
~1400°C. Fe.

Regional minerals are very Sn rich and contain
a low amount of impurities.

Slags with different compositions and
microstructures. Some still have unaltered

Carlier et al., 2001)

cassiterite grains with associated minerals

(quartz and feldspar) from the primary rock.
Vitreous matrix can show absence of Sn or can
be composed by Sn, Si, Al, Fe and Ti oxides.
Some show dendrites of SnO, and others
metallic Sn prills inside.

Caerloggas Downs,  Early Bronze Seven pieces of Found at a ritual
Cornwall, SW Age (~1600  slag
England (Malham, BCE)

2010; Tylecote
et al.,, 1989)

Discovered in a
bead of slag hearth inside one
with reddish  roundhouse of a
colour; ~3 mm LBA settlement
size

Dean Moor, Devon, Late Bronze
SW England Age
(Malham, 2010)

Single tiny

enclosure (burial) Glassy microstructure, iron silicate slag with
pure metallic tin prills (some visible with the
nacked eye). Single area scan ~40%Sn0; ~31%
Si0,; ~13%Al,03; 4%Fe0; ~3%W; ~1.5%Ti0Oy;
others <1%.

(no analyses available)

Slag with ~41%Sn; begin to soften at 1050 °C. Rich cassiterite ores, frequent presence of W

and Ti. Very low amounts of Ta and Nb (<0.1%).

Rich cassiterite ores, frequent presence of W
and Ti (Ti possibly in higher amounts than in
Cornish ores). Very low amounts of Ta and Nb
(<0.1%).

heterogeneous at micro and macro levels, and that both composi-
tion and microstructure are strongly influenced by the geochem-
istry of the ores used (Malham, 2010). The type of gangue minerals
in the ore specimens, the manner in which the ores were processed,
as well as fluxes added and smelting technology, can also directly
influence the characteristics of the slags.

The rich cassiterite resources of Iberia were exploited at least
since classical times. Ancient authors such as Strabo (end of 1st
century BCE to beginning of 1st century CE) and Pliny the Elder (1st
century CE) commented on the richness in ores of the Iberian
Peninsula and on the Cassiterides or Tin Islands, representing the
first vague knowledge of the Greeks that tin was found overseas
somewhere in or off Western Europe (Comendador Rey et al,
2008). Pliny the Elder in his work Historia Naturalis (Book XXIV)
(Pliny, 1938) specified the origin of the tin traded to the Mediter-
ranean by the Punic as “it is now known that it is a product of
Lusitania and Gallecia”. These two regions represent the modern

northern and central Portugal, and the Spanish Galicia and
Extremadura regions, which are also coincident with the Iberian tin
belt.

The early presence, from Late Bronze Age, of artefacts with
Mediterranean affiliations at inland tin-rich contexts have
frequently been suggested to relate to trade routes involving min-
eral sources (Vilaca, 2006; Senna-Martinez, 2011). Also, Phoenician
settlements in the Portuguese Atlantic coast from the early first
millennium BCE are known, that provided navigable access to both
the sea and the inland tin-rich areas through major rivers, and
acted as trading-stations (Arruda, 2009; Wachsmann et al., 2009).

Indirect field evidence for early tin exploitations has been found
during archaeological excavations or during the (re)opening of
mining works for tungsten and tin exploitation during the first half
of the 20th century. For the area to the north of the Douro River
more than twenty tin mining sites were described to have “old”
works in the mining engineers’ reports (Meunier, 2011). These
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mining reports in some occasions also included the finding of
archaeological remains, most frequently Roman coins and ceramics.
Findings of earlier periods include the crushing and grinding stone
tools at Tuella Tin Mines (Ervedosa, Vinhais, N Portugal) that were
believed to have served to process cassiterite during the proto-
historic/Bronze Age(?) period (Veiga Ferreira and Castro, 1949;
Fernandes, 2008); the Late Bronze Age dagger found during tin
mining works at Lameiras (Orgens, Viseu, C Portugal) (Vilaca et al.,
2014); or the mining stone tools found at the Late Bronze Age/
Orientalising site of Cerro de San Cristobal (Logrosan, Central
Spain), a settlement established adjacent to a cassiterite mining site
(Merideth, 1996; Rodriguez Diaz et al., 2013).

Despite the indirect evidences for cassiterite exploitation, clear
material evidence for tin smelting is so far very scarce in the Iberian
Peninsula, as elsewhere. Besides the Roman slags from Centum
Cellas (Merideth, 1996), only the Carvalhelhos hillfort (Boticas, N
Portugal) has been described in the literature to have tin slags and
ore (Maia e Costa, 1966; Beagrie, 1985; Tylecote et al., 1989; Rovira,
2007).

Carvalhelhos hillfort is an Iron Age site where numerous slags
were found during old archaeological works, and approximately
200 kg of cassiterite (nowadays lost) were found by local in-
habitants in a cache at a slope of the site facing a nearby stream
(Ribeira das Lameiras) (Santos Janior, 1984). An early analytical
study of one of the slags was made by Maia e Costa (1966) who
attributed it to tin production. Yet, the slag analysed showed a
relatively low Sn content (~2 wt% SnO) and a high Fe content
(~65 wt% Fe;03) causing Tylecote et al. (1989) to suggest that the
slag was possibly a product of iron metallurgy and not one of tin. In
contrast, Maia e Costa (1966) had argued that the relatively low Sn
content was due to the presence of unreacted Fe oxides (hematite
or limonite ores) that were intentionally added (in excess) to serve
as a flux in the absence of Ca, suggesting that it was an ingenious
way to overcome the lack of knowledge on the cassiterite ores
composition, namely their silica content.

The Carvalhelhos hillfort is located in a region with a high
density of tin ore occurrences (Fig. 1b). Despite its location and the
large amount of slags found at the site, since the 1960's and the
later 1980's, the archaeological materials and the site never un-
derwent a re-evaluation. Given the importance that tin metal had
for bronze production in ancient times and the limited known re-
gions with tin resources in the Old World, a re-evaluation of the site
and its metallurgical related materials appears to be mandatory.

Thus, in the present work, detailed analyses of tin slags and a
few other materials from the site will be presented. Also, the
geological context of the site will be described, and a pilot field
survey to collect cassiterite in nearby locations included. The ana-
lyses of these cassiterite samples and associated minerals provide
complementary information to the study of the tin slags compo-
sition. The aim is to provide new and more comprehensive data
from Carvalhelhos hillfort to allow a clearer recognition of the site
as related to ancient tin production.

2. Details on Carvalhelhos hillfort and archaeological
materials selected for analysis

The Carvalhelhos hillfort is located in Northern Portugal, in the
Beca parish (Boticas municipality, Vila Real district, Tras-os-Montes
region) and was excavated between the early 1950's and 1980's,
through several campaigns directed by J.R. dos Santos Jtnior
(Santos Janior, 1984).

The site possesses an outstanding defensive complex system
composed by two walls, three ditches and a chevaux-de-frise field,
despite having a very small inner area (about 1 ha) (Fig. 2a). Due to
the rather emblematic defensive structures, the site was classified

by the Portuguese government as of national interest (Imdvel de
Interesse Piiblico) in 1951.

Inside the settlement a number of circular and rectangular do-
mestic structures were found, and many materials were exhumed
from the site, but unfortunately no detailed records were made.
Additionally, the archaeological materials and documents were
distributed among various regional museums and institutions
during the decades of excavations, hindering a comprehensive
evaluation of the site. Among the collected materials are several
kilograms of slags, fragments of pottery of “castreja” typology
attributed to 2nd century BCE-1st century CE, some metal artefacts
such as fibulae, rings and pins, and a few Roman coins that can be
dated to 26-25 BCE and 41-54 CE (Fonte, 2015).

In general, the site can be considered one of the numerous NW
Iberian Iron Age hillforts (“castros” in Portuguese and Spanish),
many of which appear to have been constructed during the 8th
century BCE, or even earlier (during the Late Bronze Age), and were
occupied until the early Roman presence in the NW Iberian terri-
tory (Jorda Pardo et al., 2014). Based on the recent re-interpretation
of the material culture of the site (Fonte, 2015), a more restricted
chronology for the Carvalhelhos hillfort has been proposed, be-
tween the 2nd century BCE and the 1st century CE.

In NW Iberia, the hillforts are normally located in elevated po-
sitions. However, the Carvalhelhos hillfort is located at a slope near
a stream bend (Ribeira das Lameiras), with a very limited visual
prominence (Fonte, 2015). From the site facing the stream there is
an easy accessibility but the mobility along the stream would be
difficult since the valley is quite deep. Agricultural productivity in
the vicinity of the hillfort was presumably limited due to the steep
slope of the terrain and its rocky characteristics.

After years of excavations, Santos Jinior developed a familiarity
with the region, and concluded that “the inhabitants of Carvalhel-
hos were skilled miners who exploited the cassiterite tin ore (...)
which was exploited in some pits dug on the periphery of the
village”. He interpreted the cache with 200 kg of cassiterite as a
“hiding place made by the inhabitants in the imminence of an
attack, possibly by the Romans” (author's translation) (Santos
Janior, 1984).

For the present study, three slag fragments (A-S1, A-S2 and A-
S3) that resembled the descriptions of early tin slags, namely
blackish colour and vitreous aspect (Tylecote et al., 1989), were
selected for detailed analysis. Also, a reddish slag (A-Fe), likely from
iron metallurgy, was selected to check if this type of slag has small
amounts of Sn, and thus provide a connection to the slag studied
earlier by Maia e Costa (1966). Additionally, two ceramic fragments
(A-C1 and A-C2) were selected from a large quantity of ceramic
fragments which could have been part of some smelting structure
and/or metallurgical vessels, but which fragmentary state did not
allow a clear evaluation. The bulky shape of the selected fragments
and the absence of a slagged layer would rather relate them to
some structure and not a crucible. The larger of these fragments (A-
C1) shows a dense side with a blackish colour and opposite a
powdery side with grey colour. The smaller sample (A-C2) presents
two distinct areas of different colours, one blackish and the other
reddish. The reddish side shows some magnetism when brought
close to a magnet. Images of the selected materials are presented in
Fig. 2b.

3. Tin ores and geological context of Carvalhelhos

The most important mineral source of tin is cassiterite (Sn0;), a
chemically stable and heavy mineral with a density between 6.8
and 7.1 g/cm>. Pure tin oxide is colourless (or white in powdered
form), but cassiterite in its natural state is almost always brown or
black owing to the presence of impurities in the form of oxides.
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Fig. 2. (a) View of the Carvalhelhos hillfort showing the two walls and three ditches (photograph probably taken in the 1950's by unknown author, courtesy of the Centro de
Memoria de Torre de Moncorvo); (b) archaeological materials selected for analysis, which include three tin slags, one iron slag and two ceramic fragments.

Analyses of cassiterite samples from various Iberian Hercynian
Massif deposits have shown that natural cassiterite may contain
significant amounts of Nb, Ta, W or other elements, such as Fe, Ti, In,
Hg. Niobium and tantalum can be present in mineral exsolutions,
inclusions or as substitution of tin in the cassiterite lattice
(Murciego et al., 1997; Izoret et al., 1985; Neiva, 1996).

In a radius of 5 km from Carvalhelhos site there are several tin-
related mineralisation locations, and within a radius of 20 km to-
wards south and west the number of tin-related mineralisation
increases substantially (Fig. 3a). The cassiterite is present in pri-
mary and secondary deposits, and within the primary deposits it is
present in hydrothermal quartz veins and in granitic aplite-
pegmatite formations (Teixeira, 1974; Ferreira and Noronha, 1987;
Martins and Lima, 2011; Martins et al., 2011). Also, cassiterite
frequently occurs in greisens surrounding the pegmatites.

In the region, several mineralisations have been extensively
mined for Sn and W until the middle of the 20th century and to less
extent after the 2nd World War (Charoy et al., 1992; Pires, 1995).
Generally, mining in the region did not involve sophisticated or
very deep works. The mining activities included superficial hand
picking of weathered rocks, and was regularly performed “part-
time” by local inhabitants. When more organised exploitation was
attempted, diggings did never reached deeper than 20 m (Ferreira
and Noronha, 1987). In some areas, along with cassiterite,
tantalum-rich minerals were also mined (Pires, 1995). Although
mining was done predominantly at primary deposits it was
sometimes also performed at alluvial placers (Ferreira and
Noronha, 1987). About 5 km north of Carvalhelhos, in the Bessa
mining area, large cassiterite pebbles over 5cm in diameter were
still being collected during the mid-20th century.

A geochemical study of streambed sediments made by the na-
tional geological services in the first half of the 1990's (some de-
cades after the mining works ceased in the region) to prospect for Li
sources, analysed the content of Ta, Nb, Sn, W, Li and U from 592
sediment samples (Fig. 3b) (Pires, 1995). A statistical method was
used to determine geochemical anomalies from the background
and five areas were detected with Sn anomalies, one of them Car-
valhelhos. In the Carvalhelhos area, two samples with Sn anomalies
were located at the vicinity of the Carvalhelhos hillfort, in Ribeira
das Lameiras. The study concluded that Sn anomalies appeared to
be strongly connected to recent (20th century) mining activities.
Nevertheless, in light of recent studies (Monna et al., 2014), we
should not discard the idea that some of these places could also be
related to more ancient activities. The geochemical study did also
conclude that Ta and Nb were strongly correlated, and primary
sources of Sn were related to Ta and Nb in some cases, while in
others Sn was strongly associated to W. In the Carvalhelhos area,
the primary sources were described as being preferentially con-
nected to W in quartz veins, with such places located in the W-S
side of the hill where Carvalhelhos hillfort is placed.

4. Local geological survey

For the present study five cassiterite samples were collected
from five places in the 20 km range from the Carvalhelhos hillfort.
Details of the samples and their geological context can be found in
Table 2(a). From these five, two were taken from secondary sources
(C1 and C2) and three samples were taken from primary sources
(C3, C4 and C5). The two samples from secondary sources were
collected in places with Sn anomalies (Pires, 1995): (C1) at Bessa

[l cavamelhos hilfort
Litholo

N Pegmasces
[ Metasediments
[ Geaniids
[ oams

Mineral Occurrences

Carvalhelnos hilfort

Sn anomalies

@ Geochemical samples
°
.
A

Te-No anomalies
Our samples

Elevation
High

Fig. 3. Maps of the Carvalhelhos region with geological, topographic and mineral in-
formation: (a) lithological information and location of mineral occurrences of Sn, Sn-
W, W, Au and Quartz (based on geological database SIORMINP-LNEG); (b) topo-
graphic information with location of streambed sediments samples analysed in Pires
(1995) with annotated Sn and Ta-Nb anomalies. Locations of cassiterite samples
studied in the present paper are also annotated (our samples).
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Table 2
Location and description of cassiterite samples collected for the present study. (a) Type of sample and geological context. (b) Chemical characteristics of the cassiterite samples
collected.
N.° Location of  (a) (b)
sample R R - . R R X X R
Type of sample Geological Other information Cassiterite  Micro-inclusions Other associated minerals Notes
context crystals in cassiterite
C1 Carvalhais, Small Secondary In the immediacy of 20th Very pure  Zircon with Hf Quartz; Large size The purest cassiterite
Couto cassiterite deposit. Obtained century mining activities. Place cassiterite columbite; Rulite with crystals studied.
mineiro do  grains by panning. of previous geochemical cassiterite inclusions;
Bessa(4kmN (<3 mm) sampling with results showing Ciclocilicate with zircon
Carvalhelhos) Sn anomaly. and monazite inclusions;
IImenite
C2 Ribeira de Small Secondary Stream that passes at Cassiterite  (not observed) [Imenite with zircon and  High and dispersed
Lameiras, cassiterite deposit. Alluvial. Carvalhelhos site. Place of with Ta and monazite inclusions; Ta and Nb contents in
Carvalhelhos grains Obtained by previous geochemical sampling Nb in Ciclocilicates with zircon  different grains. High
(<3 mm) panning. with results showing Sn crystal and monazite inclusions.  Ti contents.
anomaly. structure
C3 “Ancient Cassiterite Primary deposit. Site depicted in a 1904 Very pure  W-rich inclusions; Quartz; Feldspar; Absence of Ta.
exploitation” grains Hydrothermal(?)/ prospector's map as “ancient  cassiterite  Bi-As inclusions; Arsenopyrite and Fe-As Presence of As in
(2 km SW (<5mm) Pegmatite exploitation”. Characterised by Ti-Nb-rich alteration products weathered associated
Carvalhelhos) among quartz a worked area of ~50 m inclusions minerals.
with altered diameter and up to ~2 m depth.
arsenopyrite
C4 Dornelas Large Primary deposit. Sample provided by an local ~ Cassiterite Presence of Quartz; Feldspar; High Ta and Nb
(9 km SW cassiterite Pegmatite. miner. with Ta and columbite and Muscovite contents. Absence of
Carvalhelhos) grains in Nb. It has  tapiolite. Zircon Ti.
pegmatite higher with Hf
amount of
Ta
C5 Gondiaes Small Primary deposit. Place that shows evidences of Cassiterite Presence of many Quartz; Albite; Muscovite Cassiterite in small
(13km SW  cassiterite Weathered past mining works (including with Ta and columbite group grains dispersed in a
Carvalhelhos) grains pegmatite very narrow vertical pits). Nb minerals (various weathered matrix of
(<5mm) in Nowadays is being explored for Ta/Nb ratios); white colour. Of easy
albite the ceramic industry. Zircon with Hf hand sorting.

(4km north of Carvalhelhos) and (C2) Ribeira das Lameiras (in
Carvalhelhos). Both samples from secondary deposits were
collected by a traditional panning method and consisted of small
cassiterite grains of <3 mm size.

Two of the samples from primary sources were collected in
places with old mining vestiges (prior to the 20th century). The first
sample (C3) was collected at an “ancient exploitation” location
2 km SW to the Carvalhelhos hillfort, based on a map dating to 1904
made by mining prospectors. The sampling place correspond to a
~50 m diameter area, which had been worked to about 2 m in
depth. A sample with cassiterite grains ranging from 1 to 5 mm size
among quartz grains was collected. The second sample (C4) comes
from Gondiaes, a more distant location (~15 km SW Carvalhelhos),
from a site located near the top of a mountain slope with old mining
work vestiges and with a modern exploitation for the ceramic in-
dustry. This sample consisted of small black grains of cassiterite in a
white weathered pegmatite matrix that could be very easily dis-
integrated by hand.

The last sample (C5) was provided by a former miner from
Dornelas (9 km southwest of Carvalhelhos). Images of cassiterite
samples from the three primary locations are shown in Fig. 4.

5. Analytical methods

Analyses by wavelength dispersive X-ray fluorescence spec-
trometry (WDXREF), variable pressure scanning electron microscopy
with an energy-dispersive spectrometer (SEM-EDS) and powder
and micro X-ray diffraction (XRD) were performed on the archae-
ological and geological samples regarding their nature and amount.
In Table 3, the type of analysis undertaken for each sample is
shown.

The results of the elemental analyses are presented in the form
of normalised oxides in wt.%. In the case of elements that can show

more than one state of oxidation, the most oxidised state was used.
Still, when appropriate, results in other oxidation states can be
presented and are annotated.

5.1. WDXRF

Elemental analysis by WDXRF were performed on samples of
the tin slags, iron slag, ceramics and cassiterite samples C2, C3 and
C6. Samples were crushed and analysed as fine particles to mini-
mise material heterogeneities and crystalline effects.

Analyses were carried out in a PANalytical XRF-WDS 4 kW
AXIOS sequential spectrometer (PANalytical B.V., Almelo, The
Netherlands) using a Rh X-ray tube and 4 analyser crystals. Ana-
lyses were performed under a He flow and in scanning mode to
allow detecting a maximum number of elements in the sample
(Z > 8). Spectra deconvolution by the iterative least squares method
and elemental quantification based on the fundamental parameter
approach with 15 certified secondary standards were performed
with the SuperQ software package using the PANalytical stan-
dardless analytical program IQ+ (PANalytical B.V., Almelo, The
Netherlands). This approach allowed a multi-elemental analysis of
the samples available in different amounts and of complex chem-
ical compositions in a relatively fast and simple mode. Provided the
high resolution of the technique, spectral interferences as overlaps
of characteristic X-rays from different elements were negligible and
elements could be detected even if present in very low amounts
(ppm).

The analysis methodology was assessed by analysing three
certified reference materials as unknown samples that contained
most relevant elements present in the archaeological and geolog-
ical samples. Results are reported in Table 4 where the average of
five analyses, standard deviation, reproducibility, and accuracy are
shown. The reproducibility is regularly within the 97—-99% range,
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Fig. 4. Cassiterite samples from the Carvalhelhos region: (a) large cassiterite crystals in pegmatite hold by a former miner in Dornelas; (b) sample of cassiterite crystals among
quartz and altered arsenopyrite from the “ancient exploitation”; (c) sample of cassiterite crystals in altered pegmatite from Gondiaes.

Table 3
Summary of analytical methods used for the samples characterisation.
WDXRF SEM-EDS XRD
powder micro mode
Archaeological samples
A-S1 Tin slags X X X
A-S2 X X X
A-S3 X X X
A-Fe Iron slag X X X X
A-C1 Ceramics X X X
A-C2b X X X
A-C2r X X X
Cassiterite samples
C1 Carvalhais, Couto mineiro do Bessa X
Cc2 Ribeira de Lameiras, Carvalhelhos X X
Cc3 “Ancient exploitation” X X
C4 Dornelas X
Cc5 Gondiaes X X
Table 4

WDXREF results of analyses to certified reference materials. Certified values, obtained values (average of 5 analyses), standard deviation, accuracy (relative error) and repro-
ducibility are reported for each element.

Silicate glass (BR C3) Ale; SiOZ P205 Kzo TiOz F9203 A5203 szo 5

Certified (wt.%) 27.1 9.9 15.6 6.9 0.1 5.4 0.78 0.6

Obtained (wt.%) 273 8.47 144 8.33 0.09 7.81 0.83 0.75

STDEV 0.54 0.1 0.23 0.13 0.02 0.24 0.03 0.03

Repr. (%) 98 99 98 98 82 97 97 96

Acc. (%) 1 14 8 21 10 45 6 25

Tin ore (BCS-355) Al Si Ca Fe Cu As Sn w
Certified (wt.%) 4.12 7.14 2.63 17.1 0.085 0.14 314 0.35
Obtained (wt.%) 3.45 5.68 2.64 222 0.095 0.09 275 0.33
STDEV 0.06 0.12 0.08 0.4 0.007 0.02 0.24 0.03
Repr. (%) 98 98 97 98 93 73 99 92
Acc. (%) 16 20 0.5 30 12 36 13 5
Blast-furnace slag (SMU 7-1-013) MgO Al,05 Sio, (e=10) TiO MnO

Certified (wt.%) 8 38.6 20.3 28.7 0.78 0.26

Obtained (wt.%) 4.4 34 222 358 0.94 0.31

STDEV 0.12 0.51 0.23 0.41 0.06 0.04

Repr. (%) 97 98 99 929 94 86

Acc. (%) 45 12 9 25 21 17

allowing a good inter-comparison of the samples. Accuracy for 5.2. SEM-EDS

most elements shows a relative error that varies from 1 to 25%. The

accuracy of the method was considered as acceptable since it was Micro-elemental analysis and microstructure examination was
used for samples of very diverse chemical compositions and strong performed by SEM-EDS on polished surfaces of samples of the tin
heterogeneity, relativising the significance of single or absolute slags, iron slag, and cassiterite samples C3, C4 and C5, without gold
chemical values. or carbon coating. In case of the alluvial cassiterite samples (C1 and
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C2) and associated minerals, analyses were made without surface
preparation.

The SEM examinations were conducted in a variable pressure
scanning electron microscope HITACHI S-3700N (Hitachi Ltd.,
Tokyo, Japan) with a secondary electrons detector (SE), back-
scattered electrons detector (BSE) and an energy dispersive spec-
trometer (EDS). The EDS is an XFlash 5010 Silicon Drift Detector
(SDD) with a resolution of 129 eV at Mn Ka, from Bruker (Bruker
Nano GmbH, Berlin, Germany). Experimental conditions were at
20kV accelerating voltage, 100—120 pA emission current and
10—12 mm working distance. The chamber pressure varied from
30 Pa to high vacuum, depending on the conductivity of the ma-
terials analysed. Standardless semi-quantitative quantifications
were made using ZAF correction procedure.

5.3. XRD

X-ray diffraction analyses were performed on tin slags, iron slag
and ceramics to identify crystalline phases. Analysis were made in
the same samples that had previously been analysed as powder in
WDXREF or in samples that had a small polished surface analysed by
SEM-EDS. For the latter, the analysis was made in a micro-XRD
mode and no further surface preparation was performed. In the
case of the ceramic samples, both modes were used.

The XRD patterns were recorded with a Bruker D8 Discover
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) using Cu
Ko, radiation, operating at a 26 angular range of 3—75°, step size of
0.05° and a step time of 1 s in a LYNXEYE linear detector, acting as
192 individual detectors. In the micro-XRD experiments, a Gobel
mirror and a 0.3 mm collimator were used that direct a small par-
allel X-ray beam onto the sample. The identification of crystalline
phases was performed using the DIFFRAC.EVA software (EVA,
Bruker AXS GmbH, Karlsruhe, Germany) and the ICDD PDF-2
database (ICDD, Newtown Square, PA, USA).

6. Results and discussion
6.1. Tin slags

The WDXRF analyses of the three slag fragments (A-S1, A-S2 and
A-S3) are presented in Table 5. Two samples from each slag were
analysed. Results show clear and relatively high Sn contents
(4—24% Sn0,), as expected for early tin slags (Tylecote et al., 1989).
They also show high Ta and Nb contents (11—14% Ta;0s and 4—8%
Nb,Os). Other elements present are 19—37% SiO,, 15—16% Fe,0s,
8—13% Al03, ~6% TiO3, 2—3% MnO, 2—3% K,0, 1-2% W03 and <1%
MgO, P05, Ca0 and ZrO,. Elements that were detected in vestigial
quantities are Ce, Y, Nd and Hf. For each slag, the two samples
analysed show similar results. The higher variations found in A-S1
can be attributed to a higher degree of compositional heterogeneity
of this slag.

The SEM-EDS analyses of polished surfaces show that the three
slags have similar microstructures, with a common type of struc-
ture next described as of type I. Some variations to this micro-
structure were found in some areas of the slags, next described as
regions of type II and III.

Type I region was the most common, and is composed of a vit-
reous silica-alumina-tin-rich matrix with thin tantalum-rich den-
drites and some isolated metallic tin globules (Fig. 5a). The vitreous
matrix shows compositional gradients in the range of 14—18%
Al,03, 30—36% Si0O,, 15—19% Fe,03, 15—-30% SnO,, with MnO, K,0,
P,0s, TiO,, Nay0, MgO, Nby,O5 and Tay0Os totalling 10—18%. The
dendrites are Ta-Nb-Ti-rich (further called Ta-rich phase), with a
composition in the range of 45—50% Ta;0s, 17—18% Nb,0s5, 22—25%
TiO,, 8—12% Fe;05 and <1% MnO. The small metallic Sn globules are

frequently in the 5—25um diameter range, with larger ones of
30—60 pm diameter. These globules are normally surrounded by a
2—5 pm layer of the Ta-rich phase. EDS area analyses of regions of
type I showed a composition in the range of 23—25% SiO,, 9—10%
Aly03, 6—7% TiO,, 18—19% Fe,05, 19—21% Sn0,, 5—6% Nb,05 and
11-12% Ta05 (with other elements totalling ~5%). This composi-
tion is similar to the one obtained by WDXRF, especially for the
samples taken from A-S2 and A-S3 slags. This microstructure shows
that liquid immiscibility occurred between metallic Sn and the
remainder of the melt, followed by the formation of a primary solid
phase of Ta-rich dendrites. But, in some areas another crystalline
phase was formed, showing thin needle-like Fe-rich structure
(Fig. 5b). Most likely, this Fe-rich phase represents a second crys-
tallisation product from the smelt.

In type I regions, besides metallic Sn globules, also metallic W
was found. In one investigated case both metals appeared together
with some Fe forming a three-phase metallic globule (Sn-metal, W-
metal, and W-Fe metal) (Fig. 5¢). The globular shape of this inclu-
sion suggests liquid immiscibility between the oxides and the
metal Sn-W-Fe. A ternary isothermal section of Fe-Sn-W system at
1200 °C (Raghavan, 2010) shows two high temperature solid pha-
ses, W and Fe;Ws, indicating that the slag must have been at
temperatures >1200°C so that these phases could have formed
from the liquid.

The type II region shows a very fine microstructure with very
small grain size (Fig. 6a). EDS area analysis shows a higher SiO,
content (~30%) and a lower SnO; content (~7%) than the region type
I. This composition shows stronger similarities to the WDXRF
analysis of one of the samples taken from the A-S1 slag (sample 1).

The type Il microstructure was observed in a peripheral region
of one of the slags (Fig. 6b). It is constituted by large euhedral Fe-Ti-
rich or Sn-Ta-Nb-rich (Sn-rich phase) crystals in a glassy matrix
very rich in Sn (~50% SnO,) without Nb and Ta. EDS area analysis of
this region showed a composition close to 10% SiO,, 6% Al;03, 4%
TiO,, 13% Fe;03, 4% Nby0s5, 53% SnO, and 9% Ta;0s. Compared to
type I and Il regions, type Il region has the highest Sn content, but
does not contain metallic Sn globules. Likely, it corresponds to a
region subjected to more oxidising conditions, resulting in the
retention of Sn in an oxidised state.

Whereas in general the observed microstructures in the Sn slags
suggest complete fusion of the smelt, one large inclusion, ~1500 pm
long and ~500 pm wide, which is not chemically homogeneous
appears to be part of original ore concentrate (Fig. 7). Two of its
largest constituents show Ta, Nb, Fe and Ti or Mn and EDS chemical
characterisation show that they are consistent with Ta-rich min-
erals, namely tapiolite and columbite. Also, some zircon crystals
with relatively high contents of Hf are present. Tapiolite and
columbite grains are separated by an intermediate phase that be-
sides Ta, Nb, Fe, Mn and Ti from the minerals does also contain Si.
This phase is probably a product of the partial decomposition of the
minerals during the metallurgical process. Moreover, the zircon
crystals show very irregular surfaces, also suggesting partial ther-
mal decomposition. The decomposition of pure zircon occurs at
high temperature (1673 °C) by solid dissociation of zircon to zir-
conia and silica (Kaiser et al., 2008). Nevertheless, the temperature
depends on impurities in the zircon crystals (such as rare earth
elements (REE)), so that its dissociation can be expected to occur at
substantially lower temperatures.

A study by Chumarev et al. (2008) showed that reduction of
minerals with higher Ta content in respect to Nb and Sn happens at
higher temperatures. As a reference, a wodginite with 70% Ta0s5
and ~10% SnO, reduces completely at ~1450 °C (with formation of
metallic tin within temperatures of 1200—1300 °C); a tantalite with
55% Ta;0s5 and 25% Nb,Os reduces at ~1350°C; and a columbite
with 10% Ta;05 and 65% Nb,Os5 reduces at ~1250 °C. By analogy, the
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Results of WDXRF elemental analysis made on archaeological and geological materials (wt.% normalised, in bold). Compositional deviation estimated according to the accuracy

of the analysis (for Zr and Ta a relative error of 25% was assumed).

MgO ALO; SiO; P,0s

K0 CaO TiO, MnO Fe,05 As;0; ZrO,

Nb,0Os SnO, Ta,0s WO;3 Others

A — Archaeological samples

Iron Slag A-Fe nd. 62 10531 11 01 012014 784 nd. nd. nd nd. nd nd
0.99 2.10 0.25 0.23 0.03 0.03 0.02 353
Ceramics
A-C1 1.10 215 58.0 0.38 6.1 0.61 0.81 0.13 10.15 nd. 0.02 nd. nd. nd. nd <2% NaO
050 344 11.6 0.03 1.28 0.15 0.17 0.02 4.57 0.005
A-C2b - black side 0.59 19.8 604 nd. 5.50 nd. 0.80 0.07 125 nd. 0.01 003 02 nd nd
027 317 121 1.16 0.17 0.01 5.6 0.003 0.01 0.03
A-C2r - red side 098 257 634 nd. 43 nd. 06 nd. 41 nd. nd nd 091 nd nd
044 41 127 0.9 0.13 1.85 0.12
Tin slags
A-S1 (sample 1) 0.70 134 368 046 250 0.7 66 24 146 nd. 024 36 39 115 13 <1% Nao
032 2.14 736 0.04 053 0.18 1.39 041 6.57 0.06 090 0.51 2.88 0.07
A-S1 (sample 2) 041 9.84 292 0.12 2.16 0.50 695 3.04 180 nd. 037 595 7.60 137 201 Vestiges of Ce
0.18 1.57 5.84 0.01 0.45 0.13 1.46 0.52 8.1 009 149 099 343 0.10
A-S2 (sample 1) 048 9.50 259 044 2.30 0.58 6.00 250 165 nd. 046 740 146 11.6 1.60
022 152 5.18 0.04 0.48 0.15 1.26 043 7.43 012 1.85 1.90 2.90 0.08
A-S2 (sample 2) 023 8.11 239 0.06 1.86 0.61 591 270 182 nd. 048 559 170 135 1.69 Vestiges of Y, Ce, Nd
0.10 1.30 4.78 0.005 0.39 0.15 1.24 046 8.2 012 14 22 34 0.08 T
A-S3 (sample 1) 039 7.80 202 028 17 04565 23 153 nd. 047 8.10 234 115 150
0.18 1.25 4.04 0.02 0.36 0.11 1.37 039 6.89 0.12 2.03 3.04 2.88 0.08
A-S3 (sample 2) 024 7.15 19.0 0.10 146 0.65 596 252 159 nd. 046 8.19 244 122 156 Vestiges of Ce, Hf
0.11 1.14 3.80 0.01 0.31 0.16 1.25 043 7.16 012 205 3.17 3.05 0.08 ’
C - Cassiterite samples
C3 “Ancient exploitation” nd. 40 96 nd. 028 0.17 140 nd. 123 9.3 nd. 23 60.7 nd. nd.
064 1.92 0.06 0.04 0.29 551 335 0.6 7.9
C2 Ribeira das Lameiras (two cassiterite grains) nd. 12.7 312 nd. 18 nd. 74 30 94 nd. 01 42 26.7 28 063
2.03 6.24 0.38 1.55 051 4.23 0.03 1.05 347 070 0.03
C5 Gondiaes (sample 1 less gangue) nd. 180 21.0 nd. 1.90 0.36 0.07 0.071 069 nd. 0.05 0.66 54.0 1.10 n.d.
2.88 4.2 0.40 0.09 0.01 0.01 0.3 0.01 0.17 7.0 0.28
C5 Gondiaes (sample 2 more gangue) nd. 208 348 nd. 194 nd. 0.10 nd. 0.52 nd. 0.03 0542 36.1 097 n.d.
333 6.96 041 0.02 0.23 001 0.14 4.69 0.24

tapiolite and columbite minerals found in the slag (with 70% and
50% Tay05) would represent those with the highest Ta contents
originally present in the smelt. Consequently, most of the minerals
in the original ore concentrate would have smaller Ta contents, and
would have decomposed at temperatures <~1350°C.

The XRD patterns of the three tin slags provide very similar
results. All can be explained based on a combination of TaO,,
FeTaO4, FeNbOg4, FeNbyOg and MnTiOs crystal structures (Fig. 8).
From these, TaO; clearly points out to a reducing atmosphere in the
metallurgical operation.

Past studies about phase transformation during metal reduction
of natural iron-manganese tantalum niobates with carbon when
heating to high temperatures (generally >1400 °C) have shown that
intermediary products are suboxides (MO>) and final products are
oxycarbides (MCx(MCxQy)) (Chumarev et al., 2008; Terry et al.,
1994).

Generally, based on the slag's microstructure one can suppose
that smelting temperatures could have been higher than
1200—1250°C to allow the decomposition of most of the Ta-
containing minerals and allow the formation of three phase Sn-
W-Fe metallic globules, but lower than ~1400 °C since very rich
Ta minerals only decomposed partially, and the final crystal phases
formed are predominately oxides and not oxycarbides.

When compared to other European ancient tin slags, the size,
colour, composition and microstructure of the Carvalhelhos slags
show closer similarities to the Centum Cellas slags (central
Portugal) (Merideth, 1996). SEM-EDS area analysis of the Centum
Cellas slags showed that the tin content was generally high but
could vary between 2 and 20% SnO; while relatively high contents
of Nb and Ta were always present (6—14% Nb,05 and 9—12% Ta05).
Other elements were Fe, Ti and Mn (25—30% Fe;03, 8—16% TiO, and

~2% MnO). The microstructural studies showed that there was a
primary Ta-rich phase and another Fe-Mn-rich phase while Sn
remained mainly in the glassy matrix. The presence of small
metallic Sn globules was also observed. Given that slag composition
and microstructure are mostly influenced by the composition of the
ores used (IMalham, 2010), it can be assumed that the ores used at
both sites must have been chemically relatively similar, as formed
by Ta and Nb rich cassiterite concentrates.

6.1.1. Cassiterites

The WDXRF analyses and SEM-EDS made of the cassiterite
samples collected from two secondary deposits (C1 and C2) (Table 5
and Fig. 9) and three primary deposits (C3, C4 and C5) (Table 5 and
Fig. 10) allowed distinguishing among them based on the purity of
the cassiterite crystal and on the presence of micro-inclusions
(Table 2(b)). Complementary information of associated minerals
of relevance for the interpretation of slags composition was also
provided.

The cassiterite samples taken from the two secondary places
(alluvial), C1 (Bessa, 4km N Carvalhelhos) and C2 (Ribeira das
Lameiras, Carvalhelhos), are very different. On the one hand, the
cassiterite grains from Bessa are very pure, and only zircon in-
clusions (with Hf) were found. On the other hand, the cassiterite
grains from Ribeira das Lameiras showed relatively high amounts of
Ta and Nb in their crystal structure. The associated minerals from
both sites — that were present at the last stage of the panning and of
dark colour — showed the presence of a cyclosilicate, possibly beryl,
with micro-inclusions of monazite ((Ce,La,Nd,Th)PO4) and zircon
(without Hf). In the case of the C1 sample (Bessa), a relatively large
crystal of Fe-columbite was also found; a rutile (TiO2) crystal with
needle-shaped cassiterite crystals on the surface; and a silicate
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20.0kV 12 1mm x180 BSECOMP i Lo sogum, Il 96.0kV12-8mim 800 8 SECOMP

Analysis n. ALO, sio, K,0 TI0, MnO Fe,0, Nb,O, $no, Ta,0, wo,
1Ta-rich phase 24.6 0.76 8.3 16.9 49.5
2Glassy matrix 181 36.1 28 1.0 33 155 18.4 16 32

L@
- e e o 7941
20.0kV 11.0mmx900 BSECOMP: S50.0UnL Il MAG: 900 x HV: 20.0 kV WD: 11.0 mm
Analysis n. Na,0 MgO ALO, SO, PO, KO CaO TiO, MnO FeO, NbO, SnO, Ta,0, notes
1Total area 054 82 232 021 11 043 54 23 15.2 5.0 283 101
2Ta-rich phase 21:2110:69 12.2 18.1 47.9
3Fe-rich phase 0.62 2.8 7.7 203 48 38.2 9.9 6.5 9.3 influence from glassy matrix

4 Glassy matrix 0.70: 50.77 |°12:3 72831 1031 13 /067 10:70 " 2.5 13.0 16 36.3 18

(c)

[Sn)
20.0kV 11.1mm x1.80k BSECOMP MAG: 5500 x HV: 20.0 kV WD: 11.1 mm
Analysis n. Na,0 Mgo ALO, Sio, PO, K,0 Tio, MnO Fe,0, Nb,O; SnO, Ta,0, wo,
1Glassy matrix 0.88 0.77 16.4 383 0.29 3.6 1.7 3.0 149 1.2 16.5 25
2Ta-rich phase 253 0.67 9.1 17.6 47.4
3W-Fe-rich phase 43 (~47 at.%Fe) (~52 at.%W)
4Ta-rich phase 25.7 0.53 9.5 17.8 46.5
5Glassy matrix 0.47 145 34.6 35 3.8 2.8 15.6 18 15.5 4.4 3.1

Fig. 5. SEM (BSE) images and EDS analysis of the three tin slags at type I regions: (a) tin slag (A-S1) microstructure composed by long Ta-rich dendrites and Sn globules (a relatively
large globule is shown in the image) among a glassy matrix. Results of EDS analysis to Ta-rich phase and glassy matrix at the bottom; (b) tin slag (A-S3) at a region with a secondary
phase Fe-rich, besides the Ta-rich dendrites and Sn metallic globules, in a glassy matrix. At the right EDS elemental mapping and at bottom EDS chemical composition of total area
or point analyses of different microconstituents; (c) tin slag (A-S2) showing a metallic globule constituted by three phases: W-metal, Sn-metal and W-Fe-metal (chemical formula
close to Fe7W6). Elemental mapping is shown at the right and chemical composition by EDS point analyses to different microconstituents is shown in a table at the bottom.

mineral, probably topaz, with ilmenite (FeTiO3) inclusions. In the zoned Ti-Nb-rich crystals (exsolutions). Associated to the cassiterite
C2 sample (Ribeira das Lameiras), ilmenite with zircon (without Hf) was quartz and weathered arsenopyrite. The weathered products,

and monazite inclusions were also identified. besides Fe, As and S also incorporated relatively high levels of P.
The three samples from the primary deposits did also show Most likely these products are phosphoscorodite (Fe(As,P)

some differences among them. The C3 sample (“ancient exploita- 04-2H70), commonly found in weathered arsenopyrites from

tion”, 2km SW Carvalhelhos) evidenced very pure cassiterite abandoned W or Sn-mining sites (Murciego et al., 2011).

crystals with various types of micro-inclusions, of which some were The cassiterite sample from Dornelas (9 km SW Carvalhelhos)

only found in this cassiterite sample. These were As-Bi rich in- showed cassiterite crystals with Ta, Nb and Fe, with a higher con-

clusions, possibly minerals from the preisingerite group (Biz(A- tent of Ta than Nb (2.5—5% Tap0s, <1% Nby05 and <1% Fe,03). In-
s04),0(0H)) and wolframite ((Fe,Mn)WQ4) inclusions. Other clusions were of columbite, tapiolite and zircon (with ~10 wt% Hf),
inclusions were columbite ((Fe,Mn)(Nb,Ta)Og), rutile (TiO2) and and many of the columbite inclusions were zoned (exsolutions).
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20.0kV-11:3mm x270 BSECOMP

Analysis n. Na,0 MgO AlLO, Sio, P,0¢
1Total area 0.25 0.56 8.9 23.0
2Total area 0.48 0.72 123 30.2 0.57

K,0 TiO, MnO  Fe0, NbO, SnO, Ta0,
12 6.4 26 18.7 5.9 213 114
2.01 7.7 3.0 13.8 7.6 7.0 14.6

Analysis n.
1Total area
2Fe-Ti rich phase
3Sn-rich phase
4Glassy matrix

Na,0 Mgo A0, sio, TiO, MnO Fe,0, Nb,0, Sno, Ta,0,
6.1 9.9 4.1 0.40 13.4 37 53.5 8.8
0.09 0.64 7.1 0.29 17.9 42 63.2 5.2 15
3.6 7.0 0.64 18 13.2 50.3 236
0.06 6.4 238 16 127 55.4

Fig. 6. SEM (BSE) images and EDS analysis of two tin slags at type I, Il and III regions: (a) Sn slag (A-S2) showing a region type I at area (1) and a region type Il at area (2). At the right
a detail of area type II. Chemical composition of the different areas are shown in a table at the bottom; (b) Sn slag (A-S1) showing a region type III with a microstructure composed

by Fe-Ti rich and Sn-rich phases in a glassy matrix. At right an elemental mapping and at the bottom chemical composition by EDS to different microconstituents.

The C4 sample (Gondiaes, 13 km SW Carvalhelhos) showed
cassiterite crystals with Ta and low amounts of Nb and Fe (3% Ta,Os,
<1% NbyOs5 and <1% Fe;03). Tantalum appeared to be heteroge-
neously distributed, resulting in zoning of the cassiterite crystals.
Numerous inclusions of columbite with zoning (exsolutions) were
also found. Associated minerals determined by XRD and SEM-EDS
were quartz, albite and muscovite.

Based on the analysed cassiterite samples it appears that Ta and
Nb in the slags can result from (1) the presence of these elements in
cassiterite crystal (being that higher amounts of Ta are expected
since some Ta oxide structures are cassiterite-like structures (Wise
and Cerny, 1996) so that Ta accommodates better in cassiterite
crystal structure than Nb) or from (2) the presence of minerals such
as columbite, tantalite and tapiolite, as (2a) inclusions or as (2b)
associated minerals, all of which seem to be frequent in the cas-
siterites from the region.

Also, the presence of monazite and zircon as associated minerals
or inclusion (in the case of zircon) explains the presence of traces of
Ce, Nd and Hf in the slags. Moreover, in our case the presence of Zr
in the slags cannot be associated with a preferential use of alluvial
cassiterite sources instead of primary ones as proposed for other
areas (Chirikure et al., 2010).

Since tin slags result from a mixture of cassiterite crystals, their
inclusions and a random mixture of associated minerals, EDS area
analysis and WDXRF analysis of slags and cassiterite samples were
compared in ternary plots to search for signs on deliberate addition
of fluxes. Although by using different analytical techniques, affin-
ities or tendencies can become apparent.

The ternary plot with relative values of Ta, Nb and W (Fig. 11a)
show that Sn slags have Ta/Nb oxide ratios closer to many of the
studied cassiterite samples and associated columbite group min-
erals than to the general composition of the streambed sediment
samples of the region (Pires, 1995). This probably relates with
different aims and sampling methods. In the geochemical study a
granulometric separation of the sediments was made, being ana-
lysed the grain fraction of 80 mesh (177 um). In the present study
an intentional collection of cassiterite grains was made, indepen-
dently of the grain size, which probably corresponds better with
ancient tin mining actions, resulting in a better fitting of the
chemical signatures.

When Sn slags are compared to local cassiterites and columbite
group minerals from our sample regarding their relative Ta, Nb, Fe
and Ti contents (Fig. 11b and c) it is observed that the slags are
located within the cassiterites composition. Nevertheless, it should
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Fig. 7. SEM (BSE) images of a residue of original ore in a tin slag (A-S1) composed by tapiolite, columbite and zircon minerals partially altered. Chemical composition by EDS of the

different microconstituents at the bottom.
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Fig. 8. XRD diffractograms of the three Sn slags studied. Results show crystal struc-
tures that can be interpreted as a combination of TaO,, FeTaO4, FeNbO,4, FeNb,Og and
MnTiOs. One line that can be related to Ta or Nb carbides is also present.

be noted that the alluvial cassiterite samples from Ribeira das
Lameiras are those that provide the highest Fe + Ti content in
relation to Ta + Nb, and are thus crucial to provide an adequate
frame for the Carvalhelhos Sn slags. The Centum Cellas slags show
compositions relatively similar to the Carvalhelhos slags, with only
a small tendency for a lower relative amount of Ta.

The Si, Al and Fe contents of the Sn slags were also compared to
those present in the minerals that compose the pegmatites from
the region: quartz, feldspar and muscovite (Fig. 11d). Mixture lines
were drawn towards the Fe oxide vertice, which represent an
element present in many other associated minerals, including
cassiterite. It is shown that composition of Sn slags coincide prac-
tically with the mixture line of the feldspar with a Fe-bearing
mineral, which is also between the quartz and the muscovite
lines. This may indicate that all these three minerals could have
entered equally into the smelt.

Finally, and based on the present results, we found no indication
for an intentional addition of Fe oxides to the tin smelt as suggested
by Maia e Costa (1966).

6.2. Iron slag

The WDXRF analysis of the iron slag shows that it contains ~80%
Fe,03, ~10% SiOy, ~6% Al;03, ~3% P20s5, ~1% K»0 and <1% Ca0, TiO;
and MnO (Table 5). Given the high Fe content and absence of Sn,
this material shows no relation to Sn metallurgy, but rather re-
sembles a typical product of iron metallurgy. Comparing this ma-
terial to the previous slag analysed by Maia e Costa (1966), some
similarities can be found, including a relatively high Fe content
(~65% Fe;03), presence of Si and Al oxides (~20% and 10%, respec-
tively) and presence of Ti, Mn and P in low amounts. The real dif-
ference between both slags appears to be the presence of small
amounts of Sn (~2% Sn0-) in the slag discussed by Maia e Costa
(1966).

The SEM-EDS analysis of the present slag (Fig. 12) showed that it
contains small amounts of metallic iron and wustite surrounded by
large amounts of fayalite, and many alteration products (corrosion
undergone during burial). The metallic iron is present as particles
up to 50 pm, but larger particles appear to have existed that were
severely affected by corrosion. Particles of wustite often appear to
be dendritic, indicative of a primary solid phase. Islands of a
eutectic structure, leucite (KAISi;Og), are frequent, and these are
also commonly observed on Fe slags (Friede et al., 1982; Soulignac,
2017). Elemental mapping of these particles revealed a discontin-
uous phase of wustite surrounded by more than one phase with
compositional variations in Al K, Si or P elements (Fig. 12).

The XRD pattern of a powder sample shows the presence of Fe
oxide-hydroxides corrosion products, such as lepidocrocite (vy-
FeO(OH)), and reveals the presence of quartz (SiO;), fayalite
(Fe)SiO4), magnetite (Fes04) and possibly wustite (FeO) and
goethite (a-FeO(OH)). The micro-XRD pattern of the small polished
area observed in SEM-EDS shows fayalite. This indicates, as did the
SEM images, that fayalite make up most of the analysed area of the
slag.

Interpreting the slag in terms of local metallurgy is challenging,
since systematic studies of Fe-slags from the site are absent, and it
is difficult to distinguish among iron smelting or smithing slags
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Fig. 9. SEM (BSE) images of examples of alluvial cassiterite and associated minerals: (a, b) cassiterite grains from C1-Bessa; (c) cassiterite grain from C2-Ribeira das Lameiras; (d, e)
associated minerals from C1-Bessa; (f) associated minerals from C2-Ribeira das Lameiras. At the bottom a table with results of chemical composition by EDS total area analyses to

cassiterite grains is shown.

based only on their composition and microstructure. Both can show
the same type of composition and phases (Selskiene, 2007) and
even smithing slags can show significant variations based on
aspect, mineralogical and chemical composition (Serneels and
Perret, 2003). Possibly, future studies can focus in the iron metal-
lurgy of the site by studding a large sample of slags. Still, the pre-
sent slag shows that besides tin metallurgy, iron metallurgy was
also performed at the site.

6.3. Ceramics

The WDXRF elemental analyses of the two ceramic fragments
(A-C1 and A-C2) show that they have similar chemical composi-
tions (Table 5). They consist on 58—63% SiO;, 20—25% Al,03, 4—12%
Fe,03 and 4—6% K,0 with some smaller amounts of ~1% MgO and
<1% TiO, and MnO. The very low amount or absence of CaO in-
dicates the use of non-calcareous clays and the relatively high
potash contents (4—6% K,0) points to the presence of clay minerals
such as illite.

Beside the presence of elements related to the ceramic material
other elements were detected that can be related to Sn metallurgy.
Small amounts of Sn (<1% Sn0;) were detected in the ceramic A-
C2b and A-C2r, and Nb was detected in A-C2b (0.03% Nb,Os). The
presence of these elements in small amounts could suggest that
these fragments were part of a metallurgical structure, as for
example a furnace wall or lining. Sn-rich vapours can easily be
released from silicate melts (Debroy et al., 1990), resulting in the
reaction and incorporation of this element in other structure ma-
terials. This would mean that beside tin slags, during the old
archaeological works also refractory materials were collected.

The XRD analysis made on the two samples from Carvalhelhos,
in powder and micro-XRD modes, show different but comple-
mentary diffraction patterns on both sides of the ceramics (Fig. 13).

Sample A-C1, in the grey and powdery textured side has strong
quartz (SiO,) and K-feldspar (KAISi3Og) crystal patterns, besides
mullite (AlgSi»013) and hematite (Fe,Os, Fe[lll]). The black and hard

side shows mainly a maghemite (y-Fe,0s3, Fe[lll]-deficient) crystal
structure. Maghemite can be formed as a low temperature oxida-
tion product of magnetite (Kapper et al., 2014), and indicates that
this ceramic side was subjected to a reducing atmosphere. In the
diffraction pattern of the bulk mixture that includes both sides
(powder XRD), cristobalite was found, together with a stronger
signal of mullite and absence of feldspar. From these, mullite is
rarely found in nature, and is a common product in man-made
ceramics. It is considered as a refractory material due to its high
melting point (>1800°C) and it is the only stable intermediate
phase in the Al,03-SiO, system at atmospheric pressure (Duval
et al, 2008). In studies of fired non-calcareous ceramics
composed of mixtures of kaolinitic and illitic clays with large quartz
contents, mullite and cristobalite began to be formed at
1000—1100 °C and become more abundant at higher temperatures
(Trindade et al., 2010; El Ouahabi et al., 2015).

In the present sample, the presence of a well-developed mullite
crystalline pattern with the formation of cristobalite indicates that
this ceramic must have been exposed to temperatures above
1100 °C, possibly ~1200 °C.

In the sample A-C2, quartz and hercynite (FeAl,0y4, Fe[ll]) were
found on the blackish side (micro-XRD), together with some
mullite, hematite and k-feldspar (powder XRD). On the reddish
side, quartz and hematite were detected at the surface (micro-XRD)
and hercynite was also found in the powder analysis (although this
can result from some contamination by the black zone). In this case,
the black area clearly was subjected to reducing conditions.

Analyses of pyrometallurgical structures of the same period as
Carvalhelhos hillfort are rare. Bulk analyses of silver-smelting
furnace walls from Rio Tinto (Southern Iberian Peninsula) from
the 1st to 2nd century BCE revealed a chemical composition of
65—71% Si0,, 18—20% Al,03, 3—7% FeO; 4—6 K,0,1—2 MgO and ~1%
TiO,, not so different from the Carvalhelhos fragments. Experi-
mental refiring tests of these furnace walls suggested that they
were subjected to temperatures of 1200 °C for approximately ten
hours (Freestone and Tite, 1986), revealing the adequacy of this
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Fig. 10. SEM (BSE) images of cassiterite samples and some EDS elemental maps from: (a,b,c) C3-“ancient exploitation”; (d,e,f) C4-Dornelas and; (g,h,i) C5-Gondiaes. At the bottom a
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type of material for pyrometallurgical operations.

6.4. Some final discussion

The Sn slag fragments are of relatively large size, if compared to
the few Pre-Roman Sn slags found elsewhere, and of comparable
size and composition to the ones found in Centum Cellas Roman
site (central Portugal). The Sn slag's composition is consistent with
the smelting of local/lberian cassiterite ores and results suggest
that there was no need for intentional addition of fluxes, especially
if associated geological materials also entered in the smelting
process due to an incomplete/not careful separation of ore and
gangue. Smelters could have seen practical advantages in not
making a very careful ore beneficiation: besides reducing the time
of ore concentration, the smelting could be facilitated due to the
production of a silica-alumina slag where all the impurities of the
cassiterite (namely Ta, Nb, Fe, Ti) could be retained while metallic
tin was produced.

Temperatures attained in the smelting process seem to have
been above 1200°C, likely in the order of 1300°C, given the
decomposition of columbite group minerals that have higher
decomposition temperatures than cassiterite. The analysis of the
ceramic fragments, which appear to have been part of some
smelting structure, do also suggest that temperatures higher than
1100 °C were attained at the centre of the charge (walls and bottom

of smelting structures are exposed to lower temperatures than the
centre of the charge).

The position of the site at a relatively low height and near a
stream bend, together with the finding of a cassiterite cache be-
tween the site and the stream, can suggest that alluvial cassiterite
could have been exploited contiguous to the site. The Ribeira das
Lameiras stream contains large rocks that naturally trap sediments,
allowing accumulating and renewing of deposits containing
cassiterite. Also, the cassiterite samples that provided (by their
own) the most similar chemical composition to the slags were the
mixture of cassiterite grains panned from Ribeira das Lameiras.

Nevertheless, the tin production in Carvalhelhos could have
relied on a mixture of cassiterite sources (that could include very
pure cassiterite and associated columbite group minerals) instead
of a single source of cassiterite (with Ta and Nb). Both primary and
secondary sources could have been exploited and used for tin
production since there are numerous areas in the Carvalhelhos
immediacy with an easy extraction of both types. The recognition of
cassiterite from various origins and its differentiation from other
dark coloured mineralisations, such as wolframite, could be made
by testing of the physical and pyrometallurgical properties of the
minerals.

The present work shows that at least for the Iberian Peninsula,
cassiterite concentrates with relatively high Ta and Nb contents
were available and used since a late period in the Iron Age. Some
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questions can be raised about the selection and use of different
types of cassiterite at different regions and periods, with implica-
tions in the development of metallurgical extraction technologies/
skills (e.g. if specific temperature or reduction conditions were
needed to reduce ores with different impurities, or improve re-
covery rates).

Recent smelting experiments made by some of the authors
(Figueiredo et al., 2017) to produce tin using two sources of NW
Iberia cassiterite (one of the sources was C5, Gondiaes, 13 km SW of
Carvalhelhos) by open and small size fire structures resulted in a
very high Sn loss due to volatilisation (up to 80%). And despite the
use of cassiterite ores with Ta and Nb the composition and micro-
structure of the resulting slags were rather different from the

Carvalhelhos slags. Generally, the experimental slags showed much
lower Sn, Ta and Nb contents than the Carvalhelhos slags, with
absence of the Ta-rich phase in the microstructure. Only a small
number of slags with brown or yellow colour (named type 3)
showed a higher Sn content, but Ta and Nb were still in relatively
low amounts (<3%). The Ta/Nb oxide ratio from ores to slags was
either kept or showed a tendency for a relative loss of Nb with
respect to Ta, allowing some inter-comparison between ores and
slags. Although further experiments should be made, so far it can be
suggested that the retention of Sn, Ta and Nb in slags should be
favoured by closed smelting structures and/or by incomplete re-
actions, minimising losses by volatilisation. Very high Ta and Nb
contents in the slag would result from a better extraction of Sn to
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metal than the one obtained in the experiments, or the use of ore
concentrates with much higher Ta and Nb contents than those
used.

At least for the Iberian Peninsula, relationship among the Nb and
Ta contents (or other elements such as W and Ti) in slags and
original ores could be further investigated. Although not providing
a straight answer to provenance issues, such studies in some cases
could point to the use of some specific source of cassiterite ore in
respect to another, especially in regions were differences in the
chemistry of ores are significant. And regarding bronze production
in Pre-Roman times, where vast discussion has been raised on the
basis of slags with Sn and Cu species (Rovira, 2007; Rovira et al.,
2009; Figueiredo et al., 2010; Valério et al., 2013), the search for
the presence of Nb and Ta (as well as W and Ti) in slags could
provide indirect information about the use of cassiterite instead of
metallic tin for bronze production. In other words, the idea of trade
of cassiterite instead of metallic tin and its direct use in smelting
operations for bronze production could be reinforced if a combi-
nation of some of these elements would be present in slag; on the
contrary, the absence of these elements would point out to the use
of metallic tin or to the use of relatively pure cassiterite (which also
does exist in NW Iberia). The detection and discussion of these
elements has only been made recently in the work of Renzi and
Rovira Llorens (2016), dealing with the Phoenician metallurgical
vessels from La Fonteta (Alicante, Eastern Spain). In some vessels
Nb and Ta was detected indicating the use of cassiterite in a
cementation process for bronze production. Given the absence of
mineral deposits in the site's surroundings, this finding could be
interpreted as an evidence for the exploitation and integration of
the Iberian Hercynian Massif cassiterite deposits in a wide com-
mercial network during Phoenician colonisation.

7. Conclusions

The present study has shown new results regarding the pres-
ence of tin slags at the Carvalhelhos hillfort, that was occupied from
Late Iron Age to Early Roman period (2nd century BCE-1st century
CE). It has now been demonstrated that metallic tin was produced
at the site.

The studied slags have relatively high Ta and Nb contents, only
comparable to the Centum Cellas slags (central Portugal) and very
different from other Western European ancient tin slags. This
shows that cassiterite with relatively high Ta and Nb contents in
solid solution, and/or a combination of pure cassiterite with
columbite group minerals (present as inclusions or as associated
minerals) were used. These types of cassiterite concentrate would
be easily available in the Carvalhelhos region, as well as in many
other regions of the NW Iberian Peninsula. Given the geological and
morphological characteristics of the region, it seems possible that
both secondary and primary sources could have been exploited
since ancient times.

The tin slags show a microstructure mostly composed of den-
drites of a Ta-rich phase, with occasional presence of a secondary
Fe-rich phase, and a dispersion of small metallic Sn globules within
a silica-alumina-tin-rich glassy matrix. The microstructure of the
slags suggests total fusion of the smelt, with the exception of the
most Ta-rich minerals (as tapiolite) and some associated zircon
inclusions that were only partially decomposed. The microstruc-
ture of the slags suggest smelting temperatures in the order of
1300°C.

The study showed that some ceramic fragments from the site
could be part of a smelting structure. Two samples studied indicate
the use of non-calcareous clays, with moderate refractory proper-
ties (judged by modern standards). The formation of cristobalite
and mullite suggests that the fragments were subjected to tem-
peratures over 1100 °C, which are in agreement with a 100—300 °C
higher temperature at the centre of the charge, corresponding to
the temperature of the slag formation. The identification of her-
cynite and maghemite shows that the fragments were exposed to
reducing atmospheres, as expected if they were in contact with a
smelting operation.

An iron slag was studied that showed absence of tin traces. This
slag suggests that the local habitants were also involved in iron
metallurgy.

In conclusion, the present study indicates that the Iberian
indigenous communities were exploiting their local tin resources
for production of tin metal, at least since the Late Iron Age-Roman
transition, with smelting operations performed inside settlements.
Future studies of the site and of metallurgical vestiges from other
Iberian hillforts may provide further evidences on Iberian tin pro-
duction extension and intensity in ancient times.
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