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ABSTRACT

We describe here the first combined isotopic and impurities study on 27 copper
artefacts found in the northwest of Spain. This study follows previous studies on the
lead isotopic composition of copper ores in three local mines that were exploited during
the Bronze Age. The levels of impurities found were clearly different from ingots and
axes with ingots having a much higher levels of impurities. It was not possible to
differentiate the origin of the artefacts only by the impurities present. On the other
hand, the lead isotopic composition indicated that all artefacts were prepared from local
ores being the “La Profunda” mine the most probable source for most artefacts which
carried out a clear radiogenic lead signature. The copper isotopic composition seemed
to be able to differentiate between artefacts from “El Aramo” mine from those from “El
Milagro” and “La Profunda” mines. On the other hand, the antimony isotopic signature

was not useful for source allocation.
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INTRODUCTION

The possibility of establishing a direct correspondence between a metallic artefact and
its ore source has always been one of the most appealing goals in the archaeological
field. As metal objects have played an essential role in most post-Neolithic societies,
metal provenance studies help the archaeologists in the investigation of ancient mining
activities, manufacturing technologies and in the reconstruction of trading routes,
allowing a better understanding of the social, economic and political practices of
ancient civilizations (Rehren and Pernicka 2008). Nowadays, scientific methods are
applied to address these archaeological questions, and isotopic analysis has gained
importance as a powerful tool for provenance studies (Desaulty et al. 2011). The
isotopic composition of certain elements in the manufactured object provides a
fingerprint that, once accurately measured, allows its comparison to isotopic data from
different possible ore sources. In most cases, it is not possible to demonstrate a clear
origin of the artefacts (Budd et al, 2000) but the measurements allow discarding ore
sources whose isotopic data is far from that measured in the artefact. In this sense, the
evaluation of lead isotopic composition is a well-established method for provenance

studies in archaeometry but requires combination with other measurements.

Lead, commonly found in minerals and archaeological metal artefacts as a trace or
minor constituent, consists of four stable isotopes: ***Pb, 2°®Pb, *°’Pb and ?**Pb. While
2%pph concentration remained constant in nature since the formation of the Earth, the
amount of °®Pb, *’Pb and ?°°Pb has changed over the years due to the radioactive
decay of ?**Th, **U and ***U, respectively, resulting in a large natural isotopic variability
(Catanzaro et al. 1968). Therefore, depending on the relative proportions of U-Th-Pb
and the radioactive decay rate of U and Th, different geological formation processes
will show variable lead isotopic compositions (Baron et al. 2014). Due to the high mass
of lead and the small relative mass difference between ?**Pb and *®Pb (~2 %), no

natural isotopic fractionation is observed, and the Pb isotopic fingerprint of the ore is



transferred unalterably to the final object during smelting and manufacturing (Villa
2009), enabling the use of the lead isotopic composition as origin indicator. First used
by Brill and Wampler (1965) and Gogler et al. (1966) 50 years ago, lead isotopic
analysis has been widely employed for the determination of the geological origin of the
metals used in artefacts such as jewellery (Yener et al. 1991), axes (Webb et al. 2006),
water pipes (Durali-Mueller et al. 2007), coins ( Stos-Gale and Gale 2009), crossbow
bolt heads (Thibodeau et al. 2012) and vessels (Mu et al. 2014), among others.
However, the possibility of mixing and recycling of copper artefacts from different
origins may obscure the lead isotopic signature of the ore sources and this fact has to
be taken into account in the interpretation of the data, particularly for late Bronze Age

objects.

With the introduction and development of multicollector ICP-MS instrumentation in the
last few decades, the interest of isotopic composition analyses for provenance studies
has markedly increased (Balcaen et al. 2010), and now, this technique is not only
applied to the study of natural variations of radiogenic elements (Pb, Sr, Nd,...), but
also to elements prone to mass-dependent fractionation such as Zn (Cloquet et al.
2008), Sn (Haustein et al. 2010), Ag (Desaulty et al. 2011) or Cu (Balliana et al. 2013).
Among them, copper is frequently used as a complementary provenance indicator to
lead isotopic composition (Klein et al. 2004, 2010; Desaulty et al. 2011). Its potential
arises from (i) the isotopic fractionation that its two isotopes (**Cu and ®*Cu) undergo
during geochemical processes (Klein et al. 2010), resulting in a small range of natural
variation (8Cu), and (ii) as pointed out by Gale and colleagues (1999), fractionation of
the isotopic composition of copper does not occur during smelting and fire refining
processes thought to have been used in ancient times. Although in the epsilon range
(€), antimony isotopic natural variation has been recently proposed as geochemical
tracer too: *?!Sb and '**Sb, with only a mass difference of 1.6 %, are subjected to

isotopic fractionation due to physicochemical processes (Rouxel et al. 2003). Only a



few publications have discussed its use as proxy for provenance studies of stibnites
and ancient glass (Lobo et al. 2012, 2013, 2014) and for tracking pollution sources in
mining regions (Resongles et al. 2015). Both studies achieved satisfactory results,
predicting a promising future for the use of Sb isotopic composition as a reliable

provenance tool.

Metal archaeological artefacts in the Copper and Bronze Ages were generally made of
copper or copper alloys such as bronze or brass, that were accompanied by elemental
impurities (As, Ag, Sb, Bi, Co, Ni, Zn...) transferred from the ore source. A typical
composition in the Copper Age and early Bronze Age in the Iberian peninsula was
arsenical copper with arsenic levels between 0.1 and 6 % (Sangsmeister 1960). The
provenance discriminating potential of the metal trace content of an artefact is still
under debate: the question about the behaviour of these elements during extraction,
smelting and casting, and if their concentration remains invariable or not along these
processes has been thoroughly discussed (Pernicka 1999; Pollard et al. 2007,
Albaréde et al. 2012). In this sense, regarding the conclusions obtained by Pernicka
(1999), and further discussed by Ling and co-workers (2013), the concentration of
elements such as gold, silver or nickel, can be considered quite stable, whereas
arsenic or antimony may be partly lost during different processes due to their volatility
and oxidation capabilities. Nevertheless, metal trace content is still useful, and a great
number of works rely on its use as a complementary tool to lead isotopic analysis

(Niederschlag et al. 2003; Kuleff et al. 2006; Cattin et al. 2011; Ling et al. 2014).

In this way, the main objective of the present work is to make use of the information
yielded by metal trace content, lead, copper and antimony isotopic compositions to
determine the origin of 27 Bronze Age artefacts found in four archaeological hoards in
Asturias (northern Spain), and if possible, to postulate hypothetical metal trading routes
exploited in ancient times. The lead isotope composition will be compared with the data

from copper ores in different ancient copper mines in the same region (Huelga-Suarez



et al. 2012, 2014a, 2014b) and with additional data published for lead isotopes in the

Iberian Peninsula.

HISTORICAL COPPER WORKINGS IN NORTHERN SPAIN DURING THE BRONZE

AGE: ARCHAEOLOGICAL CONTEXT IN ASTURIAS AND LEON

Mining has been a productive activity directly linked to the cultural, economic and social
history of civilizations. In Eurasia,many influential cultures flourished in metal-rich
areas. The use of determined minerals was not randomly performed but based on its
particular properties, resulting in the growth, evolution and transformation of ancient
communities (Rehren and Pernicka 2008). In this context, its high electrical
conductivity, its excellent recycling properties and its ease to form alloys, made copper
one the most appreciated metals. Regarding copper mining, Spain was considered one
of the main metal-producing areas in Western Europe during Bronze Age and Roman
period, with a great number of ores distributed along its territory (Carbonell Trillo-
Figueroa 1954; Fuste 1982; Armada 2005). In the north-western region of Spain, El
Aramo, El Milagro and La Profunda mines (see Figure 1) constitute the most important
testimony of ancient copper working to whom a large-scale prehistoric exploitation can
be ascribed. These three mines are situated in the Cantabrian Mountains region, with a
predominant limestone-based geological bead. Radiocarbon analyses of faunal tools
and mammals/human remains found in their galleries dated the beginning of the three
exploitations back to around the first half of the third millennium (ca. 2500 BC), partly
coinciding with the Bell-Beaker metallurgical societies, demonstrated that mining
activity continued for up to a thousand years (final radiocarbon dates were ca. 1500
BC) covering a period of time from the Copper Age to the Early Bronze Age (De Blas

Cortina 1996, 2005, 2007, 2014; De Blas Cortina and Suérez Ferndndez 2009, 2010).



Detailed data on these three mines including lead isotope ratios has been published

recently (Huelga-Suarez et al. 2012, 2014a, 2014b).

Particularly, the mining complex of El Aramo, located in the heart of the Sierra El
Aramo (center of Asturias) between altitudes of 1116 and 1223m, represents one of the
biggest subterranean prehistoric mining complexes in Western Europe, composed of
an extensive system of galleries, pits and wide excavations (De Blas Cortina 2014).
The large-scale extraction activity from this mine, with a total mass of ca. 6708 Tons
extracted, can only be explained by a strong intra and interregional demand of material.
It has been indicated that a shafthole axe from Bohuslan (Sweden) dated 1600-1500
cal. BC may have originated from this mine (Ling et al 2014). Actually, human remains
found in already exploited galleries in EI Aramo mine could be interpreted as offerings
to gods of the underworld as a compensation for such an extraction of subterranean

wealth (De Blas Cortina 2010).

No more than 70 kilometers away is situated the El Milagro mine. Located in a copper
carbonate-containing limestone hillside between altitudes of 300 and 380 m in the
Glefna River basin (eastern Asturias) (Huelga-Suarez et al. 2014a), ElI Milagro
excavations consisted in a narrow net of pits wherein ashes, burnt wood and charred
rocks remains confirmed the use of fire-setting techniques to extract the mineral. Also,
as observed in the EI Aramo mines, human remains were found within the galleries,

presumably attributed to ritual practices too.

In the neighbouring region of Leon is the La Profunda mine. Located in the southern
hillside of the Sierra de Los Currilliles at an altitude of 1486 m (Huelga-Suarez et al.
2014Db), La Profunda complex is considered the most important ancient copper mine of
the whole northern region of the peninsular Meseta due to its considerable production:
more than 18000 m® of rock and mineral with an 5% average copper content were

extracted during prehistoric excavations (Soler 1883). Rich in copper, cobalt, nickel and



arsenic (Paniagua et al. 1987), the presence of uranium minerals results in a wide
range of radiogenic lead isotopic variability, making this mine unique in terms of lead
isotopic composition. Due to its significant mineral wealth, all these three important

prehistoric mining complexes were again exploited in the last two centuries.

This large production of copper in ancient times is also confirmed by the vast number
or archaeological copper artefacts found in this region (De Blas Cortina 2011). The 27
archaeological pieces under examination come from the “Asiego”, “Gamonedo”,
“Cueva del Cuélebre” (Cuelebre cave) and “Guerafio” hoards which are described in
the Experimental part. All these hoards were located in the eastern part of the Asturian
province (see Figure 1), in the near vicinity of El Milagro mine. This region is
characterized by a copper carbonate-rich (mainly malachite and azurite) territory,
wherein the highest concentration of archaeological copper artefacts attributed to an
early metallurgy period in the Cantabrian region is recorded (De Blas Cortina 2011).
The whole group, formed by flat axes, ingots, unformed pieces and a little dagger fit
this early metallurgical period in the Cantabrian region (De Blas Cortina 2007, 2011)..
Figure 1 shows the location of the three prehistoric copper complexes of ElI Aramo, El
Milagro and La Profunda in relation to the archaeological hoards where artefacts were

found.



Figure 1. Location of mines (A) and hoards (B) in Northwest Iberia.
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Samples investigated

These 27 Bronze Age artefacts are part of the “The Neolithic and Metal Age”
permanent exhibition at the Archaeological Museum of Asturias (Museo Arqueologico

de Asturias, 2011). Photographs of the studied artefacts can be seen in the link
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provided in the reference. The artefacts were sampled many years ago and, as they
are unigue objects, less than 0.2 g per artefact in the form of metallic powder was
obtained by drilling each surface without leaving any visible damage. No other samples

for additional artefacts could be taken.

The Asiego hoard. This group of artefacts was found in Asiego, Cabrales council, in

1912, probably in a cave but without any detailed information. The whole hoard was
deposited in the Archaeological Museum of Asturias around 1950. It is composed of a
total number of 14 well-finished flat axes, of which only 11 were analysed. With a
length ranging between 175 - 212 mm and an average weight of 850 g per object
(around 11 kg of total weight), the high consumption of metal required for the melting
process and the wide technical knowledge of the producers are undoubted (De Blas
Cortina 1983, 2011). The typology is similar to other flat axes found in the north of
Portugal and other areas in northwest Iberia and would correspond to the Early Bronze

Age (ca. 2200-1700 BC) (De Blas Cortina, 1999).

The Gamonedo hoard. The set of 14 copper objects found in Gamonedo,Onis council,

were discovered by chance in 1976 after a landslide. A flat axe (127 x 54 x 13 mm), ten
ingots and three unformed metallic fragments, with a total weight of 3.5 kg, had been
carefully placed in a hole in the ground and carefully covered and protected with sherd
fragments. This totally intentional storage was commonly employed in the Bronze Age
to hide valuable objects (De Blas Cortina 1980). Ten out of these fourteen artefacts are
plano-convex ingots coming presumably from a primary melting process. These semi-
manufactured products could represent an easy way to transport such amount of

valuable material from the mining complexes to its final destination.

The Cueva del Cuélebre dagger. The dagger from Cueva del Cuélebre in Corao,

Cangas de Onis council, was found in the second half of the XIX Century after the

dismantling of the top strata of a wide shelter in the limestone cliff. In the same place a
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Neolithic polished axe was also found. The rectangular well-preserved little dagger
(“punalito”), with 175 x 30 x 2 mm dimensions and around 25 g of weight, shows
morphological similarities to Bell-Beaker metallurgy artefacts (De Blas Cortina 1983).
De Blas Cortina and Fernandez-Tresguerres (1989) proposed that this artefact could
have taken part of a funeral offering as this cave had been mainly employed for funeral

services, although other previous or later purposes could not be discarded.

The Guerafio axe. The flat axe (167 x 51 x 17 mm, 760 g) found in Guerafio near
Llano de Con, Onis council, under unknown circumstances shows a similar
morphology to those of Asiego’s axes (De Blas Cortina 1983). Drawings of the pieces
from the hoards at Asiego and Gamonedo are illustrated in Figure 2. Photographs of all
the pieces can be seen in the link provided in the reference to the Museo Arqueologico

de Asturias.
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Figure 2. Drawings of the measured copper artefacts from the Asiego and Gamonedo

hoards.

A) Asiego
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Sample preparation

Different amounts of sample ranging from 0.047 to 0.1041 g, depending on sample
availability, were placed in flat-bottom screw-cap Teflon (PFA) vials (Savillex™), and
followed the acid digestion procedure described by Cattin et al. 2011. After subsequent
evaporation to dryness, 2 mL of 1M HNO; were added, and the closed vials were

heated at 110 °C for 30 min for sample redissolution.

Finally, 200 pL of this solution were transferred to a clean polypropylene tube and
made up to a final volume of 10 mL (HNO;z; 2%, v/v) for the measurement of metallic
impurities. Depending on the concentration level expected, further dilutions were made
for metallic content determination by Q-ICP-MS (Agilent 7500ce, Tokyo, Japan).
Weighted calibration curves for the quantification of Fe, Co, Ni, Zn, As, Ag, Sn, Sb, Au,
Pb, Bi and U were considered. Y and Re were used as internal standards to correct for

matrix effects and instrument instability.

Pb, Cu and Sb isotopic analysis was performed with the remaining 1.8 mL of sample.
As isotope ratio measurement accuracy strongly depends on sample purity matrix
removal was accomplished prior to isotopic analyses for lead and antimony. The
protocol described by De Muynck and co-workers (2008) for lead isolation involving the
use of a cationic exchange resin (Pb spec™) was followed, as it had been described
that no Pb fractionation was observed during the procedure. Detailed information about
the whole separation protocol can be found elsewhere (Huelga-Suarez et al. 2012). In
the case of copper, the fraction obtained during lead isolation was diluted and
measured directly. This was possible because copper was the main component of the
samples and no matrix effects could be expected at the high dilution factors employed.
A fraction of this matrix was also considered for the evaluation of antimony isotopic

natural variation, so a combination of a cationic exchange separation followed by an
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anionic exchange chromatographic step was conducted. Detailed information of this

protocol can be found elsewhere (Lobo et al. 2012, 2013).

Lead, copper and antimony isotope ratio measurement

All isotope ratio measurements were conducted via a Thermo Scientific Neptune Plus
multi-collector ICP-MS instrument (Bremen, Germany) operating in low-resolution
mode (m/Am=400). Prior to lead isotope ratio measurement, the purified Pb fractions
obtained after matrix removal were diluted with 0.14 M HNO;, adjusting the Pb
concentration to 400 pg-L™* when possible. Blank correction was done and potential
isobaric interference of ?*Hg* on ?**Pb* was corrected for by controlling the intensity of
22Hg* and assuming a value of 0.230 for the ***Hg/?°?Hg ratio (Berglund and Wieser
2011). All samples were run in a sample-standard-bracketing (SSB) sequence with a
400 pg-L™* Pb isotopic standard solution (NIST SRM 981), and NIST SRM 997 TI
isotopic standard was also added to samples and bracketing standards to obtain a
concentration of 40 pg-L*, enabling instrumental mass bias correction by TI-
normalization (Baker et al. 2006; Rehkadmper and Halliday 1998). The removal of
outliers based on a 2s-test was done for isotope ratio calculation, and Russell equation

was used as mass bias correction model (Huelga-Suarez et al. 2012).

Both samples for copper and antimony isotope ratio measurements were in a 0.42 M
HNO; matrix run in a SSB sequence: a 1 mg-L™ Cu and Zn in-house standards was
employed for copper isotope ratio mass bias correction and another in-house standard
solution of 1 mg-L™* Sb and 1 mg-L™* In was used for Sb analysis. For low Sb-containing
samples a second in-house standard was used, 400 pg-L™ Sb and 1 mg-L™ In, for a
more accurate mass bias correction. Regarding sample availability, only 24 samples
were analysed for Sb isotopic variation, and as arsenic could not be completely

removed upon Sb purification, appropriate matrix-matching was conducted (Sbh:As
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~100). Removal of outliers based on a 2s-test was done for both isotope ratio
calculation and the revised Russell's law was applied (Baxter et al. 2006). 5°°Cu
values, employed to express the copper isotopic composition variations, were
calculated with respect to the in-house standard (Lobo et al. 2014). Sb isotope ratio
variations were expressed in €2*Sb units, calculated in comparison to the in-house
standard, whose theoretical value of **Sb/**!Sb was determined using the natural
isotopic composition (Berglund and Wieser 2011). Both instrumental settings and
acquisition parameters for metal trace analysis and isotope ratio determination are

listed in the supplementary information (on-line only) Table S1.

RESULTS AND DISCUSSION

Metal impurities

The results obtained for metal impurities are given in Table 1. Although initially thought
as bronze artefacts, the significant contribution of copper and the scarce presence of
tin observed in the 27 samples after ICP-MS analysis (see Table 1), indicate that these
objects were mainly produced of copper, and a copper-tin alloy composition could be
discarded (please note that the tin content in Table 1 is given in pg/g). Arsenic is
presented as a major constituent with concentrations ranging from 0.8 to 7.4 %,
indicating a noteworthy arsenical nature of the copper ores used for the production of
such artefacts, and allowing their classification into the arsenical copper E 01 group
typical of the Iberian Peninsula, with an arsenic concentration range of 0.1 — 6 %
(Sangsmeister 1960). Hence, De Blas Cortina (1980) suggested that these artefacts
could have been produced prior to the Bronze Age period as no high tin proportions
were found, typical of later metallurgical techniques. The highest metal trace

concentration, especially iron and uranium, is shown by the Gamonedo set of artefacts,
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mainly composed of ingots and unformed pieces. These objects are rich in impurities
and they are supposed to derive from the first step in the manufacturing chain: the
smelting of the ore. A second melting step should be sufficient to remove iron and other
easily oxidized impurities as dross, and to refine the copper before casting and
obtaining the final object (Pernicka 1999). This fact could explain the lower impurity
contents found in the already finished axes and dagger from Asiego, Cueva del
Cuélebre and Guerafio hoards In comparison with the Gamonedo samples. When
comparing the samples from Asiego (axes) and Gamonedo (ingots) we observe a clear
reduction of the contents of Fe, Co, Zn, Pb and U while the contents of Ni, As, Ag, Sb
and Bi do not seem to be drastically affected. These results are in agreement with the
calculations of Sabatini (Sabatini 2015) showing the strong affinity of arsenic to molten
copper up to a 20% mole fraction of arsenic. The chemistry of Sb and Bi is similar to
that of As while the chemistry of Ni and Ag is similar to that of Cu. As an example,
Figure S1 in the supplementary information shows the plot of the concentration of
uranium vs. the concentration of lead in all samples measured. As it can be observed,
the ingots from Gamonedo contained much higher levels of impurities than the finished
samples from the other locations. So, impurity levels were mainly related to the ore
processing level rather than to the origin of the ore used to cast the artefacts. We can
assume that the ingots from the Gamonedo hoard derived from a first processing step
and would not have been recycled as any recycling step would have decreased their

impurity levels.



Table 1. Concentration of impurities found in the artefacts. Metal concentration in pg/g except for Fe and As which are given in % w/w.
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Sample Type Fe (%) Co Ni Zn As (%) Ag Sn Sb Au Pb Bi U
AS-1 axe 0.006 14 33 30 3.08 91 0.28 318 0.23 331 304 0.004
AS-3 axe 0.001 3 158 3 2.77 26 0.09 264 0.23 28 242 0.003
AS-4 axe 0.003 3 222 10 4.24 40 0.15 123 0.15 91 47 0.023
AS-6 axe 0.004 1 297 1 1.72 40 0.18 175 0.22 19 105 0.0001
AS-8 axe 0.028 14 391 31 5.95 61 0.29 535 0.04 110 336 0.010
AS-9 axe 0.002 16 404 14 2.87 25 0.07 394 0.02 198 142 0.001
AS-10 axe 0.004 28 209 39 3.11 25 0.13 360 0.01 198 130 0.014
AS-11 axe 0.005 3 493 25 2.85 33 0.27 155 0.02 118 122 0.036
AS-12 axe 0.002 1 176 4 3.05 36 0.06 115 0.01 21 216 0.001
AS-13 axe 0.002 11 945 10 2.70 38 0.39 352 0.01 516 125 0.002
AS-14 axe 0.004 7 370 2 3.34 34 0.12 250 0.00 98 200 0.005
G-1 axe 3.79 15 66 24 1.33 122 3.66 230 0.02 154 150 2.26
G-2 ingot 3.55 763 630 2665 7.43 24 0.27 1147 0.19 2553 87 398
G-3 ingot 0.42 19 165 62 4.61 28 3.42 402 0.05 193 285 3.70
G-4 ingot 0.18 269 455 259 4.57 22 0.21 519 0.02 324 295 4.12
G-5 ingot 1.60 2 114 2 4.12 45 0.03 179 0.02 44 118 0.06
G-6 ingot 3.15 92 220 210 5.83 61 0.64 444 0.00 414 354 1.24
G-7 ingot 10.93 3174 2145 13837 6.25 19 1.50 711 0.02 5633 84 1491
G-8 ingot 0.02 38 237 126 3.87 32 0.07 240 0.05 657 59 0.08
G-9 ingot 0.04 9 197 15 4.25 18 0.06 301 0.02 191 140 0.79
G-10 ingot 0.12 369 487 307 5.12 17 0.37 486 0.03 683 103 0.41
G-11 ingot 0.07 45 280 88 5.41 29 0.22 263 0.00 951 55 0.01
G-12 ingot 0.41 256 228 590 0.83 44 0.30 648 0.01 817 177 38
G-13 ingot 0.35 317 285 831 7.22 18 0.57 626 0.00 872 166 1.55
G-14 ingot 0.13 163 193 460 6.24 30 0.40 487 0.00 711 136 6.32
Cuélebre  dagger 0.002 32 938 0 1.71 84 1.47 835 0 89 86 0.02
Guerafio axe 0.02 4 323 142 2.78 17 5.10 176 0.1 338 97 0.06




Table 2. Pb, Cu and Sb isotope data in the measured artefacts.
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Sample Type “Pb/™'Pb 2s “"Pb/”Pb 2s “FPp/Pb 2s “"Pb/’®Pb 2s “Bpp/PPh 2s 5”Cu s €%°sb s
AS-1 axe  30.1884  0.0169 16.2692  0.0113 38.5129  0.0327 0.53892  0.00010 1.27574  0.00041 0.13 0.05 1.43 —
AS-3 axe  34.2466  0.0114 16.4834  0.0060 38.5296  0.0156 0.48132  0.00004 1.12507  0.00016 0.14 0.00 4.14 0.55
AS-4 axe  20.1557  0.0079 15.7578  0.0069 38.5174  0.0186 0.78181  0.00007 1.91100  0.00026 0.09 0.05 1.21  0.17
AS-6 axe  33.9500 0.0138 16.4656  0.0076 38.5727  0.0192 0.48500  0.00005 1.13616  0.00021 0.11 — 092 —
AS-8 axe 36,5736  0.0124 16.6018  0.0058 38.5290  0.0149 0.45393  0.00004 1.05346  0.00012 0.13 0.00 241 0.18
AS-9 axe  27.9040  0.0094 16.1612  0.0064 38.5306  0.0178 0.57917  0.00005 1.38082  0.00021 0.24 0.01 1.82 0.24
AS-10  axe  25.4456  0.0101 16.0241  0.0074 38.4986  0.0196 0.62974  0.00007 1.51299  0.00026 -0.07 0.09 0.76 0.56
AS-11  axe  21.7562  0.0086 15.8343  0.0073 38.5021  0.0202 0.72781  0.00009 1.76968  0.00032 0.14 0.02 0.96 —
AS-12  axe  36.4316  0.0185 16.5809  0.0085 38.5006  0.0224 0.45512  0.00005 1.05677  0.00019 0.46 — 025 0.18
AS-13  axe  22.1009  0.0107 15.8555  0.0090 38.5113  0.0286 0.71741  0.00008 1.74252  0.00041 -0.15 0.03 3.80 —
AS-14  axe  27.6602  0.0080 16.1428  0.0053 38.5273  0.0132 0.58360  0.00005 1.39287  0.00018 0.13 — 237 —
G-1 axe  20.6884  0.0292 15.7497  0.0265 38.1054  0.0759 0.76130  0.00024 1.84195  0.00113 0.18 0.02 — -
G-2 ingot  19.0138  0.0066 15.6936  0.0059 38.5046  0.0159 0.82538  0.00007 2.02508  0.00029 0.85 — 1.29 0.24
G-3 ingot 21.8887  0.0083 15.8373  0.0062 38.5303  0.0163 0.72354  0.00006 1.76027  0.00022 -0.08 — 519 0.35
G-4 ingot  27.9655  0.0090 16.1563  0.0059 38.5157  0.0141 0.57772  0.00005 1.37724  0.00018 0.00 0.03 1.38 ~—
G-5 ingot 235773  0.0108 15.9336  0.0084 38.5212  0.0222 0.67581  0.00007 1.63382  0.00026 -0.05 — 260 —
G-6 ingot 21.7194  0.0074 15.8301  0.0065 38.4845  0.0198 0.72885  0.00011 1.77188  0.00042 0.14 — 1.71  0.21
G-7 ingot  19.4605  0.0061 15.7135  0.0056 38.4959  0.0140 0.80745  0.00009 1.97816  0.00026 0.64 0.02 4.82 —
G-8 ingot  19.7123  0.0064 15.7307  0.0053 38.5101  0.0147 0.79802  0.00006 1.95363  0.00019 -0.19 0.02 1.90 0.21
G-9 ingot  24.4120  0.0082 15.9786  0.0060 38.5247  0.0166 0.65453  0.00007 1.57809  0.00026 0.02 0.01 — -
G-10 ingot 22.6185  0.0072 15.8814  0.0061 38.5146  0.0173 0.70213  0.00007 1.70277  0.00028 0.05 — 1.48  0.03
G-11 ingot  19.4730  0.0070 15.7171  0.0062 38.5051  0.0177 0.80713  0.00008 1.97737  0.00034 -0.27 — 1.61  0.39
G-12 ingot  21.9384  0.0059 15.9468  0.0053 38.5193  0.0143 0.72688  0.00010 1.75580  0.00035 0.03 0.00 1.11  0.07
G-13 ingot  21.9909  0.0067 15.8477  0.0050 38.5082  0.0130 0.72065  0.00006 1.75111  0.00019 -0.07 — 067 0.21
G-14 ingot 21.9169  0.0094 15.8422  0.0068 38.5038  0.0183 0.72283  0.00007 1.75679  0.00022 -0.16 — 0.88 0.1
Cuélebre dagger 26.1608  0.0148 16.0472  0.0093 38.4873  0.0250 0.61341  0.00007 1.47118  0.00029 0.30 — - -
Guerafio axe  21.0183  0.0093 15.7961  0.0074 385073  0.0189 0.75154  0.00007 1.83208  0.00021 0.04 0.05 1.80 —
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Lead isotopic composition in ores from Spain

The recently conducted study of malachite and azurite samples by Huelga-Suarez and
co-workers (2012, 2014a, 2014b), allowed the characterization of the ElI Aramo, El
Milagro and La Profunda mines (see Figure 1) in terms of lead isotopic composition,
widening the lead isotope database on Spanish ores and facilitating provenance
studies of archaeological artefacts. Previous studies (Arribas and Tosdal 1994; Stos-
Gale et al. 1995; Canals and Cardellach 1997; Hunt Ortiz 2003; Santos Zalduegui et al.
2004; Montero-Ruiz et al. 2006, 2009; Klein et al. 2009) showed the lead isotopic
composition of other deposits in Spain. Based on those publications we have computed
the most probable range of isotopic compositions from those deposits using robust
statistics (Prichard and Barwick 2007). The median of the data points published was
computed together with the robust standard deviation calculated as 1.483 x MAD
where MAD is the median of the absolute deviations from the median of the data
points. Those most probable ranges are given in Table S2 in the on-line supplementary
information. As it can be observed, the most discriminating ratios between the different
sources are the 207/206, 208/206 and 206/204. The ratios 207/204 and 208/204 are
fairly constant between the different locations. The clearly radiogenic characteristics of
lead isotopes in the three local mines (Aramo, Milagro, Profunda), with a 206/204 ratio

higher than 19, makes them easily differentiated from other sources within Spain.

Lead isotopic composition of the measured artefacts

The measured lead isotope ratios of the objects studied in the present work are
summarised in Table 2, and a visual representation together with the most probable
ranges for Spanish ores is shown in Figure 3 (207/206 vs 208/206) Figure 3A
compares the artefacts with the ranges observed for the three local mines while Figure

3B compares the artefacts with other published data for Spain, particularly the



20

Northeast, Southeast and Southwest. The same representation for the ratios 207/204
vs 206/204 in comparison with the three local mines is given in the supplementary
information Figure S2. As it can be seen in Figure 3A, these three northern mines
exhibit a highly radiogenic lead isotopic fingerprint characterised by low **Pb/**°Pb and
27pp/2%ph values, high 207/204 and 206/204 values and a larger isotopic variability,
clearly different from that of the rest of the Spanish ores (Figure 3B) and also from
other European and Mediterranean metal-producing regions (Huelga-Suarez and co-
workers, 2014b). It is clear that the uniqueness of the ElI Aramo, El Milagro and La
Profunda mines is undoubted. As it can be also observed in Figure 3A, the lead isotope
ratios found in the whole group of artefacts studied show a remarkable radiogenic
nature (*°Pb/?**Pb: 19.014 — 36.574, *°’Pb/*®°Pb: 0.454 — 0.825, *®*Pb/*°°Pb: 1.053 —
2.025) and fall within the variation interval of these three mines. In the case of Figure
3B only a few samples from Los Pedroches (Cérdoba) overlap with two of the samples
from Gamonedo. However, by looking at the probable ranges shown in Table S2,
computed from 49 data points from Los Pedroches, none of the samples overlap with
other Spanish ores. So, we are proposing this three local mines as potential ore source
candidates. We have to take into account also their extensive production during the

Bronze Age period and proximity to the hoards.

Careful attention was paid to the historical information of each hoard in combination to
lead isotope ratio results obtained. At this stage, we dare to say that at least 10 of the
11 axes from the Asiego hoard were made with copper from La Profunda mine, and
that El Milagro mine could be the source of the other one (AS-4). Dated back to 2200 —
1700 cal. BC (Early Bronze age), in a “development stage of the metallurgical regional
societies”, the morphology of these objects seems to resemble to that of the dominant
types of north-western Iberia, in particular to those in the Duero-Mifio interfluvial region
(De Blas Cortina 1999). The high proportion of La Profunda-derived copper artefacts

suggests that the whole set could have been produced from ores obtained in this mine
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(see below for copper isotope ratios) On the other hand, the dagger from Cueva del
Cuélebre was manufactured clearly from ores from La Profunda mine while the axe
from Guerafio could have originated either from La Profunda or ElI Milagro mines.
Finally, the ingots from Gamonedo show variable compositions. It seems that 9 out of
the 14 samples originated from La Profunda while the 5 other samples could originate

both from El Milagro or El Aramo mines.

Figure 3A. Pb dual isotope ratio plot 207/206 vs. 208/206 for the measured samples.

The most probable isotope ratio ranges for the three known local mines are also
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Figure 3B. Pb dual isotope ratio plot 207/206 vs. 208/206 for the measured samples in
comparison with other published ores from the Iberian Peninsula (triangles, top right of

the graph, for details see text).
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Copper and antimony isotope compositions

The obtained data for copper and antimony isotope compositions are given in Table 2.
Unfortunately, no similar data on the ores from the three local mines exist so its
comparison with the source cannot be done. However, we could compare the artefacts
themselves and see if they help to differentiate them when the lead isotope ratios fail.
So, Figure 4 shows the obtained copper d65 data vs the 207/206 lead data. We have
also included the copper 665 data vs the 206/204 lead data in Figure S3 of the
supplementary information. As can be observed in both Figures the copper isotopic
composition from samples G-2 and G-7 is clearly different from the rest of samples.
Additionally, they have the highest 207/206 ratio and lowest 206/204 ratio which clearly
falls within the ElI Aramo range also shown. We think that those two samples could

have been originated from EI Aramo ores but as no copper data from the mines exist
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this assignment has to be done with caution. On the other hand, samples G-8 and G-
11 have also a high 207/206 ratio but the lowest 865 values within the samples
investigated. Those two samples have a lead isotopic signature within the range shown
by EI Milagro mine but they appear also on the edge of the range for La Profunda Mine.
In our opinion, the rest of the samples originated from ores mined in La Profunda but
three of those samples also fall within the lead isotope ranges of El Milagro mine. So,

for these three samples the assignment to La Profunda or El Milagro could be dubious.

Unfortunately, the antimony isotope composition shown in Table 2 seems to be
randomly distributed and it could not be employed for sourcing purposes. The reason
for this random distribution could be due to measurement variability as the range

observed for the natural variability of antimony is very small (in the € range).

Figure 4. §°*Cu isotope ratio data for the measured samples vs. 207/206 Pb.
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Nowadays, archaeology and analytical chemistry form an essential tandem for
investigating the past. Advances in analytical methods, such as the measurement of
copper isotope compositions, will have a profound influence in the information that can
be obtained from archaeological artefacts. In this paper, the combination of lead and
copper isotope compositions was employed to distinguish ores with similar lead isotope
compositions with partial success. It is clear that these three local mines are the source
of the ore employed in the manufacture of all these copper artefacts as their lead
isotopic composition do not fit with any other location within Spain. Mine La Profunda
seems to be the origin of most artefacts (23 out of 27) while mines ElI Aramo and El
Milagro could have been the sources of two artefacts each. It is important to stress that
the hoard from Asiego (14 axes of similar manufacture style, 11 of them analysed here)
seems to be manufactured entirely from ores mine in La Profunda while the hoard from
Gamonedo (13 ingots and one axe) is of mixed precedence (10 artefacts from La
Profunda and possibly two artefacts each from El Aramo and EI Milagro). Finally, these
results confirm previous suggestions (Soler 1883) indicating that La Profunda mine was
one of the main sources of copper ore in the Early Bronze Age in spite of the fact that
the archaeological remains in this mine are much more ambiguous in comparison with
both EI Aramo and El Milagro. Detailed data on La Profunda mine, including the
archaeological context, can be found in a previous publication (Huelga Suarez et al

2014b).

It is clear that isotopic measurements demonstrate that the processes for distribution
and exchange of copper in the past were always complex (Needham 2002) and that
the closeness of a particular mine does not indicate that the copper artefacts found in
the vicinity must have come from this mine. The case of ElI Milagro mine is a clear
example. The hoards found in Asiego and Gamonedo are close to this mine but the

isotopic information indicates that the main origin of the material is La Profunda mine,
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ca. 100 Km away. The ancient works at La Profunda seem to have been of enormous
proportions. The big cave is 50 m in diameter and at least 200 m deep. They have
calculated (Soler 1883) that at least 18000 cubic meters of rocks and minerals could
have been extracted. So, a lot of copper could have been obtained from this mine. On
the other hand, the ancient works at EI Aramo and El Milagro seem to have been of a
much smaller scale. So, the large availability of copper from La Profunda in ancient

time may be the reason for our findings.
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