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We describe a methodology of investigation of both Cu metal matrix and its mineral inclusions that aims at increasing the ef-
fectiveness of identifying the type of ore used in metal production. We point to sulphosalt ores as the main source of metal for
the Final Neolithic/Early Bronze Age copper artefacts from southern Poland. The inclusions, rich in Ag, As, Sb and Sn, docu-
ment the type of ore, regardless of the metallurgical process leading to depletion of As and Sb. The copper metal should con-
tain neither Sb nor As, hence both of these elements, if originally present in ore, can be preserved only in inclusions. The
concentrations of Ag, Sb, As and Sn in the artefacts investigated, the presence of inclusions, and their chemical composition,
are the key indicators for the determination of the mineralogical composition of the original ores. Given the high concentra-
tions of Sb, As and Ag in the Cu metal and mineralogy of the inclusions, the ore must have contained varying proportions of
Ag-bearing tetrahedrite (Cu,Fe)12Sb,4S13 and tennantite (Cu,Fe)12As4S13. Mineralogical compositions of the copper ores indi-
cate the deposits in Slovakia (Spania Dolina) as the source of metal for the artefacts investigated. The results of Pb and Cu
isotopic analyses carried out for this study support those conclusions.
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INTRODUCTION

“Thread and wire” metallurgy, in which we should also count
the Bronze Age part of the artefacts investigated, is a very
widely spread copper-based industry in the Eneolithic and Early
Bronze Age in Europe. The Léckenringe (willow-leaf shaped
pendants), its main representatives, are considered to originate
stylistically from the Near East (Zaharia, 1959: fig. 1:3, 12:6);
the oldest pendants of that kind were found in Ur and are dated
back to the Early Dynastic period Ill (2600-2400 BC; Sliwa,
1997: 273). The ornament style spread quickly from Mesopota-
mia to Anatolia (Troy II/Ill —~2300 BC, Sliwa, 1997: 41) and the
Balkans (Moldova Veche — Cotofeni llic; Roman, 1976: fig. 8;
tab. 8: 19c, d). Two or three centuries later it appeared in Cen-
tral Europe (southeastern Poland, southwestern Slovakia) and
the Caucasus (Georgia, Dagestan). The golden age of the
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Léckenringe production falls within the Early Bronze Age
Carpathian epi-Corded Ware circle (Mierzanowicka culture)
which, with reference to metallurgy, was solely based on the
“thread and wire” technology. As a research subject it has been
so far neglected in archaeometallurgical studies, while the con-
temporaneous Unétice culture (western Poland, eastern Ger-
many and Czech Republic) and its metallurgical tradition has
received much attention. Itis therefore timely to shed some light
into technological and provenance aspects of the “thread and
wire” metallurgy. The earlier, Final Neolithic metal finds of the
Corded Ware culture, which constituted the core part of cultural
tradition, continued into the Bronze Age, have been chosen for
comparison in terms of their chemical and mineralogical com-
position and technology.

Our study shows how detailed microprobe chemical analy-
ses of both matrix and inclusions of a copper object can be
combined in order to acquire more detailed metallographic
characteristics of artefacts and how this affects inferences re-
garding the sources of ores and location of the areas exploited.
These results were then compared with the lead and copper
isotope analyses obtained.
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METHODOLOGICAL BACKGROUND

That chemical analysis can be the basis of provenance
studies of metal dates back to the nineteenth century (Pernicka,
1999). Its development was stimulated by the introduction of
spectrographic methods that allowed minor and trace element
concentrations to be accurately determined. Initially, prove-
nance studies were focused on connecting minor ore deposits
to the circulation of metal in Central Europe (Witter, 1938; Otto
and Witter, 1952; Neuninger et al., 1957). However, in this re-
search was placed on the importance of the Eastern Alps as an
early source of copper, while some attention was also given to
potential supply from other ore deposits, such as those in cen-
tral Germany, the Slovakian mountains and the Balkans. By the
1960s, chemical analysis was being used to identify early metal
types in other parts of Europe. The largest of these studies was
the Stuttgart programme, which provided analyses of some
20’000 prehistoric metal objects from across Europe (Junghans
et al., 1960, 1968, 1971, 1974). These results were used to
identify the circulation of distinct metal groups, which could po-
tentially be traced back to their geological source. With some
exceptions (e.g., Coghlan and Case, 1957; Coghlan et al.,
1963) this type of source provenancing was not a success. This
was mainly because of complex changes that occurred during
the conversion of ore to metal by smelting and by subsequent
thermal processes such as casting. The research also exposed
a limited understanding of relevant sources of copper ores and
their geochemistry, which restricted any direct comparison with
the analysis of the finished metalwork (cf. Pernicka, 1999).

The perceived failure of the Stuttgart programme in terms of
source provenance studies of prehistoric metalwork cast a
shadow over this area of research for many years. There were
important successes in later research, such as the analysis of
Copper Age metalwork in the Balkans and its relationship to ore
sources (Pernicka et al., 1993, 1997) but mostly it showed how
difficult it is to establish direct links with particular ore sources.

Regarding copper mining in prehistoric Europe, three major
types of copper mining can be distinguished (O'Brien, 2012).
This division is based on both the types of ore sources exploited
and the technology applied. The earliest mining of copper ore
involved the extraction of secondary minerals from surface
zones of oxidation, such as malachite Cu,CO3(OH), and azurite
Cu3(CO3),(OH),. These minerals are rich in copper and easy to
smelt using a primitive hearth or crucible technology. They were
first used in the Chalcolithic, when the deposits were locally ex-
ploited continuously throughout the Bronze Age. The use of
these ores declined significantly by the later second millennium
BC, suggesting widespread exhaustion of accessible deposits.

The second mining tradition involved the use of fahlore
(Fahlerz), namely copper sulphosalts of the tennantite
Cuq2As4S13 — tetrahedrite Cu;,SbsS13 solid solution. These are
rich in copper (~50%), and like the oxidized ores could be
smelted using a low temperature, non-slagging technology.
Fahlore (Fahlerz) mining is particularly associated with the
spread of Beaker culture metallurgy in Western Europe in the
third millennium BC (O’Brien, 2012) but, according to evidence
from the Inn Valley in Austria, it commenced already in the Neo-
lithic (Hoppner et al., 2005). The use of fahlore declined signifi-
cantly with the adoption of tin bronze around 2000 BC, but was
developed further in central Europe during the Late Bronze Age.

The final copper mining tradition in Europe focused on the
extraction of primary sulphide ore (cf. Bachmann, 2003: 28),
particularly copper-iron sulphides such as bornite CusFeS, and
chalcopyrite CuFeS,. Their earliest exploitation is not well
dated, possibly beginning in the late Chalcolithic/Early Bronze

Age, e.g. the Mitterberg complex in Austria (Stoliner, 2003).
While copper-iron sulphides, such as chalcopyrite, can be re-
duced using a primitive process, the efficient recovery of metal
required an advanced furnace technology that was only devel-
oped at a later stage in the Bronze Age (Craddock, 1999).
Hence these mining traditions often overlapped in different
parts of Europe. This would have occurred where separate
mines with different ore types were worked at the same time us-
ing different technologies, and even in the same mine operation
where different ore types were encountered. There is a general
chronological trend from the mining of native copper and oxi-
dized ores, to the extraction of fahlores, to the extraction of cop-
per-iron sulphides. This does not have to reflect the depth
zonation within ore bodies, but rather the development of new
technologies and mining strategies that allowed different types
of ore deposit to be mined. Such could have been the case of
the fahlores due to the ease of extraction and perceived quality
of the resulting metal.

The first attempts to identify ore types used in prehistory
were made in 1950s by Otto and Witter (1952), who identified
prehistoric copper with high concentrations of arsenic, anti-
mony and silver and concluded that the ores used for the pro-
duction of this copper contained an appreciable fraction of
fahlores. In the 1960s, based on investigation of minor and
trace elements found in copper artefacts, it was indicated that
silver, arsenic, bismuth, iron, antimony and lead were the most
diagnostic metallic impurities for discrimination of ore type
(Friedman et al., 1966). Two decades later this approach was
refined (Rapp, 1988) involving analysis for sulphur (Rapp,
1989: 107). The significance of inclusions in the Cu metal had
already been noted in the studies by Rehren (1991) and Rehren
and Northover (1990). Based on analyses of copper ingots from
Cyprus, they emphasized the selenium and tellurium inclusions
and discussed the influence of ore composition and smelting
technology on the contents of these elements in the Cu metal.

However, it has been shown from laboratory experimenta-
tion (Pollard and Bray, 2014) that if a copper ore contains
nickel, arsenic and antimony, then all the antimony (Sb) in the
charge is transferred to the metal at all temperatures between
700 and 1100°C. By contrast, the nickel (Ni) will not appear in
the smelted metal at all unless the temperature is above 950°C,
while only low percentages of the original arsenic (As) content
will be transferred at temperatures below 950°C. Thus, if the
“impurity pattern” of interest consisted of the presence or ab-
sence of Sb, As and Ni (all important elements in early cop-
per-based metallurgy) then the impurity pattern of the metal
smelted of the same chargé changes dramatically if the furnace
temperature goes above 950-1000°C. Using the standard
model of provenance, such an observation would be taken as
indicating a switch in ore source. This counsels caution if con-
sidering only one possible explanation of such a change.

In addition to the chemical composition of an object, an-
other key attribute that can be measured is the isotopic compo-
sition. The advantage of looking at the isotopic composition of
an element, rather than at abundances of minor and trace ele-
ments, is that in heavy element like lead this does not change
on the way from the ore to the artefact. Regardless of the pro-
cesses involved in the treatment of ore or metal, the isotopic
composition remains constant. Lead isotope ratios of single
artefacts can be compared with those of an ore deposit. If they
are different, it can be concluded that the artefact does not de-
rive from that specific ore source. Conversely, it is not possible
to regard the provenance of an artefact as proven even if it
shares the same isotopic signature as an ore deposit. The rea-
son for this is that although the variations of lead isotope ratios
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Fig. 1. Location of the archaeological sites (Miernéw, Zerniki Gérne, Kolosy) and Cu ore
deposits in the Carpathians and adjacent areas

in ore deposits are much smaller than that of trace element con-
centrations, there exists the possibility that another deposit has
the same isotope ratio. The isotopic composition of lead was
identified as a source of information concerning ancient copper
in 1982 (Gale and Stos-Gale, 1982) and since then isotopic
analyses of lead have been widely used for determining the ori-
gin of Bronze Age metals.

Advances in our understanding of copper isotopes and their
variance with respect to copper ore mineral composition (cf.
Powell et al., 2017) provides a new approach to investigating
ancient mining practices through analysis of copper artefacts,
the final product of the metallurgical process. Copper isotopic
analysis provides no direct insights into the specific location
from which copper ore was extracted (provenance). Rather, it
identifies the nature of the mineral that comprised the ore, and
aspects of the climate in which copper ores weathered. It has
been demonstrated that neither ancient nor modern techniques
for processing of copper ores fractionate copper, and so the
copper isotope composition of metallic artefacts corresponds to
that of the ores from which they were made.

Copper isotope ratios differ between primary (hypogene)
sulphidic, secondary (supergene) sulphidic and oxidized ore
sources. Traditional lead isotope signatures of ancient metals
are specific to deposits, while copper isotope signatures are
specific to the ore minerals used for metal production in ancient
times (Jansen et al., 2018).

The first attempts to use copper isotopes in archaeometal-
lurgy were conducted in the mid-1990s (Gale et al., 1999;
Woodhead et al., 1999). Through the analysis of material from
copper smelting and fire refining experiments, fractionation of
Cu isotopes during metallurgical operations was not detected.
The first systematic investigations were carried out on Roman
coins, ingots and bronzes which were compared to deposits
from the Iberian Peninsula, Siegerland and Lahn-Dill (Ger-
many; Klein et al., 2002, 2004, 2007, 2009). These studies dis-
cerned deposits with overlapping Pb isotope signatures by us-
ing Cu isotopes, and the analysis of coins allowed the detection
of shifts in using those deposits through time. For any copper
deposit, the copper isotope values in all three reservoirs are
controlled by the starting composition of the non-weathered
ore, the degree of weathering, and the mineral species being

weathered. This degree of variability among numerous ore de-
posits would likely result in the overlap of copper isotope com-
position between populations of artefacts. Therefore, shifts in
the mean copper isotope values and associated standard devi-
ations would best reflect changes in ore use.

MATERIAL AND METHODS

METAL SAMPLE AND ARCHAEOLOGICAL BACKGROUND

The metal samples for this research were selected based
on three general criteria: (a) material: copper objects in order to
exclude distortions inevitable in analyzing copper-tin alloys, (b)
technology: one “technological” group (the so-called thread and
wire metallurgy), (c) well-defined archaeological context.

All twelve metal artefacts analysed come from graves dated
to the third millennium BC from Lesser Poland (Matopolska)
(Fig. 1 and Table 1). These graves were discovered during ex-
cavations of burial mounds performed in the 1960s and 1970s
by A. Kempisty at sites in Kolosy, Miernéw (both Kazimierza
Wielka county) and Zerniki Gérne (Busko Zdrdj county;
Kempisty, 1978; Wiodarczak, 1998; Kempisty and Wtodarczak,
2000). Beneath the burial mounds and in their surroundings
many Final Neolithic and Early Bronze Age graves were discov-
ered.

The metal objects found in graves can be assigned to two
chronological horizons:

~2600-2400 BC — Corded Ware culture graves —
Kolosy, grave 4 (K-1); Zerniki Gorne, graves 78 (Z-1,
Z-2) and 138 (Z-5);
~2100-1900 BC — older and classical phase of the
Mierzanowice culture (Miernéw, tumulus Il, graves 6 and
8 (M1a-f); Zerniki Gérne, grave 121 (Z-3, Z-4).

Metal objects chosen for analyses (Fig. 2) represent typical
forms common for grave furnishings from Lesser Poland
(Matopolska). The predominant category of both of the chrono-
logical horizons is ornament, in most cases earrings. They
started to appear in the catacomb graves of the Corded Ware
culture ~2500 BC. The most commonly form used was a spi-
ral-shaped earring with one end tapped and the other sharpened
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Table 1
Inventory of the artefacts analysed
No. | Sample Site Grave Type of artefact Archaeological culture
1 K-1 KOLOSY 4 awl Corded Ware
2 M-1a MIERNOW I 6 fragment of ring Mierzanowice
3 M-1b MIERNOW || 6 fragment of ring Mierzanowice
4 M-1c MIERNOW || 6 fragment of earring Mierzanowice
5 M-1d MIERNOW I 8 fragment of ring Mierzanowice
6 M-1e MIERNOW I 6 earring Mierzanowice
7 M-1f MIERNOW || 8 Tube Mierzanowice
8 Z-1 ZERNIKI GORNE 78 earring Corded Ware
9 Z-2 ZERNIKI GORNE 78 earring Corded Ware
10 Z-3 ZERNIKI GORNE 121 earring Mierzanowice
11 Z-4 ZERNIKI GORNE 121 earring Mierzanowice
12 Z-5 ZERNIKI GORNE 138 knife/head of pin Corded Ware

Fig. 2. The artefacts analysed (photo by M. Osiadacz)
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(e.g., earrings from grave 78 in Zerniki Gorne). Later, in the Early
Bronze Age assemblages, willow leaf-shaped earrings domi-
nate, like the ones from grave 6 from Miernéw (M1a—e) and
grave 121 from Zerniki Gérne — Z-3 and Z-4 (Kadrow, 2000).
Their shapes are considered as a typological development of the
Final Neolithic ornaments (Kempisty, 1982). The metal series in-
cludes also two tools found in the catacomb graves of the
Corded Ware culture: an awl from Kolosy (K-1) and a small
“knife” from Zerniki Gorne — Z-5 (grave 138). The first one repre-
sents the only tool group that appears repeatedly in the Final
Neolithic burials. Awls of that kind occur in male graves and are
interpreted as tools used in flint manufacturing. The number of
the Final Neolithic burials furnished with metal artefacts in the
Matopolska Uplands is relatively large in comparison to those of
other regional groups of the Corded Ware culture. The tradition
of furnishing the dead with golden or copper objects continued
into the Early Bronze Age. It seems as though, in this region over
~1000 years, the aesthetic preferences regarding metal items as
well as the technological process and ore mining remained un-
changed. Given the lack of rich local copper ore deposits, the
main issues here concern not only the provenance and organiza-
tion of import of copper to the territory of southern Poland but
also its local technological treatment.

METHODS

Small pieces of copper artefacts, of a few cubic millimetres,
were cut and mounted in one block 2.54 cm in diameter (Fig. 3),
using 2020 Araldite resin (Huntsman LLC). This was lapped
and polished using diamond abrasive materials. During the lap-
ping a metallic bond diamond (40 um) Tissediam disk
(Presi-Métallographie) was used in order to expose relevant
sections of the artefacts mounted in the block. The process was
carefully controlled under a stereoscopic microscope. During
the polishing, diamond gels with diamond grains of 9 ym, 3 um
and 1 uym were used, with polishing times of 40, 15, and 3 min-
utes, respectively. Polishing materials with 0.25 pm diamond
grains were avoided in order to avoid the possible incorporation
of fine-grained diamond into the soft copper material.

Chemical and mineralogical analyses of the copper
artefacts were carried out using electron microscopes and a
CAMECA SX100 electron microprobe at the Inter-Institute Ana-
lytical Complex for Minerals and Synthetic Substances at the
Faculty of Geology, University of Warsaw. The microprobe was
equipped with 4 wavelength dispersion spectrometers (WDS),
worked at accelerating voltage of 15 keV, with the beam current
and beam diameter respectively of 20 nA and 2 ym. The count-
ing time at the peak maximum was 20 seconds and 10 seconds
at background, measured at both sides of the peak.

The calibration of Cu (Ko, LIF) was done using pure KGHM
99.99 wt.% electrolytically refined copper, that was finally pol-
ished together with the samples analysed for the investigations.
The mean detection limit for Cu was 0.07 wt.%. The other ele-
ments were calibrated using natural and synthetic standards
supplied by CAMECA and SPI Ltd. Standards, analytical lines,
diffracting crystals, and mean detection limits expressed in
wt.% for these were as follows: InAs — As (L3, TAP, 0.08); InSb
—Sb (La, PET, 0.04); Ag.Te — Ag (Lo, PET, 0.05); cassiterite —
Sn (La, PET, 0.03); NiO — Ni (Ka, LIF, 0.04); CoO — Co (Ka,
LIF, 0.02); Bi;Te; —Bi (Ma, PET, 0.02), sphalerite — Zn (Ka,, LIF,
0.07), PbS — Pb (Ma, PET, 0.08); Fe;O3; — Fe (Ka, LIF, 0.03);
CuFeS; - S (Ka, PET, 0.02), and Bi,Se; — Se (La, TAP, 0.03).
Au, Te and In were also analysed but their amounts were below
detection limits in all artefacts examined. The raw microprobe
counts were reduced with the PAP routine (Pouchou and
Pichoir, 1985).

Z1 | 24

Z3 | K5 M-1d

M-1f (b)

Fig. 3. The araldite block with mounted samples of copper
artefacts

M-1f (a)

‘M-1c | M-1b |

All samples were cut perpendicular to the long axis of the objects;
the aluminum ring is 2.54 cm in outer diameter

Electron microprobe compositions at 323 points within the
matrix of 12 objects were obtained (Table 1). The number of an-
alytical points in the samples analysed range from 20 to 30, be-
ing higher in inhomogeneous samples and samples containing
numerous inclusions. The selection of the elements analysed
was based both on already published results of chemical analy-
ses of archaeological artefacts (Junghans et al., 1960, 1968,
1974) and mineralogical compositions of the Carpathian copper
deposits that contain enhanced concentrations of As, Sb, Pb,
Zn, Ag, Au, Ni, Co, Se and Te (Chovan et al., 1994; Szakall,
2001; Duda and Ozdin, 2012). In the discussion section below
only the concentrations of the elements that significantly ex-
ceed the calculated detection limits were taken into account.

The inclusions study was performed using an ultra-high-res-
olution analytical FE-SEM Hitachi SU-70 fitted with a Schottky
field emission source, which ensures both a sufficiently high
probe current and high resolution for the analytical techniques.
During SEM observations, chemical analysis of the samples
(matrix and inclusions) were performed at an acceleration volt-
age of 15-20 keV with an energy dispersive spectrometer
(EDS) equipped with a Thermo Scientific™ UltraDry EDS De-
tector. The microscope is also fitted with a YAG back-scattered
electron detector (YAG-BSE) which allows observation of sam-
ples in compositional contrast. In all samples, the chemical
composition of each type of inclusion was defined by at least
three measurements depending on the size of the inclusion.
The accuracy of the instrument is (in most cases) 0.1 wt.% and
the detection limit is also ~0.1 wt.%. However, these parame-
ters change since heavier elements in a heavy matrix are ana-
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Fig. 4. SEM images of cross-sections of the samples analysed with corrosion layers: Z-1 (A, B), M-1a (C, D)

See text for further explanations

lysed with higher precision than lighter ones; this might be the
case of the present study since the copper matrix analysed
comprises from different elements in variable amounts. There-
fore, the chemical composition of the inclusions is considered
half-quantitative.

The analyses of Cu and Pb isotopes of the artefacts and
copper ore samples from Poland, Ukraine and the Carpathian
Basin was performed in Sweden, at ALS Scandinavia AB. The
copper ore samples were prepared using the ALS Scandinavia
standard procedure, i.e. after grinding they were subjected to
microwave-assisted digestion in a concentrated HNO3; + HCI
mixture. The analyses were carried out by MC-ICP-MS
(NEPTUNE, Thermo Scientific). Delta values for Cu were cal-
culated against a NIST SRM 976 standard. Standard deviation
values (SD) were calculated based on two independent con-
secutive measurements of isotope ratios. The amount of Cu,
Pb and other trace elements in the samples analyzed were
checked using ICP-MS before the analysis.

RESULTS

The fragments of artefacts studied are characterized by the
presence of corrosion layers developed at the surface of ob-
jects, while the inner parts of the samples (copper matrix) com-
prise dispersed inclusions of different shape and spatial distri-
bution (Figs. 4 and 5). The SEM observations and chemical in-
vestigations dealt with each of these two entities distinguished
with major emphasis on the latter.

However, due to their importance in terms of provenance
studies, detailed analyses of selected inclusions was also per-
formed. The weathered rims, usually green, 0.25 to 3 mm thick
(Fig. 4A, B), consist of malachite and cuprite’. There are also
numerous small inclusions of native silver (Ag) within the outer
rims (bright objects marked by arrows in the BSE images, see
Fig. 4A, B and 5B), especially in Ag-bearing artefacts.

The surface of the artefacts was partially degraded due to
exposure to a corrosive environment when buried in the

! According to the International Mineralogical Association (IMA) official guidelines, the phases described in this paper are not minerals (for
details see www.ima-mineralogy.org). However, for the sake of clarity and relevance to other published papers, we assign them names of
mineral species but only due to their similarity in terms of chemical composition.
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Fig. 5. SEM images of the cross-section of the samples analysed with corrosion layers: M-1d (A, B), K-1 (C, D)

ground. The samples with circular (Z-1) and square (K-1)
cross-sections have homogeneous corrosion layers over the
whole surface. The layers are composed mainly of malachite,
cuprite and rare brochantite. The thickness of the corrosion
layer of the earring (Z-1) and the awl (K-1) was ~330 ym and
100 um, respectively. However, in the case of the planar
artefacts (M-1a and M-1d), corrosion layers of different thick-
ness were observed on the opposite surfaces.

CHEMICAL FEATURES OF METAL MATRIX

The study of the Early Bronze Age artefacts documents a
complex chemical composition of the Cu metal (matrix) that is
additionally controlled by the occurrence of numerous Cu-O,
Pb-Sb-O, Pb-As-O, Sn-Co-Ni-Se inclusions (Figs. 6 and 7).
The concentration of Cu, measured by electron microprobe
(EPMA) of the volume of a few cubic micrometres, ranges from
94.41 up to 99 wt.%. The other most common elements deter-
mined are As, Sb, Ag, Ni and Sn (Appendix 1*) The As and Ag
concentrations are elevated in most of the samples. The high-
est concentrations of As and Ag reach up to 2.12 and
1.41 wt.%, respectively. In two samples, Z-1 and M-1d, Sb is

also present as a major admixture. In sample Z-1 the Sb con-
centrations vary from 0.51 to 0.71 wt.%, while in sample M-1d
they range from 0.68 to 3.04 wt.%.

Sample M-1d is unique in the set analysed not only in its
high concentrations of Sb, Ag, but also of Ni (0.77-1.77 wt.%),
As (0.13-0.53 wt.%) and Sn (0.01-0.36 wt.%). The high con-
centrations of these metals in the Cu matrix also correspond to
enhanced concentration of Co (up to 0.13 wt.%) and numerous
inclusions of Sn-Co-Ni-Se-rich phases, probably originating in
melting of the ore. Higher concentrations of Sn (up to
0.12 wt.%) were determined also in some parts of the Z-4 sam-
ple (Appendix 1).

Beside As, Sb, Ag, Ni and Sn, the presence of Pb, Bi, Zn,
Cd and Au was ascertained. Their contents do not exceed
0.34 wt.% (taking into account their respective detection limits).
In many samples the following pattern was observed: the occur-
rence of numerous As-, Sb-, Pb-, and Bi-rich inclusions corre-
lated inversely with the contents of these elements in the Cu
matrix, e.g. low contents of Pb and Sb in sample K-1 was com-
pensated for by numerous Pb-Sb-O inclusions (cf. Figs. 6, 7
and Appendix 1).

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/9q.1473
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Fig 6. SEM images of the inclusions observed on the cross-sections of the earring Z-1 (A, B) and the awl K-1 (C, D)

White inclusions are composed mainly of Pb, Sb and As, dark ones are composed of Cu-O and were probably formed as a result of the
removal of inclusions during the sample preparation process; numbered dots in B and D denote spots where chemical analyses were
performed (see Table 2 for results); see text for further explanations

In the samples studied copper does not demonstrate signifi-
cant variation in its chemical composition (with constant bright-
ness in the BSE images), except for some samples (Fig. 5B)
where parallel zoning of chemical composition was observed.
These textural patterns probably reflect later metallurgical treat-
ment of the material.

CHARACTERISTICS OF THE MINERAL INCLUSIONS

The SEM observation of the samples taken from the earring
and the awl revealed the presence of bright inclusions in the
matrix of the copper artefacts (Figs. 5A and 6D). In order to
characterize in detail their morphology and chemical composi-
tion, SEM observation at magnifications between 500 and
5000x (Figs. 6 and 7) as well as standardless chemical analysis
(EDS) were performed. Table 2 shows selected examples of
chemical compositions of all major types of inclusion and sam-
ples in which they were observed. However, in each sample the
chemical composition of the same type of the inclusion is
slightly different due to the presence of additional minor ele-
ments. The full set of analyses of the inclusions (including major
and minor elements) is provided in Appendix 2. The chemical

analyses given in Table 2 were carried out at chosen points
(Fig. 6B, D).

Samples Z-1 and Z-2 have the highest number of inclusions
(Fig. 6A, B). Sample K-1 (Fig. 6C, D) also shows a high concen-
tration of inclusions. By contrast, in samples Z-3, Z-4, M-1a and
M-1d, concentrations of inclusions are very low. In sample Z-5
only individual inclusions were observed.

The inclusions studied have similar morphology (Fig. 6).
Most of them are round or oval in shape, some with irregular
with uneven or, rarely, flat boundaries. The inclusions’ length
(or diameter) usually does not exceed 15-20 pm. Within these
objects there are rectangular or rhomboid plates and laths
(bright in BSE image, Fig. 6B). These phases are up to a few
Mm long; in some aggregates ~1 um long grains occur together
with those ~3—4 pm long. Independently of their size, the ar-
rangement of these small objects within the aggregates is ran-
dom (Figs. 6A and 7A). In sample M-1f there were some local
aggregations of inclusions (Fig. 7A, B).

The EDS analyses show that in all samples the inclusions
are composed of Cu, O and most commonly of Pb and Sb.
Moreover, depending on the sample, the inclusions comprise
other elements such as Bi and As. In the BSE images the
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Fig 7. SEM images of the inclusions observed in the tube M-1f (A, B) and the ring M-1d (C, D)

White inclusions are composed mainly of Pb, Sb and As, dark ones are composed of Cu-O

Selected chemical analyses (semi-quantitative, standardless EDS mode) of inclusions in the Final Neolithic/
Early Bronze Age artefacts
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Table 2

I?ﬁﬁ:lusion Cu-S-Se Cu-O Pb-Sb-Cu-O | Cu-As-O | Cu-Sb-O | Sb-P-Cu-O | Sb-Pb-Cu-As-O | Pb-Cu-As-O | Pb-Cu-Bi
e hoiusion’ | 2-5,2-3 | All samples K% z3 | & K-1 K-1, M-1b, M-1f | MA@ MTe )74 7.
type present ’

Analysis

number/ 1/Z2-5 2/M-1b 3/Z-2 4/Z-3 5/Z-4 6/K-1 7/K-1 8/M-1a 9/Z-1
sample

As 0.0 0.0 0.0 39.1 0.0 0.0 4.4 17.3 0.0
Si 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0
S 8.3 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0
Sb 0.0 0.0 35.3 0.0 9.0 40.1 41.0 1.4 0.0
Pb 0.0 0.0 35.9 0.0 0.0 30.8 26.7 46.1 67.9
Sn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cu 84.4 89.5 13.7 48.5 84.0 14.2 11.6 28.5 71
O 0 10.5 15.1 12.2 6.7 14.9 16.3 6.7 2.6
Se 7.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bi 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 22.3
TOTAL 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

All concentrations in wt.%; for full data set see Appendix 2
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Pb-Sb-Cu(tAs, Bi)-rich inclusions are bright, whereas the dark
areas observed in SEM are composed solely of Cu and O
(Figs. 6 and 7). The Cu-O inclusions in sample M-1b were com-
posed of 89.5 wt.% Cu and 10.5 wt.% O, which is equivalent to
68.2 at.% Cu and 31.8 at.% O,. Thus, such concentration of el-
ements suggests that the composition corresponds to that of
cuprite. Moreover, this conclusion was supported by additional
Raman spectroscopy. This type of inclusion occurs in every
sample. In sample M-1f only cuprite (Cu-O type) inclusions with
remnants of the Pb-As-rich phase at the edges were observed
(Fig. 7B). Rarely, sulphur is present and copper sulphide inclu-
sions enriched in Se appear (Table 2).

ISOTOPE ANALYSIS

Copper and lead isotope ratios have been determined for
21 ore samples from copper ores from the Carpathian Basin,
the Miedzianka region (Swietokrzyskie Mountains), Lower
Silesia (Lubin and Sieroszowice regions, and the Leszczyny
syncline) and Ukraine (Volyn). These samples represent vari-
ous kinds of primary copper deposit, both hydrothermal and
sediment-hosted. The detailed mineralogical descriptions of the
samples investigated and their locations are given in Appen-
dix 3 and Figure 1. The samples come from waste heaps, for it
was not possible to access the mine workings of the old, closed
mines. The artefacts subjected to isotopic analyses represent
different stylistic groups. Major and trace elements composi-
tions were determined for both ore and artefact samples and
the results are shown in Appendices 4A and B. The results of
Cu and Pb isotope ratios analyses are given in Appendices 4C
and D.

The study of the isotopes %*Cu/®*Cu for copper ores re-
vealed a large variation of 5%°Cu values, from —1.086 to
2.108 %o. Pb isotope ratios in the ore samples investigated also
fall within a large range of variation (see Appendix 4C). The
ores investigated in our study represent the ore mineral sources
available from the largest deposits in the Carpathian Basin. The
best known in ancient times was Spania Dolina-Piesky. The Cu
isotope composition of the ore samples from that deposit signifi-
cantly vary by & ®*Cu = —0.146 to 1.308. Cu and Pb isotope ra-

tios in the copper artefacts investigated fall within a significantly
smaller range of variation (Appendix 4D). 8 ®Cu values vary
from —0.065 to 0.439%.. “*Pb/*”’Pb and **’Pb/®Pb and
206pp204pp ratios vary from 2.4650 to 2.4760, from 0.8346 to
0.8412 and from 18.511 to 18.754, respectively.

DISCUSSION

CHEMICAL COMPOSITION — INCLUSIONS

Copper oxide inclusions. The presence of copper oxide
in the inclusions can be related either to the ore composition or
to the reaction which occurs during the smelting process (cf.
Hauptmann, 2007: 243). As for the ore composition, when ox-
ide ores are used, it is possible that the ore material is not en-
tirely melted. Thus, oxide inclusions can be the residues of the
original oxide ores. On the other hand, melted copper absorbs
oxygen from the atmosphere and forms oxides. Since the
chemical analyses show that copper oxides are composed only
of oxygen and copper while no other chemical elements were
detected, it is most likely that these inclusions were formed dur-
ing the metallurgical process (oxidation of the melted copper in
crucibles).

The real technological challenge seems to have been keep-
ing both the conditions of temperature and atmosphere in an
ideal balance during the smelting process. This might be the
reason for the high copper oxide contents. Those inclusions
substantiate the high smelting temperatures as well as the in-
complete reduction of the ore (Hauptmann, 2007: 227). How-
ever, in both cases the occurrence of copper oxide inclusions
indicates the imperfections of the technological process as re-
gards obtaining copper products (cf. Scott, 1991: 90). The high-
est number of copper oxides were observed in samples Z-1,
Z-2 and K-1 which are the oldest objects analysed
(~2600—2400 BC, the Corded Ware culture). Also, in these
samples, other types of inclusions containing chemical ele-
ments such as Pb, Sb, Bi, As (Tables 2 and 3) were observed.
Thus, it can be concluded that the smelting process was less
developed and oxidation of the melted copper was more pro-

Table 3

Chemical characteristics of the four types of Cu metal distinguished within the artefacts studied and the assumed mineralogical
composition of copper ores used for their production (see text for further explanations)

I\{Iy%gl Samples | Chemical characteristics of the copper metal Inclusions Inferred Cu ore
Pb-Cu-Sb-As-O
Z-1 Pb-Cu-Bi : ;
b ores with predominance of
A rg:g{nwﬁt\so/(yggg A’Squti)A’g)’ fab Vslt’%/t)o Cu-0 tetrahedrite over tennantite, or with
: -0 g (up : -0 Pb-Sb-As-O varying proportions of both minerals
M-1f
Cu-O
M-1a,
M-1b, high contents of As (range from 0.25 to Pb-Cu-As-O, Cu-O
B M-1c, 2 1gwt.%), Ag %]enerally low (<0.08 wt.%), ’ oresdv/wth predglml'r&an(;ehof ter)[ﬂantlée,
M-1e sometimes reach up to 0.43 wt.%, Sb con- andjor possible A\S-rich weatnere
stantly below 0.08 wt.% ores (pseudomalachite)
Z-3,Z-4 ) ) Cu-As-O, Cu-Sb-O
Z-5 Cu-S-Se
b tannine- or other Sn mineral-rich
rich in Ag (from 0.35 to 1.41 wt.%), Sb (from s P h
c M-1d 0.68 t0 3.04), and Ni (from 077 0 1.7 Cu-Sb-0 ores, containing aiso i and Co
wt.%), Sn-rich (up to 0.36 wt.%) uipmc laes,
sulphides and sulphosalts
Ag-rich (0.23-0.58 wt.%), varying Sb content tetrahedrite and :
4 7 h 1S h . galenite are the most
D K-1, Z2-2 (up to O.7E(><v5t..(‘)’/é)<N?%2I)ete in As Pb-Cu-Sb-O, Cu-O abundant ore minerals
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nounced. The presence of copper oxide in the copper objects
formed due to oxidation of melted copper is also described in
the literature (e.g., Hauptmann et al., 2002). Interestingly, in
sample Z5 which is assigned to the same chronological hori-
zon, almost no inclusions were observed. This sample shows a
high content of As in the matrix, shown by the WDS analyses.
This suggests that this object could have been obtained from
As-rich copper ores. The hydrothermal ores with predominance
of tennantite, and/or possible As-enriched weathered ores con-
taining copper arsenates (e.g., olivenite, tyrolite, conichalcite)
are the most likely ore sources here (Table 3). The weathered
copper ore types may also contain significant amounts of native
copper and copper oxides such as cuprite. However, the lack of
copper oxides in this sample could be explained also by a differ-
ent method of casting of the copper metal or, more likely, by the
fact that this object was shaped by the hammering of a previ-
ously rendered copper ingot. According to Rehder (1994), with
the presence of cuprite in copper a number of minor and trace
elements are oxidized, meaning that during crucible smelting a
refining effect might occur due to the tendency of copper to oxi-
dize. This is in accordance with Merkel’s (1990) observations
that a noticeable change in the trace element pattern only oc-
curs with a deliberate input of air into the copper bath.

Interesting results were also obtained during investigation
of the younger objects (2100-1900 BC, the Mierzanowice cul-
ture). For example, samples M-1e and M-1f are characterized
only by the presence of copper oxide inclusions. In the rest of
the samples analysed copper oxides occur together with other
types of inclusion containing Pb, Sb and As. Thus, it can be
concluded that the objects M-1e and M-1f were produced using
oxide ores or remelted material (recycling). The younger ob-
jects are characterized by smaller amounts of copper oxide in-
clusions by comparison with the older ones. That implies that
the smelting process was then more advanced, resulting in
products of higher quality.

Pb-As-Sb inclusions. Another type of inclusions observed
in the samples was composed of chemical elements such as
Pb, As and Sb. The highest amount of these inclusions, as in
case of copper oxides, was observed in samples Z-1 and Z-2,
as well as in sample K-1. However, the chemical analyses re-
vealed that inclusions present in the earrings (Z-1, Z-2) differ
from those in the awl (K-1). In the case of sample Z-1, the major
elements of inclusions are Pb, As, O and S (low amounts),
while the inclusions of samples Z-2 and K-1 are composed
mostly of Pb and Sb. On the other hand, the inclusions in sam-
ples Z-1 and Z-2 have additional amounts of Bi. Thus, these re-
sults suggest that the samples analyzed could have been pro-
duced with different copper ores.

The size and irregular shape of the Pb, Sb and As inclusions
suggest that they were formed by crystallization from the melted
phase and their chemical compositions correspond to the com-
position of the ore. Thus, the type of the ore can be defined
based on the chemical composition of these inclusions. They
were composed of rectangular or rhomboid plates and laths. The
microstructure of the matrix with large and brittle inclusions is not
advantageous since it decreases the mechanical properties.

Determination of the oxidation states of the chemical ele-
ments, stoichiometric ratios of the inclusions and crystalliza-
tion/formation of the inclusions would have been necessary for
description of the smelting technology. However such detailed
analyses go far beyond the scope of the analyses presented.

CHEMICAL COMPOSITION — MATRIX

Taking into account solely the concentration of the most
common minor elements in an artifact’'s matrix, five types of Cu

100
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Fig. 8. Ag/Sb versus 100*(As+Sb)/Cu showing chemical variet-
ies of the copper artefacts examined from southern Poland; the
lower diagram shows the enhanced lower part of the upper dia-
gram where the samples with Ag/Sb ratios <40 plot

metal can be distinguished: (1) Ag-rich (samples Z-2 and K-1),
(2) As-rich (samples Z-3, Z-4, M-1a, M-1b, M-1¢c, M-1e), (3) As-
and Ag-rich (sample Z-5), (4) As-, Sb-, Ag-rich (samples Z-1
and M-1f), (5) Ni-, Sb-, Ag-, As- and Sn-rich (sample M-1d).

Strong differences in chemical composition of the copper
metal in the samples analysed are reflected by the Ag/Sb and
100*(As+Sb)/Cu ratios, particularly in the samples in which all
these elements were successfully measured (values above de-
tection limits) and vary from 0.24 up to 100 and from 0.03 up to
3.6, respectively (Fig. 8). However, if the division of Cu metal
into chemical groups is to reflect the mineralogical composition
of ore, it should include both chemical composition of Cu metal
(matrix) and the phases that occur in the inclusions embedded
in the matrix. To this end the data sets for the matrix and inclu-
sions have been combined and four types of metal were distin-
guished (see Table 3). This division is based on two features:
(1) chemical composition of matrix and (2) chemical composi-
tion of inclusions. All types (A, B, C, D) show compatibility of
both features. Since the inclusions and matrix are composed of
the same chemical elements, it can be concluded that the inclu-
sions probably crystallized or precipitated from the matrix dur-
ing technological processes. Thus, they do not directly originate
from the ores.
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Type A. The samples Z-1 and M-1f are characterized by
high concentrations of As (0.07-1.67 wt.%) moderate concen-
trations of Ag (0.04—0.43 wt.%) and numerous inclusions con-
taining Pb and Sb. The concentration of Sb in the copper metal
varies; in sample Z-1 (numerous Pb-Cu-Sb-As-O inclusions)
the measured concentration of Sb is high and ranges from 0.51
to 0.70 wt.%, while in sample M-1f it is <0.1wt.%. Enhanced
concentration of Ag and Sb strongly suggest the presence of
tetrahedrite, while As signals the occurrence of tennantite in the
ore. The composition of metal matrix clearly indicates the pres-
ence of tetrahedrite in the ore, in this case a very common and
widespread Ag-bearing sulphosalt (Ramdohr, 1975). Only sam-
ple Z-1 is different here in its low Ag content (<0.03 wt.%). Thus,
the metal of type A was probably smelted from tennantite-domi-
nant Cu ore, or from ores with varying proportions of both miner-
als. The most likely sources of such a type of ore are As-Sb-rich
sulphosalts form Spania Dolina and/or Lubietova (Fig. 1).

The inclusions in the samples of this group differ in chemical
composition, mainly regarding the presence of major to trace el-
ements (Pb, As, Sb) as well as in their sizes and concentra-
tions. However, these differences are more likely to be con-
nected with the technology of production than with the type of
ore (cf. Bachmann, 2003: 28). The parameters of the metallur-
gical process (timing, temperature, cooling and heating rates)
influence the formation of new phases (inclusions) in the matrix.
Thus, a change in any of these parameters can cause either a
high concentration or the absence of inclusions (cf.
Hauptmann, 2007: 178).

Type B. The copper matrix in samples M-1a, M-1b, M-1c,
M-1e, Z-3, Z-4 and Z-5 are enriched in As (0.25-2.12 wt.%) and
depleted in Sb (<0.08 wt.%). The concentration of Ag is gener-
ally low (<0.08 wt.%) but locally (in samples Z-4 and Z-5) reach
up to 0.43 wt.%. This metal type is characterized by the occur-
rence of numerous inclusions usually containing Pb and As.
Only in sample M-1f are the inclusions rich in Pb and Sb. Metal
of type B presumably comes either from tennantite-dominant
ores, which are usually not enriched in Ag (Ramdohr, 1975), or
from ores comprising simple Cu-sulphides (chalcocite group),
malachite, azurite, and/or copper arsenate minerals mined from
the weathering zone of the primary hydrothermal ores (e.g., a
blanket-type deposit). The most likely sources of Cu ore in this
case are Spania Dolina, Rudabanya and Lubietova.

Type C. This type is defined by a single sample, M-1d.
While the rest of the samples show low contents of Sn (up to
0.03 wt.%), this sample is characterized by a high concentration
of this element (0.37 wt.%) together with Ni (up to 1.69 wt.%), Bi
(up to 0.25 wt.%), and Co (up to 0.11 wt.%). The concentrations
of Sb and As are very high and range from 0.68 to 3.04 wt.%
and from 0.13 to 0.53 wt.%, respectively. The sample contains
also many inclusions rich in Sn, Co, Ni and Se. This small ad-
mixture of Sn documented as ore component requires further
explanation. Sn-bearing phases were not recognized either in
hydrothermal siderite barite-tetrahedite veins of Slovenske
Rudohorie or in ores from the weathering zones that consist
mainly of malachite or copper arsenates. However, small ad-
mixtures of Sn-bearing phases were recognized in many high
temperature ore associations related to calc-alkaline volcanic
rocks in Banska Stiavnica, Slovakia (Kodera et al., 2005; Lexa
et al., 1999; Neubauer et al., 2005; Duda and Ozdin, 2012) and
Baia Mare-Cavnic (northern Romania). The other sulphide de-
posits from Slovakia, e.g. Slovinky, Smolnik and Zlata Bana
also contain small amounts of Sn-bearing phases (probably
stannine, Szakall et al., 2002).

Type D. This type is defined by samples K-1, Z-1 and Z-2. It
is similar to type A in terms of high concentrations of Ag
(0.38-0.75 wt.%). The concentration of Sb varies, ranging from
below EPMA detection limits to 0.49 wt.% in sample K-1. The
As content is very low in all samples (up to 0.09 wt.%). Based
on the high concentration of Ag and the presence of inclusions
enriched in Pb and Sb, we can assume that the copper metal
was smelted from ores containing significant amounts of
tetrahedrite and galena. The metal of types A and D (Table 3)
was extracted from Ag-rich ores consisting of tetrahedrite. Both
types are characterized by an enhanced concentration of Ag in
Cu metal and varying amounts of Sbh-, As-rich inclusions as a
result of control during high-temperature oxidation of sulphosalt
ores. The presence of Ag seems to be distinctive here as it was
not burnt off in smelting. To put it another way, if Ag is presentin
a copper ore it will occur in the copper metal (see also Rehren
and Northover, 1990: 227). The most probable sources of such
an ore type are tetrahedrite Cu ores from Spania Dolina,
Gelnica-Slovinky (Slovakia) or Rudabanya (Hungary).

Cu AND Pb ISOTOPE COMPOSITIONS OF COPPER ORE SAMPLES
AND ARTEFACTS

Study of the isotopes ®*Cu/®*Cu showed a large variation in
8 ®Cu values, from —1.086 to 2.108%o. That reflects the effec-
tive fractionation of Cu during the ore’s weathering (Powell et
al., 2017; Jansen, 2018). According to Powell (Powell et al.,
2017), fractionation of Cu isotopes in Cu ore weathering zone
can reach up to 3%o. Such a high level of fractionation of Cu iso-
topes can also be fostered by crystallization of secondary cop-
per sulphides enhanced by microbial activity during weathering
(Asael et al., 2012). Pb isotope ratios in the ore samples investi-
gated also fall within a large range of variation (see Appen-
dix 4C). The results obtained are in keeping with the data re-
ported by Schreiner (2007; Figs. 9-11). Taking into account Pb
isotope ratios one can assume that the samples K-1, Z-1 and
Z-2 derive from copper produced from one deposit. Sample
M1-b has a different isotopic signature, which suggests a differ-
ent kind of ore within the same deposit or an entirely different
copper deposit.

ARCHAEOLOGICAL RECORD

Archaeological data on mining activities attributed to the Fi-
nal Neolithic and Early Bronze Age in the Carpathian region is
scarce, so there is very little information to support all the con-
siderations outlined above. According to research conducted in
the vicinity of Spania Dolina in 1960s-1980s (Tocik and
Zebrak, 1989), intensive Cu ore processing must have taken
place in Spania Dolina Revier already in the Middle Neolithic (or
Middle Eneolithic in the Slovakian periodization, see also
Farkas and Gregor, 2012: 4). Some of the artefacts of the 150
stone picks collection from that site, based on the Lengyel cul-
ture stylistic analogies — incorrectly dated by To¢ik and Zebrak
(1989: 72) to the mid-3rd Millennium BC — should be dated to
the 4th/5th Millennium boundary interval and the early 4th Mil-
lennium BC (e.g., Pavik and Batora, 1995). The correction of
this dating, however, leaves us with no trace of mining activities
in Spania Dolina that could be connected with the mid-3rd
Millenium BC — i.e. the older horizon of the artefacts analysed.
All the same, there is no data on mining activities of that time re-
garding other Cu ore regions indicated above as possible
sources for producing these artefacts. It is also impossible to
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ascertain if it was metal objects that were imported or some kind
of raw material primarily processed in the mining area since we
do not know any analogous metal finds from the northern
Carpathian region that could be dated to that time. Moreover, it
is difficult to trace extensive contacts between the Corded Ware
culture societies from southern Poland and Slovakia. One pos-
sible explanation is that the metal objects were produced in the
territory of Lesser Poland (Matopolska) using Cu material origi-
nating in the south. This would be corroborated by the charac-
teristic “tendency” being assigned in the literature to the
“Corded Ware” societies, which was to import the particular ma-
terial for producing some kinds of objects, despite local avail-
ability of material that could have been used instead (e.g., se-
lected raw materials for battle-axes or flint tools).

Interpretation of the Early Bronze Age finds, i.e. most of the
objects analysed in this article, seems to be less complicated.
According to Todik and Zebrak (1989: 75) the Spania Dolina
Revier was also used during the Bronze Age. Numerous copper
finds in graves both in Slovakia (the Nitra group in western
Slovakia and the Ko$'tany group in eastern Slovakia) and
southern Poland (the Mierzanowice culture) are classified
within the same stylistic trend called “the willow-leaf style” (e.g.,
Kadrow, 2000). We can presume, therefore, that during the first
centuries of the second millennium BC copper products were
distributed using exchange networks connecting the Mierzano-
wice culture and the Nitra group and reached the Matopolska
Uplands as imports.
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Fig. 12. Variation of chemical composition in As-Ag-Sb diagram
of the types of metal distinguished — the Final Neolithic and
Early Bronze Age copper artefacts from southern Poland
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Finally, one more issue should be addressed, i.e. the differ-
ence in the smelt quality that can be observed on the diagram
(Fig. 12). The older, “Corded Ware” Cu objects (samples K-1,
Z-1, Z-2, Z-5) seem to be different products than the younger
ones. Their chemical composition is more homogeneous. Due
to the small number of samples analyzed we have to leave this
question open.

CONCLUSIONS

We demonstrate how analyzing both matrix and inclusions
enhances opportunities to indicate the nature of copper raw
material, especially in terms of the type of Cu ore and how it cor-
responds with the results of Pb and Cu isotopic analyses.

The concentration of Ag, Sb, As and Sn in the Final Neo-
lithic/Early Bronze Age copper artefacts, the presence of inclu-
sions and their chemical composition are the key indicators al-
lowing determination of the mineralogical composition of the
processed ores. Our study points at sulphosalt ores as the main
source of metal for the artefacts investigated.

As- and Sb-rich inclusions document types of ore, since the
metallurgical process leads to depletion of these very elements.
A flawless cast Cu metal should contain neither Sb nor As, and
their presence in ore can be traced only in inclusions. Both of the
elements are removed during the metallurgical process, thus ne-
glecting the analysis of As- and Sb-rich inclusions makes the
proper interpretation of mineralogical composition of ore impos-
sible. Other metal elements such as Ag, Co, Ni and Sn do not
burn off during ore processing and always remain in Cu metal,
hence the presence of Ag, Co, Ni and Sn in inclusions indicates
which elements of the original ore remained in the “alloy”.

The varying amounts of As-Sb-O and Cu-O inclusions re-
flects unstable furnace conditions, that did not lead to complete
oxidation of As and Sb and the removal of both elements from
the final copper metal. This indicates, therefore, the quality and
technological progress of the smelting process; the less devel-
oped and primitive the process was, the greater amount of inclu-
sions occurs in the copper metal produced. Alternatively, the
abundance and chemical composition of inclusions may depend
on which part of the smelting product the metal (solid solution)
was acquired from (i.e. the upper, middle or lower part of it).

Given the high contents of Sb, As and Ag in the Cu metal
and the mineralogy of the inclusions, the processed ores must
have contained tetrahedrite (Cu,Fe),SbsS13 and tennantite
(Cu,Fe)12As4S+3 with varying proportions of both minerals (Cu
metal of types A, B and D). The analyses of one of the artefacts
(Cu metal of type C, see Table 3) imply deposits with a small
admixture of Sn minerals (e.g., stannine Cu,FeSnS,). Copper
ore deposits characterized by domination of Cu-Sb-As
sulphosalts are located in the Inner Carpathians, i.e. in
Slovakia, Hungary and Romania (Chovan et al., 1994;
Neubauer et al., 2005). Although it is now impossible to point
out more precisely which of those deposits could have been
used as a source of metal for the Final Neolithic artefacts under
investigation, it is very likely that the copper material to produce
the Early Bronze Age objects came from complex sul-
phide-sulphosalts and weathered Cu ores from Spania Dolina.

More precise localization of copper ore deposits used for
production of the investigated artefacts from Matopolska
(Lesser Poland) is possible based on the analyses of Pb and
Cu isotopes. Heavy isotopes of those elements do not
fractionate during the metallurgical process (Gale et al., 1999;

Mathur et al., 2009), moreover some of them can be used for
monitoring the processes of weathering Cu ores (Powell et al.,
2017; Jansen et al., 2018). All 21 ore samples (Appendix 4A)
have been taken from Cu deposits located in the vicinity of the
sites where the four artefacts investigated were found (Fig. 1).
The study of §°°Cu values reports only a varied state of oxida-
tion of ores used in the metallurgical process while Pb isotopes
ratios allow distinction of two groups of artefacts produced from
ores of different isotopic signatures. The first group includes
samples Z-1, Z-2 and K-1, the second group comprises sample
M1-b.

The results of isotope analyses of the artefacts and the ores
as well as the results of comparable research performed by
Schreiner (2007) have been used to collate comprehensive in-
formation on the provenance of the artefacts in question.

Pb isotope ratios in the ore samples (e.g., 2Pb/?”’Pb) fall
within a large range of variation from 2.4373 to 2.5069. Despite
the small number of samples analyzed per Cu deposit, repre-
senting ores of diverse Cu mineralogy, one can observe a sig-
nificant variation of Pb isotope ratios, that probably reflects the
multistadial genesis of some of the deposits (e.g., Spania Dol-
ina with Pb isotope ratios varying from 2.4793 to 2.4971, or
Rudabanya from 2.4569 to 2.4665). The comparison of Pb iso-
topic analyses for the artefacts and for the ore deposits does not
conclusively demonstrate the copper ore provenance. But, con-
sideration of a large data set consisting of analyses of Cu ores
from Spania Dolina (Schreiner, 2007) shows that the isotopic
signatures of the artefacts investigated from Matopolska fall
within the variety range confirmed for Cu ores from this area.
Based on the results of isotopic study, the artefacts investigated
might have been produced using copper originating from the
Lubietova—Poniky and Bereznovo-Vysna Boca areas.

Porphyry copper deposits from Banska-Stjavnica can be
unequivocally excluded as a source of copper for the artefacts
in question, as well as the Miedzianka area (the Swietokrzyskie
Mountains) — the nearest deposit, and native copper deposits in
Volyn, discovered by Matkowski (1929, 1931, 1951).

Combining the two isotopic systems, Pb and Cu (Fig. 9) al-
lows indication of the source copper ores with greater precision.
Hence, the most probable source of copper ore for the artefacts
investigated is the deposit from Spania Dolina (samples Z-1,
Z-2, K-1) and/or Lubietova (sample M1-b). The results of isoto-
pic analyses show that the batch consisted of primary hydro-
thermal ores rich in As and Sb copper sulphides with different
contents of the oxidized Cu ores, that contained probably large
quantities of malachite, azurite and copper oxides.

We already know, that coppers with a range of As or/and Sb
content are a feature of early metallurgy (e.g., Northhover,
1989: 111). We also know that the introduction of sulphidic ores
probably marks a technological shift in copper processing
(Powell et al, 2017). Although considerable archaeo-
metallurgical research has been devoted to early copper-based
objects, the vast majority of them are large, cast items. Hardly
any attention has been paid to the products of “thread and wire
metallurgy”, let alone analyses more complex than standard
chemical “whole-metal” determinations (e.g., Kempisty, 1978).
There is still a great deal of work to be done to characterize the
metal production of the Final Neolithic/Early Bronze Age
post-Corded Ware cultures in Central Europe. This is a gap to
be bridged in the inferential process regarding the beginnings of
Bronze Age metallurgy in that region.


https://gq.pgi.gov.pl/article/downloadSuppFile/26113/3591

Copper sulphosalts in early metallurgy (2600—-1900 BC) — chemical-mineralogical investigation... 317

Acknowledgements. The research has been carried out
within the project “ARCHAEOMETALLURGY OF COPPER.
The Carpathian centres of metallurgy in the Early Bronze Age”
— 2013-2016 (Grant UMO-2012/05/D/HS3/04128) supported
by the National Science Centre in Poland. The authors would

like to thank|Dr. P. Dzierzanowskijand L. Jezak from the Depart-

ment of Geology, University of Warsaw for their help with the
EPMA analyses. We would like to express our gratitude to Prof.
A. Piestrzynski and other, anonymous, reviewers for their valu-
able comments on our text.

REFERENCES

Asael, D., Matthews, A., Bar-Matthews, M., Harlavan, Y., Segal,
l., 2012. Tracking redox controls and sources of sedimentary
mineralization using copper and lead isotopes. Chemical Geol-
ogy, 310-311: 23-25.

Bachmann, H.-G., 2003. Bunt- und Edelmetalle aus mitteleuro-
paischen Komplexerz-Lagerstatten: Fahlerz-Verhittung von
der Bronzezeit bis zur Renaissance. In: Man and Mining —
Mensch und Bergbau. Studies in honour of Gerd Weisberger on
occasion of his 65th birthday (eds. T. Stdliner, G. Koérlin, G.
Steffens and J. Cierny): 25-35. Deutsches Bergbau-Museum,
Bochum.

Balcerzak, E., Nejbert, K., Olszynski, W., 1992. Nowe dane o
paragenezach kruszcowych w zytach siarczkéw pierwotnych
ztoza Miedzianka (Géry Swietokrzyskie) (in Polish with English
summary). Przeglad Geologiczny 40: 659—-663.

Chovan, M., Haber, M., Jelen, S., Rojkovi¢, I., Andras, P., Antal,
B., Bebej, J., Bernka, J., Bohmer, M., Divinec, L., Duda, R.,
Hatar, J., Hurai, V., Hurny, J., Kodéra, P., Kotul'ak, P., Kusik,
R., Ma o, L., Onadila, D., Ragan, M., Milan-Rojkovi¢ova, L.,
1994. Ore Textures in the Western Carpathians. Slovak Aca-
demic Press, Bratislava.

Coghlan, H.H., Case, H.J., 1957. Early metallurgy of copper in Brit-
ain and lIreland. Proceedings of the Prehistoric Society, 23:
91-123.

Coghlan, H., Butler, J.R., Parker, G., 1963. Ores and Metals. ARe-
port of the Ancient Mining and Metallurgy Committee, Royal An-
thropological Institute, London.

Craddock, P.T., 1999. Paradigms of metallurgical innovation in pre-
historic Europe. Der Anschnitt, Beiheft, 9: 175-92.

Duda, R., Ozdin, D., 2012. Mineraly Slovenska. Granit, Praha.

Emetz, A., Piestrzynski, A., Zagnitko, V., 2004. Geological frame-
work of the Volynian copper fields with a review of the Volynian
Flood basalt province (western margin of the East European
Craton). Annales Societatis Geologorum Poloniae, 74:
257-265.

Farkas, Z., Gregor M., 2012. Doklady metalurgie kovov na
zapadnom Slovensku na prelome starého a stredného eneolitu
(in Slovak). Otazky neolitu a eneolitu nasich krajin (2010): 1-28,
Nitra.

Friedman, A.M., Conway, M., Kastner, M., Milsted J., Metta, D.,
Fields, P.R., Olsen, E., 1966. Copper artefacts: correlation with
source types of copper ores. Science, 152: 1504—-1506.

Gale, N.H., Stos-Gale, Z.A., 1982. Bronze age copper sources in
the mediterranean: a new approach. Science, 216: 11-19.
Gale, N.H., Woodhead, A.P., Stos-Gale, Z.A., Walder, A., Bowen,
I., 1999. Natural variations detected in the isotopic composition
of copper: possible applications to archaeology and geochemis-

try. International Journal of Mass Spectrometry, 184: 1-9.

Grecula, P., Abonyi, A., Abonyiova, M., Antas, J., Bartalsky, B.,
Bartalsky, J., Dianiska, 1., Duda, R., Gargulak, M.,
Gazdacko, L., Hudacek, J., Kobulsky, J., Lérincz, L., Macko,
J., Navesnak, D., Németh, Z., Novotny, L., Radvanec, M.,
Rojkovig, I., Rozloznik, L., Varéek, C., Zlocha, Z., 1995. Min-
eral Deposits of the Slovak Ore Mountains. Geokomplex,
Bratislava.

Hauptmann, A., 2007. The Archaeometallurgy of Copper. Evidence
from Fanyan, Jordan, Springer, Berlin-Heidelberg.

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. Archaeometry, 47: 293-315.

Hurai, V., Haréova, E., Huraiova, M., Ozdin, D., Prochaska, W.,
Wiegerova, V., 2002. Origin of siderite veins in the Western
Carpathians |. P-T-X-5"3C-5"%0 relations in ore-forming brines of
the Rudnany deposits. Ore Geology Reviews, 21: 67-101.

Jansen, M., Hauptmann, A., Klein, S., Seitz, H-M., 2018. The po-
tential of stable Cu isotopes for the identiicatioin of Bronze Age
ore mineral sources from Cyprus and Fanyan: results from
Ulubururn and Khirbat Hamra Ifdan. Archaeological and Anthro-
pological Science, 10: 1485-1502.

Junghans, S., Sangmeister, E., Schroder, M., 1960, 1968, 1971,
1974. Studien zu den Anfangen der Metallurgie. Gebrider
Mann Verlag, Berlin.

Kadrow, S. 2000. Wczesnobrgzowa wytworczo$¢ metalurgiczna w
stylu wierzbowego liscia (in Polish). In: 150 lat Muzeum
Archeologicznego w Krakowie (ed. J. Rydzewski): 141-153. Ar-
cheological Museum, Krakow.

Kempisty, A., 1978. Schytek neolitu i poczatek epoki bragzu na
Wyzynie Matopolskiej w swietle badan nad kopcami (in Polish).
Wydawnictwa Uniwersytetu Warszawskiego, Warszawa.

Kempisty, A., 1982. Problem metalurgii miedzi w kulturze ceramiki
sznurowej i w kulturach episznurowych na pétnoc od Karpat (in
Polish). Pamigtnik Muzeum Miedzi, 1: 67-77.

Kempisty, A., Wtodarczak, P., 2000. Cemetery of Corded Ware cul-
ture in Zerniki Gérne. Institute of Archaeology, University of
Warsaw, Warszawa.

Klein, S., Lahaye, Y., Brey, G.P., von Keanel, H.M., 2002. Blei- und
Kupferisotopenanalysen an Kupfermiinzen der rémischen
Kaiserzeit.  Berichte der Deutschen  Mineralogischen
Gessellschaft. Beiheft zu European Journal of Mineralogy, 14:
84.

Klein, S., Lahaye, Y., Brey, G.P., 2004. The early Roman imperial
aes coinage |I: tracing the copper sources by analysis of lead
and copper isotopes — copper coins of Augutus and Tiberius.
Archaeometry, 46: 469-480.

Klein, S., Rico, C., Lahaye, Y., von Keanel, H.M., Domergue, C.,
Brey, G.P., 2007. Copper ingots from the western Mediterra-
nean Sea: chemical characterization and provenance studies
through lead and copper isotope analyses. Journal of Roman
Archaeology, 20: 203—-221.

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

Kodera, P., Lexa, J., Rankin, A.H., Fallick, A.E., 2005. Epithermal
gold veins in a caldera setting: Banska Stiavnica, Slovakia.
Mineralium Deposita, 40: 921-943.

Konstantynowicz, E., 1965. Mineralizacja utworéw cechsztynu
niecki pétnocnosudeckiej (Dolny Slgsk) (in Polish). Przeglad
Geologiczny Komitetu Nauk Geolicznych PAN, 28: 7-99.

Kucha, H., 2007. Mineralogy and geochemistry of the Lubin-
Sieroszowice orebody (in Polish with English summary).
Biuletyn Panstwowego Instytutu Geologicznego, 423: 77-94.

Lang, B., 1979. The base metals—gold hydrothermal ore deposits of
Baia Mare, Romania. Economic Geology, 74:1336—1351.

Lexa, J., Stohl, J., Koneény, V., 1999. The Banska Stiavnica ore
district: relationship between metallogenetic processes and the



318  Urszula Bugaj, Krzysztof Nejbert, Stawomir lInicki, Piotr Wiecinski, Tomasz Onyszczuk, Halina Garbacz and Piotr Wiodarczak

geological evolution of a stratovolcano. Mineralium Deposita,
34: 639-654.

Luptakova, J., Milovska, S., Jelen, S., Mikus, T., Milovsky, R.,
Bironi, A., 2016. Primary ore Cu mineralization at the
Lubietova—Podlipa locality (Slovakia). Acta Geologica Slovaca,
8: 175-194.

Matkowski, S., 1929. On discovery of the native copper deposit in
Volyn. Biuletyn Panstwowego Instytutu Geologicznego, 24:
16-17.

Matkowski, S., 1931. On native copper deposit in Velykiy Midsk in
Volyn. Sprawozdania Panstwowego Instytutu Geologicznego,
6.

Matkowski, S., 1951. On the volcanism events between
Volinian-Ukrainian Massif and Kujavsky-Pomorsky Swell. Acta
Geologica Polonica, 2: 491-594.

Marcoux, E., Grancea, L., Lupulescu, M., Milesi, J.P., 2002.
Lead isotope signatures of epithermal and porphyry-type ore
deposits from the Romanian Carpathian Mountains. Mineralium
Deposita, 37: 173—-184.

Mathur, R., Titley, S., Hart, G., Wilson, M., Davignon, M., Zlatos,
C.,2009. The history of the United States cent revealed through
copper isotope fractionation. Journal of Archaeological Sci-
ence, 36: 430-433.

Merkel, J.F., 1990. Experimental reconstruction of Bronze Age cop-
per smelting based on archaeological evidence from Timna. In:
The Ancient Metallurgy of Copper (ed. B. Rothenberg): 78—-122.
IAMS, London.

Michiiova, J., Ozdin, D., 2010. Primarna hydrotermalna
mineralizacia na lokalite Polkanova (in Slovak). Mineralia
Slovaca, 42: 69-78.

Németh, N., Foldessy, J., Turi, J., 2017. Ore geology of the copper
sulfide mineralization in the Rudabanya ore-bearing complex.
Central European Geology, 60: 53-72.

Neubauer, P, Lips, A., Kouzmanoy, K., Lexa, J., Ivagcamu, P.,
2005. Subduction, slab detachment and mineralization: the
Neogene in the Apuseni Mountains and Carpathians. Ore Geol-
ogy Reviews, 27: 13-44.

Neuninger, H., Pittioni, R., Preuschen, E., 1957. Urzeitlicher
Bergbau auf Kupfererz und Spureanalyse. Beitrage zur Relation
Lagerstatte-Fertigobjekt. Archaeologia Austriaca, Beiheft, 5.

Northover, J.P., 1989. Properties and use of arsenic-copper alloys.
Der Anschnitt, 7: 111-118.

O'Brien, W., 2012. Prehistoric Copper Mining in Europe, 550-500
BC. Oxford University Press, Oxford.

Otto, H., Witter., W., 1952. Handbuch der altesten vorgeschichtli-
chen Metallurgie in Mitteleuropa. Johann Ambrosius Barth
Verlag, Leipzig.

Oszczepalski, S., 1999. Origin of the Kupferschiefer polymetallic
mineralization in Poland. Mineralium Deposita, 34: 599-613.

Pavuk, J., Batora, J., 1995. Siedlung und Graber der Ludanice-
Gruppe in JelSovce. Archaeologica Slovaca Monographiae, 5.

Pernicka, E., 1999. Trace element fingerprinting of ancient copper:
a guide to technology or provenance? British Archaeological
Reports, 792: 163-171.

Pernicka, E., Begemann, F., Schmitt-Strecker, S., Wagner, G.A,,
1993. Eneolithic and Early Bronze Age copper artefacts from
the Balkans and their relation to Serbian copper ores.
Praehistorische Zeitschrift, 68: 1-54.

Pernicka, E., Begemann, F., Schmitt-Strecker, S., Todorova, H.,
Kuleff, 1., 1997. Prehistoric copper in Bulgaria. Its composition
and provenance. Eurasia Antiqua, 3: 41-180.

Pollard, A.M., Bray, P.J., 2014. A new method for combining lead
isotope and lead abundance data to characterize archaeologi-
cal copper alloys. Archaeometry, 57: 996—1008.

Pouchou, L.L., Pichoir, F., 1985. “PAP” (phi-rho-z) procedure for im-
proved quantitative microanalysis. In: Microbeam Analysis (ed.
I.T. Armstrong): 104—106. San Francisco Press, San Francisco.

Powell, W., Mathur, R., Bankoff, H.A., Mason, A., Bulatovic, A.,
Filipovi¢, V., Godfrey, L., 2017. Digging deeper: insights into
metallurgical transition in European prehistory through copper
isotopes. Journal of Archaeoloigical Science, 88: 37-46.

Radvanec, M., Grecula, P., Zak, K., 2004. Siderite mineralization of
the Gemericum superunit (Western Carpathians, Slovakia): re-
view and a revised genetic model. Ore Geology Review, 24:
267-298.

Ramdohr, P., 1975. Die Erzmineralien und ihre Verwachsungen.
Akademie Verlag, Berlin.

Rapp, G., Jr., 1988. On the origins of copper/bronze alloying. In:
The Beginnings of the Use of Metals and Alloys (ed. R. Maddin):
21-27. MIT Press, Cambridge.

Rapp, G., Jr., 1989. Determining the origins of sulfide smelting. Der
Anschnitt, 7: 107-110.

Rehder, J.E., 1994. Blowpipes versus bellows in ancient metallurgy.
Journal of Field Archaeology, 21: 345-350.

Rehren, T., 1991. Selenium and tellurium in Mediterranean copper
ingots. Studies in Mediterranean Archaeology, 90: 240-247.
Rehren, T., Northover, J.P., 1990. Selenium and tellurium in an-
cient copper ingots. In: Archaeometry '90 (eds. E. Pernicka and
G.A. Wagner): 221-228. Brikhduser Verlag, Basel, Boston,

Berlin.

Roman, P., 1976. Cultura Cotofeni. Editura Academiei Republicii
Socialiste Romania, Bucarest.

Rubinowski, Z., 1971. Rudy metali niezelaznych w Goérach
Swietokrzyskich i ich pozycja metalogeniczna (in Polish).
Biuletyn Instytutu Geologicznego, 247: 1-166.

Schreiner, M., 2007. Erzlagerstatten im Hrontal, Slowakei:
Genese und prahistorische Nutzung. Marie Leidorf,
Rahden/Westf.

Scott, D.A., 1991. Metallography and Microstructure of Ancient and
Historic Metals. Getty Conservation Institute, Marina del Rey,
CA.

Sejkora, J., Stevko, M., Macek, I. 2013. Contribution to chemical
composition of tetrahedrite from the Piesky copper deposit, the
Spania Dolina ore district, central Slovakia (in Czech with Eng-
lish summary). Bulletin Mineralogicko-Petrologickeho Oddeleni
Narodniho Muzea v Praze, 21: 89-103.

Shumlyansky, L.V., Bezugla, M., Gornostayey, S., Pryhod’ko, V.,
2002. Peculiarities of the chemical composition of ore mineral-
ization in the Vendian continental flood basalts of the
Volyno-Podolian region, Ukraine. Proceedings of the Institute of
Fundamental Studies, 10: 1-198.

Stollner, T., 2003. Mining and economy: a discussion of spatial or-
ganisations andstructures of early raw material exploitation. Der
Anschnitt, 16: 414—-446.

Szakall, S., 2001. Rudabanya asvanyai (Minerals of Rudabanya) (in
Hungarian). Kéorszag Kiadé, Budapest.

Szakall, S., Udubasa, G., Dud'a, R., Kvasnytsya, V., Koszowska,
E., Novak, M., 2002. Minerals of the Carpathians. Granit, Praha.

Sliwa, J., 1997. Sztuka i archeologia starozytnego Wschodu (in Pol-
ish). PWN, Warszawa-Krakow.

Toéik, A., Zebrak, P., 1989. Ausgrabungen in Spania Dolina-Piesky.
Zum Problem des urzeitlichen Kupfererzbergbaus in der
Slowakei. Der Anschnitt, 7: 71-78.

Witter, W., 1938. Die alteste Erzgewinnung im
nordisch-germanische Lebenskreis (2 vols). Mannus Biicherei
60 and 63, Leipzig.

Wiodarczak, P., 1998. Groby kultury mierzanowickiej i kultury
trzcinieckiej z Zernik Gornych. In: Trzciniec: system kulturowy
czy interkulturowy proces? (ed. A. Kosko and J. Czebreszuk):
161-177. Poznan Press, Poznan.

Wodzicki, A., Piestrzynski, A., 1994. An ore genetic model for the
Lubin—Sieroszowice mining district, Poland. Mineralium
Deposita, 29: 30—43.

Woodhead, A.P., Gale, N.H., Stos-Gale, Z.A., 1999. An investiga-
tion into the fractionation of copper isotopes and its possible ap-
plication to archaeometallurgy. British Archaeological Reports
International Series, 792: 134—-139.

Zacharia, H., 1959. Die Lockenringe von Sarata Monteoru und ihre
typologischen und chronologischen Beziehungen. Dacia, 3:
103-134.



	Maciej KANIA – Methodology and potential of image analysis and unconventional use of GIS tools in determining grain size distribution and fractal dimension: a case study of fault rocks in the Western Tatra Mts. (Western Carpathians, Poland) 345

