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Abstract

The Southeastern Alps were an important source of copper metal in prehistory, at least from the
Eneolithic and through the Bronze Age, as documented by the abundant and substantial presence of
smelting slags. Evidence of mining activity is scarce, because of limited ad hoc investigation and
because of the subsequent systematic erasing by post-Medieval exploitation. Moreover, until
recently the profusion of archeometallurgical and archaeological investigations focusing on the
prehistoric exploitation of Northern Alpine, Central European, and Balkan ore sources has
somehow obscured the early role of the Italian Southern Alps as a major copper producing area.
The recent advances in the systematic characterization of the copper ores in the Southeastern Alps
(including Alto Adige, Trentino, Veneto, and nearby regions) by lead isotope analysis, supported by
mineralogical and geochemical interpretation, offer now the appropriate tools to re-evaluate the
extent of prehistoric mining and the local patterns of ore exploitation. The developed database is a
powerful tool to identify the metal derived from local production. It is suggested that (1) based on
the abundance and chronological distribution of smelting slags evidence, two major periods of
mining exploitation took place, the first in the middle of the 3™ millennium BC and the second
during the Late Bronze Age; and (2) based on the discrimination of copper sources and the available
analyses, most of the metal circulating in Northern Italy and in the greater Po Valley region was

actually produced from Southern Alpine ores.

Keywords: copper metallurgy; copper ores; Eastern Alps; Eneolithic; Bronze Age; Lead isotope

analysis.



J. Arch Sci. JASC 16-320 _ revised version

1. Introduction

The Italian Alps do not contain large copper deposits in modern industrial terms; nevertheless, they
are host to a large number of relatively small copper and polymetallic copper-bearing deposits of
different genetic type and geological age. Most of these copper occurrences would be of limited
economic interest in the present global resource market, but many of them have been extensively
exploited since prehistory, possibly since Late Neolithic times. As a matter of fact, copper metal
objects were circulating in the area well before the Bronze Age, as the archeological evidence
clearly shows (e.g. Pedrotti 2002: p. 213, Pearce 2007, Angelini et al. 2013), also through
spectacular finds such as the Iceman’s copper axe (De Marinis 1992, Fleckinger 2003, Sperl 2005).
The latter finding stands as a landmark as it is the only directly datable Eneolithic copper axe in the
Southern Alpine region.

The copper deposits which have allegedly been exploited in prehistory are mainly located in the
Southeastern Alps (Nimis et al. 2012, Artioli et al. 2013), namely in the Trentino and Alto
Adige/South Tyrol regions, which show substantial evidence of Copper Age (Perini 1989, Pedrotti
2002, Pearce 2007, Angelini et al. 2013, Artioli et al. 2015) and Bronze Age (Weisgerber and
Goldenberg 2004, Cierny 2008) smelting activities. Despite the intense prehistoric metallurgical
activity, surprisingly few systematic investigations were carried out in order to define the
geochemical and isotopic character of the Southern Alpine deposit for archacometric and
provenancing purposes. The attention to date has been mostly focused on the more northerly
Austrian Alps (e.g. Lutz and Pernicka 2013 and references therein). Significantly, in a recent review
of available lead isotope data for the Alpine region (Ling et al. 2014), the authors clearly state: “The
Eastern Alps in particular are known for large and rich deposits of copper (also lead and silver).
There is a well-documented exploitation throughout the Bronze Age of copper ores, mainly in
Tyrol, ... Over 300 lead isotope data that can be used for comparisons have been published for the
Alpine copper ores, mainly from Austria (Hoppner et al. 2005; K&ppel and Schroll 1983; Schroll
1997). Unfortunately, there are no lead isotope data published in numerical format for the mines in
Mitterberg, the only published information about these ores is plotted as graphs (for example
Pernicka, 2010, Fig. 8, p. 729). There is also archaeometallurgical evidence of ancient copper
mines in the Italian Alps, but there are no lead isotope data available for these ores (Weisgerber
and Goldenberg 2004).” Actually, several LI data for the Italian Western and Eastern Alps do exist
in the literature (Cumming et al. 1987, Artioli et al. 2009, Nimis et al. 2012), nonetheless it is true
that no systematic, archacometry-oriented report of these data has yet been published. Small and
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very small copper outcrops were likely ubiquitous in the Alps. Wherever small-scale investigations
were undertaken, it was demonstrated that literally hundreds of localities were accessed in the
Bronze Age, for many of which Pb isotope data are available (e.g. Valais: Cattin et al. 2011;
Austria: Hoppner et al. 2005; Koppel and Schroll 1983; Schroll 1997; Eastern Italian Alps: Artioli
et al. 2013, Angelini et al. 2015; Western Italian Alps: Artioli et al. 2009).

The present review is meant (a) to release in a complete and organic form the lead isotope (hereafter
LI) data collected in the last decade within the AAcP project (Alpine Archaeocopper Project:
geo.geoscienze.unipd.it/aacp/welcome.html) pertaining to copper deposits in the Southeastern Alps,
(b) to define reference isotopic groups for the area, (c) to provide a general geological and
geochemical interpretation of the discrimination potential of the LI data for these deposits with
respect to other European and Mediterranean copper sources exploited in antiquity, and (d) to show
examples of provenancing application to prehistoric copper and bronze objects from Northern Italy.
It is believed that these exercises will greatly contribute to clarify the picture of ancient

metallurgical exploitation in the Alpine region.

2. The development of the database: ore selection and characterization

Copper-bearing ore samples from the Southeastern Alps were systematically collected during the
last decade based on geological, historical, and mining information. The early investigations
(Artioli et al. 2008a) focused on the geochemical discrimination of the ore sources, starting with a
few samples of the most well-known deposits in the region. The Agordo mining area (Belluno,
Veneto) in the heart of the Dolomiti Bellunesi, which used to be one of the fundamental metal
producing areas of the Republic of Venice in the XVII and X VIII centuries, was first selected in
order to calibrate the sampling and analytical protocols (Artioli et al. 2008b, Artioli et al. 2012).
The Agordo area in fact offers excellent occurrences of ores, smelting slags of various ages, and
copper metal of unequivocal local origin, besides a wealth of historical information concerning
mining sites and metallurgical activities. Agordo hosts one of the most famous Italian mining
schools, founded in 1867, and preserves a wealth of information on historical mining and ore
processing. The Agordo area was extensively surveyed and sampled in close collaboration with
personnel of the mining school, mineral collectors and the local archaeological group (ARCA,
Gruppo Archeologico Agordino). A large number of mineralogical, geochemical and isotopic
analyses were performed on the samples from the Agordo mines (Valle Imperina, Sasso Negro,
Valle del Mis, Passo di Vallés) and compared to the data obtained on local copper smelting slags

related to Medieval and pre-industrial extraction activities and on raw copper fragments associated
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with the slags (Artioli et al. 2008b, Artioli et al. 2010, Giunti 2011, Artioli et al. 2012). This
preliminary test investigation allowed us to optimize the ore sampling and separation protocols, and
to understand in detail the potentials and limits of the tracing parameters in linking the minerals to
the extracted raw copper, through the smelting slags.

The research was then extended to the other known copper districts in the Trentino, Alto
Adige/South Tyrol and Veneto regions. Recently, the main copper occurrences in the more easterly
Friuli Venezia Giulia (Carnia area) and a few deposits from the more westerly Valcamonica area
(Brescia, Lombardia) were also sampled and analysed. The reported data virtually include all
occurrences of known copper mineralization in the explored regions. In fact, care was taken in
covering all the different genetic typologies of deposits in a given area or mining district, so that the
geochemical signature of any presently inaccessible deposit can be predicted from the present data
on solid geological grounds. The project now plans to extend the survey further westward to the
Central Alps.

Whenever possible each deposit was directly investigated in the field, and representative samples
were collected from outcrops or mining dumps. Only in a few cases, when little or no copper ores
were still accessible in the field, we had to rely on local private collections or museum specimens
from a given locality. In a few cases, core samples from past mining exploration projects were made
available.

Fig. 1 shows the location of the sampled mining sites, and Table 1 reports the detailed list of the
analysed samples, together with geographical coordinates, locality names, as well as essential

geological and mineralogical information.

Fig. 1. Map of the Southeastern Alps with main geological units and location of sampled copper
deposits.

3. Lead isotope analyses

The ore samples were mineralogically and petrographically characterized in polished sections by
optical microscopy under reflected light and by X-ray powder diffraction (XRPD). Representative
portions of the ore containing primary or secondary copper-bearing mineral assemblages (Table 1)
were selected and then gently crushed. An adequate amount of mineral grains was then separated by
handpicking under a binocular microscope, and their mineralogical composition checked by XRPD.
An aliquot of the separates (2—10 mg) was dissolved in aqua regia by high-pressure microwave

digestion in sealed PTFE vessels. The dissolved lead was purified using the SrSpec™ resin
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(EIChroM Industries; Horwitz et al. 1992), following the same procedure described in Villa (2009).
About 100 mL of resin are filled in a 3-mm diameter hand-made PTFE column. The height to width
ratio is approximately 4. The sample solution is loaded in 0.5 mL 1M HNOs, 1.5 mL of which is
also used to wash out the matrix metals, while Pb is very strongly retained on the resin. Pb is then
eluted with 3 mL 0.01M HNOj and is ready for analysis. Lead isotope analyses were performed
with a Nu Instruments™™ Multi-Collector-ICP-MS at the Institut fiir Geologie, University of Bern
(Switzerland). The sample solution was ionized by introducing it into a 9000 K plasma. All
elements were ionized simultaneously. Mass fractionation was monitored by adding a small

29T1/2% Tl ratio, is ionized together with and fractionated

quantity of T1, which has a known
by the same mechanism as Pb, and does not interfere with Pb isotope measurements. Calibration
was carried out using the NIST SRM 981 international standard. The results are reported in Table 2.
Typical in-run relative uncertainties (2 SE of the mean) on *°Pb/***Pb, **’Pb/***Pb, and ***Pb/**'Pb
isotope ratios were smaller than 0.02 %. The measured isotopic composition for SRM 981 were
indistinguishable from the certified value and the recent, more precise literature measurements
(Rehkédmper and Mezger 2000), so that no adjustment of the measured ratios was necessary.

The external reproducibility on the SRM 981 reference material amounted to +£0.015 % (20), very

similar to the individual in-run precision on unknown samples.

4. Results and discussion

The geology and geochemistry of the deposits will not be discussed in detail in this context, since
they are of strict geological interest. However, we argue here that the solid geological interpretation
of the LI data (Nimis et al 2012) allows a more robust definition of the major isotopic groups in the
investigated region, and that such groups provide a very useful basis for discrimination of metals
extracted from the Southeastern Alps from those derived from other copper sources in continental
Europe and around the Mediterranean region. When ambiguities arise because of overlapping LI
fields, then the mineralogical character of the deposit (i.e. chalcopyrite-pyrite vs. tetrahedrite-
tennantite vs polymetallic Cu-Zn-Pb sulphides) or the chemistry of the ores themselves (e.g. the
contents of different chalcophile elements) can be efficiently used as additional discrimination
parameters. An analogous combination of geochemical and isotopic parameters has been used to
resolve isotopic ambiguities in specific cases (Baron et al 2013; Villa 2016). The fundamental
difference with previous approaches, mostly limited to trace element concentrations (see discussion

in: Pernicka 2014) and which has in some cases given rise to serious misunderstandings (see



J. Arch Sci. JASC 16-320 _ revised version

discussion in: Cattin et al. 2015), is the use of common-denominator ratios of geochemically related

trace elements, as discussed in more detail by Villa (2016).

Definition of the Southeastern Alpine isotopic groups

The measured LI data are graphically reported in Fig. 2, using the preferred representation based on
the 2*°Pb/***Pb, 2’Pb/***Pb, and ***Pb/***Pb ratios. Such representation allows a good visual
discrimination of the isotopic fields and at the same time maintains a readily interpretable
significance from the geological and geochronological points of view (Nimis 2010; Artioli et al.
2013). The binary diagrams clearly show that the ore deposits from the Southeastern Alps can be
described by two major fields.

The first field includes the deposits in the Late Ordovician-Early Silurian crystalline basement
located along the Valsugana thrust (Calceranica, Vetriolo, Valle Imperina), which are characterized
by **°Pb/***Pb ratios <18.10. These deposits consist of metamorphosed volcanogenic massive
sulphide (VMS) deposits sharing similar genesis and features. We therefore define the field as
Valsugana VMS (marked with red dots in Fig. 2). The copper-bearing mineral assemblage typically
includes small amounts of chalcopyrite in a pyrite-dominate mineralization, with accessory
sphalerite, galena and arsenopyrite (locally abundant at Calceranica) (Andreatta, 1928; Frizzo
2004). Higher concentrations of chalcopyrite, which were the object of prehistoric mining
(Preuschen 1973; Sebesta 1992), are known to have occurred locally at least at Vetriolo. A few
other samples from geographically scattered deposits of various origin also fall in this isotopic field:
Rifugio Borromeo/Paradiso (Val Martello, Alto Adige), Pian delle Loppe (Val del Mis, Agordo,
Veneto), Cinque Valli and Pamera (Valsugana, Trentino); this genetically heterogeneous group
includes deposits which were either genetically similar to those of the Valsugana VMS deposits
(Rifugio Borromeo; Casari, 1986) or were probably formed at least in part by metamorphic and
hydrothermal remobilization of earlier VMS deposits (Nimis et al. 2012).

The other major field, with 206pp2%py ratios >18.26, contains most of the ore deposits in the
Southalpine units of the Alto Adige, Trentino and Veneto (AATV) regions, so that we define it
Southalpine AATV (marked with orange dots in Fig. 2). These deposits are geologically younger
and, for the major part, genetically related with post-metamorphic Early Permian and Triassic
magmatism. They are mainly formed by polymetallic (Pb, Zn, Cu; with variable, generally minor
Ag, Sb, Co, Bi, As) sulphide-rich veins and the mineralization generally consists of chalcopyrite-

sphalerite-galena-pyrite. Other less common mineral assemblages are tetrahedrite + galena (Pattine—
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Pian della Stua and Montagiu, Trentino), chalcopyrite-bearing magnetite and pyrrothite (Pamera,
Trentino), bornite-chalcopyrite-chalcocite (Sasso Negro and Passo di Vallés, Veneto) and
chalcopyrite-pyrite-bismuthinite (Duadello—V. delle Volte, Lombardia). Many of the deposits
falling in this LI field, including the most voluminous ones of Val dei Mocheni (Trentino) and
Montefondoli/Pfundererberg (Alto Adige), have very similar geochemical characters and
mineralogical compositions, so that it is virtually impossible to distinguish the single mines on the
basis of isotopic, chemical, and mineralogical parameters. The copper deposits located in the Carnic
Alps (Monte Avanza, Casera Pramosio, Comeglians; yellow dots in Fig. 2) also have an isotopic
character very similar to that of the Southalpine AATV deposits; however, they have a distinctive
tetrahedrite-rich composition, so that a low-Sb content in the metal is prima facie evidence to

exclude them as potential sources.

Fig. 2. Plot of LI data for copper ores from the Southeastern Alps. See text for the definition of
the isotopic groups.

The deposits which fall well outside the two major ore fields (some of the pink and dark yellow
dots in Fig.2) include most of the deposits located in the Austroalpine units of Alto Adige north of
the Insubric Line (Stelvio, Oris), and denominated Austroalpine AA, or hosted in the Glockner
Nappe of the Tauern Window (Predoi, Alto Adige). In particular, the latter deposit shows rather
low **’Pb/***Pb and ***Pb/***Pb ratios for a given ***Pb/***Pb value, consistent with its very distinct
oceanic (ophiolitic) origin. To date none of these copper deposits show evidence of prehistoric
exploitation; for this reason and because of their distinct LI signature, they will not be considered
for the provenancing application of the database.

It is worth noting that a few samples of secondary copper minerals show LI compositions falling
well outside the fields of the primary minerals from the same group of deposits (cf. for instance
samples AF-s1 from Montefondoli and TIL_As from Tiles). When this occurs, the non-sulphidic
minerals typically show more radiogenic compositions, characterized by higher **’Pb/***Pb,
2%pp/2*Pb and/or **°Pb/***Pb ratios, indicating mixing with lead derived from nearby high-(U, Th)
rocks. This observation should be cause of caution when provenancing objects on the basis of LI

data derived from non-sulphidic ores.

Discrimination of the Southeastern Alpine deposits from other deposits

If we plot the LI data of the Southeastern Alpine deposits together with the available LI data on

European and Mediterranean copper ores (such as the OXALID database at the Oxford Isotrace
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Laboratory, http://oxalid. arch.ox.ac.uk/; and the vast literature cited in Ling et al. 2014) there is an

enormous amount of overlap between the various groups of deposits (see Fig 3 in Artioli et al.
2013). Because of the extent in the data overlap, searching for the provenance of a given object
against all available ore data using a quantitative statistical approach can only provide a preliminary
discrimination of the possible sources. This approach is applied, for instance, when calculating the
Euclidean distances in the 3D space from the measured value to all data in the database (Stos 2009),
or when using more sophisticated approaches such as the kernel density estimates (Baxter et al.
1997). Without dwelling in complex statistical treatment, here we limited our analysis to the
graphical comparison of the LI data for the Southeastern Alpine region to those published for the
copper deposits which are in close geographical proximity and are therefore the most interesting for
archaeometric problems related to metal provenance and diffusion. Specifically, for discriminating
purposes we here compared the Alpine LI data with those from the Iberian peninsula (including
Portugal), Sardinia, Central Europe from France to Slovakia, the Balkans from Romania to Greece,
Turkey (including Taurus and Pontic mountains), and the Aegean area (including Cyprus and
Crete). For the time being we are not discussing the LI signal of the British Isles and the Levant.

It will be shown that this simple approach can often be sufficient for a robust discrimination of the
copper sources. All data from the literature were screened and only analyses performed on copper
ores were considered. This screening excluded, for instance, many important Pb—Zn(Ag) deposits in
which copper is only a minor accessory metal, but included other polymetallic deposits in which Pb,
Zn and Cu were all present in significant amounts.

Fig. 3 shows the distribution of LI data available for the whole Eastern Alps (Italy and Austria) and
Tuscany. The available data for the Austrian ores (Koppel and Schroll 1983a, Weber 1997, Horner
et al. 1997, Hoppner et al. 2005) were subdivided in fahlore-based (i.e. containing significant to
dominant tetrahedrite—tennantite) and chalcopyrite-based (i.e. with only accessory or no
tetrahedrite—tennantite) types, the latter being mostly located in the Stubai—Otz (Tyrol) and Drau
(Carinthia) valleys with a few further examples in Salzburg and Styria. It should be noted that the
few available data for the chalcopyrite-rich but fahlore-bearing Mitterberg ores (Koppel and Schroll
1983a,b) indicate high LI ratios, mostly lying well outside the shown limits of the employed
diagrams (**°Pb/***Pb = 19.14-20.07, **’Pb/***Pb = 15.70-15.79 and ***Pb/***Pb = 39.30-42.08).
The Austrian ores show some overlap with the Southeastern Alpine ores in the *°Pb/***Pb vs
297pb/***Pb plot, but they can be readily discriminated in the ***Pb/***Pb vs ***Pb/***Pb plot, as they
show systematically lower ***Pb/***Pb values for a given *’°Pb/***Pb ratio. The only serious overlap
resides in the lower left part of both diagrams, where the Calceranica and Vetriolo deposits of the

Valsugana VMS group substantially overlap with a few of the chalcopyrite-based mines from
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Carinthia (Kaser Wieserl, Knappenstube, Plaiken), Salzburg (Rettenbach), and Styria (Walchen).
To date there is no indication that any of these Carithian mines were active in prehistoric times.
However, their discrimination from some of the Southeastern Alpine deposits remains challenging
and should be pursued further, possibly on the basis of chemical tracers.

The main body of the Southern Tuscan ores (pale grey diamonds in Fig. 3) is well discriminated
from the Southeastern Alpine ores, whereas virtually all data for Northern Tuscany (Alpi Apuane)
overlap with the field of the Southalpine AATV and Carnia ores. Again, there is yet no
archaeological indication of prehistoric mining or ancient copper metallurgy in the Alpi Apuane

area, but the existence of such deposits should be taken into account in future work.

Fig. 3. Comparison of the LI data of the copper ores from the Southeastern Alps, Tuscany, and
Austria. Austrian deposits are distinguished into fahlore-based (Fhl) and chalcopyrite-based
(Cpy) types, the latter being mostly located in the Stubai—Otz (Tyrol) and Drau (Carinthia)
valleys. Source of literature data: Tuscany — Lattanzi et al. (1992), Stos-Gale et al. (1995);
Austria — Koppel and Schroll (1983a), Weber (1997), Horner et al. (1997), Hoppner et al.
(2005).

Expanding the comparison to geographically farther deposits, perusal of the database shows that
most of the available data for copper ores in other European regions, including the French Massif
Central (Cevennes, Mont Lozere, etc.) and Languedoc (Cabrieres), Central Europe (Erzgebirge,
Harz Mountains, Bohemian Massif), the Balkans (Serbia, Romania, Bulgaria), and Switzerland
(Valais), are well distinct from the Southeastern Alpine data. All available data for the Eastern
Mediterranean ores (Greece, the Aegean, Turkey, Cyprus) are also well distinct.

The only regions that have some degree of overlap with the Southeastern Alpine ores are: the
central and South-western Sardinia (Fig. 4) and part of Iberia, including mines located in Andalusia,

Alcudia Valley, and the Iberian Pyrite Belt (IPB) (Fig 5).

Fig. 4. Comparison of LI data for copper ores from the Southeastern Alps and Sardinia. Source
of data for Sardinia after Swainbank et al. (1982), Boni and Koeppel (1985), Ludwig et al.
(1989), Stos-Gale et al. (1995), Begemann et al. (2001).

Fig. 5. Comparison of LI data for copper ores from the Southeastern Alps and Iberia. Source of
data for Iberia after Arribas and Tosdal (1994), Stos-Gale et al. (1995), Marcoux (1998), Santos
Zalduegui et al. (2004), Klein et al. (2009).

Keeping in mind that Sardinia is mainly host to lead-zinc mineralization, the copper ores of Sardinia
can be rationalized into four major isotopic groups (Artioli et al. 2013). Only two of these groups
show a substantial overlap in the **’Pb/***Pb vs **°Pb/***Pb plot with the Southeastern Alpine

deposits: in particular, the deposits located in central Sardinia (Barbagia, Sulcis, Ogliastra; among
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which the most important deposit is the famous one of Funtana Raminosa, whose name
significantly means “cupriferous water source”) partly overlap with the Southalpine AATV field,
and the ores of South-west Sardinia (Iglesiente) overlap substantially with the Valsugana VMS field
(Fig. 4a). Fortunately, because of their very distinct geological origin, the great majority of
Sardinian ores has lower ***Pb/***Pb ratios, so that in general they can be well discriminated from
the Alpine ones (Fig 4b).

As for Iberia, the wealth of data that recently became available in the literature thanks to the effort
of Spanish researchers has remarkably increased the database for the Iberian mines, although further
work is needed to interpret them on a geologically and geochemically robust basis. Taken at face
values, some of the Iberian LI fields do show some overlap with the Southeastern Alpine field. In
this respect, the most important Iberian mines that should be taken into account when interpreting
the provenance of metals of potential Alpine derivation are (Fig 5a) a few of the mines in Andalusia
(Sierra de Gador) and some of the mines in the Alcudia Valley (Virgen del Socorro, Navalahiguera,
Santa Rita, Las Minillas, Los Diegos, Santa Isabel, San Justo). These deposits cannot be
distinguished from the Southeastern Alpine deposits from their LI signal alone. More work on the
chemical tracers is needed for adequate discrimination of these ores. Note that a few of the mines
forming the high **’Pb/***Pb tail of the Iberian Pyrite Belt field (IPB: Los Molares, Minas de Cala)
overlap the Southeastern Alpine deposits only in the **’Pb/***Pb vs **°Pb/***Pb plot, but they
systematically have lower ***Pb/***Pb ratios and can thus be safely distinguished from the Alpine

ones.

5. Applications

The following examples will show the potential of the LI database for the Southeastern Alps for the

interpretation of the ancient copper metallurgy in the region.

Eneolithic copper metallurgy in the Southeastern Alps

Table 3 reports all available isotopic data for Eneolithic objects from northeastern Italy. Some of
them were taken from the literature, whereas others are presented here for the first time. The data

are graphically reported in Fig. 6, together with available data for Alpine Eneolithic copper smelting
slags (Artioli et al. 2015).
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digits. The sample number in the first column corresponds to the plotted points in the diagrams of

Fig. 6.
Sample label | locality Type of object %pp/%pp | 2 PbA"Ph | 2P Pb/"Pb | reference

1 | CBU AXMR | Col del Buson flanged-axe 17.934+2 15.653+3 38.168+6 | Angelini et al. 201

2 | CBU AXO Col del Buson shaft hole-axe 17.93742 15.65642 38.17447 | Angelini et al. 201

3 | CBU-AXFR Col del Buson axe fragment 18.457+3 15.674+2 38.661+£7 | Angelini et al. 201

4 | CBU-Per Col del Buson copper ring 18.851+2 15.681+2 38.850+£6 | Angelini et al. 201

5 | CBu-L Col del Buson copper awl 18.209+3 15.681£3 38.471£7 | Angelini et al. 201

6 | CAM-AxO Montebelluna Cu axe (As-Ag) 18.52442 15.673+2 38.700+5

7 | Peri Peri Cu wire (Cu) 18.097+2 15.65842 38.34245

8 | Sp-Al Spessa halberd (Cu-As) 18.5043 15.70+2 38.45+5

9 | Gamb Gambarella halberd (Cu-As) 18.65+1 15.70+1 38.92+3

10 | Sp-Pg Spessa dagger 18.097+7 15.647+5 38.25+1

11 | BFO60-15 Millan raw Cu fragment 18.265+1 15.690+1 38.5404+4 | Artioli et al. 2015

12 | Mill Millan raw Cu fragment 18.279+3 15.693+3 38.5454+7 | Artioli et al. 2015

13 | bg29%n Bongiovanna rolled Cu sheet 18.243+2 15.674+2 38.498+6

(interpreted as an awl)

14 | MA-073090 Cellore, loc Arano | Cu awl 17.920 15.655 38.159 Pernicka and
Salzani 2011

15 | MA-073084 Cisano Cu ingot 17.909 15.631 38.092 Pernicka and
Salzani 2011

Fig 6. LI data for Eneolithic objects from Northern Italy (Table 3), and coeval copper smelting
slags from Trentino and Alto Adige (Artioli et al. 2015), compared with data for the Southeastern

Alpine copper deposits.

The LI data plots (Fig. 6) show that most objects are perfectly compatible with a provenance from

Southeastern Alpine ores. Only two objects remain of dubious interpretation: the copper ring
fragment (CBU-Per) from Col del Buson (Belluno), which shows a much higher ***Pb/***Pb ratio
than any known Southern Alpine deposit; and the halberd from Spessa (Verona), made of arsenical
copper, whose ***Pb/***Pb ratio is too low for a Southeastern Alpine derivation. Some deposits from
nearer Carnia are isotopically close (Fig. 6), but incompatible with the arsenical copper composition
of the object, given the high antimony contents in the ores, which are invariably rich in tetrahedrite.
Clearly for this object the isotopic data must be confronted with additional chemical and
archaeological data to reach a satisfactory interpretation.

The available LI data for Eneolithic copper smelting slags from Trentino and Alto Adige (Artioli et
al. 2015) are also plotted in Fig. 6. The excellent match of the LI signals clearly indicates a
relationship between the objects and the local copper ores. A detailed analysis of the LI data
allowed to decode the local patterns of exploitation of the deposits, by evidencing close links
between the individual smelting sites and the original mines (Artioli et al. 2015). Here, it is
sufficient to remark the capability of LI data to delineate a very dynamic picture of copper mining
and ore processing in the Southeastern Alps during the Copper Age. Given the large amount of
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slags found at several sites (up to several hundred kilograms at Millan, Alto Adige, and tens of
kilograms at La Vela Valbusa, Trentino) it is not unreasonable to talk about a substantial copper

production, at least during the second half of the 3" millenium BC.
Middle Bronze Age swords
As another example, we tested available LI data for a few Middle Bronze Age (MBA) swords. The

data are reported in Table 4. Two of the data (the sword and rivet from Olmo di Nogara) are

presented here for the first time. The other data are from Pernicka and Salzani (2011).

Table 4. LI data for MBA swords from Northern Italy. Uncertainties (20) refer to the last digits.

Sample label | locality Type of object %pp/%pp | 2 PbA"Ph | 2P Pb/"Pb | reference
ont95p Olmo di Nogara | rivet 18.352+4 15.683+4 38.565+7
ont95s Olmo di Nogara | sword (tomb 95) 18.503+4 15.692+4 38.707+7
BMII
MA-073064 Bor di Pacengo | sword 18.777 15.692 39.037 Pernicka and
Salzani 2011
MA-073047 Bacino Marina Sword (Rixheim) 18.092 15.644 38.290 Pernicka and
Salzani 2011
MA-073048 Imboccatura spada (Pepinville) 18.095 15.649 38.302 Pernicka and
Mincio Salzani 2011

Fig 7. LI data for for MBa swords from Northern Italy (Table 4) compared with data for the
Southeastern Alps and Southern Tuscany.

The LI diagrams (Fig. 7) clearly indicate that three of the swords and the rivet are made with
Southern Alpine copper. The sword from Bor di Pacengo is instead clearly from Southern Tuscany.
All the Sardinian ores can be ruled out as candidate sources on the account of the ***Pb/***Pb values.
It is unfortunate that Jung et al. (2011) did not publish the LI data for their analysed objects from
Northern Italy, which included several swords. The discussion in their paper mostly relies on the
conventional **’Pb/*”°Pb vs ***Pb/***Pb diagrams, which are much less discriminating that the
conventional geological plots used here. As a consequence, the interpretation of the data in the
paper is rather inconclusive. In the same paper, however, the authors report a very small-size plot of
20pp/2%pp vs 27Pb/***Pb (Jung et al. 2011, Fig. 23.8), which shows that several of the objects are
clustered around **°Pb/***Pb=18.1-18.3 and *’Pb/***Pb=15.63-15.67. Since, as shown above, ores
from Sardinia, Southeastern Alps, and Tuscany can be discriminated by LI data with sufficient

confidence, the data indicate that most of these objects are made out of Southern Alpine ores.
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Again, the above example shows that in the MBA and presumably through the Recent Bronze Age
the copper sources in the Southern Alps were still very active and supplied most of the copper
circulating in Northern Italy, despite the scarce archaeological evidence in terms of mining and
metallurgical sites. We know, however, that during the Late Bronze Age (LBA) there was a
resurrection of copper exploitation in the area linked to the Luco/Laugen culture, which is testified
by the huge amount of LBA copper smelting slags found in archaeological sites (Metten 2003,
Weisgerber and Goldenberg 2004, Cierny 2008, Addis et al. 2014). Based on the widespread
occurrence of the slags in the territory and their substantial volume, it can be argued that during the
LBA the Southern Alpine copper production reached a peak. The subsequent major wave of mining
activity occurred in the Middle Age, when large groups of German miners moved to several of the

Alpine valleys to organize and carry out the mining operations (Sebesta, 2000; Zammatteo, 2009).

6. Conclusions

The reference LI database for the Southeastern Alpine copper deposits (AAcP database) is
presented, together with the essential geological and geochemical interpretation of the data. The
reported data fill a long-noted gap in the characterization of Alpine copper ore resources. Groupings
are proposed that encompass genetically related copper ore deposits, which are characterized by
homogeneous LI signals and, at least in some cases, restricted geographic distribution. Such
groupings may serve as references for a robust discrimination of potential metal sources. The
elevated discriminating power of the database is demonstrated by applications to Eneolithic objects
and MBA swords for Northern Italy. It is believed that the database will be a very useful tool for
future provenancing of metals and related materials (slags), which will no doubt contribute to
clarify the emerging picture of ancient copper metallurgy in the Alpine and Central Mediterranean

area (Dolfini 2013, Angelini et al. 2013, Perucchetti et al. 2015).

Acknowledgements

A few generations of students contributed at different levels to the development of the database. I.
Giunti, A. Addis, C. Canovaro and G. Stasi helped in the sample preparation and LI analyses. L.
Salzani and E. Bianchin Citton are thanked for making several objects available for analysis. PN
acknowledges financial support by Progetto di Ateneo 2013 “Copper metallogenesis and
provenancing in the Alpine realm” (University of Padova, CPDA138741).

13



J. Arch Sci. JASC 16-320 _ revised version

References

Addis, A., Angelini, I., Nimis, P., Artioli, G., 2014. Late Bronze Age copper smelting slags from
Luserna (Trentino, Italy): interpretation of the metallurgical process. Archacometry, in
press

Andreatta, C., 1928. Sulle arsenopiriti dei giacimenti minerari di Calceranica e Caldonazzo nel
Trentino: St. Studi Trentini di Scienze Naturali 9, 90-102.

Angelini, 1., Giunti, I., Artioli, G., 2011. Indagini archeometallurgiche su reperti dell’eta del Rame
della valle del Piave. Quaderni di Archeologia del Veneto Vol. XXVII, 107-115.

Angelini, 1., Artioli, G., Pedrotti, A., Tecchiati, U., 2013. La metallurgia dell’eta del Rame
dell’Italia settentrionale con particolare riferimento al Trentino e all’Alto Adige. Le risorse
minerarie e i processi di produzione del metallo. In: De Marinis, R.C. (Ed.), L’eta del
Rame: la Pianura Padana e le Alpi al tempo di Otzi. Catalogo della mostra. Compagnia
della Stampa Massetti Rodella editori, Brescia, pp. 101-116.

Angelini L., Artioli G., Nimis P., Villa .M., 2015. La metallurgia preistorica del rame nell’Italia
nord-orientale: quadro d’insieme e recenti sviluppi. Atti della XL VIII Riunione Scientifica
dell’IIPP, Padova 2013, Studi di Preistoria e Protostoria, Vol. 2, Preistoria e Protostoria del
Veneto, pp. 271-277.

Arribas, A., Tosdal, R.M. (1994). Isotopic composition of Pb in ore deposits of the Betic Cordillera,
Spain: origin and relationship to other European deposits. Economic Geology 89, 1074-
1093.

Artioli G., Baumgarten B., Marelli M., Giussani B., Recchia S., Nimis P., Giunti L., Angelini L.,
Omenetto P., 2008a. Chemical and isotopic tracers in Alpine copper deposits: geochemical
links between mines and metal. Geo.Alp 5, 139-148.

Artioli G., Nimis P., Gruppo Arca, Recchia S., Marelli M., Giussani B., 2008b. Gechemical links
between copper mines and ancient metallurgy: the Agordo case study. Rend. Online Soc.
Geol. It. 4, 15-18.

Artioli G., Angelini I., Giunti I., Omenetto P., Villa .M., 2009. La provenienza del metallo degli
oggetti di Monte Cavanero: considerazioni basate sugli isotopi del Pb e sulla geochimica
delle mineralizzazioni cuprifere limitrofe. In: Venturino Gambari M. (ed.) 1/ ripostiglio del

Monte Cavanero di Chiusa di Pesio (Cuneo). LineLab.Edizioni, Alessandria, pp. 167-178.

14



J. Arch Sci. JASC 16-320 _ revised version

Artioli G., Giunti 1., Angelini 1., Gruppo Arca, Giussani B., Marelli M., Recchia M., Nimis P.,
Omenetto P., Villa I. (2010) Legami geochimici fra miniere, scorie e metallo: verso un
modello per determinare la provenienza e la diffusione del rame preistorico. Frammenti 2,
81-89.

Artioli G., Angelini 1., Nimis P., 2012. Mineralizzazioni e produzioni di rame in ambito Bellunese.
In: Angelini A., Leonardi G. (eds.) Atti del Convegno “Il castelliere di Castel de Pedena:
un sito di frontiera del I e I millennio a.C.”, Feltre 6 giugno 2009. Saltuarie del
Laboratorio del Piovego, n. 9, 167-176, 2012. ISBN 978-88-86106-38-2

Artioli, G., Angelini, ., Nimis, P., Addis, A., Villa, .M., 2013. Prehistoric copper metallurgy in the
Italian Eastern Alps: recent results. Historical Metallurgy 47, 51-59.

Artioli G., Angelini 1., Tecchiati U. and Pedrotti A., 2015. Eneolithic copper smelting slags in the
Eastern Alps: Local patterns of metallurgical exploitation in the Copper Age. J. Archaeol.
Sci., in press.

Baron S., Tamas C.G. and Le Carlier C. (2014). How mineralogy and geochemistry can improve
the significance of Pb isotopes in metal provenance studies. Archaeometry 56, 665-680.

Baxter M.J., Beardah C.C., Wright R.V.S. 1997. Some archaeological applications of kernel density
estimates. Journal of Archaeological Science, 24, 347-354.

Begemann F., Schmitt-Strecker S., Pernicka E., Lo Schiavo F. (2001). Chemical comosition and
lead isotopy of copper and bronze from nuragic sardinia. European Journal of
Archaeology, 4, 43-85.

Boni M., Koeppel V. (1985). Ore-lead isotope pattern from the Inglesiente-Sulcis Area (SW
Sardinia) and the problem of remobilization of metals. Mineralium Deposita 20, 185-193.

Casari, L., 1986. Cobalt pyrite ores in the upper Martello Valley (Alto Adige, Northern Italy). Rend.
Soc. It. Min. Petrol. 41, 15-23.

Cattin F., Guénette-Beck B., Curdy P., Meisser N., Ansermet S., Hofmann B., Kiindig R., Hubert
V., Worle M., Hametner K., Giinther D., Wichser A., Ulrich A., Villa .M., Besse M.,
2011. Provenance of early Bronze age metal artefacts in Western Switzerland using
elemental and lead isotopic compositions and their possible relation with copper minerals
of the nearby Valais. Journal of Archaeological Science 38, 1221-1233.

Cattin F., Merkl M.B., Strahm C., Villa .M., 2015. Elemental and lead isotopic data of copper finds
from the Singen cemetery, Germany — a methodological approach of investigating Early
Bronze Age networks. In: Hauptmann A., Modarressi-Tehrani D. (eds.) Archacometallurgy

in Europe III, pp. 19-32. ISBN 978-3-937203-74-4

15



J. Arch Sci. JASC 16-320 _ revised version

Cierny, J., 2008. Prihistorische Kupferproduktion in den siidlichen Alpen: Region Trentino
Orientale, Der Anschnitt Vol. 22. Bergbau-Museum, Bochum.

Cumming, G.L., Koppel, V., Ferrario, A., 1987. A lead isotope study of the northeastern Ivrea Zone
and the adjoining Ceneri zone (N-Italy): evidence for a contaminated subcontinental
mantle. Contributions to Mineralogy and Petrology, 97, 19-30.

De Marinis R.C., 1992. La piu antica metallurgia nell’Italia Settentrionale. In: Hopfel F., Platzer
W., Spindler K. (Eds.) Der Mann im Eis. Bericht iiber das Internationale Symposium 1992
in Innsbruck, Innsbruck, 389-409, 1992.

Dolfini, A. 2013. The emergence of metallurgy in the central Mediterranean region: A new model.
European Journal of Archaeology 16, 21-62.

Fleckinger A. (Ed.) 2003. La mummia dell’eta del rame 2 — Die Gletschermumie aus der Kupferzeit
2. Folio Verlag, Bolzano.

Frizzo, P. (2004) La miniera di Calceranica e i giacimenti a solfuri massicci della zona Agordino-
Valsuganese. In ‘‘Le miniere del Mandola in Valsugana’’, P. Passardi & P. Zammatteo,
ed., Monografie I del Museo Tridentino di Scienze Naturali, Trento, 157-180.

Giunti I. (2011) Geochemical and isotopic tracers in copper deposits and ancient artifacts: a
database for provenance. PhD Dissertation, Univ. Padova.

Hoppner, B., Bartelheim, M., Huijsmans, M., Krauss, R., Martinek, K.P., Pernicka, E., Schwab, R.,
(2005) Prehistoric copper production in the Inn Valley (Austria), and the earliest copper in
central europe. Archacometry 47, 293-315.

Horner J., Neubauer F., Paar W.H., Hansmann W., Koeppel V., Robl K. (1997). Structure,
mineralogy, and Pb isotopic composition of the As-Au-Ag deposit Rotgulden, Eastern
Alps (Austria): significance for formation of epigenetic ore deposits within metamorphic
domes. Mineralium Deposita, 32: 555-568

Horwitz E.P., Chiarizia R. and Dietz, M.L. (1992) A novel strontium selective extraction
chromatographic resin. Solvent Extr. Ion Exch. 10, 313-336.

Klein S., Domergue C., Lahaye Y., Brey G.P., von Kaenel H.-M. (2009). The lead and copper
isotopic composition of copper ores from the Sierra Morena (Spain). Journal of Iberian
Geology, 35, 59-68.

Koppel, V. and Schroll, E., 1983a. Lead isotopes of Palaecozoic, strata-bound to stratiform galena
bearing sulphide, deposits of the Eastern Alps (Austria): implications for their geotectonic

setting. Schweiz Mineral Petrogr Mitteilungen 63, 347-360.

16



J. Arch Sci. JASC 16-320 _ revised version

Koppel V. and Schroll E., 1983b. Bleiisotope und Remobilisation von Erzlagerstatten. In:
Petrascheck W.E. (Ed.) “Ore mobilisation in the Alps and in SE-Europe”. Osterr. Akad.
Wiss., Schriftenreiohe Erdwiss. Kommission, 6, Wien, pp. 39-52.

Jung R., Mehofer M. and Pernicka E. (2011). Metal exchange in Italy from the Middle to the Final
Bronze Age (14™-11"™ Century B.C.E.). In: Betancourt P.P. and Ferrence S.C. (Eds.)
“Metallurgy: Understanding How, Learning whY”, Studies in Honor of James D. Muhly.
INSTAP Academic Press, Philadelphia, pp. 231-248.

Lattanzi P., Hansmann W., K&ppel V. and Costagliola P. (1992). Source of metals in Metamorphic
Ore-forming Processes in the Apuane Alps (NW Tuscany, Italy): constraints by Pb-isotope
Data. Mineralogy and Petrology, 45, 217-229.

Ling, J., Stos-Gale, Z., Grandin, L., Billstrom, K., Hjarthner-Holdar, E., & Persson, P. O. (2014).
Moving metals II: provenancing Scandinavian Bronze Age artefacts by lead isotope and
elemental analyses. Journal of Archaeological Science, 41, 106-132.

Ludwig K.R., Vollmer R., Turi B., Simmons K.R., Perna G. (1989). Isotopic constraints on the
genesis of base-metal ores in southern and central Sardinia. European Journal of
Mineralogy, 1, 657-666.

Lutz J. and Pernicka E., 2013. Prehistoric copper from the Eastern Alps. Open Journal of
Archaeometry 2013, vol 1:e25.

Marcoux E. (1998). Lead isotope systematics of the giant massive sulphide deposits in the Iberian
Pyrite Belt. Mineralium Deposita, 33, 45-58.

Metten, B., 2003. Beitrag zur spétbronzezeitlichen Kupfermetallurgie im Trentino (Siidalpen) im
Vergleich mit anderen préhistorischen Kupferschlacken aus dem Alpenraum. Metalla 10,
1-122.

Nimis, P., 2010. Some remarks on the use of geochemical tracers for metal provenancing. In:
Magrini C. and Sbarra F. (Eds.) “Late Roman Glazed Pottery in Carlino and in Central-
East Europe. Production, Function and Distribution”, BAR International Series vol. 2068,
p. 3-9. Oxford, Hadrian Books Ltd.

Nimis, P., Omenetto, P, Giunti, I., Artioli, G., Angelini, 1., 2012. Lead isotope systematics in
hydrothermal sulphide deposits from the central-eastern Southalpine (northern Italy). Eur.
J. Miner. 24, 23-37. DOI: 10.1127/0935-1221/2012/0024-216

Pearce, M., 2007. Bright blades and red metal. Essays on north Italian prehistoric metalwork.
Accordia Specialist Studies on Italy. Vol. 14. Accordia Research Institute, University of

London.

17



J. Arch Sci. JASC 16-320 _ revised version

Pedrotti, A., 2002. L’eta del Rame. In: Lanzinger, M., Marzatico, F., Pedrotti, A. (Eds) Storia del
Trentino, Vol. 1, La preistoria e la protostoria, Il Mulino, Bologna, pp. 183-254.

Perini, R., 1989. Testimonianze di attivita metallurgica dall’Eneolitico alle fasi finali dell’Eta del
Bronzo nel Trentino. In: “Per Giuseppe Sebesta: scritti e nota bio-bibliografica per il
settantesimo compleanno”. Biblioteca Comunale di Trento, Trento, pp. 377-404.

Pernicka, E., 2010. Archdometallurgische Untersuchungen am und zum Hortfund von Nebra. In:
Meller, H., Bertemes, F. (Eds.), Der Griff nach den Sternen. Wie Europas Eliten zu Macht
und Reichtum kamen, Internationales Symposium in Halle (Saale) 16.-21. Februar 2005,
Tagungen des Landesmuseums fiir Vorgeschichte Halle Band 05/11, pp. 719-734.

Pernicka, E., 2014. Provenance Determination of Archaeological Metal Objects. In: Roberts, B.W.
and Thornton, C. (eds.) Archacometallurgy in Global Perspective. Methods and Syntheses.
Springer, New York, pp. 239-268.

Pernicka, E., Salzani, P., 2011. Remarks on the analyses and future prospects. In: Aspes A. (Ed.), I
bronzi del Garda. Memorie del Museo Civico di Storia Naturale di Verona, Verona, pp. 89-
98.

Perucchetti, L., Bray, P., Dolfini, A., Pollard A.M. 2015. Physical barriers, cultural connections:
Prehistoric metallurgy across the alpine region. European Journal of Archaeology 18, 599-
632.

Preuschen, E., 1973. Estrazione mineraria dell’eta del bronzo nel Trentino. Preistoria Alpina Rend.,
91, 113-150.

Rehkdmper, M., Mezger, K., 2000. Investigation of matrix effects for Pb isotope ratio
measurements by multiple collector ICP-MS: verification and application of optimized
analytical protocols. Journal of Analytical Atomic Spectrometry, 15, 1451-1460.

Santos Zalduegui J.F., Garcia de Madinabeitia S., Gil Ibarguchi J.I., Palero F. (2004). A lead
isotope database: The Los Pedroches—Alcudia Area (Spain); Implications for
archaecometallurgical connections across Southwestern and Southeastern Iberia.
Archaeometry, 46, 625-634.

Schroll, E., 1997. Geochemische und geochronologische Daten und Erlauterungen. In:Weber, L.
(Ed.), Handbuch der Largerstatten der Erze, Industrialminerale und Energierohstoffe
Osterreichs, Archiv fiir Lagerstatten Forschung, band 19, Geologische Bundesanstalt,
Chapter V, pp. 395-495.

Sebesta, G., 1992. La via del rame. Econ. Trentina, Suppl. 3, 1992, 221 p.

Sebesta G., La via del rame, 2000, Museo degli Usi e Costumi della Gente Trentina; S. Michele
all’Adige.

18



J. Arch Sci. JASC 16-320 _ revised version

Sperl G.O., 2005, Metallography for the European Copper Age: research on the Axe-blade of the
glagier-mummy from the Otzaler Alps in Tyrol. Microscopy Today, 13, 8-13.

Stos Z.A., 2009. Across the wine dark seas. Sailor tinkers and royal cargoes in the Late Bronze Age
eastern Mediterranean. In: Shortland, A.J., Freestone, I.C., Rehren, T. (Eds.), From Mine
to Microscope e Advances in the Study of Ancient Technology. Oxbow Books, Oxford,
pp- 163-180.

Stos-Gale Z., Gale N.H., Houghton J., Speakman R. (1995). Lead isotope data from the Isotrace
Laboratory, Oxford: Archacometry data base 1, ores from the Western Mediterranean.
Archaeometry, 37, 407-415.

Swainbank I.G., Shepherd T.J., Caboi R., Massoli-Novelli R. (1982). Lead isotopic composition of
some galena ores from Sardinia. Periodico di Mineralogia, 51, 275-286.

Villa .M., 2009. Lead isotopic measurements in archeological objects. Archaeol. Anthropol. Sci. 1,
149-153.

Villa .M. (2016). Provenancing bronze: Exclusion, inclusion, uniqueness, and Occam’s razor. In:
Grupe G., McGlynn G.C. (eds.) Isotopic Landscapes in Bioarchaeology Springer Berlin
Heidelberg, pp. 141-154.

Weber (1997) Handbuch Der Lagerstitten Der Erze, Industrieminerale Und Energierohstoffe
Osterreichs. Archiv Lagerst. Forsch. vol. 19,

Weisgerber G., Goldenberg G. (Eds.), 2004. Alpenkupfer — Rame delle Alpi. Der Anschnitt, Vol.
17. Deutsches Bergbau Museum, Bochum.

Zammatteo P., L’arte mineraria e la sua memoria in Trentino, 2009, Publistampa Edizioni; Pergine

Valsugana.

19
























