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Until today, raw material information of copper (Cu) objects is mostly gained from impurities
and trace elements and not from the Cu itself. This might be obtained using its stable isotopes.
However, isotopic fingerprinting requires the absence of fractionation during the smelting pro-
cess. The Cu isotope evolution during outdoor smelting experiments with Cu sulphide ore was
investigated. It is shown that external materials, in particular furnace lining, clay, manure and
sand, alter the isotopic composition of the smelting products. Cu isotopes are fractionated
within low viscosity slag derived from matte smelting. The produced metallic Cu has a Cu iso-
tope signature close to the ore.
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INTRODUCTION

The first analytical approaches to measuring the natural Cu isotope abundances appear far before
the development of modern mass spectrometers (Ewald 1944; Brown and Inghram 1947). Mea-
surement of Cu isotopes was established by Walker et al. (1958) and immediately applied to un-
derstand the variations in (Cu) minerals and possible natural fractionation effects (White
et al. 1962; Shields et al. 1965). This became more common with the introduction of
multi-collector inductively coupled plasma-mass spectrometry (MC-ICP-MS) in Cu isotope anal-
ysis by Maréchal et al. (1999). Research is still dominated by the study of natural variation of Cu
isotopes in geological material (Zhu et al. 2000; Albarède 2004; Albarède and Beard 2004;
Asael 2010; Mathur and Wang 2019), but also includes other materials such as extra-terrestrial
materials (Moynier et al. 2006, 2007; Herzog et al. 2009), native Cu (Dekov et al. 2013), pollu-
tion and contamination (Albarède and Beard 2004; Borrok et al. 2008), rivers and oceans (Vance
et al. 2008), oxidative weathering (Fernandez and Borrok 2009; Mathur and Fantle 2015), or
soils and interaction with micro-organisms (Mathur et al. 2005; Pokrovsky et al. 2008; Bigalke
et al. 2010), next to others (cf. Moynier et al. 2017).
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Cu isotopes were initially suggested as a possible tool in metal provenance studies by Gale and
Stos-Gale (1982) and explored first by Gale et al. (1999) and Woodhead et al. (1999) to link ob-
jects to raw metal sources (Artioli et al. 2008). Since then, Cu isotopes were used several times to
trace the ore provenance (e.g., Mathur et al. 2009a, b, c; Desaulty et al. 2011; Bower et al. 2013;
Bugaj et al. 2019; Reguera-Galan et al. 2019). However, it has been observed that Cu isotopes
indicate rather the ore type within a deposit than the location of the ore deposit, and thus are com-
plementary to Pb isotopes (Klein et al. 2010; Mathur and Fantle 2015; Powell et al. 2017; Jansen
et al. 2018). Cu isotopes were also applied to the provenance of turquoise (Hull et al. 2014) and
glass (Lobo et al. 2014).

For metal provenance studies, a direct link between the metal and the ore as a representative of
the geological setting and the ore formation process is fundamental (e.g., Klein et al. 2010; Jan-
sen 2011). To establish this link, the fractionation of Cu isotopes during all steps of the metallur-
gical process from ore to withdrawn metal must be considered. Gale et al. (1999) were the first to
analyse products of smelting and re-firing experiments for Cu isotope analysis. They concluded
that no fractionation occurs during these processes, but emphasized the need for further study.
Bower et al. (2013) confirmed the hypothesis of Gale et al. (1999) that no Cu isotope fraction-
ation occurred during the smelting processes. All other Cu isotope studies concerning
archaeometallurgical materials referred to Gale et al. as the evidence for a direct link between
ore and metal (e.g., Klein et al. 2004; Klein et al. 2010; Desaulty et al. 2011).

This is remarkable as Gale et al. (1999) have not provided comprehensive closure. Their study
was rather meant to fuel future studies. They were well aware that their approach had limitations
because only oxide ores were analysed. Oxide ores do not reflect the prehistoric procedures and
smelting processes in their entirety, because sulphide ores were already exploited for Cu smelting
in the Early Bronze Age (Hauptmann et al. 1985; Hauptmann 1989). Because of the sensitivity of
Cu isotopes to reductive and oxidative reactions, in particular the partial oxidation during
roasting of naturally more common sulphide Cu ore may cause significant fractionation. This
has already been confirmed for low-temperature alteration of primary Cu sulphides (Asael
et al. 2007; Asael 2010; Mathur and Fantle 2015). The different behaviour of the reduced and
oxidized phases during smelting may further shift the isotopic signature, which has been already
altered through the roasting of the original ore. Additionally, Bower et al. (2013) used
reagent-grade CuCO3 only, instead of natural ore, which is not reflecting the situation in prehis-
toric times. The contribution of the different influences during the smelting process on stable iso-
tope fractionation was assessed with laboratory experiments using small amounts of pure
malachite (Rose et al. 2017). Owing to impurities in natural ores, a certain amount of slag is al-
ways present within the smelting products. Only rarely was Cu completely removed from the sil-
icates (ore and slag); hence, isotope fractionation could occur due to the different binding
environments in slag, matte and metal. Another limitation of Gale et al. (1999) is the early stage
of the analytical methods available. They report analytical errors of up to 0.48‰, which is more
than double the typical analytical errors in Cu isotope analysis today (< 0.14‰ 2σ). Therefore,
the elder method made it almost impossible to detect fractionation. Last but not least, the authors
had not provided the reader with detailed descriptions of the experiments, so that their experi-
ments were not replicable. Consequently, a systematic approach is still missing in this important
field after 20 years of research.

To implement such a systematic approach, various factors have to be considered. It is known
that Cu isotope fractionation is strongly influenced by redox processes, that is, reactions which
change the oxidation state of Cu (Moynier et al. 2017). The behaviour of Cu isotopes can be
roughly predicted by the principles of stable isotope fractionation theory (Schauble 2004).
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According to it, fractionation during redox reactions results in an enrichment of the heavier iso-
tope 65Cu in the oxidized Cu phases, for example, in the slag. This is confirmed by several stud-
ies that investigated the fractionation between sulphide and silicate melts in the mantle (Savage
et al. 2015; Huang et al. 2017; Zhao et al. 2017). Cu isotopes of mantle magma sulphides may be
contaminated with crustal (siliceous) rocks (Zhu et al. 2000). Although the geological settings
differ, all showed that 65Cu is enriched in the silicate phases during melting of sulphides.

Accordingly, smelting of Cu sulphides with its several cycles of partial oxidation of Cu during
roasting followed by the separation of reduced and oxidized Cu phases during smelting should
provide ideal conditions for pronounced Cu isotope fractionation. Density segregation and differ-
ences in the binding environment and the surface tension of metal, matte and slag could amplify
this fractionation because they might prevent the exchange between the different Cu phases. The
high temperature necessary for smelting may dampen this effect, because rising temperatures de-
crease isotope fractionation (Schauble 2004), but its extent is unknown.

AIMS

This study aims to establish the first systematic approach to Cu isotope fractionation during the
smelting process. Based on Cu oxide and sulphide smelting experiments in shaft furnaces, pit fur-
naces and crucibles, designed according to the reconstructed prehistoric Cu smelting process, the
potential of Cu isotopes as a tool in archaeometallurgical research was systematically evaluated.

To reach this goal, the project design consists of three parts. First, smelting experiments at the
Laboratory for Experimental Archaeology (LEA) in Mayen, Römisch-Germanisches
Zentralmuseum (RGZMMainz), were carried out. Second, the material withdrawn during the ex-
periments was analysed by inductively coupled plasma-mass spectrometry (ICP-MS), MC-ICP-
MS, electron probe microanalysis (EPMA) and X-ray diffraction (XRD) for their elemental com-
position, Cu isotope composition, and mineralogical phases in order to quantify the partitioning
of Cu and possible changes in Cu isotope composition. In a final step, which is not the subject of
this paper, the analyses will be combined in a mass-balance model. This will allow the identifi-
cation of fractionation factors for Cu isotopes throughout the operational chain and the establish-
ment of fractionation factors between silicates (slag), Cu metal, roasted and unroasted Cu ore.

SMELTING EXPERIMENTS

The smelting experiments were set up according to the reconstruction of prehistoric smelting pro-
cesses in crucibles (e.g., between the fifth and fourth millennia BCE of the Near East—Haupt-
mann 2007; and in the Mitterberg region during the second half of the second millennium BCE

—Hanning and Pils 2011) with pure malachite and chalcopyrite ore, respectively. The shaft fur-
nace and roasting hearths were built according to the excavated remains. Malachite ore was
smelted directly in pit furnaces and crucibles; the chalcopyrite ore was smelted in a shaft furnace.
All experiments were conducted with the closest proximity to the archaeological reconstructions
possible. All process parameters were documented in situ. Temperature was monitored continu-
ously with thermocouples. All materials used in and produced by the experiments were sampled
and analysed. Small-scale variations (> 1‰ in a few millimetres) are well known in Cu ores
(e.g., Markl et al. 2006; Mathur et al. 2009a, b), but homogenization of the used ore was achieved
before smelting by crushing and grinding the solid material in a larger amount. Heterogeneity
may occur in the smelting products due to the heterogeneous conditions within the furnace (tem-
perature, atmosphere) or the assimilation of external material such as the furnace lining.
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Therefore, several samples were taken from the smelting products (slag, matte). In order to min-
imize random effects, four shaft furnace experiment series (labelled S1–S4) were carried out with
roasted and homogenized chalcopyrite ore. In the shaft furnace, sulphide-rich matte was the main
smelting product carrying Cu, which after withdrawing it from the furnace was crushed, ground
and kneaded with manure to form pellets. These pellets were then roasted and smelted a second
time in either a pit furnace or a graphite crucible with a lid in a hearth. Sometimes it needed even
more than one sequence until pure Cu metal was extractable as a regulus. For a detailed description
of the experiment series, installations, chemicals used, parameters, etc., see Rose et al. 2019, 2020.

In the following, the two most successful ones of the four shaft furnace experiment series (S2
and S4) are presented, thus allowing the most detailed interpretation of their Cu isotope behav-
iour along the operational chain (‘chaîne opératoire’). Shaft experiment series S2 and S4 started
with the smelting of sulphide ore in the self-constructed shaft furnace. The sulphide ore was
roasted before the charging. The (semi-)products from the furnace smelting (slag and matte) were
then separated, crushed, roasted, processed and re-smelted in pit furnaces (p) or crucibles (c) in
order to increase stepwise the gain of the Cu metal.

METHODS

Polished sections of the ores, roasted ores, matte and slag were produced for optical microscopy
and EPMA. Powdered material of ore, matte and slag samples were crushed, ground and parted
for complete homogenization of the solid material (Ney 1986). Wet chemistry procedures were
carried out in the clean laboratories of the Deutsches Bergbau-Museum Bochum (DBM) (ele-
mental analysis preparation) and FIERCE (column separation for isotope analysis). Millipore®

water, quartz-distilled and double-distilled acids, and bleached polytetrafluoroethylene (PTFE)
beakers were used throughout the analytical processes. For more detailed information, see Rose
et al. (2020).

Cu ion-exchange chromatography was applied to separate Cu from Fe and other elements
based on the protocol of Maréchal et al. (1999). Unwanted isotope fractionation may occur from
the procedure because of the incomplete recovery of Cu (Maréchal and Albarède 2002; Mason
et al. 2004; Fujii et al. 2013). Further suggestions for improvements were proposed by Albarède
et al. (2015). Calibration of the columns is a crucial requirement (Maréchal et al. 1999; Petit
et al. 2008), even more because of the specific chemistry of the ore and smelting products.
The separated Cu solution was then evaporated and diluted in 1ml 2% HNO3 with 250 ppb Ni
(NIST SRM-986; Ehrlich et al. 2004). Cu isotope analysis was performed with a
ThermoScientific NeptunePlus MC-ICP-MS at FIERCE. Chemical blanks were measured at
the beginning of each sequence to monitor the pureness of the acids. For mass bias correction,
the sample-standard bracketing method (Zhu et al. 2000; Larson et al. 2003; Peel et al. 2008)
was used. Three samples each were bracketed in the Cu standard NIST SRM-976. The internal
background was corrected with blank measurements. NIST SRM-976 was monitored as an
unknown sample for quality proof. The Cu isotope results are presented as δ65Cu values. The
elemental composition of all materials was measured quantitatively with the ICP-MS at the
DBM. For a full description of the applied analytical methods, see Rose et al. (2020).

Smelting materials

The chalcopyrite ore used for the experiments was collected from the Mitterberg mining district
(St. Johann im Pongau, Austria) by E. Hanning as part of her doctorate work, and made available
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for the experiments. The ore is of hydrothermal genesis (Bernhard 1965). The pieces were
sampled directly from the centre of the primary ore body.

Sulphide ore and roasted ore Hydrothermal chalcopyrite-rich ore is by nature a paragenesis of
Cu and Fe sulphide phases, and is usually associated with silicate-rich gangue material. The chal-
copyrite ore used in the experiments was identified by XRD as an intergrowth of chalcopyrite
(CuFeS2) together with pyrite (FeS2), quartz (SiO2), diopside (CaMgSi2O6) and phlogopite (K2

(Mg,Fe)2(OH)2(AlSi3O10). Crushing of the ore was carried out in the smelting site with a
hammer and stone anvil, guaranteeing complete homogenization. The crushed ore was roasted
in an open fire bed (Rose et al. 2019) under oxidizing conditions to convert the sulphide minerals
into a mixture of Cu oxides, Fe oxides and sulphide phases. The roasted ore had a porous
structure.

Identified with XRD were chalcopyrite (CuFeS2), bornite (Cu5FeS4), cubanite (CuFe2S3),
chalcocite (Cu2S), pyrite (FeS2), magnetite (Fe3O4), hematite (Fe2O3) and quartz. Additional,
secondary phases such as kieserite (MgSO4·H2O) occurred, which presumably formed either
during rapid water cooling as applied in the roasting procedure or later because of a reaction with
air moisture.

Sulphide-rich matte Solidified Cu matte (German: Kupferstein) is the major semi-product that
collects the Cu in a first stage, needing further smelting in order to yield Cu metal. It consists of
chalcocite (Cu2S) with a variable contribution of FeS within the ternary system of Cu-Fe-S (for
the great variety of Cu-Fe sulphide phases, which can form in Cu mattes, see Lechtman and
Klein 1999). It contains roughly 70% Cu. The matte typically has a de-mixed structure and either
crystallizes in a blocky structure with brownish to greyish stains and internal de-mixed compo-
nents or as microstructural lamellae. In pores and cracks, pure Cu filaments (whisker Cu) had
formed. In intergranular regions, feathery structures occurred, as described by Lechtman and
Klein (1999). According to XRD analysis, inclusions were of a variety of phase compositions.
Dendritic magnetite (Fe3O4), Fe and Cu occurred as reduced phases, and sulphide remains were
identified as chalcocite, covellite (CuS), valleriite (2((Fe,Cu)S)·1.53(Mg,Al)(OH)2), troilite (FeS)
and millerite (NiS). Silicate components including slag remains were comprised of fayalite,
forsterite (Mg2SiO4), ferrosilite ((Fe,Mg)2Si2O6), hedenbergite (CaFeSi2O6), quartz and its
high-temperature modification cristobalite.

Slag Slag is partly glassy or shows an elongated crystal structure. The microstructures reflect
homogenization of the smelting components. Pyroxenes and fayalite were the major slag phases
in experiments S2 and S4, and if fayalite has crystallized, it occurred as skeletal laths and poly-
hedral hopper olivines (Erdmann et al. 2014), indicating initial cooling rates between 15 and 40°
C/h (Arndt and Fowler 2004). With XRD analysis, diopside (CaMgSi2O6), hedenbergite
(CaFeSi2O6), quartz and cristobalite, magnetite as inclusions, and ferrosilite (Fe,Mg)2Si2O6)
were also identified. Metallic Cu prills and globular matte inclusions with typical de-mixing
lamellae were distributed throughout the slag.

The main chemical composition of all materials used and produced in the experiments is
presented in Table 1. For more detailed information, see Rose et al. (2020).
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Table 1 Main elemental composition of the materials and smelting products measured by inductively coupled
plasma-mass spectrometry (ICP-MS) (DBM). Values are in weight percentage (wt%); for copper, the complete concen-
tration range is given; for all other element values > 2 wt% are listed. For complete minor and trace element composi-

tion, see Rose et al. (2020).

Sample ID Material Cu Fe S SiO2 TiO2 Al2O3 CaO MgO K2O

Raw material
Cpy6 Chalkopyrite ore,

Arthurstollen, St. Johann
im Pongau (Austria)

21.0 22.7 24.3 29.2

Wood Soft wood < 0.005
Clay Clay 0.31 63.6 12.7 3.9
Dung Manure < 0.005
Charcoal
dust

Charcoal 0.34 10.2 12.9 4.0 6.3 2.6

Sand Sand 0.08 93.8
Roasted ore
R11f Small grains of leached

roasted ore
13.8 35.6 6.3 32.3 4.2 2.3

R11l Liquid with which R11f
reacted for several
months

11.7 8.5 2.2

R21f Small grains of leached
roasted ore

25.9 35.1 20.3 16.0 2.8

R21l Liquid with which R21f
reacted for several
months

0.80 4.7 5.5

R28 Bulk sample of the
quench liquid

12.8 4.8 18.0 4.8 3.6 6.0

R-bulk Bulk sample 20.5 35.5 16.2 24.9 2.8
R-bulk-ox Bulk sample enriched in

oxidized material
12.1 38.2 7.8 31.4 6.4 3.8

R-bulk-red Bulk sample enriched in
reduced/unroasted
material

28.3 31.6 21.0 21.1

Experiment series S2
S2f1-m Matte, bulk sample 28.3 30.0 18.3 15.8 2.2
S2f1-s Slag, bulk sample 10.0 19.3 6.5 49.5 3.6 4.2
S2r1-rm Roasted matte 54.6 25.8 21.3 2.6
S2p1a-cp Copper prills 67.2 13.2 11.6
S2p1a-m Matte 54.3 17.9 19.0 7.7
S2p1a-s-1 Platy slag (melt

quenched with water and
extracted)

2.6 22.1 57.8 4.2 5.0 2.0 2.2

S2p1a-s-2 Massive slag (melt
cooled down in pit
furnace)

4.2 37.6 39.0 3.4 5.3 2.1

S2p1a-sm Mixture of slag and
matte

22.6 30.6 7.5 28.4 2.3 3.4

S2p1b-sc-4 Copper prill, extracted
from slag cake

92.5 3.2

(Continues)
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Table 1 (Continued)

Sample ID Material Cu Fe S SiO2 TiO2 Al2O3 CaO MgO K2O

S2p2-sm-
m

Matte close to slag,
crushed from same piece
as S2p2-sm-s

51.8 17.7 19.1 9.2

S2p2-sm-s Slag close to matte,
crushed from same piece
as S2p2-sm-m

2.3 31.9 44.8 4.1 6.3 2.6 2.4

S2p2-sm-
um

Unreacted matte 21.7 25.7 7.3 26.6 2.4 3.4

S2p3-cp Copper prill 94.9 4.1
S2p3-m Matte 59.0 16.0 21.8
S2p3-s Slag 19.8 25.0 6.9 34.0 4.3 5.0 2.1
S2p3-fm Mixed material, too

small to separate
27.8 29.8 9.3 26.0 2.8 4.2

S2p3-cc Unburnt charcoal after
experiment

2.6

S2p3c1-m Matte 56.1 18.1 20.0 2.8
S2p3c1-s Slag 3.0 27.7 48.0 4.3 6.7 2.3 2.6
S2p3c2-m Matte 55.4 19.0 22.4
S2p3c2-s Slag 26.3 39.1 3.4 31.9
S2p3c3-m Matte 58.2 16.3 21.9 2.0
S2p3c3-s Slag 3.2 32.4 42.8 3.6 8.5 2.6 2.9
S2p3c4-cu Copper regulus 98.7
S2p3c4-m Matte 73.9 18.0 2.0
S2p3r1-rm Roasted matte 52.4 23.8 16.9 8.2
S2p3c4-s-1 Slag 7.4 39.7 43.4 3.3
S2p3c4-s-2 Copper prills in slag

sample S2p3c4-s-1
12.3 7.0 3.6 3.2 2.5 7.0 2.2

Experiment series S4
S4f1-cc Charcoal leftover in

furnace
0.033

S4f1-cp Copper prills 7.4 59.9
S4f1-m Matte, bulk sample 22.8 27.0 16.0 22.0 2.5
S4f1-m2-1 Matte 40.1 31.2 23.7
S4f1-m2-2 Copper hair grown on

sample S4f1-m2-1
90.6

S4f1-m4 Matte 37.7 32.2 22.5
S4f1-s Slag 3.3 12.0 71.5 3.7
S4f1-sm Mixture of slag and

matte
11.6 20.6 6.8 48.1 2.4 4.7 2.2

S4f1-fm Mixed material, too
small to separate

15.4 29.1 11.5 34.0 6.4 2.4

S4f1-uo Unreacted ore 16.4 29.5 13.6 32.2 6.4 3.3
S4f1-fl1-1 Furnace lining 0.33 3.3 68.5 18.4 3.1 2.2
S4f1-fl1-2 Furnace lining 0.27 3.1 77.6 2,1 9.7 2.4
S4f1-fl2-1 Furnace lining 36.6 43.6 22.7 2.3
S4f1-fl2-2 Furnace lining 0.10 3.1 66.9 2,3 20.5 3.0
S4r1-rm Roasted matte 23.1 33.0 11.3 25.7 2.8
S4p1-cp Copper prills 82.2 5.2 2.0
S4p1-m-1 Matte 57.5 14.1 22.1

(Continues)
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RESULTS OF CU ISOTOPE MEASUREMENTS

The presented experiments concentrate on the two chalcopyrite experiment runs S2 and S4 in the
shaft furnace, followed by pit furnace or crucible smelting. Sample numbering was designed as
follows: S= sulphide ore, f = furnace, p = pit and c = crucible. The starting materials and smelting
products were considered for Cu isotope analysis: furnace lining (fl), charcoal (cc), wood,
manure, natural (cpy) and roasted ore, matte (m), roasted matte (rm), slag (s), and produced
Cu metal as larger piece (cu) or prills (cp). The Cu isotope results are listed in Table 2. Wherever
no fractionation effect occurred, all materials within a single experiment had δ65Cu signatures
very close to each other. In the following detailed description, the focus will lie on such samples,
which do not follow this rule.

Table 1 (Continued)

Sample ID Material Cu Fe S SiO2 TiO2 Al2O3 CaO MgO K2O

S4p1-m-2 Copper sponge 83.8 14.5
S4p1-m-4 Copper prill 28.4 60.2 2.6
S4p1-fm Mixed material, too

small to separate
30.2 23.5 9.4 20.2 2.2 3.3

S4p1-cc Unburnt charcoal after
experiment

0.009

S4p1-s2 Platy slag (melt
quenched with water and
extracted)

0.95 28.8 47.2 4.4 10.1 3.0 3.3

S4p1-s4 Platy slag (melt
quenched with water and
extracted)

15.8 25.4 4.4 49.6 2.2

S4p1-sm-1 Slag in direct contact
with matte (quenched)

5.1 31.1 42.1 3.8 9.2 2.7 3.2

S4p1-sm-2 Mixture of slag and
matte from the same
piece such as S4p1-sm-1

0.80 31.4 43.8 3.9 9.1 2.8 3.3

S4p2-m Matte 49.0 22.8 15.5 4.4
S4p2-s Slag 11.2 26.5 4.2 36.5 4.0 8.3 2.5 2.4
S4p2-fm Mixed material, too

small to separate
31.1 19.6 9.9 22.9 3.0

S4p2c1-cu Copper regulus 79.5 13.7
S4p2c1-m Matte 56.2 15.1 20.7 6.6
S4p2c1-s Slag 19.9 25.4 3.6 35.8 2.5 4.9
S4p2r1-rm Roasted matte 56.7 24.0 22.2
S4p2c2-s Slag 3.7 45.0 44.9 2.2
S4p2c2-sm Matte close to slag 63.0 12.9 19.9
S4p2c3-
cu-1

Copper prill 98.5

S4p2c3-
cu-2

Copper regulus 98.1

S4p2c3-sm Matte close to slag 65.7 3.1 18.1
S4p2c3-s Slag 10.2 54.0 25.7 2.9
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Table 2 δ65Cu-values for all materials and experiments measured by MC-ICP-MS (FIERCE Laboratory, Frankfurt).
Analytical precision (2σ) for all samples is 0.16‰.

Sample ID Material δ65Cu

Raw material
Cpy6 Chalkopyrite ore, Arthurstollen, St. Johann im Pongau (Austria) 0.46
Wood Soft wood 0.49
Clay Clay �1.40
Dung Manure 0.02
Charcoal dust Charcoal 0.60
Sand Sand 7.25
Roasted ore
R11f Small grains of leached roasted ore �0.26
R11l Liquid with which R11f reacted for several months 1.86
R21f Small grains of leached roasted ore �0.03
R21l Liquid with which R21f reacted for several months 1.40
R28 Bulk sample of the quench liquid 0.92
R-bulk Bulk sample 0.18
R-bulk-ox Bulk sample enriched in oxidized material 0.41
R-bulk-red Bulk sample enriched in reduced/unroasted material 0.38
Experiment series S2
S2f1-m Matte, bulk sample 0.44
S2f1-s Slag, bulk sample 0.23
S2f1-sc-1 Matte, drilled from furnace conglomerate 0.13
S2f1-sc-2 Matte, drilled from furnace conglomerate �0.04
S2f1-sc-3 Matte, drilled from furnace conglomerate 0.11
S2f1-sc-4 Matte, drilled from furnace conglomerate 0.16
S2f1-sc-5 Matte, drilled from furnace conglomerate 0.22
S2f1-sc-6 Slag, drilled from furnace conglomerate �0.23
S2f1-sc-7 Slag, drilled from furnace conglomerate 0.23
S2f1-sc-8 Slag, drilled from furnace conglomerate �0.13
S2f1-sc-9 Slag, drilled from furnace conglomerate �0.28
S2r1-rm Roasted matte �0.01
S2p1a-cp Copper prills 0.64
S2p1a-m Matte 0.19
S2p1a-s-1 Platy slag (melt quenched with water and extracted) 0.25
S2p1a-s-2 Massive slag (melt cooled down in pit furnace) 1.58
S2p1a-sm Mixture of slag and matte 0.35
S2p1b-sc-1 Matte, drilled from furnace conglomerate 0.42
S2p1b-sc-2 Matte, drilled from furnace conglomerate �0.28
S2p1b-sc-3 Matte, drilled from furnace conglomerate 0.21
S2p1b-sc-4 Copper prill, extracted from furnace conglomerate 0.26
S2p1b-sc-5 Slag, drilled from furnace conglomerate 0.64
S2p1b-sc-6 Slag, drilled from furnace conglomerate 0.74
S2p1b-sc-7 Slag, drilled from furnace conglomerate 0.13
S2p1b-sc-8 Slag, drilled from furnace conglomerate 0.09
S2p2-sm-m Matte close to slag, crushed from same piece as S2p2-sm-s �0.05
S2p2-sm-s Slag close to matte, crushed from same piece as S2p2-sm-m 0.30
S2p2-sm-um Unreacted matte 0.35
S2p3-cp Copper prill 0.21
S2p3-m Matte 0.30
S2p3-s Slag 0.45
S2p3-fm Mixed material, too small to separate 0.17

(Continues)
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Table 2 (Continued)

Sample ID Material δ65Cu

S2p3-cc unburnt charcoal after experiment 0.24
S2p3c1-m Matte 0.24
S2p3c1-s Slag 0.45
S2p3c2-m Matte 0.29
S2p3c2-s Slag 0.47
S2p3c3-m Matte 0.07
S2p3c3-s Slag 0.29
S2p3c4-cu Copper regulus 0.31
S2p3c4-m Matte 0.29
S2p3r1-rm Roasted matte 0.28
S2p3c4-s-1 Slag 0.28
S2p3c4-s-2 Copper prills in slag sample S2p3c4-s-1 0.30
Experiment series S4
S4f1-cc Charcoal leftover in furnace 0.20
S4f1-cp Copper prills 0.08
S4f1-m Matte, bulk sample 0.53
S4f1-m1 Matte 0.41
S4f1-m2-1 Matte �0.04
S4f1-m2-2 Copper hair grown on sample S4f1-m2-1 0.19
S4f1-m4 Matte 0.49
S4f1-s Slag 0.29
S4f1-sm Mixture of slag and matte 0.14
S4f1-fm Mixed material, too small to separate 0.00
S4f1-uo Unreacted ore 0.38
S4f1-fl1-1 Furnace lining �1.59
S4f1-fl2-1 Furnace lining 0.20
S4r1-rm Roasted matte 0.06
S4p1-cp Copper prills 0.26
S4p1-m-1 Matte �0.07
S4p1-m-2 Copper sponge 0.27
S4p1-m-3 Matte 0.21
S4p1-m-4 Copper prill 0.24
S4p1-fm Mixed material, too small to separate 0.30
S4p1-cc unburnt charcoal after experiment �0.89
S4p1-s2 Platy slag (melt quenched with water and extracted) 0.33
S4p1-s4 Platy slag (melt quenched with water and extracted) 0.24
S4p1-sm-1 Slag in direct contact with matte (quenched) 0.12
S4p1-sm-2 Mixture of slag and matte from the same piece such as S4p1-sm-1 0.54
S4p2-m Matte 0.00
S4p2-s Slag �0.03
S4p2-fm Mixed material, too small to separate 1.02
S4p2c1-cu Copper regulus 0.27
S4p2c1-m Matte 0.22
S4p2c1-s Slag 0.27
S4p2r1-rm Roasted matte 0.20
S4p2c2-s Slag 0.15
S4p2c2-sm Matte close to slag 0.12
S4p2c3-cu-1 Copper prill 0.16
S4p2c3-cu-2 Copper regulus 0.23
S4p2c3-sm Matte close to slag 0.22
S4p2c3-s Slag 0.63
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Raw materials (Figs 1 and 3)

The Cu isotope composition of the used ore is within the typical isotope composition range of
primary Cu ores (e.g., Mathur and Fantle 2015). Charcoal and softwood plot within the range
of the unroasted ore. Manure used for the production of matte pellets for roasting, and the furnace
lining (clay) have negative δ65Cu values. Sand has a significant high positive δ-value, matching
the overall picture of the partitioning of the Cu isotopes in soils, ores or mudstones through aque-
ous contribution (Moynier et al. 2017; Mathur et al. 2009a, 2010; Lv et al. 2016). Compared with
the matte, the slag samples seem in general to be shifted towards slightly heavier (positive)
values, which is in agreement with the enrichment of the heavier Cu isotope in the oxidized spe-
cies predicted by the principles of stable isotope fractionation theory (Schauble 2004).

Results of the S2 experiment series in detail (Figs 1 and 2)

Sulphide shaft furnace experiment S2f1 As for the furnace conglomerate (’slag cake’, sc) from
experiment S2f1 (sulphide ore, shaft furnace experiment), the measured Cu, matte and slag por-
tions range between 0.23 and �0.28 δ65Cu. The Cu isotope composition of matte and slag por-
tions, hence, is in general without significant difference. However, within their tight range, the
furnace conglomerate (S2f1-sc) is isotopically more heterogeneous than the matte. In contrary,
massive matte of experiment S2f1 (matte =m), which had segregated from the slag cake during
cooling, is nearly identical with the original ore, but bulk matte and ore are more positive than
matte sampled from the furnace conglomerate (Fig. 2).

Figure 1 Copper isotope signatures of the various samples of series S2: sulphide smelting in a shaft furnace and sub-
sequent pit furnace and crucible smelting. As an anchor line, the isotopic composition of the ore is indicated by the band
plotting slightly above zero (dashed line, solid lines = 2σ range). X-axis: various experiment installations and samples: f,
furnace smelting; r, roasting; p, pit firing; c, crucible smelting. [Colour figure can be viewed at wileyonlinelibrary.com]
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Sulphide pit furnace experiment S2p1a (sulphide ore, pit furnace experiment) Part of the slag in
this experiment was extracted as platy slag after rapid cooling (quenching) the surface of the mol-
ten mass with water. The other part of the slag (‘massive slag’) cooled down in the pit furnace.
The crystallization grade of platy and massive slag is very different, and the massive slag con-
tains nearly twice the amount of Cu than the platy slag (Table 1). The massive slag thus prefer-
ably traps Cu metal in the first place rather than platy slag, but according to their particular spatial
position within the installation, density segregation forces the collection of the Cu metal in the

Figure 3 Copper isotope signatures of the various samples of series S4: sulphide smelting in shaft furnace (f), pit fur-
nace (p) and crucible (c). For abbreviations, cf. Figure 1. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 2 Results of furnace conglomerates produced in series S2. Isotopically, inclusions of matte and copper are
nearly identical. Matte and slag portions are in general without a large difference, but slag is isotopically more hetero-
geneous, whereas matte has a smaller range of variation. [Colour figure can be viewed at wileyonlinelibrary.com]
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massive slag. Cu prills trapped in the massive slag have a slightly more positive (heavier) Cu iso-
tope signature than matte inclusions and the massive slag itself. The Cu isotope signature of mas-
sive slag (S2p1a-s-2) is slightly heavier in isotope composition compared with the platy glassy
slag (S2p1a-s-1). Mixed material of slag and matte (‘fine material’; Table 2) is close to the ore.

Sulphide-pit furnace experiment S2p1b No bulk samples could be drawn, but the samples
originating from different spots of the furnace conglomerate show a comparable spread of δ65Cu
in matte inclusions and slag with the matte tending to have lighter isotope compositions. The iso-
tope composition of Cu prills in the slag does not differ from such of S2p1a.

Sulphide-pit furnace experiment S2p2 Comparably with S2p1, matte and slag are slightly dif-
ferent in their isotopic composition, with the slag being shifted towards heavier composition
(more positive values).

Sulphide-pit furnace experiment S2p3 All materials have δ65Cu signatures very close to each
other, which means the absence of fractionation.

Crucible experiments and second matte roasting No changes in Cu isotopes occur.

Sulphide-pit furnace-crucible experiment S2p3c4

The matte from this experiment is very different in microstructure from the other mattes. The ma-
jority of mattes from the other experiments have a blocky microstructure with bluish-grey to
brown-stained grains and are marbled by cracks. De-mixing structure is visible in the micro-
scope, but more in the shape of stretch marks. Instead, this matte is very dense and fine-
crystallized. The de-mixing structure is well oriented, and no silicate inclusions are present. Less
Cu is precipitated. According to the chemical composition determined by -MS (Table 1) (Rose
et al. 2020), the de-mixed composition is much lower in Fe content (1wt%) than the blocky
mattes (15–27wt%). The same microstructure is only repeatedly seen in experiment S4p2c3,
which is also a sulphide-pit furnace-crucible experiment after the second roasting of the matte.
However, no significant differences can be detected isotopically between blocky and
fine-crystallized matte.

Results of the S4 experiment series in detail (Fig. 3)

Sulphide-furnace experiment S4f1 All smelting-related materials have δ65Cu signatures very
close to each other, which means the absence of fractionation.

Sulphide-pit furnace experiment S4p1 Sulphide-pit furnace experiment S4p1 is an experiment,
which produced a high portion of platy slag. A trend in the slag from the bottom to the top in
favour of the heavier isotope can be seen, but all of them overlap in their analytical uncertainties,
so that this does not necessarily represent an existing isotopic gradient.

Sulphide-pit furnace experiment S4p2 and crucible experiments The smelting products are all
within the isotopic range of the other experiments. The mixed material of pit furnace experiment
p2 (S4p2-fm) (Table 2) is isotopically heavier than matte and slag. The material from the second
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matte roasting is close to the ore. Compared with the matte samples, the slag samples of the pit
furnace experiments seem in general to be shifted towards slightly heavier values (experiments
p2 and c1–c3). This slight trend can also be observed for pit furnace experiment S2p1b, although
all samples lie within the general isotopic range.

DISCUSSION

The two experimental series showed that no significant total fractionation between the Cu ore and
the smelted Cu metal could be detected. This is an important result for linking archaeological
metal objects to their ore sources. However, when objects are not available for investigation, met-
allurgical by-products such as slags and matte, or their trapped metal inclusions, may also be seen
as representative carriers of metal source information. For this reason, it is worthwhile to inves-
tigate the possible influence of the different components and raw materials more closely. Some
possible fractionation phenomena can be uncovered that may not be considered at first. Because
homogenization of the ore has been achieved before the analysis, Cu isotope mixing of the ore
can be excluded (Fig. 4).

Organic contributions: Although the Cu content of wood and charcoal (Table 1) and thus their
influence on the isotopic signature of Cu on the smelting assemblage might initially be assumed

Figure 4 Copper content (wt%) versus the copper isotope composition of the materials: (a) experiment series S2; and
(b) experiment series S4. [Colour figure can be viewed at wileyonlinelibrary.com]
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to be negligible, the amount of fuel consumed is high and could add up its Cu traces over hours of
stoking the fire. In each experiment, about 200 kg of wood were burnt in the shaft furnace, and
20 kg of roasted ore were introduced. The wood contained < 0.005% Cu by weight, while the
charcoal contained 0.34% Cu by weight. In the end, the fuel may have the potential to affect
the δ65Cu signatures of the final products significantly. In the present case, the analyses have
shown that both the wood and the charcoal used have Cu isotope signatures close to ore. This
may differ for wood and charcoal from other trees or wood localities. The manure (< 0.005wt
% Cu) used in the experiments to form matte pellets was also tested, but is also isotopically
insignificant.

Silica-rich contributions:

In the crucible experiments S2p3c1,2,3 and S4p2c1,3, the Cu isotopic signature of the slag is
shifted towards heavier isotopic composition compared with the related matte, clearly beyond
the overlapping analytical uncertainties of matte and slag. Sand was exclusively involved in these
crucible experiments, which was intentionally added to produce slag. The Cu content of the sand
used is 0.08wt% Cu and contributes to the smelting assemblage with a heavy isotope ratio of
7.25 δ65Cu. However, the measured values are exemplary here, as sand from other resources
may have different Cu isotope values depending on its geological environment and sedimentary
conditions (Wang et al. 2017). In sedimentary processes, fractionation effects occur due to the
dissolution of Cu from rocks and its re-deposition, for example, as Cu silicate minerals in
silica-rich sediments (Asael et al. 2007; Timna Cu ores). The Cu isotope composition of Timna
sandstones shows more positive δ-values compared with Cu-rich primary quartz porphyries or
secondary dolomites.

As for the shaft furnace experiments, no sand was added to the charge and this isotope effect is
therefore not present. It is obvious that the isotopic composition of slag strongly coincides with
the use of sand as a flux.

Contribution of clay from furnace lining or heat insulation of tuyères:

During the shaft furnace test S2f1 (but not during S4f1), the molten furnace wall dominated by its
silica-rich clay component repeatedly clogged the tuyères. Continuous blowing and repositioning
of the tuyères allowed to loosen and transport the clogging material towards their fire end. There,
the clay most likely melted completely and homogenized with the slag. The lighter (more nega-
tive) δ65Cu values of the slag in the experiment S2f1 compared with the matte and the absence of
this effect in the experiment S4f1 can therefore be interpreted as a direct indicator of an isotopic
impact of the clay used.

Loss of Cu through intentional cooling with water:

The roasting process of the ore caused a slight isotope shift from the ore signature to lighter (neg-
ative) values (Figs 1 and 3). This is probably not directly related to the oxidation process of the
Cu sulphide minerals, but more likely due to a specific treatment. Owing to external factors the
roasting reaction needed to be interrupted. This was achieved by quenching the material in water.
The water quickly became greenish and bluish, indicating a considerable loss of Cu into the liq-
uids (Fig. 5). Preferably, the isotopically heavier Cu dissolves in the aqueous phase and thus
leads to fractionation with the heavier isotope (65Cu) enriched in the solution (Wang
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et al. 2017). It has to be emphasized that this fractionation effect cannot be generalized for all
smelting processes, but is rather related to the specific conditions of the experiments.

Thermal diffusion and crystallization effects:

In experiment S2p1a, the molten mass was subjected to rapid cooling by sprinkling with water,
thus forming a comparably thin, plate-like slag layer on top. The sprinkling with water using a
bundle of water-soaked grass is known as a practice in smelting procedures from ethnological
studies (Anfinset 2011). The platy slag withdrawn from the remaining molten mass portion,
which later solidified as massive slag and matte, is thin, glassy and very fragile, while the mas-
sive slag formed as a thick cake in the hotter zone of the pit furnace. Owing to the much slower
cooling rate, the massive slag is partially crystallized, compact and mechanically stable. The Cu
isotopic composition of the platy slag is close to that of the matte, while the massive slag has a
heavier Cu isotopic composition than the matte.

A possible explanation for the Cu isotope fractionation between matte, platy and massive slag
could be a temperature dependence. Diffusion-induced fractionation takes place between the
cooler and hotter regions of the molten slag, resulting in a growth-rate effect and significant frac-
tionation of the stable metal isotopes (Richter et al. 2009; Williams and Archer 2011). According
to Zhao et al. (2017), thermal diffusion enriches the heavier Cu isotope in the hotter region. At
the same time, the heavier Cu isotopes in the crystal-rich regions are also enriched (stiffer bonds;
Schauble 2004). It is difficult to estimate the temperature distribution in the melt, especially due
to the exothermic reaction of the sulphides, but it is plausible that the molten slag is hotter near
the sulphide-rich matte in the furnace and cooler towards the surface-exposed upper zone where
the platy slag has formed.

As can be seen under the microscope, the effects of temperature gradation within the melt even
have microstructural dimensions and are complex. Charcoal residues, certainly hotspots at the
time of the start of cooling, drift forward a matte front, initially in the molten state, while at some

Figure 5 Effect of quenching on the roasted ore. Clearly visible is a heavier isotope composition of the quenching liq-
uids compared with the bulk ore, although the ore was very quickly removed from the water. Fractionation is even larger
for samples R11 and R21. Here the water was in contact with small-grained roasted ore for several months. R-
bulk = roasted ore, bulk sample; R-bulk-ox = roasted ore, bulk sample, oxidized portion; R-bulk-red = roasted ore, bulk
sample, reduced portion; R11, 21, 28 = roasted ore samples.
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distance the molten slag slowly begins to cool down, indicated by larger crystals (Fig. 6). Pre-
sumably, after the charcoal heat has died down and as a very last solidification phase, glassy
or microcrystallized slag constituents quickly filled the remaining spaces between
charcoal-matte areas and clusters of crystallized slag. This is the moment when the matte also
cools and crystallizes. The slow cooling and constant crystal growth inside the slag cake, with
or without coal inclusions, allows a continuous fractionation of the melt between crystallized
and molten portions, that is, between matte and solid slag. Parallels in nature may be sought in
layered intrusions with their differentiation and diffusion processes (e.g., Savage et al. 2015;
Zhao et al. 2017), but the dimensions are by no means comparable. The fractionation effect
within the massive slag enriches the heavier Cu isotope in the slag, while the rapid cooling of
the surface-near platy slag prevented from fractionation of the material. The massive slag, there-
fore, has a heavier Cu isotope composition than the matte, while the platy slag is without fraction-
ation and, thus, has an isotope signature comparable to that of the matte. The latter is obviously
dominated exclusively by processes within the silicate slag melt and is decoupled from the
sulphide-silicate (matte-slag) interactions.

This interpretation is reinforced by the observation in experiment S4p1, where the melt was
much hotter (1200°C instead of < 800°C), and the liquid had a very low viscosity. The molten
slag was quenched, which caused the melt to solidify immediately, and the solidified slag was
completely removed and thus separated from the matte. Thermal diffusion and crystallization ef-
fects, and in consequence fractionation effects could not occur.

Figure 6 Experiment S4p2-m: matte (light grey areas) with glassy and crystallized slag portions (grey laths and glassy
structure) and charcoal (cellular structure). Cooling progresses gradually, resulting in cooler zones that allow crystals to
grow slowly, and hotter zones close to the charcoal fragments. [Colour figure can be viewed at wileyonlinelibrary.com]
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CONCLUSIONS

The fractionation of Cu isotopes between ore and produced Cu metal is not particularly evident
from the experiments. Natural ore and roasted ore have Cu isotope signatures within the same
small range of the majority of the other materials involved in the smelting procedure. Wood
and charcoal, which were used for firing, also range within the small general Cu isotope range
(Table 2 and Figs 1 and 3). Sand and furnace lining and especially their Cu content demonstrably
influence the Cu isotope signature of the slag components.

From the detailed observations made, fractionation of Cu isotopes during smelting still needs
to be considered for such smelting processes, which are suspected to have run under more
uncontrolled/oxidative conditions. Because of generally unknown raw materials used for prehis-
toric smelting processes, the conditions need to be reconstructed in very detail for each single ar-
chaeological case, distinguishing the region, its geological setting, ore composition, and the
necessity for fluxes. The fractionation of Cu isotopes also needs to be considered relevant in
the context of the slag formation whenever the slag contains multiple phases or even charcoal in-
clusions, which cause heterogenous temperature zones with different cooling rates. In particular,
the cooling rate, crystal growth and temperature gradient (massive slag versus platy slag, crystal-
lized versus glassy slags, surficial layers versus slag cakes) have to be evaluated.

For these reasons, Cu isotope fractionation effects are potentially relevant, whenever (1) a high
Cu concentration in slag remained, (2) the extraction of Cu prills out of highly viscous slag is
suspected as a procedure of initial production or (3) the reworking of older slag is assumed. In
the case of such Cu extraction procedures, Cu isotope fractionation can occur and may have influ-
ence on the provenancing of raw material through a comparison of produced Cu metal with ore.
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