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We de scribe a meth od ol ogy of in ves ti ga tion of both Cu metal ma trix and its min eral in clu sions that aims at in creas ing the ef -
fec tive ness of iden ti fy ing the type of ore used in metal pro duc tion. We point to sulphosalt ores as the main source of metal for
the Fi nal Neo lithic/Early Bronze Age cop per artefacts from south ern Po land. The in clu sions, rich in Ag, As, Sb and Sn, doc u -
ment the type of ore, re gard less of the met al lur gi cal pro cess lead ing to de ple tion of As and Sb. The cop per metal should con -
tain nei ther Sb nor As, hence both of these el e ments, if orig i nally pres ent in ore, can be pre served only in in clu sions. The
con cen tra tions of Ag, Sb, As and Sn in the artefacts in ves ti gated, the pres ence of in clu sions, and their chem i cal com po si tion, 
are the key in di ca tors for the de ter mi na tion of the min er al og i cal com po si tion of the orig i nal ores. Given the high con cen tra -
tions of Sb, As and Ag in the Cu metal and min er al ogy of the in clu sions, the ore must have con tained vary ing pro por tions of
Ag-bear ing tetrahedrite (Cu,Fe)12Sb4S13 and ten nan tite (Cu,Fe)12As4S13. Min er al og i cal com po si tions of the cop per ores in di -
cate the de pos its in Slovakia (Špania Dol ina) as the source of metal for the artefacts in ves ti gated. The re sults of Pb and Cu
iso to pic anal y ses car ried out for this study sup port those con clu sions.
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INTRODUCTION

“Thread and wire” met al lurgy, in which we should also count 
the Bronze Age part of the artefacts in ves ti gated, is a very
widely spread cop per-based in dus try in the Eneolithic and Early 
Bronze Age in Eu rope. The Löckenringe (wil low-leaf shaped
pen dants), its main rep re sen ta tives, are con sid ered to orig i nate 
sty lis ti cally from the Near East (Zaharia, 1959: fig. 1:3, 12:6);
the old est pen dants of that kind were found in Ur and are dated
back to the Early Dy nas tic pe riod III (2600–2400 BC; Œliwa,
1997: 273). The or na ment style spread quickly from Mes o po ta -
mia to Anatolia (Troy II/III – ~2300 BC, Œliwa, 1997:  41) and the 
Bal kans (Moldova Veche – Cotofeni IIIc; Ro man, 1976: fig. 8;
tab. 8: 19c, d). Two or three cen tu ries later it ap peared in Cen -
tral Eu rope (south east ern Po land, south west ern Slovakia) and
the Cau ca sus (Geor gia, Dagestan). The golden age of the

Löckenringe pro duc tion falls within the Early Bronze Age
Carpathian epi-Corded Ware cir cle (Mierzanowicka cul ture)
which, with ref er ence to met al lurgy, was solely based on the
“thread and wire” tech nol ogy. As a re search sub ject it has been
so far ne glected in archaeometallurgical stud ies, while the con -
tem po ra ne ous Únìtice cul ture (west ern Po land, east ern Ger -
many and Czech Re pub lic) and its met al lur gi cal tra di tion has
re ceived much at ten tion. It is there fore timely to shed some light 
into tech no log i cal and prov e nance as pects of the “thread and
wire” met al lurgy. The ear lier, Fi nal Neo lithic metal finds of the
Corded Ware cul ture, which con sti tuted the core part of cul tural
tra di tion, con tin ued into the Bronze Age, have been cho sen for
com par i son in terms of their chem i cal and min er al og i cal com -
po si tion and tech nol ogy.

Our study shows how de tailed microprobe chem i cal anal y -
ses of both ma trix and in clu sions of a cop per ob ject can be
com bined in or der to ac quire more de tailed metallographic
char ac ter is tics of artefacts and how this af fects in fer ences re -
gard ing the sources of ores and lo ca tion of the ar eas ex ploited.
These re sults were then com pared with the lead and cop per
iso tope anal y ses ob tained.* Cor re spond ing au thor, e-mail: bugaj.urszula@gmail.com
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METHODOLOGICAL BACKGROUND

That chem i cal anal y sis can be the ba sis of prov e nance
stud ies of metal dates back to the nine teenth cen tury (Pernicka, 
1999). Its de vel op ment was stim u lated by the in tro duc tion of
spec tro graphic meth ods that al lowed mi nor and trace el e ment
con cen tra tions to be ac cu rately de ter mined. Ini tially, prov e -
nance stud ies were fo cused on con nect ing mi nor ore de pos its
to the cir cu la tion of metal in Cen tral Eu rope (Witter, 1938; Otto
and Witter, 1952; Neuninger et al., 1957). How ever, in this re -
search was placed on the im por tance of the East ern Alps as an
early source of cop per, while some at ten tion was also given to
po ten tial sup ply from other ore de pos its, such as those in cen -
tral Ger many, the Slovakian moun tains and the Bal kans. By the
1960s, chem i cal anal y sis was be ing used to iden tify early metal
types in other parts of Eu rope. The larg est of these stud ies was
the Stuttgart programme, which pro vided anal y ses of some
20’000 pre his toric metal ob jects from across Eu rope (Junghans 
et al., 1960, 1968, 1971, 1974). These re sults were used to
iden tify the cir cu la tion of dis tinct metal groups, which could po -
ten tially be traced back to their geo log i cal source. With some
ex cep tions (e.g., Coghlan and Case, 1957; Coghlan et al.,
1963) this type of source provenancing was not a suc cess. This
was mainly be cause of com plex changes that oc curred dur ing
the con ver sion of ore to metal by smelt ing and by sub se quent
ther mal pro cesses such as cast ing. The re search also ex posed
a lim ited un der stand ing of rel e vant sources of cop per ores and
their geo chem is try, which re stricted any di rect com par i son with
the anal y sis of the fin ished met al work (cf. Pernicka, 1999).

The per ceived fail ure of the Stuttgart programme in terms of 
source prov e nance stud ies of pre his toric met al work cast a
shadow over this area of re search for many years. There were
im por tant suc cesses in later re search, such as the anal y sis of
Cop per Age met al work in the Bal kans and its re la tion ship to ore
sources (Pernicka et al., 1993, 1997) but mostly it showed how
dif fi cult it is to es tab lish di rect links with par tic u lar ore sources.

Re gard ing cop per min ing in pre his toric Eu rope, three ma jor
types of cop per min ing can be dis tin guished (O’Brien, 2012).
This di vi sion is based on both the types of ore sources ex ploited 
and the tech nol ogy ap plied. The ear li est min ing of cop per ore
in volved the ex trac tion of sec ond ary min er als from sur face
zones of ox i da tion, such as mal a chite Cu2CO3(OH)2 and az ur ite 
Cu3(CO3)2(OH)2. These min er als are rich in cop per and easy to
smelt us ing a prim i tive hearth or cru ci ble tech nol ogy. They were 
first used in the Chalcolithic, when the de pos its were lo cally ex -
ploited con tin u ously through out the Bronze Age. The use of
these ores de clined sig nif i cantly by the later sec ond mil len nium
BC, sug gest ing wide spread ex haus tion of ac ces si ble de pos its.

The sec ond min ing tra di tion in volved the use of fahlore
(Fahlerz), namely cop per sulphosalts of the ten nan tite
Cu12As4S13 – tetrahedrite Cu12Sb4S13 solid so lu tion. These are
rich in cop per (~50%), and like the ox i dized ores could be
smelted us ing a low tem per a ture, non-slag ging tech nol ogy.
Fahlore (Fahlerz) min ing is par tic u larly as so ci ated with the
spread of Beaker cul ture met al lurgy in West ern Eu rope in the
third mil len nium BC (O’Brien, 2012) but, ac cord ing to ev i dence
from the Inn Val ley in Aus tria, it com menced al ready in the Neo -
lithic (Höppner et al., 2005). The use of fahlore de clined sig nif i -
cantly with the adop tion of tin bronze around 2000 BC, but was
de vel oped fur ther in cen tral Eu rope dur ing the Late Bronze Age.

The fi nal cop per min ing tra di tion in Eu rope fo cused on the
ex trac tion of pri mary sul phide ore (cf. Bachmann, 2003: 28),
par tic u larly cop per-iron sulphides such as bornite Cu5FeS4 and
chal co py rite CuFeS2. Their ear li est ex ploi ta tion is not well
dated, pos si bly be gin ning in the late Chalcolithic/Early Bronze

Age, e.g. the Mitterberg com plex in Aus tria (Stöllner, 2003).
While cop per-iron sulphides, such as chal co py rite, can be re -
duced us ing a prim i tive pro cess, the ef fi cient re cov ery of metal
re quired an ad vanced fur nace tech nol ogy that was only de vel -
oped at a later stage in the Bronze Age (Craddock, 1999).
Hence these min ing tra di tions of ten over lapped in dif fer ent
parts of Eu rope. This would have oc curred where sep a rate
mines with dif fer ent ore types were worked at the same time us -
ing dif fer ent tech nol o gies, and even in the same mine op er a tion 
where dif fer ent ore types were en coun tered. There is a gen eral
chro no log i cal trend from the min ing of na tive cop per and ox i -
dized ores, to the ex trac tion of fahlores, to the ex trac tion of cop -
per-iron sulphides. This does not have to re flect the depth
zonation within ore bod ies, but rather the de vel op ment of new
tech nol o gies and min ing strat e gies that al lowed dif fer ent types
of ore de posit to be mined. Such could have been the case of
the fahlores due to the ease of ex trac tion and per ceived qual ity
of the re sult ing metal.

The first at tempts to iden tify ore types used in pre his tory
were made in 1950s by Otto and Witter (1952), who iden ti fied
pre his toric cop per with high con cen tra tions of ar senic, an ti -
mony and sil ver and con cluded that the ores used for the pro -
duc tion of this cop per con tained an ap pre cia ble frac tion of
fahlores. In the 1960s, based on in ves ti ga tion of mi nor and
trace el e ments found in cop per artefacts, it was in di cated that
sil ver, ar senic, bis muth, iron, an ti mony and lead were the most
di ag nos tic me tal lic im pu ri ties for dis crim i na tion of ore type
(Fried man et al., 1966). Two de cades later this ap proach was
re fined (Rapp, 1988) in volv ing anal y sis for sul phur (Rapp,
1989: 107). The sig nif i cance of in clu sions in the Cu metal had
al ready been noted in the stud ies by Rehren (1991) and Rehren 
and Northover (1990). Based on anal y ses of cop per in gots from 
Cy prus, they em pha sized the se le nium and tel lu rium in clu sions
and dis cussed the in flu ence of ore com po si tion and smelt ing
tech nol ogy on the con tents of these el e ments in the Cu metal.

How ever, it has been shown from lab o ra tory ex per i men ta -
tion (Pol lard and Bray, 2014) that if a cop per ore con tains
nickel, ar senic and an ti mony, then all the an ti mony (Sb) in the
charge is trans ferred to the metal at all tem per a tures be tween
700 and 1100°C. By con trast, the nickel (Ni) will not ap pear in
the smelted metal at all un less the tem per a ture is above 950°C, 
while only low per cent ages of the orig i nal ar senic (As) con tent
will be trans ferred at tem per a tures be low 950°C. Thus, if the
“im pu rity pat tern” of in ter est con sisted of the pres ence or ab -
sence of Sb, As and Ni (all im por tant el e ments in early cop -
per-based met al lurgy) then the im pu rity pat tern of the metal
smelted of the same chargé changes dra mat i cally if the fur nace 
tem per a ture goes above 950–1000°C. Us ing the stan dard
model of prov e nance, such an ob ser va tion would be taken as
in di cat ing a switch in ore source. This coun sels cau tion if con -
sid er ing only one pos si ble ex pla na tion of such a change.

In ad di tion to the chem i cal com po si tion of an ob ject, an -
other key at trib ute that can be mea sured is the iso to pic com po -
si tion. The ad van tage of look ing at the iso to pic com po si tion of
an el e ment, rather than at abun dances of mi nor and trace el e -
ments, is that in heavy el e ment like lead this does not change
on the way from the ore to the arte fact. Re gard less of the pro -
cesses in volved in the treat ment of ore or metal, the iso to pic
com po si tion re mains con stant. Lead iso tope ra tios of sin gle
artefacts can be com pared with those of an ore de posit. If they
are dif fer ent, it can be con cluded that the arte fact does not de -
rive from that spe cific ore source. Con versely, it is not pos si ble
to re gard the prov e nance of an arte fact as proven even if it
shares the same iso to pic sig na ture as an ore de posit. The rea -
son for this is that al though the vari a tions of lead iso tope ra tios



in ore de pos its are much smaller than that of trace el e ment con -
cen tra tions, there ex ists the pos si bil ity that an other de posit has
the same iso tope ra tio. The iso to pic com po si tion of lead was
iden ti fied as a source of in for ma tion con cern ing an cient cop per
in 1982 (Gale and Stos-Gale, 1982) and since then iso to pic
anal y ses of lead have been widely used for de ter min ing the or i -
gin of Bronze Age met als.

Ad vances in our un der stand ing of cop per iso topes and their 
vari ance with re spect to cop per ore min eral com po si tion (cf.
Powell et al., 2017) pro vides a new ap proach to in ves ti gat ing
an cient min ing prac tices through anal y sis of cop per artefacts,
the fi nal prod uct of the met al lur gi cal pro cess. Cop per iso to pic
anal y sis pro vides no di rect in sights into the spe cific lo ca tion
from which cop per ore was ex tracted (prov e nance). Rather, it
iden ti fies the na ture of the min eral that com prised the ore, and
as pects of the cli mate in which cop per ores weath ered. It has
been dem on strated that nei ther an cient nor mod ern tech niques 
for pro cess ing of cop per ores fractionate cop per, and so the
cop per iso tope com po si tion of me tal lic artefacts cor re sponds to 
that of the ores from which they were made.

Cop per iso tope ra tios dif fer be tween pri mary (hypogene)
sulphidic, sec ond ary (supergene) sulphidic and ox i dized ore
sources. Tra di tional lead iso tope sig na tures of an cient met als
are spe cific to de pos its, while cop per iso tope sig na tures are
spe cific to the ore min er als used for metal pro duc tion in an cient
times (Jansen et al., 2018). 

The first at tempts to use cop per iso topes in archaeometal -
lurgy were con ducted in the mid-1990s (Gale et al., 1999;
Woodhead et al., 1999). Through the anal y sis of ma te rial from
cop per smelt ing and fire re fin ing ex per i ments, frac tion ation of
Cu iso topes dur ing met al lur gi cal op er a tions was not de tected.
The first sys tem atic in ves ti ga tions were car ried out on Ro man
coins, in gots and bronzes which were com pared to de pos its
from the Ibe rian Pen in sula, Siegerland and Lahn-Dill (Ger -
many; Klein et al., 2002, 2004, 2007, 2009). These stud ies dis -
cerned de pos its with over lap ping Pb iso tope sig na tures by us -
ing Cu iso topes, and the anal y sis of coins al lowed the de tec tion
of shifts in us ing those de pos its through time. For any cop per
de posit, the cop per iso tope val ues in all three res er voirs are
con trolled by the start ing com po si tion of the non-weath ered
ore, the de gree of weath er ing, and the min eral spe cies be ing

weath ered. This de gree of vari abil ity among nu mer ous ore de -
pos its would likely re sult in the over lap of cop per iso tope com -
po si tion be tween pop u la tions of artefacts. There fore, shifts in
the mean cop per iso tope val ues and as so ci ated stan dard de vi -
a tions would best re flect changes in ore use.

MATERIAL AND METHODS

METAL SAMPLE AND ARCHAEOLOGICAL BACKGROUND

The metal sam ples for this re search were se lected based
on three gen eral cri te ria: (a) ma te rial: cop per ob jects in or der to
ex clude dis tor tions in ev i ta ble in an a lyz ing cop per-tin al loys, (b)
tech nol ogy: one “tech no log i cal” group (the so-called thread and 
wire met al lurgy), (c) well-de fined ar chae o log i cal con text.

All twelve metal artefacts ana lysed come from graves dated 
to the third mil len nium BC from Lesser Po land (Ma³opolska)
(Fig. 1 and Ta ble 1). These graves were dis cov ered dur ing ex -
ca va tions of burial mounds per formed in the 1960s and 1970s
by A. Kempisty at sites in Kolosy, Miernów (both Kazimierza
Wielka county) and ¯erniki Górne (Busko Zdrój county;
Kempisty, 1978; W³odarczak, 1998; Kempisty and W³odarczak, 
2000). Be neath the burial mounds and in their sur round ings
many Fi nal Neo lithic and Early Bronze Age graves were dis cov -
ered.

The metal ob jects found in graves can be as signed to two
chro no log i cal ho ri zons:

   ~2600–2400 BC – Corded Ware cul ture graves –
Kolosy, grave 4 (K-1); ¯erniki Górne, graves 78 (Z-1,
Z-2) and 138 (Z-5);

  ~2100–1900 BC – older and clas si cal phase of the
Mierzanowice cul ture (Miernów, tumulus II, graves 6 and 
8 (M1a-f); ¯erniki Górne, grave 121 (Z-3, Z-4).

Metal ob jects cho sen for anal y ses (Fig. 2) rep re sent typ i cal
forms com mon for grave fur nish ings from Lesser Po land
(Ma³opolska). The pre dom i nant cat e gory of both of the chro no -
log i cal ho ri zons is or na ment, in most cases ear rings. They
started to ap pear in the cat a comb graves of the Corded Ware
cul ture ~2500 BC. The most com monly form used was a spi -
ral-shaped ear ring with one end tapped and the other sharp ened
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Fig. 1. Lo ca tion of the ar chae o log i cal sites (Miernów, ¯erniki Górne, Kolosy) and Cu ore 
de pos its in the Carpathians and ad ja cent ar eas
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No. Sam ple Site Grave Type of arte fact Ar chae o log i cal cul ture 

1 K-1 KOLOSY     4 awl Corded Ware 

2 M-1a MIERNÓW II     6 frag ment of ring Mierzanowice

3 M-1b MIERNÓW II     6 frag ment of ring Mierzanowice

4 M-1c MIERNÓW II     6 frag ment of ear ring Mierzanowice

5 M-1d MIERNÓW II     8 frag ment of ring Mierzanowice

6 M-1e MIERNÓW II     6 ear ring Mierzanowice

7 M-1f MIERNÓW II     8 Tube Mierzanowice

8 Z-1 ¯ERNIKI GÓRNE   78 ear ring Corded Ware 

9 Z-2 ¯ERNIKI GÓRNE   78 ear ring Corded Ware 

10 Z-3 ¯ERNIKI GÓRNE 121 ear ring Mierzanowice

11 Z-4 ¯ERNIKI GÓRNE 121 ear ring Mierzanowice

12 Z-5 ¯ERNIKI GÓRNE 138 knife/head of pin Corded Ware 

T a  b l e  1

In ven tory of the artefacts ana lysed

Fig. 2. The artefacts ana lysed (photo by M. Osiadacz)



(e.g., ear rings from grave 78 in ̄ erniki Górne). Later, in the Early
Bronze Age as sem blages, wil low leaf-shaped ear rings dom i -
nate, like the ones from grave 6 from Miernów (M1a–e) and
grave 121 from ¯erniki Górne – Z-3 and Z-4 (Kadrow, 2000).
Their shapes are con sid ered as a ty po logi cal de vel op ment of the 
Fi nal Neo lithic or na ments (Kempisty, 1982). The metal se ries in -
cludes also two tools found in the cat a comb graves of the
Corded Ware cul ture: an awl from Kolosy (K-1) and a small
“knife” from ¯erniki Górne – Z-5 (grave 138). The first one rep re -
sents the only tool group that ap pears re peat edly in the Fi nal
Neo lithic buri als. Awls of that kind oc cur in male graves and are
in ter preted as tools used in flint man u fac tur ing. The num ber of
the Fi nal Neo lithic buri als fur nished with metal artefacts in the
Ma³opolska Up lands is rel a tively large in com par i son to those of
other re gional groups of the Corded Ware cul ture. The tra di tion
of fur nish ing the dead with golden or cop per ob jects con tin ued
into the Early Bronze Age. It seems as though, in this re gion over
~1000 years, the aes thetic pref er ences re gard ing metal items as 
well as the tech no log i cal pro cess and ore min ing re mained un -
changed. Given the lack of rich lo cal cop per ore de pos its, the
main is sues here con cern not only the prov e nance and or ga ni za -
tion of im port of cop per to the ter ri tory of south ern Po land but
also its lo cal tech no log i cal treat ment.

METHODS

Small pieces of cop per artefacts, of a few cu bic milli metres,
were cut and mounted in one block 2.54 cm in di am e ter (Fig. 3), 
us ing 2020 Ar al dite resin (Hunts man LLC). This was lapped
and pol ished us ing di a mond abra sive ma te ri als. Dur ing the lap -
ping a me tal lic bond di a mond (40 µm) Tissediam disk
(Presi-Métallographie) was used in or der to ex pose rel e vant
sec tions of the artefacts mounted in the block. The pro cess was 
care fully con trolled un der a ste reo scopic mi cro scope. Dur ing
the pol ish ing, di a mond gels with di a mond grains of 9 µm, 3 µm
and 1 µm were used, with pol ish ing times of 40, 15, and 3 min -
utes, re spec tively. Pol ish ing ma te ri als with 0.25 µm di a mond
grains were avoided in or der to avoid the pos si ble in cor po ra tion
of fine-grained di a mond into the soft cop per ma te rial.

Chem i cal and min er al og i cal anal y ses of the cop per
artefacts were car ried out us ing elec tron mi cro scopes and a
CAMECA SX100 elec tron microprobe at the Inter-In sti tute An a -
lyt i cal Com plex for Min er als and Syn thetic Sub stances at the
Fac ulty of Ge ol ogy, Uni ver sity of War saw. The microprobe was
equipped with 4 wave length dis per sion spec trom e ters (WDS),
worked at ac cel er at ing volt age of 15 keV, with the beam cur rent 
and beam di am e ter re spec tively of 20 nA and 2 µm. The count -
ing time at the peak max i mum was 20 sec onds and 10 sec onds
at back ground, mea sured at both sides of the peak.

The cal i bra tion of Cu (Ka, LIF) was done us ing pure KGHM
99.99 wt.% elec tro lyt i cally re fined cop per, that was fi nally pol -
ished to gether with the sam ples ana lysed for the in ves ti ga tions. 
The mean de tec tion limit for Cu was 0.07 wt.%. The other el e -
ments were cal i brated us ing nat u ral and syn thetic stan dards
sup plied by CAMECA and SPI Ltd. Stan dards, an a lyt i cal lines,
dif fract ing crys tals, and mean de tec tion lim its ex pressed in
wt.% for these were as fol lows: InAs – As (Lb, TAP, 0.08); InSb
– Sb (La, PET, 0.04); Ag2Te – Ag (La, PET, 0.05); cas sit er ite –
Sn (La, PET, 0.03); NiO – Ni (Ka, LIF, 0.04); CoO – Co (Ka,
LIF, 0.02); Bi2Te3 – Bi (Ma, PET, 0.02), sphalerite – Zn (Ka, LIF, 
0.07), PbS – Pb (Ma, PET, 0.08); Fe2O3 – Fe (Ka, LIF, 0.03);
CuFeS2 – S (Ka, PET, 0.02), and Bi2Se3 – Se (La, TAP, 0.03).
Au, Te and In were also ana lysed but their amounts were be low
de tec tion lim its in all artefacts ex am ined. The raw microprobe
counts were re duced with the PAP rou tine (Pouchou and
Pichoir, 1985).

Elec tron microprobe com po si tions at 323 points within the
ma trix of 12 ob jects were ob tained (Ta ble 1). The num ber of an -
a lyt i cal points in the sam ples ana lysed range from 20 to 30, be -
ing higher in inhomogeneous sam ples and sam ples con tain ing
nu mer ous in clu sions. The se lec tion of the el e ments ana lysed
was based both on al ready pub lished re sults of chem i cal anal y -
ses of ar chae o log i cal artefacts (Junghans et al., 1960, 1968,
1974) and min er al og i cal com po si tions of the Carpathian cop per 
de pos its that con tain en hanced con cen tra tions of As, Sb, Pb,
Zn, Ag, Au, Ni, Co, Se and Te (Chovan et al., 1994; Szakáll,
2001; Ïuïa and Ozdín, 2012). In the dis cus sion sec tion be low
only the con cen tra tions of the el e ments that sig nif i cantly ex -
ceed the cal cu lated de tec tion lim its were taken into ac count.

The in clu sions study was per formed us ing an ul tra-high- res -
o lu tion an a lyt i cal FE-SEM Hitachi SU-70 fit ted with a Schottky
field emis sion source, which en sures both a suf fi ciently high
probe cur rent and high res o lu tion for the an a lyt i cal tech niques.
Dur ing SEM ob ser va tions, chem i cal anal y sis of the sam ples
(ma trix and in clu sions) were per formed at an ac cel er a tion volt -
age of 15–20 keV with an en ergy dispersive spec trom e ter
(EDS) equipped with a Thermo Sci en tific™ UltraDry EDS De -
tec tor. The mi cro scope is also fit ted with a YAG back-scat tered
elec tron de tec tor (YAG-BSE) which al lows ob ser va tion of sam -
ples in compositional con trast. In all sam ples, the chem i cal
com po si tion of each type of in clu sion was de fined by at least
three mea sure ments de pend ing on the size of the in clu sion.
The ac cu racy of the in stru ment is (in most cases) 0.1 wt.% and
the de tec tion limit is also ~0.1 wt.%. How ever, these pa ram e -
ters change since heavier el e ments in a heavy ma trix are an a -
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Fig. 3. The ar al dite block with mounted sam ples of cop per
artefacts

All sam ples were cut per pen dic u lar to the long axis of the ob jects;
the alu mi num ring is 2.54 cm in outer di am e ter
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lysed with higher pre ci sion than lighter ones; this might be the
case of the pres ent study since the cop per ma trix an a lysed
com prises from dif fer ent el e ments in vari able amounts. There -
fore, the chem i cal com po si tion of the in clu sions is con sid ered
half-quan ti ta tive.

The anal y ses of Cu and Pb iso topes of the artefacts and
cop per ore sam ples from Po land, Ukraine and the Carpathian
Ba sin was per formed in Swe den, at ALS Scan di na via AB. The
cop per ore sam ples were pre pared us ing the ALS Scan di na via
stan dard pro ce dure, i.e. af ter grind ing they were sub jected to
mi cro wave-as sisted di ges tion in a con cen trated HNO3 + HCl
mix ture. The anal y ses were car ried out by MC-ICP-MS
(NEPTUNE, Thermo Sci en tific). Delta val ues for Cu were cal -
cu lated against a NIST SRM 976 stan dard. Stan dard de vi a tion
val ues (SD) were cal cu lated based on two in de pend ent con -
sec u tive mea sure ments of iso tope ra tios. The amount of Cu,
Pb and other trace el e ments in the sam ples an a lyzed were
checked us ing ICP-MS be fore the anal y sis.

RESULTS

The frag ments of artefacts stud ied  are char ac ter ized by the 
pres ence of cor ro sion lay ers de vel oped at the sur face of ob -
jects, while the in ner parts of the sam ples (cop per ma trix) com -
prise dis persed in clu sions of dif fer ent shape and spa tial dis tri -
bu tion (Figs. 4 and 5). The SEM ob ser va tions and chem i cal in -
ves ti ga tions dealt with each of these two en ti ties dis tin guished
with ma jor em pha sis on the lat ter.

How ever, due to their im por tance in terms of prov e nance
stud ies, de tailed anal y ses of se lected in clu sions was also per -
formed. The weath ered rims, usu ally green, 0.25 to 3 mm thick
(Fig. 4A, B), con sist of mal a chite and cu prite1. There are also
nu mer ous small in clu sions of na tive sil ver (Ag) within the outer
rims (bright ob jects marked by ar rows in the BSE im ages, see
Fig. 4A, B and 5B), es pe cially in Ag-bear ing artefacts.

The sur face of the artefacts was par tially de graded due to
ex po sure to a cor ro sive en vi ron ment when bur ied in the

Fig. 4. SEM im ages of cross-sec tions of the sam ples an a lysed with cor ro sion lay ers: Z-1 (A, B), M-1a (C, D)

See text for fur ther ex pla na tions

1 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.



ground. The sam ples with cir cu lar (Z-1) and square (K-1)
cross-sec tions have ho mo ge neous cor ro sion lay ers over the
whole sur face. The lay ers are com posed mainly of mal a chite,
cu prite and rare brochantite. The thick ness of the cor ro sion
layer of the ear ring (Z-1) and the awl (K-1) was ~330 µm and
100 µm, re spec tively. How ever, in the case of the pla nar
artefacts (M-1a and M-1d), cor ro sion lay ers of dif fer ent thick -
ness were ob served on the op po site sur faces.

CHEMICAL FEATURES OF METAL MATRIX

The study of the Early Bronze Age artefacts doc u ments a
com plex chem i cal com po si tion of the Cu metal (ma trix) that is
ad di tion ally con trolled by the oc cur rence of nu mer ous Cu-O,
Pb-Sb-O, Pb-As-O, Sn-Co-Ni-Se in clu sions (Figs. 6 and 7).
The con cen tra tion of Cu, mea sured by elec tron microprobe
(EPMA) of the vol ume of a few cu bic micrometres, ranges from
94.41 up to 99 wt.%. The other most com mon el e ments de ter -
mined are As, Sb, Ag, Ni and Sn (Ap pen dix 1*) The As and Ag
con cen tra tions are el e vated in most of the sam ples. The high -
est con cen tra tions of As and Ag reach up to 2.12 and
1.41 wt.%, re spec tively. In two sam ples, Z-1 and M-1d, Sb is

also pres ent as a ma jor ad mix ture. In sam ple Z-1 the Sb con -
cen tra tions vary from 0.51 to 0.71 wt.%, while in sam ple M-1d
they range from 0.68 to 3.04 wt.%.

Sam ple M-1d is unique in the set ana lysed not only in its
high con cen tra tions 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 -
cen tra tions of these met als in the Cu ma trix also cor re spond to
en hanced con cen tra tion of Co (up to 0.13 wt.%) and nu mer ous
in clu sions of Sn-Co-Ni-Se-rich phases, prob a bly orig i nat ing in
melt ing of the ore. Higher con cen tra tions of Sn (up to
0.12 wt.%) were de ter mined also in some parts of the Z-4 sam -
ple (Ap pen dix 1).

Be side As, Sb, Ag, Ni and Sn, the pres ence of Pb, Bi, Zn,
Cd and Au was as cer tained. Their con tents do not ex ceed
0.34 wt.% (tak ing into ac count their re spec tive de tec tion lim its).
In many sam ples the fol low ing pat tern was ob served: the oc cur -
rence of nu mer ous As-, Sb-, Pb-, and Bi-rich in clu sions cor re -
lated in versely with the con tents of these el e ments in the Cu
ma trix, e.g. low con tents of Pb and Sb in sam ple K-1 was com -
pen sated for by nu mer ous Pb-Sb-O in clu sions (cf. Figs. 6, 7
and Ap pen dix 1).
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Fig. 5. SEM im ages of the cross-sec tion of the sam ples an a lysed with cor ro sion lay ers: M-1d (A, B), K-1 (C, D)

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1473

https://gq.pgi.gov.pl/article/downloadSuppFile/26113/3588
https://gq.pgi.gov.pl/article/downloadSuppFile/26113/3588
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In the sam ples stud ied cop per does not dem on strate sig nif i -
cant vari a tion in its chem i cal com po si tion (with con stant bright -
ness in the BSE im ages), ex cept for some sam ples (Fig. 5B)
where par al lel zon ing of chem i cal com po si tion was ob served.
These tex tural pat terns prob a bly re flect later met al lur gi cal treat -
ment of the ma te rial.

CHARACTERISTICS OF THE MINERAL INCLUSIONS

The SEM ob ser va tion of the sam ples taken from the ear ring 
and the awl re vealed the pres ence of bright in clu sions in the
ma trix of the cop per artefacts (Figs. 5A and 6D). In or der to
char ac ter ize in de tail their mor phol ogy and chem i cal com po si -
tion, SEM ob ser va tion at mag ni fi ca tions be tween 500 and
5000x (Figs. 6 and 7) as well as standardless chem i cal anal y sis
(EDS) were per formed. Ta ble 2 shows se lected ex am ples of
chem i cal com po si tions of all ma jor types of in clu sion and sam -
ples in which they were ob served. How ever, in each sam ple the
chem i cal com po si tion of the same type of the in clu sion is
slightly dif fer ent due to the pres ence of ad di tional mi nor el e -
ments. The full set of anal y ses of the in clu sions (in clud ing ma jor 
and mi nor el e ments) is pro vided in Ap pen dix 2. The chem i cal

anal y ses given in Ta ble 2 were car ried out at cho sen points
(Fig. 6B, D).

Sam ples Z-1 and Z-2 have the high est num ber of in clu sions 
(Fig. 6A, B). Sam ple K-1 (Fig. 6C, D) also shows a high con cen -
tra tion of in clu sions. By con trast, in sam ples Z-3, Z-4, M-1a and
M-1d, con cen tra tions of in clu sions are very low. In sam ple Z-5
only in di vid ual in clu sions were ob served.

The in clu sions stud ied have sim i lar mor phol ogy (Fig. 6).
Most of them are round or oval in shape, some with ir reg u lar
with un even or, rarely, flat bound aries. The in clu sions’ length
(or di am e ter) usu ally does not ex ceed 15–20 µm. Within these
ob jects there are rect an gu lar or rhom boid plates and laths
(bright in BSE im age, Fig. 6B). These phases are up to a few
µm long; in some ag gre gates ~1 µm long grains oc cur to gether
with those ~3–4 µm long. In de pend ently of their size, the ar -
range ment of these small ob jects within the ag gre gates is ran -
dom (Figs. 6A and 7A). In sam ple M-1f there were some lo cal
ag gre ga tions of in clu sions (Fig. 7A, B).

The EDS anal y ses show that in all sam ples the in clu sions
are com posed of Cu, O and most com monly of Pb and Sb.
More over, de pend ing on the sam ple, the in clu sions com prise
other el e ments such as Bi and As. In the BSE im ages the

Fig 6. SEM im ages of the in clu sions ob served on the cross-sec tions of the ear ring Z-1 (A, B) and the awl K-1 (C, D)

White in clu sions are com posed mainly of Pb, Sb and As, dark ones are com posed of Cu-O and were prob a bly formed as a re sult of the
re moval of in clu sions dur ing the sam ple prep a ra tion pro cess; num bered dots in B and D de note spots where chem i cal anal y ses were

per formed (see Ta ble 2 for re sults); see text for fur ther ex pla na tions

https://gq.pgi.gov.pl/article/downloadSuppFile/26113/3589
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Fig 7. SEM im ages of the in clu sions ob served in the tube M-1f (A, B) and the ring M-1d (C, D)

White in clu sions are com posed mainly of Pb, Sb and As, dark ones are com posed of Cu-O

Type 
of in clu sion

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

Sam ples with 
the in clu sion
type pres ent

Z-5, Z-3 All sam ples K-1, Z-2,
M-1a Z-3 Z-4,

M-1d K-1 K-1, M-1b, M-1f M-1a, M-1c,
M-1e, Z-1, Z-2

Anal y sis
num ber/
sam ple

1/Z-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

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     7.1

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 con cen tra tions in wt.%; for full data set see Ap pen dix 2

T a  b l e  2

Se lected chem i cal anal y ses (semi-quan ti ta tive, standardless EDS mode) of in clu sions in the Fi nal Neo lithic/
Early Bronze Age artefacts

https://gq.pgi.gov.pl/article/downloadSuppFile/26113/3589


Pb-Sb-Cu(±As, Bi)-rich in clu sions are bright, whereas the dark
ar eas ob served in SEM are com posed solely of Cu and O
(Figs. 6 and 7). The Cu-O in clu sions in sam ple M-1b were com -
posed of 89.5 wt.% Cu and 10.5 wt.% O2 which is equiv a lent to
68.2 at.% Cu and 31.8 at.% O2. Thus, such con cen tra tion of el -
e ments sug gests that the com po si tion cor re sponds to that of
cu prite. More over, this con clu sion was sup ported by ad di tional
Raman spec tros copy. This type of in clu sion oc curs in ev ery
sam ple. In sam ple M-1f only cu prite (Cu-O type) in clu sions with
rem nants of the Pb-As-rich phase at the edges were ob served
(Fig. 7B). Rarely, sul phur is pres ent and cop per sul phide in clu -
sions en riched in Se ap pear (Ta ble 2).

ISOTOPE ANALYSIS

Cop per and lead iso tope ra tios have been de ter mined for
21 ore sam ples from cop per ores from the Carpathian Ba sin,
the Miedzianka re gion (Œwiêtokrzyskie Moun tains), Lower
Silesia (Lubin and Sieroszowice re gions, and the Leszczyny
syncline) and Ukraine (Volyn). These sam ples rep re sent var i -
ous kinds of pri mary cop per de posit, both hy dro ther mal and
sed i ment-hosted. The de tailed min er al og i cal de scrip tions of the 
sam ples in ves ti gated and their lo ca tions are given in Ap pen -
dix 3 and Fig ure 1. The sam ples come from waste heaps, for it
was not pos si ble to ac cess the mine work ings of the old, closed
mines. The artefacts sub jected to iso to pic anal y ses rep re sent
dif fer ent sty lis tic groups. Ma jor and trace el e ments com po si -
tions were de ter mined for both ore and arte fact sam ples and
the re sults are shown in Ap pen di ces 4A and B. The re sults of
Cu and Pb iso tope ra tios anal y ses are given in Ap pen di ces 4C
and D.

The study of the iso topes 63Cu/65Cu for cop per ores re -
vealed a large vari a tion of d65Cu val ues, from –1.086 to
2.108 ‰. Pb iso tope ra tios in the ore sam ples in ves ti gated also
fall within a large range of vari a tion (see Ap pen dix 4C). The
ores in ves ti gated in our study rep re sent the ore min eral sources 
avail able from the larg est de pos its in the Carpathian Ba sin. The 
best known in an cient times was Špania Dol ina-Piesky. The Cu
iso tope com po si tion of the ore sam ples from that de posit sig nif i -
cantly vary by d 65Cu = –0.146 to 1.308. Cu and Pb iso tope ra -

tios in the cop per artefacts in ves ti gated fall within a sig nif i cantly
smaller range of vari a tion (Ap pen dix 4D). d 65Cu val ues vary
from  –0.065 to 0.439‰. 208Pb/207Pb and 207Pb/206Pb and
206Pb/204Pb ra tios vary from 2.4650 to 2.4760, from 0.8346 to
0.8412 and from 18.511 to 18.754, re spec tively.

DISCUSSION

CHEMICAL COMPOSITION – INCLUSIONS

Cop per ox ide in clu sions. The pres ence of cop per ox ide
in the in clu sions can be re lated ei ther to the ore com po si tion or
to the re ac tion which oc curs dur ing the smelt ing pro cess (cf.
Hauptmann, 2007: 243). As for the ore com po si tion, when ox -
ide ores are used, it is pos si ble that the ore ma te rial is not en -
tirely melted. Thus, ox ide in clu sions can be the res i dues of the
orig i nal ox ide ores. On the other hand, melted cop per ab sorbs
ox y gen from the at mo sphere and forms ox ides. Since the
chem i cal anal y ses show that cop per ox ides are com posed only
of ox y gen and cop per while no other chem i cal el e ments were
de tected, it is most likely that these in clu sions were formed dur -
ing the met al lur gi cal pro cess (ox i da tion of the melted cop per in
cru ci bles).

The real tech no log i cal chal lenge seems to have been keep -
ing both the con di tions of tem per a ture and at mo sphere in an
ideal bal ance dur ing the smelt ing pro cess. This might be the
rea son for the high cop per ox ide con tents. Those in clu sions
sub stan ti ate the high smelt ing tem per a tures as well as the in -
com plete re duc tion of the ore (Hauptmann, 2007: 227). How -
ever, in both cases the oc cur rence of cop per ox ide in clu sions
in di cates the im per fec tions of the tech no log i cal pro cess as re -
gards ob tain ing cop per prod ucts (cf. Scott, 1991: 90). The high -
est num ber of cop per ox ides were ob served in sam ples Z-1,
Z-2 and K-1 which are the old est ob jects ana lysed
(~2600–2400 BC, the Corded Ware cul ture). Also, in these
sam ples, other types of in clu sions con tain ing chem i cal el e -
ments such as Pb, Sb, Bi, As (Ta bles 2 and 3) were ob served.
Thus, it can be con cluded that the smelt ing pro cess was less
de vel oped and ox i da tion of the melted cop per was more pro -
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Metal
type Sam ples Chem i cal char ac ter is tics of the cop per metal In clu sions In ferred Cu ore 

A

Z-1
rich in As (up to 1.67 wt.%), Sb (up to
0.71 wt.%) and Ag (up to 0.43 wt.%)

Pb-Cu-Sb-As-O

Pb-Cu-Bi

Cu-O
ores with pre dom i nance of

tetrahedrite over ten nan tite, or with
vary ing pro por tions of both min er als

M-1f
Pb-Sb-As-O

Cu-O

B

M-1a, 

M-1b, 

M-1c,

M-1e

high con tents of As (range from 0.25 to
2.12 wt.%), Ag gen er ally low (<0.08 wt.%),
some times reach up to 0.43 wt.%, Sb con -

stantly be low 0.08 wt.%

Pb-Cu-As-O, Cu-O
ores with pre dom i nance of ten nan tite, 

and/or pos si ble As-rich weath ered
ores (pseudomalachite)

Z-3, Z-4 Cu-As-O, Cu-Sb-O

Z-5 Cu–S-Se

C M-1d
rich in Ag (from 0.35 to 1.41 wt.%), Sb (from

0.68 to 3.04), and Ni (from 0.77 to 1.77
wt.%), Sn-rich (up to 0.36 wt.%) 

Cu–Sb–O 

stannine- or other Sn min eral-rich
ores, con tain ing also Ni and Co

sulphides and ar sen ides, Sb
sulphides and sulphosalts

D K-1, Z-2
Ag-rich (0.23–0.58 wt.%), vary ing Sb con tent 

(up to 0.75 wt.%), de pleted in As
(<0.06 wt.%)

Pb-Cu-Sb-O, Cu-O tetrahedrite and galenite are the most 
abun dant ore min er als

T a  b l e  3

Chem i cal char ac ter is tics of the four types of Cu metal dis tin guished within the artefacts stud ied and the as sumed min er al og i cal 
com po si tion of cop per ores used for their pro duc tion (see text for fur ther ex pla na tions)

https://gq.pgi.gov.pl/article/downloadSuppFile/26113/3590
https://gq.pgi.gov.pl/article/downloadSuppFile/26113/3590
https://gq.pgi.gov.pl/article/downloadSuppFile/26113/3593
https://gq.pgi.gov.pl/article/downloadSuppFile/26113/3594
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nounced. The pres ence of cop per ox ide in the cop per ob jects
formed due to ox i da tion of melted cop per is also de scribed in
the lit er a ture (e.g., Hauptmann et al., 2002). In ter est ingly, in
sam ple Z5 which is as signed to the same chro no log i cal ho ri -
zon, al most no in clu sions were ob served. This sam ple shows a
high con tent of As in the ma trix, shown by the WDS anal y ses.
This sug gests that this ob ject could have been ob tained from
As-rich cop per ores. The hy dro ther mal ores with pre dom i nance 
of ten nan tite, and/or pos si ble As-en riched weath ered ores con -
tain ing cop per ar se nates (e.g., olivenite, tyrolite, conichalcite)
are the most likely ore sources here (Ta ble 3). The weath ered
cop per ore types may also con tain sig nif i cant amounts of na tive 
cop per and cop per ox ides such as cu prite. How ever, the lack of 
cop per ox ides in this sam ple could be ex plained also by a dif fer -
ent method of cast ing of the cop per metal or, more likely, by the
fact that this ob ject was shaped by the ham mer ing of a pre vi -
ously ren dered cop per in got. Ac cord ing to Rehder (1994), with
the pres ence of cu prite in cop per a num ber of mi nor and trace
el e ments are ox i dized, mean ing that dur ing cru ci ble smelt ing a
re fin ing ef fect might oc cur due to the ten dency of cop per to ox i -
dize. This is in ac cor dance with Mer kel’s (1990) ob ser va tions
that a no tice able change in the trace el e ment pat tern only oc -
curs with a de lib er ate in put of air into the cop per bath.

In ter est ing re sults were also ob tained dur ing in ves ti ga tion
of the youn ger ob jects (2100–1900 BC, the Mierzanowice cul -
ture). For ex am ple, sam ples M-1e and M-1f are char ac ter ized
only by the pres ence of cop per ox ide in clu sions. In the rest of
the sam ples  analysed cop per ox ides oc cur to gether with other
types of in clu sion  con tain ing Pb, Sb and As. Thus, it can be
con cluded that the ob jects M-1e and M-1f were pro duced us ing
ox ide ores or remelted ma te rial (re cy cling). The youn ger ob -
jects are char ac ter ized by smaller amounts of cop per ox ide in -
clu sions by com par i son with the older ones. That im plies that
the smelt ing pro cess was then more ad vanced, re sult ing in
prod ucts of higher qual ity.

Pb-As-Sb in clu sions. An other type of in clu sions ob served
in the sam ples was com posed of chem i cal el e ments such as
Pb, As and Sb. The high est amount of these in clu sions, as in
case of cop per ox ides, was ob served in sam ples Z-1 and Z-2,
as well as in sam ple K-1. How ever, the chem i cal anal y ses re -
vealed that in clu sions pres ent in the ear rings (Z-1, Z-2) dif fer
from those in the awl (K-1). In the case of sam ple Z-1, the ma jor
el e ments of in clu sions are Pb, As, O and S (low amounts),
while the in clu sions of sam ples Z-2 and K-1 are com posed
mostly of Pb and Sb. On the other hand, the in clu sions in sam -
ples Z-1 and Z-2 have ad di tional amounts of Bi. Thus, these re -
sults sug gest that the sam ples an a lyzed could have been pro -
duced with dif fer ent cop per ores.

The size and ir reg u lar shape of the Pb, Sb and As in clu sions
sug gest that they were formed by crys tal li za tion from the melted
phase and their chem i cal com po si tions cor re spond to the com -
po si tion of the ore. Thus, the type of the ore can be de fined
based on the chem i cal com po si tion of these in clu sions. They
were com posed of rect an gu lar or rhom boid plates and laths. The 
microstructure of the ma trix with large and brit tle in clu sions is not
ad van ta geous since it de creases the me chan i cal prop er ties.

De ter mi na tion of the ox i da tion states of the chem i cal el e -
ments, stoichiometric ra tios of the in clu sions and crys tal li za -
tion/for ma tion of the in clu sions would have been nec es sary for
de scrip tion of the smelt ing tech nol ogy. How ever such de tailed
anal y ses go far be yond the scope of the anal y ses pre sented.

CHEMICAL COMPOSITION – MATRIX

Tak ing into ac count solely the con cen tra tion of the most
com mon mi nor el e ments in an ar ti fact’s ma trix, five types of Cu

metal can be dis tin guished: (1) Ag-rich (sam ples Z-2 and K-1),
(2) As-rich (sam ples Z-3, Z-4, M-1a, M-1b, M-1c, M-1e), (3) As-
and Ag-rich (sam ple Z-5), (4) As-, Sb-, Ag-rich (sam ples Z-1
and M-1f), (5) Ni-, Sb-, Ag-, As- and Sn-rich (sam ple M-1d).

Strong dif fer ences in chem i cal com po si tion of the cop per
metal in the sam ples ana lysed are re flected by the Ag/Sb and
100*(As+Sb)/Cu ra tios, par tic u larly in the sam ples in which all
these el e ments were suc cess fully mea sured (val ues above de -
tec tion lim its) and vary from 0.24 up to 100 and from 0.03 up to
3.6, re spec tively (Fig. 8). How ever, if the di vi sion of Cu metal
into chem i cal groups is to re flect the min er al og i cal com po si tion
of ore, it should in clude both chem i cal com po si tion of Cu metal
(ma trix) and the phases that oc cur in the in clu sions em bed ded
in the ma trix. To this end the data sets for the ma trix and in clu -
sions have been com bined and four types of metal were dis tin -
guished (see Ta ble 3). This di vi sion is based on two fea tures:
(1) chem i cal com po si tion of ma trix and (2) chem i cal com po si -
tion of in clu sions. All types (A, B, C, D) show com pat i bil ity of
both fea tures. Since the in clu sions and ma trix are com posed of
the same chem i cal el e ments, it can be con cluded that the in clu -
sions prob a bly crys tal lized or pre cip i tated from the ma trix dur -
ing tech no log i cal pro cesses. Thus, they do not di rectly orig i nate 
from the ores.

Fig. 8. Ag/Sb ver sus 100*(As+Sb)/Cu show ing chem i cal va ri et -
ies of the cop per artefacts ex am ined from south ern Po land; the
lower di a gram shows the en hanced lower part of the up per di a -
gram where the sam ples with Ag/Sb ra tios <40 plot
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Type A. The sam ples Z-1 and M-1f are char ac ter ized by
high con cen tra tions of As (0.07–1.67 wt.%) mod er ate con cen -
tra tions of Ag (0.04–0.43 wt.%) and nu mer ous in clu sions con -
tain ing Pb and Sb. The con cen tra tion of Sb in the cop per metal
var ies; in sam ple Z-1 (nu mer ous Pb-Cu-Sb-As-O in clu sions)
the mea sured con cen tra tion of Sb is high and ranges from 0.51
to 0.70 wt.%, while in sam ple M-1f it is <0.1wt.%. En hanced
con cen tra tion of Ag and Sb strongly sug gest the pres ence of
tetrahedrite, while As sig nals the oc cur rence of ten nan tite in the
ore. The com po si tion of metal ma trix clearly in di cates the pres -
ence of tetrahedrite in the ore, in this case a very com mon and
wide spread Ag-bear ing sulphosalt (Ramdohr, 1975). Only sam -
ple Z-1 is dif fer ent here in its low Ag con tent (<0.03 wt.%). Thus, 
the metal of type A was prob a bly smelted from ten nan tite-dom i -
nant Cu ore, or from ores with vary ing pro por tions of both min er -
als. The most likely sources of such a type of ore are As-Sb-rich
sulphosalts form Špania Dol ina and/or Lubietová (Fig. 1).

The in clu sions in the sam ples of this group dif fer in chem i cal 
com po si tion, mainly re gard ing the pres ence of ma jor to trace el -
e ments (Pb, As, Sb) as well as in their sizes and con cen tra -
tions. How ever, these dif fer ences are more likely to be con -
nected with the tech nol ogy of pro duc tion than with the type of
ore (cf. Bachmann, 2003: 28). The pa ram e ters of the met al lur -
gi cal pro cess (tim ing, tem per a ture, cool ing and heat ing rates)
in flu ence the for ma tion of new phases (in clu sions) in the ma trix. 
Thus, a change in any of these pa ram e ters can cause ei ther a
high con cen tra tion or the ab sence of in clu sions (cf.
Hauptmann, 2007: 178).

Type B. The cop per ma trix in sam ples M-1a, M-1b, M-1c,
M-1e, Z-3, Z-4 and Z-5 are en riched in As (0.25–2.12 wt.%) and 
de pleted in Sb (<0.08 wt.%). The con cen tra tion of Ag is gen er -
ally low (<0.08 wt.%) but lo cally (in sam ples Z-4 and Z-5) reach
up to 0.43 wt.%. This metal type is char ac ter ized by the oc cur -
rence of nu mer ous in clu sions usu ally con tain ing Pb and As.
Only in sam ple M-1f are the in clu sions rich in Pb and Sb. Metal
of type B pre sum ably co mes ei ther from ten nan tite-dom i nant
ores, which are usu ally not en riched in Ag (Ramdohr, 1975), or
from ores com pris ing sim ple Cu-sulphides (chalcocite group),
mal a chite, az ur ite, and/or cop per ar se nate min er als mined from 
the weath er ing zone of the pri mary hy dro ther mal ores (e.g., a
blan ket-type de posit). The most likely sources of Cu ore in this
case are Špania Dol ina, Rudabánya and Lubietová.

Type C. This type is de fined by a sin gle sam ple, M-1d.
While the rest of the sam ples show low con tents of Sn (up to
0.03 wt.%), this sam ple is char ac ter ized by a high con cen tra tion 
of this el e ment (0.37 wt.%) to gether with Ni (up to 1.69 wt.%), Bi
(up to 0.25 wt.%), and Co (up to 0.11 wt.%). The con cen tra tions
of Sb and As are very high and range from 0.68 to 3.04 wt.%
and from 0.13 to 0.53 wt.%, re spec tively. The sam ple con tains
also many in clu sions rich in Sn, Co, Ni and Se. This small ad -
mix ture of Sn doc u mented as ore com po nent re quires fur ther
ex pla na tion. Sn-bear ing phases were not rec og nized ei ther in
hy dro ther mal sid er ite bar ite-tetrahedite veins of Slovenske
Rudohorie or in ores from the weath er ing zones that con sist
mainly of mal a chite or cop per ar se nates. How ever, small ad -
mix tures of Sn-bear ing phases were rec og nized in many high
tem per a ture ore as so ci a tions re lated to calc-al ka line vol ca nic
rocks in Banská Štiavnica, Slovakia (Kodera et al., 2005; Lexa
et al., 1999; Neubauer et al., 2005; Ïuda and Ozdin, 2012) and
Baia Mare-Cavnic (north ern Ro ma nia). The other sul phide de -
pos its from Slovakia, e.g. Slovinky, Smolnik and Zlatá Baòa
also con tain small amounts of Sn-bear ing phases (prob a bly
stannine, Szakáll et al., 2002).

Type D. This type is de fined by sam ples K-1, Z-1 and Z-2. It
is sim i lar to type A in terms of high con cen tra tions of Ag
(0.38–0.75 wt.%). The con cen tra tion of Sb var ies, rang ing from
be low EPMA de tec tion lim its to 0.49 wt.% in sam ple K-1. The
As con tent is very low in all sam ples (up to 0.09 wt.%). Based
on the high con cen tra tion of Ag and the pres ence of in clu sions
en riched in Pb and Sb, we can as sume that the cop per metal
was smelted from ores con tain ing sig nif i cant amounts of
tetrahedrite and ga lena. The metal of types A and D (Ta ble 3)
was ex tracted from Ag-rich ores con sist ing of tetrahedrite. Both
types are char ac ter ized by an en hanced con cen tra tion of Ag in
Cu metal and vary ing amounts of Sb-, As-rich in clu sions as a
re sult of con trol dur ing high-tem per a ture ox i da tion of sulphosalt 
ores. The pres ence of Ag seems to be dis tinc tive here as it was
not burnt off in smelt ing. To put it an other way, if Ag is pres ent in 
a cop per ore it will oc cur in the cop per metal (see also Rehren
and Northover, 1990: 227). The most prob a ble sources of such
an ore type are tetrahedrite Cu ores from Špania Dol ina,
Gelnica-Slovinky (Slovakia) or Rudabánya (Hun gary).

Cu AND Pb ISOTOPE COMPOSITIONS OF COPPER ORE SAMPLES 
AND ARTEFACTS

Study of the iso topes 63Cu/ 65Cu showed a large vari a tion in
d 65Cu val ues, from –1.086 to 2.108‰. That re flects the ef fec -
tive frac tion ation of Cu dur ing the ore’s weath er ing (Powell et
al., 2017; Jansen, 2018). Ac cord ing to Powell (Powell et al.,
2017), frac tion ation of Cu iso topes in Cu ore weath er ing zone
can reach up to 3‰. Such a high level of frac tion ation of Cu iso -
topes can also be fos tered by crys tal li za tion of sec ond ary cop -
per sulphides en hanced by mi cro bial ac tiv ity dur ing weath er ing
(Asael et al., 2012). Pb iso tope ra tios in the ore sam ples in ves ti -
gated also fall within a large range of vari a tion (see Ap pen -
dix 4C). The re sults ob tained are in keep ing with the data re -
ported by Schreiner (2007; Figs. 9–11). Tak ing into ac count Pb
iso tope ra tios one can as sume that the sam ples K-1, Z-1 and
Z-2 de rive from cop per pro duced from one de posit. Sam ple
M1-b has a dif fer ent iso to pic sig na ture, which sug gests a dif fer -
ent kind of ore within the same de posit or an en tirely dif fer ent
cop per de posit.

ARCHAEOLOGICAL RECORD

Ar chae o log i cal data on min ing ac tiv i ties at trib uted to the Fi -
nal Neo lithic and Early Bronze Age in the Carpathian re gion is
scarce, so there is very lit tle in for ma tion to sup port all the con -
sid er ations out lined above. Ac cord ing to re search con ducted in
the vi cin ity of Špania Dol ina in 1960s–1980s (Toèík and
Žebrák, 1989), in ten sive Cu ore pro cess ing must have taken
place in Špania Dol ina Revier al ready in the Mid dle Neo lithic (or 
Mid dle Eneolithic in the Slovakian periodization, see also
Farkaš and Gregor, 2012: 4). Some of the artefacts of the 150
stone picks col lec tion from that site, based on the Lengyel cul -
ture sty lis tic anal o gies – in cor rectly dated by Toèík and Žebrák
(1989: 72) to the mid-3rd Mil len nium BC – should be dated to
the 4th/5th Mil len nium bound ary in ter val and the early 4th Mil -
len nium BC (e.g., Pavúk and Bátora, 1995). The cor rec tion of
this dat ing, how ever, leaves us with no trace of min ing ac tiv i ties
in Špania Dol ina that could be con nected with the mid-3rd
Millenium BC – i.e. the older ho ri zon of the artefacts ana lysed.
All the same, there is no data on min ing ac tiv i ties of that time re -
gard ing other Cu ore re gions in di cated above as pos si ble
sources for pro duc ing these artefacts. It is also im pos si ble to
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Fig. 9. 207Pb/206Pb versus 208Pb/206Pb di a gram show ing iso to pic data for the artefacts 
and ores ex am ined

The area marked with a grey color shows the vari abil ity of the iso to pic com po si tion of the ores 
from the vi cin ity of Špania Dol ina (data af ter Schreiner, 2007)

Fig. 10. Com par i son of lead iso tope ra tios in the stud ied artefacts stud ied with
the Pb iso to pic ra tios of ore from the Hron Val ley (data af ter Schreiner, 2007)
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as cer tain if it was metal ob jects that were im ported or some kind 
of raw ma te rial pri mar ily pro cessed in the min ing area since we
do not know any anal o gous metal finds from the north ern
Carpathian re gion that could be dated to that time. More over, it
is dif fi cult to trace ex ten sive con tacts be tween the Corded Ware 
cul ture so ci et ies from south ern Po land and Slovakia. One pos -
si ble ex pla na tion is that the metal ob jects were pro duced in the
ter ri tory of Lesser Po land (Ma³opolska) us ing Cu ma te rial orig i -
nat ing in the south. This would be cor rob o rated by the char ac -
ter is tic “ten dency” be ing as signed in the lit er a ture to the
“Corded Ware” so ci et ies, which was to im port the par tic u lar ma -
te rial for pro duc ing some kinds of ob jects, de spite lo cal avail -
abil ity of ma te rial that could have been used in stead (e.g., se -
lected raw ma te ri als for bat tle-axes or flint tools).

In ter pre ta tion of the Early Bronze Age finds, i.e. most of the
ob jects ana lysed in this ar ti cle, seems to be less com pli cated.
Ac cord ing to Toèík and Žebrák (1989: 75) the Špania Dol ina
Revier was also used dur ing the Bronze Age. Nu mer ous cop per 
finds in graves both in Slovakia (the Nitra group in west ern
Slovakia and the Koš’tany group in east ern Slovakia) and
south ern Po land (the Mierzanowice cul ture) are clas si fied
within the same sty lis tic trend called “the wil low-leaf style” (e.g.,
Kadrow, 2000). We can pre sume, there fore, that dur ing the first
cen tu ries of the sec ond mil len nium BC cop per prod ucts were
dis trib uted us ing ex change net works con nect ing the Mierzano -
wice cul ture and the Nitra group and reached the Ma³opolska
Up lands as im ports.

Fig. 11. 207Pb/206Pb versus d65Cu di a gram show ing iso to pic com po si tion of the artefacts
ex am ined and the ore sam ples an a lysed

207Pb/206Pb up per limit of ores from Špania Dol ina and Lubietová on the ba sis of Schreiner
(2007) iso to pic dataset

Fig. 12. Vari a tion of chem i cal com po si tion in As-Ag-Sb di a gram 
of the types of metal dis tin guished – the Fi nal Neo lithic and

Early Bronze Age cop per artefacts from south ern Po land
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Fi nally, one more is sue should be ad dressed, i.e. the dif fer -
ence in the smelt qual ity that can be ob served on the di a gram
(Fig. 12). The older, “Corded Ware” Cu ob jects (sam ples K-1,
Z-1, Z-2, Z-5) seem to be dif fer ent prod ucts than the youn ger
ones. Their chem i cal com po si tion is more ho mo ge neous. Due
to the small num ber of sam ples an a lyzed we have to leave this
ques tion open.

CONCLUSIONS

We dem on strate how an a lyz ing both ma trix and in clu sions
en hances op por tu ni ties to in di cate the na ture of cop per raw
ma te rial, es pe cially in terms of the type of Cu ore and how it cor -
re sponds with the re sults of Pb and Cu iso to pic anal y ses.

The con cen tra tion of Ag, Sb, As and Sn in the Fi nal Neo -
lithic/Early Bronze Age cop per artefacts, the pres ence of in clu -
sions and their chem i cal com po si tion are the key in di ca tors al -
low ing de ter mi na tion of the min er al og i cal com po si tion of the
pro cessed ores. Our study points at sulphosalt ores as the main 
source of metal for the artefacts in ves ti gated.

As- and Sb-rich in clu sions doc u ment types of ore, since the
met al lur gi cal pro cess leads to de ple tion of these very el e ments.
A flaw less cast Cu metal should con tain nei ther Sb nor As, and
their pres ence in ore can be traced only in in clu sions. Both of the
el e ments are re moved dur ing the met al lur gi cal pro cess, thus ne -
glect ing the anal y sis of As- and Sb-rich in clu sions makes the
proper in ter pre ta tion of min er al og i cal com po si tion of ore im pos -
si ble. Other metal el e ments such as Ag, Co, Ni and Sn do not
burn off dur ing ore pro cess ing and al ways re main in Cu metal,
hence the pres ence of Ag, Co, Ni and Sn in in clu sions in di cates
which el e ments of the orig i nal ore re mained in the “al loy”.

The vary ing amounts of As-Sb-O and Cu-O in clu sions re -
flects un sta ble fur nace con di tions, that did not lead to com plete
ox i da tion of As and Sb and the re moval of both el e ments from
the fi nal cop per metal. This in di cates, there fore, the qual ity and
tech no log i cal prog ress of the smelt ing pro cess; the less de vel -
oped and prim i tive the pro cess was, the greater amount of in clu -
sions oc curs in the cop per metal pro duced. Al ter na tively, the
abun dance and chem i cal com po si tion of in clu sions may de pend
on which part of the smelt ing prod uct the metal (solid so lu tion)
was ac quired from (i.e. the up per, mid dle or lower part of it).

Given the high con tents of Sb, As and Ag in the Cu metal
and the min er al ogy of the in clu sions, the pro cessed ores must
have con tained tetrahedrite (Cu,Fe)12Sb4S13 and ten nan tite
(Cu,Fe)12As4S13 with vary ing pro por tions of both min er als (Cu
metal of types A, B and D). The anal y ses of one of the artefacts
(Cu metal of type C, see Ta ble 3) im ply de pos its with a small
ad mix ture of Sn min er als (e.g., stannine Cu2FeSnS4). Cop per
ore de pos its char ac ter ized by dom i na tion of Cu-Sb-As
sulphosalts are lo cated in the In ner Carpathians, i.e. in
Slovakia, Hun gary and Ro ma nia (Chovan et al., 1994;
Neubauer et al., 2005). Al though it is now im pos si ble to point
out more pre cisely which of those de pos its could have been
used as a source of metal for the Fi nal Neo lithic artefacts un der
in ves ti ga tion, it is very likely that the cop per ma te rial to pro duce
the Early Bronze Age ob jects came from com plex sul -
phide-sulphosalts and weath ered Cu ores from Špania Dol ina.

More pre cise lo cal iza tion of cop per ore de pos its used for
pro duc tion of the in ves ti gated artefacts from Ma³opolska
(Lesser Po land) is pos si ble based on the anal y ses of Pb and
Cu iso topes. Heavy iso topes of those el e ments do not
fractionate dur ing the met al lur gi cal pro cess (Gale et al., 1999;

Mathur et al., 2009), more over some of them can be used for
mon i tor ing the pro cesses of weath er ing Cu ores (Powell et al.,
2017; Jansen et al., 2018). All 21 ore sam ples (Ap pen dix 4A)
have been taken from Cu de pos its lo cated in the vi cin ity of the
sites where the four artefacts in ves ti gated were found (Fig. 1).
The study of d65Cu val ues re ports only a var ied state of ox i da -
tion of ores used in the met al lur gi cal pro cess while Pb iso topes
ra tios al low dis tinc tion of two groups of artefacts pro duced from
ores of dif fer ent iso to pic sig na tures. The first group in cludes
sam ples Z-1, Z-2 and K-1, the sec ond group com prises sam ple
M1-b.

The re sults of iso tope anal y ses of the artefacts and the ores
as well as the re sults of com pa ra ble re search per formed by
Schreiner (2007) have been used to col late com pre hen sive in -
for ma tion on the prov e nance of the artefacts in ques tion.

Pb iso tope ra tios in the ore sam ples (e.g., 208Pb/207Pb) fall
within a large range of vari a tion from 2.4373 to 2.5069. De spite
the small num ber of sam ples an a lyzed per Cu de posit, rep re -
sent ing ores of di verse Cu min er al ogy, one can ob serve a sig -
nif i cant vari a tion of Pb iso tope ra tios, that prob a bly re flects the
multistadial gen e sis of some of the de pos its (e.g., Špania Dol -
ina with Pb iso tope ra tios vary ing from 2.4793 to 2.4971, or
Rudabánya from 2.4569 to 2.4665). The com par i son of Pb iso -
to pic anal y ses for the artefacts and for the ore de pos its does not 
con clu sively dem on strate the cop per ore prov e nance. But, con -
sid er ation of a large data set con sist ing of anal y ses of Cu ores
from Špania Dol ina (Schreiner, 2007) shows that the iso to pic
sig na tures of the artefacts in ves ti gated from Ma³opolska fall
within the va ri ety range con firmed for Cu ores from this area.
Based on the re sults of iso to pic study, the artefacts in ves ti gated 
might have been pro duced us ing cop per orig i nat ing from the
Lubietová–Poniky and Bereznovo–Vysna Boca ar eas.

Por phyry cop per de pos its from Banska-Stjavnica can be
un equiv o cally ex cluded as a source of cop per for the artefacts
in ques tion, as well as the Miedzianka area (the Œwiêtokrzyskie
Moun tains) – the near est de posit, and na tive cop per de pos its in 
Volyn, dis cov ered by Ma³kowski (1929, 1931, 1951).

Com bin ing the two iso to pic sys tems, Pb and Cu (Fig. 9) al -
lows in di ca tion of the source cop per ores with greater pre ci sion. 
Hence, the most prob a ble source of cop per ore for the artefacts
in ves ti gated is the de posit from Špania Dol ina (sam ples Z-1,
Z-2, K-1) and/or Lubietová (sam ple M1-b). The re sults of iso to -
pic anal y ses show that the batch con sisted of pri mary hy dro -
ther mal ores rich in As and Sb cop per sulphides with dif fer ent
con tents of the ox i dized Cu ores, that con tained prob a bly large
quan ti ties of mal a chite, az ur ite and cop per ox ides.

We al ready know, that cop pers with a range of As or/and Sb
con tent are a fea ture of early met al lurgy (e.g., Northhover,
1989: 111). We also know that the in tro duc tion of sulphidic ores
prob a bly marks a tech no log i cal shift in cop per pro cess ing
(Powell et al., 2017). Al though con sid er able archaeo -
metallurgical re search has been de voted to early cop per-based 
ob jects, the vast ma jor ity of them are large, cast items. Hardly
any at ten tion has been paid to the prod ucts of “thread and wire
met al lurgy”, let alone anal y ses more com plex than stan dard
chem i cal “whole-metal” de ter mi na tions (e.g., Kempisty, 1978).
There is still a great deal of work to be done to char ac ter ize the
metal pro duc tion of the Fi nal Neo lithic/Early Bronze Age
post-Corded Ware cul tures in Cen tral Eu rope. This is a gap to
be bridged in the in fer en tial pro cess re gard ing the be gin nings of 
Bronze Age met al lurgy in that re gion.

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