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Smelting Experiments with Chalcopyrite Ore based on
Evidence from the Eastern Alps
 

Abstract

In order to assess the fractionation of copper isotopes 
during smelting under reconstructed conditions, smelt-
ing experiments with chalcopyrite ore were conducted 
in built furnaces based on archaeometallurgical evidence 
from the Bronze Age Eastern Alps and ethnographic ex-
amples from Nepal. Two experimental series, S2 and S4 
were chosen for analysis. Each series consisted of a num-
ber of roasting and smelting experiments with different 
experimental parameters, and both series yielded metal-
lic copper.  Each type of experiment, their outcomes, and 
observations made during them are described in detail to 
facilitate future experimental work. Both series differ sig-
nificantly in their outcome. XRD analyses and chemical 
analyses were carried out to reveal the reasons for the ob-
served differences. The chemistry of the obtained matte 
shows that roasting is pivotal for a successful smelting 
process and that two cycles of matte roasting and sub-
sequent smelting can be sufficient to remove most of the 
sulphur and iron from the matte. Furthermore, different 
conditions in the shaft furnaces resulted in a more effi-
cient oxidation of iron in series S4. During the subsequent 
smelting of the matte in the pit furnace, it was possible 
to extract larger amounts of metallic copper and sponge 
copper, as well as to produce a thin well-melted plate-like 
slag. The pit furnace did not always show clear traces of 
metallurgical activity and thus might not be identifiable 
in the archaeological records without chemical analysis 
of the pit lining and surrounding soil. Although more tri-
als are needed to replicate the process, these experiments 
give a strong hint towards the reconstruction of the matte 
smelting process in the Bronze Age alpine area. 

Introduction
Isotope studies have become quite routine on archaeo-
logical materials. For example, the geochronological in-
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formation gained by lead isotope analysis is commonly 
used to connect metal artefacts to their ore source, due to 
the fact that the four relatively heavy lead isotopes do not 
significantly fractionate during smelting and melting, 
and the isotope signature variation within an ore body 
is usually smaller than the variation between different 
occurrences (see Klein, 2007). 

The two copper isotopes, 65Cu and 63Cu, on the oth-
er hand, are sensitive to oxidizing and reducing con-
ditions, and do indeed fractionate near the surface of 
the ore body through solution effects influenced by 
meteoric water (Mathur and Fantle, 2015). This means 
that surface-near fluids and copper ores in the super-
gene enrichment zones are enriched in 65Cu, while 
the copper ores in the oxidation zone are depleted in 
65Cu. The unweathered primary ore body does not 
exhibit significant fractionation (Asael, et al., 2007; 
2012). The copper isotope ratios thus can be used as 
potential redox-markers, giving evidence for the use 
of surface-near secondary oxide ores or deeper su-
pergene and primary sulphide ore minerals (Asael, et 
al., 2009;  2012; Mathur and Fantle, 2015), and subse-
quently mirroring the particular technical abilities and 
exploitation history of mines or mining areas (Klein, 
et al., 2010). Copper isotope ratios in archaeological 
artefacts have also been used to argue a shift in cop-
per smelting technology and ensuing temporal gap in 
copper production as the smelters had to contend with 
the more difficult smelting process of copper sulphides 
(see discussion in Jansen, 2018; Powell, et al., 2017; 
Powell, et al., 2018). 

However, what was still lacking for the archaeome-
tallurgical understanding of the copper isotope system 
is how the copper isotopes behave during smelting 
of the copper ore. A first attempt was made in small 
studies investigating copper isotope fractionation dur-
ing crucible smelting of an oxide ore. The experiments 
were carried out under controlled conditions and with 
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a combination of repeated roasting and smelting of the 
ore (Figure 1). 

During roasting, the crushed ore is heated to relative-
ly low temperatures (600 to 900 °C) in an open fire. In a 
solid-state reaction, the sulphur in the ore reacts with the 
oxygen to form gaseous sulphur dioxide, and the iron and 
copper are converted to oxides. The oxidation must be 
done without sintering or even liquefying the ore pieces 
in order to prevent reduction of particle surface–oxygen 
contact area (Shamsuddin, 2016, p.42). When the sulphur 
is completely removed and the iron and copper has been 
converted to oxides – a so-called dead roast – the roasted 
ore can be converted to metal in a reducing atmosphere 
(Bachmann, 1993; Lechtman and Klein, 1999). However, 
a complete roasting of the ore is nearly impossible when 
working under reconstructed prehistoric conditions, es-
pecially if the ore pieces are several millimetres to centi-
metres in size: as the size of the pieces increases, the dif-
fusion of oxygen into the interior of the ore is impeded, 
leading to a stagnation of the oxidation process (Burger, 
et al., 2011). Moreover, a dead roast is also not desirable 
due to the risk of reducing the iron oxides to iron metal, 
creating a unusable copper-iron alloy (Czedik-Eisenberg 
1958; Bachmann, 1993). 

More often, the ore was only partially roasted, where 
a crust of oxides is formed around a sulphide-rich core 
(Burger, et al., 2011). Due to the higher affinity of sul-
phur to copper, and iron having more affinity for oxygen 
than for sulphur, the iron tends to be selectively oxidized 
during the partial roasting of chalcopyrite. Consequently 
partially roasted ore pieces consist of a mixture of cop-
per and iron sulphides in their interior and a mixture of 
iron oxides and copper sulphides in their exterior areas 
(Figure 2, d).

In the next step, the roasted ore is heated to more 
than 900  °C. At these temperatures it begins to melt 
and produces a mixture of copper and iron sulphides, 
the matte. The iron oxides react with silica-rich materi-
al from the gangue or flux to form slag. In the end, the 
matte will be enriched in copper and depleted in sulphur 
and iron when compared to the ore. Through multiple 
repetitions of roasting and smelting, more sulphur and 
iron are removed from the smelt. While molten, slag, 
matte and metallic copper will separate because of their 
different densities, with the copper (if present) at the 
bottom of the furnace, the matte on top of it and the slag 
as the uppermost layer. 

The matte can be converted to metallic copper in 
several different ways: (1) the sulphur and iron are com-
pletely removed through repeated roasting and smelting 
and the remaining copper oxides are converted to met-
al under reducing conditions (see above). (2) Through 

a pure starting material (Bower, et al., 2013; Gale, et al., 
1999; Rose, et al., 2017).

At this point, it was deemed necessary to test the 
fractionation of copper isotopes under more authentic 
archaeological conditions in furnaces, which were re-
constructed based on Bronze Age furnace remains, and 
using pieces of sulphide copper ore collected from an-
cient mining sites. Remains of copper metallurgy found-
ed on the smelting of sulphide ore have been studied in 
depth from many different sites around the world and 
throughout all relevant archaeological time periods. In 
the present study, the example chosen for the recon-
struction is from the Mitterberg area (St. Johann im Pon-
gau, Austria) with its numerous copper smelting sites, 
as well as mines and ore beneficiation sites, making it 
one of the most important copper production areas dur-
ing the Alpine Bronze Age (see Stöllner, 2011; Stöllner, 
Hanning and Hornschuch, 2011). The reason for this 
reconstruction choice is that there is clear archaeolog-
ical evidence of roasting beds, which indicates a sepa-
rate oxidizing step of the sulphide ore (e.g. Zschocke and 
Preuschen, 1932, Czedik-Eisenberg, 1958) , as well as 
previous experience of one of the authors in reconstruct-
ing this process (Hanning and Pils, 2011; Hanning, 2012; 
Goldenberg, et al., 2011).

In the present contribution, the experiments, mate-
rials, and installations are presented in detail to facilitate 
future smelting experiments. XRD analyses on selected 
samples and chemical analyses were also carried out. The 
observations made during the smelting experiments, 
the smelting products obtained, the XRD data and the 
chemical composition of the matte are used to evaluate 
the experiments and their outcomes and to identify po-
tential approaches for future experiments. Moreover, all 
smelting experiments described here, their data sheets 
(Rose, Klein and Hanning, 2020), and their smelting 
products serve as material base for the overall aim of our 
project: The identification of copper isotope fractiona-
tion occurring during smelting of copper ores (Klein and 
Rose, 2020). 

Smelting of copper sulphide ores

While copper carbonates such as malachite or azurite, 
can be relatively easily smelted in a reducing atmos-
phere, which can be achieved e. g. in a charcoal covered 
pit, the smelting of copper sulphides requires additional 
steps before metal can be obtained. In the experiments 
presented here, chalcopyrite ore was used, which re-
quires the removal of the sulphur and iron bound to 
the copper. Usually this separation is achieved through 
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Figure 1. Schematic representation of the chalcopyrite smelting carried out in the experiments (modified after Rose, Hanning and 
Klein, 2019). 
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co-smelting – during this reaction, copper oxides formed 
during the roasting process react with remaining copper 
sulphides to form metallic copper and sulphur dioxide. 
(3) Taking advantage of a miscibility gap in the Cu-Fe-S 
system – removal of most of the iron and sulphur shifts 
the chemical composition of the matte so that it be-
comes oversaturated in copper. The copper precipitates 
out of the solution (as prills, which sink to the furnace 
bottom) leaving strongly copper-depleted matte behind 
(Czedik-Eisenberg, 1958; Moesta and Schnau, 1983).

The experimental reconstruction

The installations used for the roasting of the ore and 
smelting it to matte were reconstructed according to the 
archaeological evidences dating to the Middle to Late 
Bronze Age in the eastern Alps1. A typical east-alpine 
copper smelting site consisted of three parts: roasting 
beds, furnaces, and slag heaps (cf. Hanning, Herdits 
and Silvestri, 2015). Additionally, pits of various size 
and shape with unclear function but with signs of being 
subjected to higher temperatures have also been found 
at these sites (Herdits and Löcker, 2004; e. g. Zschocke 
and Preuschen, 1932). Hence, they might have also been 
used in the metallurgical process. 

The presence of roasting beds and furnaces indicates a 
(at least) two-step process comprising of oxidative roast-
ing at low temperatures in an open fire and smelting at 
high temperatures in low-rise shaft furnaces. The roasting 
beds were rectangular, lined with clay, and surrounded by 
a row of stones. Their layout remained nearly unchanged 
until modern times (cf. Agricola, 1556 [2006]). 

The reconstruction of the furnaces is more difficult 
because none of them have been completely preserved. 
Most often, the upper portion of the furnaces has been 
eroded away and the front wall is either completely miss-
ing or only preserved as a small lip. Most likely the front 
wall had to be torn down to take the smelting products 
out of the furnace. Fragments of funnel-shaped tuyères 
give evidence of the use of artificial draft, such as sim-
ple bag bellows. The circumstance that the furnaces 
were dug into the slope implies that the opening for the 
tuyères was most likely in the front wall of the furnace. 

Wood analyses on material from smelting sites 
showed that the surrounding forests, mostly mixed co-
niferous forest, were exploited for fuel (Heiss and Oeggl, 
2008; Nelle and Klemm, 2010; Schibler, et al., 2011). 
Both, experiments (Fasnacht, 2010; Hanning, 2012) and 
historical records (Morgan, 1867; Pliny, 34:20) indicate 
the possibility that dried wood can be used instead of 
charcoal in the smelting process. 

Metallic copper was rarely found at the smelting 
sites, but the bottoms of the plano-convex copper ingots 
found off-site do not fit the shape of the furnace floor. 
For these reasons, the production of the copper ingots 
directly in the furnaces is regarded as unlikely (Herdits 
and Löcker, 2004). It is more likely that the furnaces were 
used for production of the copper matte; in a further step 
copper was probably produced from the matte in a small 
refining hearth or pit furnace. Archaeological evidences 
of pit furnaces are easily overlooked or misinterpreted 
during excavation, since all that remains is a depression 
with traces of heating, similar to cooking pits (for fur-
ther discussion of the archaeological evidence: Hanning, 
Herdits and Silvestri, 2015; Herdits and Löcker, 2004; 
Zschocke and Preuschen, 1932). 

Since there is little physical evidence of the process 
used to refine the matte into copper metal in the Bronze 
Age Alps, a pit furnace similar to the one from tradition-
al copper smelting in Nepal was used (Anfinset, 2011; 
Goldenberg, et al., 2011).

Smelting experiments
Raw materials and special equipment

The experiments were carried out on the premises of the 
Römisch Germanisches-Zentralmuseum (RGZM), Lab-
oratory for Experimental Archaeology (LEA), in Mayen 
(Germany). Preparations for the experiments began in 
April 2018 with the construction of the shaft furnaces 
and roasting bed. The ore was roasted in April and a first 
smelt in the furnace (S1) was carried out in June. Most 
of the other experiments were carried out during four 
weeks in August 2018. In these weeks, among others, 
three experiments with the shaft furnace (S2 to S4) and 
several experiments with the pit furnace were carried 
out. Experiments with the clay crucible took place in 
September 2018. 

The ore used (Figure 2, c) was chalcopyrite collected 
from the Mitterberg mining district (St. Johann im Pon-
gau, Austria)2. The hydrothermal ore is hosted in phyllite 
and consists of chalcopyrite and pyrite as ore minerals with 
quartz, feldspar and calcite in the gangue (for the mineral-
ogy of the Mitterberg ore veins see Bernhard, 1965). 

For all experiments a mix of local coniferous wood 
was used except for the roasting of the ore, where decid-
uous wood (beech) was used. The charcoal used in the 
pit furnace experiments was acquired from a local char-
coal maker in Kirsbach (Germany) and was produced 
from beech wood. 

To avoid any uncontrolled contamination of the fur-
nace charge with foreign sources of copper, the furnace 
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Figure 2. Roasting of the crushed ore, a) sketch of the roasting pile; b) temperature curve; c) piece of the chalcopyrite ore; d) opened 
piece of the roasted ore (modified after Rose, Hanning and Klein, 2019). 
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walls were constructed from fire bricks and coated with 
clay, both with a known and homogeneous composition. 
The same clay mixture was used throughout the experi-
ments, not only for the furnace, but also for the lining of 
the roasting bed, the pit furnace and the crucibles. It was 
made from a mixture of 50 wt. % loam T8007, 10 wt. % 
clay T7012, and 40 wt. % grog temper 22/24 K, all pur-
chased from KTS Kärlicher Ton- und Schamottewerke, 
Kärlich (Germany). They were thoroughly mixed with 
~ 1 wt. % of flax chaff. Water was constantly added and 
the masse kneaded until it became a homogenous plastic 
mass. 

For grinding and crushing the products of the smelt, 
suitable basalt fragments were collected from the nearby 
basalt quarry. For the crushing of the roasted ore and the 
smelting products, metal hammers were used along with 
hammer stones, depending on the individual preference 
of each participant. Deviating from this grinding setup, 
the unroasted ore was entirely crushed with metal ham-
mers on tree stumps. The grinding tools were not previ-
ously used to process copper or copper ore, and hammer 
heads were thoroughly cleaned prior to their use in order 
to keep foreign contamination to a minimum.

Thermocouples of type S (Pt/10 % Rh-Pt, calibrated 
maximum temperature: 1500 °C, error tolerances: 1.5 K 
or 0.25 %) with a length of 100 cm and 60 cm were used 
to measure the temperature during the experiments. 
Alumina ceramic protection tubes (Type C799, maxi-
mum temperature 1800 °C) shielded the thermocouples 
from direct contact with the melt. To mount the ther-
mocouples and to prevent them from accidental dam-
aging during the experiments, they were placed inside 
a cordierite tube and the space between pipe and ther-
mocouple filled with glass wool at both ends of the pipe. 
Care was taken that the tip of the thermocouple extend-
ed about 5 mm out of the corderite tube. The thermo-
couples were plugged into a multi-channel data logger 
(PCE-T 1200). Temperatures were automatically record-
ed by the data logger every 60 s, and every 300 s during 
the roasting of the ore. 

The hand-operated bag bellows were designed after 
ethnographic examples and had a base of ~ 60 x 35 cm² 
and a height of around 90  cm. Their upper openings, 
which act as the inlet valve, were reinforced by wooden 
sticks and a handle was attached on each side to allow 
an easy opening and closing by hand. The blast from the 
bellows varied greatly due to the experience and tech-
nique of the person operating the bellows, and due to 
the heat and occasional blow-back from the furnace, it 
was not possible to directly measure the airflow from the 
bellows into the furnace. However the airflow of the bel-
lows was recorded in the lab using an anemometer (Tro-

tec BA06). When using an easy pace of 30 pumps per 
minute (1 “pump” is equal to one upward movement to 
fill the bellow and one downward movement to express 
the air through the tuyère), the blast peaked between 
8 to 11 m/s, with a pause in the blast when the bellow 
sack was refilled with air. When working with a faster 
rhythm of 40 pumps per minute and pressing harder on 
the bellows, an intermittent blast of 16 to 18 m/s could be 
produced. Theoretically, then two such bellows working 
in an alternating rhythm would provide a blast between 
10 m/s (30 pumps per minute) and 17 m/s (40 pumps per 
minute). This, however, is only a rough estimate, since 
this does not take into account that the air flow is par-
tially blown back out of the furnace from obstructions 
in front of the tuyères and will also vary depending on 
the bellow operator(s) and asynchrony in their rhythms. 
Additionally, air is drawn naturally into the furnace, 
through gaps in the front wall and between the tuyères 
via the chimney effect.

The tuyères were based on archaeological examples 
from alpine smelting sites (e.g. Töchterle, et al., 2013). 
In all experiments, two tuyères were used per bellow. 
One tuyère was attached directly to the bellow with a 
leather cord and a second tuyère was inserted into the 
opening of the furnace or into the coals of the pits. The 
tuyères were fitted into each other with a small gap be-
tween them so in case hot air was blown back from the 
furnace, it could escape between the gap in the tuyères 
and did not damage the bellow. Only the ends of the 
tuyères which were inserted into the furnace opening 
became heavily slagged during the shaft furnace experi-
ments, because they were in direct contact with the melt. 
As a consequence, new tuyères were used for each shaft 
furnace experiment to avoid contamination between 
the ore charges. For some pit furnace experiments, the 
tuyères of the same general shape but with angled noz-
zles were used, which more closely resembled the tuyères 
used by the Nepalese smelters (Anfinset, 2011). The an-
gled tuyères helped to direct the blast of air from the pit 
rim down into the charcoal bed. 

Roasting of the ore

The roasting bed was constructed in a level 2 x 1 m² area, 
which was slightly dug into the ground and surrounded 
by upright standing stones of 20 to 30  cm height. The 
interior was lined with a 10 cm thick layer of the above-
mentioned clay mixture to create a smooth unbroken 
surface (Figure 2, a). To record the temperature, a ther-
mocouple was placed at the centre of the roasting bed 
approximately 10 cm above the clay lining. About 165 kg 
of ore were roasted. The aim of the experiment was to 
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heat the ore sufficiently to achieve a self-sustaining roast-
ing reaction due to the exothermic reaction of sulphur 
to sulphur dioxide. At the same time, both the ore in the 
interior of the roasting pile and at the surface should be 
roasted uniformly, which necessitates a constant inflow 
of air into the centre of the roasting pile. 

For these reasons the roasting pile was constructed 
as shown in Figure 2, a: the lower wood layers consisted 
of large logs, while the upper wood layers where build 
with smaller logs. In contrast to all other experiments, 
hardwood (beech) was used as fuel. To prevent the ore 
from falling through the logs, a layer of straw was placed 
between logs and ore. The uppermost straw layer was 
dampened to bind the ore dust. 

Fire was set in one corner of the roasting pile. Af-
ter ~ 1.5 hours the entire roasting pile was on fire. Ore 
pieces which fell from the pile due to the burning logs 
shifting positions were placed back in the glowing pile 
with a shovel. To keep the roasting reaction alive over a 
longer amount of time, additional wood was added sev-
eral times on top of the pile (Figure 2, b). In total, 400 kg 
of wood were used and temperatures of up to 630  °C 
were recorded by the thermocouple. Yellow smoke and a 
very intense smell of sulphur were noticed from the very 
beginning. The smell was particularly strong even when 
flames were no longer visible. 

About 43 hours after the fire was set and ~ 24 hours 
after the last wood was added, the roasting pile was dis-
mantled. Glowing charcoal was not observed on the sur-
face of the roasting pile but from some spots, sulphuric 
fumes were still rising, indicating that the roasting re-
action was still ongoing in the interior of the pile. This 
was impressively proven when the central inner parts 
of the roasting pile came to light. In some areas glow-
ing charcoal was still present and the roasting reaction 
strengthened again in contact with oxygen. Unfortunate-
ly due to exterior constraints, we were forced to stop the 
roasting experiment. In order to stop the roasting reac-
tion, as well as to cool down the ore and separate it from 
the remaining charcoal, the roasted ore was quenched in 
water-filled troughs. 

All in all, the ore lost ~ 15 % of its initial weight. Ac-
cording to the appearance of the roasted ore pieces, the 
roasting reaction was successful in partially removing 
the sulfur from the ore: An intensively red surface had 
replaced the shiny yellow of the chalcopyrite ore. When 
broken open, the pieces revealed a sequence of a more 
than 1 mm thick layer of red colouration on the surface, 
purple-blue areas underneath it and unreacted chalcopy-
rite in the core (Figure 2, d). Near the thermocouple, the 
ore pieces were sintered and partially molten. As pure 
chalcopyrite has a melting point of ca. 950 °C, it is prob-

able that the temperatures reached in some parts of the 
roasting bed were higher than what was recorded by the 
single centrally-placed thermocouple. In preparation for 
smelting, the roasted ore was crushed to pieces between 
5 and 10 mm in size. 

Smelting of the roasted ore in the shaft furnace

Like in the archaeological record from Bronze Age 
eastern Alpine smelting sites, the shaft furnaces were 
dug into the slope. The size and the concept of the fur-
naces are in accordance with the archaeological record 
(see above). The finished shaft furnace had a base of 
40 x 45 cm² and a height of ~ 100 cm (Figure 3, a). To 
ensure a safe working environment, a area was cleared 
around the sides and back of the furnaces, which was 
level with the uppermost stones of the furnace shaft and 
covered with a layer of gravel as drainage (Figure 3, a). 
The furnace walls were constructed with firebricks us-
ing the above mentioned clay mixture as binder and to 
cover the inside surfaces. To record the temperature in 
the furnace, three cordierite tubes for the thermocouples 
were built into the centre of a side wall (Figure 3) with 
the lowermost (T1) at ~ 10 cm above the bottom of the 
furnace and the top one (T3) at ~  40  cm. The bottom 
of the furnace was lined with several centimetres of clay 
to make a concave, slightly oblong bowl-like depression. 
The furnace walls were entirely lined with ~ 1 cm of clay. 
Before the furnace was used, an additional few millime-
tres of clay was applied. 

The front wall only abutted the side walls so that it 
could be torn down and rebuilt after each smelt. In the 
lower part of the front wall, a ~ 25 cm wide and 20 cm 
high opening was left in which to place the two tuyères 
and a thermocouple (T4). These were kept in position 
with clay (Figure 3, c). The front wall was also built of the 
same firebricks and clay lining as the rest of the furnace, 
with the lower opening being spanned by a single larger 
firebricks. The base of the furnace mouth was roughly 10 
cm above the lowest part of the furnace floor. The outlets 
of the tuyères were placed ~ 4 cm behind the inner limit 
of the furnace front wall at a slightly downward angle.

A total of 20 kg of roasted ore were smelted in each 
experiment. The furnace was fuelled with small split logs 
of coniferous wood no more than 10  cm in diameter, 
which were predominantly arranged parallel to the air 
flow in the furnace to allow the air to reach the back of 
the furnace. Preheating of the furnace without bellows 
took several hours to prevent the clay lining from crack-
ing, and to allow a bed of coals to accumulate in the bot-
tom of the furnace. As soon as 900 °C were recorded by 
the thermocouple placed between the tuyères (T4), the 
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Figure 3. Smelting of the roasted ore, a) sketch of furnace; b) temperature curve; c) front view of the furnace with bellows and 
tuyères; d) furnace conglomerate (modified after Rose, Hanning and Klein, 2019). 
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bellows were attached and operated until a temperature 
of 1200  °C was reached. At this time, the more or less 
constant temperature of the two lowermost thermocou-
ples in the furnace wall indicated they were entirely cov-
ered by ash and charcoal (Figure 3, b). During preheating, 
a bed of coals built up in the bottom of the furnace, on 
which the ore was able to rest and slowly move down-
wards through the furnace, giving it enough time to react. 

Now the furnace was filled with wood and the first 
two charges (1 charge ~ 785 g) of ore were placed on top 
of the wood. This was repeated every 10 to 15 min. The 
furnace charge and fuel was periodically stoked from 
above with a wet wooden pole. Yellow smoke and the 
characteristic smell of sulphur indicated the beginning 
reaction of the ore. Once the ore reached the lower part 
of the furnace, temperatures above 1500  °C were peri-
odically recorded by the thermocouple situated between 
the tuyères. After ~  3  hours the entire ore charge was 
placed in the furnace. The addition of wood and the op-
eration of the bellows continued for two more hours to 
give the last ore batch enough time to sink down and 
react. As the last step of the smelting procedure, the fur-
nace was entirely filled with wood and allowed to burn 
down overnight. The tuyères and their thermocouple 
were removed before the furnace cooled down to keep 
the slag from solidifying on them. 

The next day the front wall and the remaining char-
coal were removed. However, the smelting products 
which accumulated at the bottom of the furnace were 
still so hot, that they had to cool down for another day 
until it was possible to remove them. The furnace con-
glomerate (i.e. the mass left in the bottom of the furnace 
after smelting the roasted ore, which consisted of an up-
per layer of slag with entrapped pieces of charcoal and 
unreacted ore and a lower layer of copper-iron-sulphides 
– the so-called matte) was in the middle of the bowl-
shaped bottom of the furnace and had little contact with 
the furnace walls. There was also a layer of charcoal and 
ash separating it from the bottom of the furnace, making 
it easily detachable and leaving only minor damage to 
the clay lining. Slagged furnace wall was only observable 
around the furnace mouth. 

Between 170 to 250 kg of wood was used in each ex-
periment. Each furnace conglomerate weighed around 
15 kg; additionally ~ 1 kg of unmelted ore was recovered 
from the charcoal. The slag and the matte were well sep-
arated from each other in the furnace conglomerate with 
the matte at the bottom, and a layer of slag attached at the 
top (Figure 3, d). The border between matte and slag was 
at the height of the tuyères’ tips. However, a large quan-
tity of charcoal was left in the matte, thus no solid block 
of matte was achieved. Only in the last experiment, S4, 

larger pieces of matte were created. In this experiment 
denser, knotty wood was used for preheating. Unfortu-
nately, the alumina protection tube of the thermocouple 
between the tuyères (T4) broke and the thermocouple 
was irreparably damaged by the slag. The other ther-
mocouples indicated temperatures ~ 100 °C lower than 
in the previous experiments (see below). After the fur-
nace conglomerate was thoroughly documented, it was 
crushed and the matte separated from the slag. Unmelt-
ed pieces of quartz from the gangue associated with the 
chalcopyrite ore were present in large quantities in the 
slag after all experiments while the ore minerals were 
fully liquefied. 

Roasting of the matte

Because archaeological evidences for the processing of 
the matte are exemplarily rare from the eastern Alpine 
regions, this step and the following ones are inspired by 
the traditional copper smelting process in Nepal (An-
finset, 2011; Goldenberg, et al., 2011). The matte from 
the previous step was ground to powder (< 1 mm). Also 
some slag pieces were ground and added to allow the 
iron in the matte to react with the free silica from the 
quartz-rich slag (additional silica and flux sources for 
the formation of the slag could also come from the fuel 
ash and clay furnace lining of the smelting pit, cf. Crew, 
2000). The ground material was mixed with manure and 
shaped to ellipsoidal pellets of ~ 10 cm length. If the ma-
nure was too dry to form stable pellets, a bit of water was 
carefully added. 

The wooden pile for roasting the manure pellets was 
built on the same roasting bed used for the ore. During 
roasting, the pellets become extremely brittle and tend to 
crumble easily. The fuel was stacked in a way that facili-
tated a complete oxidation of the pellets, as well as a ver-
tical or at least inward-directed sagging of the burning 
wood to prevent as many pellets as possible from rolling 
off the pile and fracturing. To reach this aim, a trough-
like construction with a base of 1 x 1.5 m² was built with 
coniferous wood: A thermocouple was placed in the cen-
tre of the pile and a layer of large logs was built as the 
base. For the next layer, a ring of large logs was placed 
at the rim of the pile and smaller logs were arranged to 
make a trough-like depression in the middle (Figure 
4, a). A layer of bark and other small waste wood was 
placed on top of the logs and the pellets carefully placed 
on these (Figure 4, c). Straw was put into gaps between 
the large logs and set alight on several spots around the 
pile to set the whole pile on fire at the same time. 

The roasting pile was left to burn down by itself with-
out adding more fuel. Once in a while the characteristic 
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Figure 4. Roasting of the manure pellets, a) sketch of the roasting pile; b) temperature curve; c) roasting pile before fire is set; d) 
burned down roasting pile (modified after Rose, Hanning and Klein, 2019).
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smell of sulphur was observed but it was considerably 
weaker than during the roasting of the ore. Maximum re-
corded temperatures reached in each experiment ranged 
between 750 and 981  °C (Figure 4, b). After the roast-
ing experiment, about two thirds of the pellets remained 
in their original shape. The other ones were either bro-
ken into larger pieces or became powder (Figure 4, d),  
depending on the movement and mechanical stress when 
the pile burned down. Due to the flat smooth surface 
of the roasting bed, it was possible to sort out the larger 
pieces of charcoal and some of the ash, so that the broken 
pieces and powdered remnants of the matte balls could be 
swept together and added to the subsequent smelt. 

Smelting of the roasted matte 

Because little is known about this process from the ar-
chaeological record, examples were again taken from eth-
nographic accounts, in particular the Nepalese smelting 
process mentioned above. First a pit with 30 cm diameter 
and 30 cm deep was dug into the ground and lined with 
several centimetres of clay. Two slits were dug into the 
rim to hold the tuyéres in place. It soon became obvious 
that the original pit was too deep and that the lower lay-
ers of charcoal were too cold to keep the matte molten. 
Hence in most experiments, a large, shallow thick-walled 
crucible in the diameter of the pit was inserted to reduce 
its depth and covered with a layer of stamped charcoal 
dust. Several experiments with different arrangements 
and kinds of tuyères (straight or angled) were carried out. 
In the following, the most successful experiment S4p1 is 
described. This experiment was carried out with the same 
type of linear tuyères that were used for the smelting of 
the ore in the shaft furnaces and carried out directly in 
the pit, i.e. without the crucible. 

The pit for the furnace was lined with several cen-
timetres of clay and had an inner diameter of around 
30 cm. Initially around 30 cm deep, the pit was filled with 
stamped charcoal powder up to 18 cm below the tuyères’ 
outlets. Additionally, 4 cm of small pieces of charcoal 
were placed on top of the charcoal powder (Figure 5, a). 
The tuyères were placed opposite of each other with their 
outlets ~ 5 cm away from the pit rim and with a down-
ward inclination of ~ 40°.

After a small fire was ignited in the pit, a bed of glow-
ing charcoal was built up until ~ 5 cm above the pit rim, 
enclosing the tips of the tuyères entirely, and kept at this 
height throughout the entire experiment. The first batch 
of roasted manure pellets was cautiously placed in the 
middle of the glowing charcoal but not above the open-
ings of the tuyères. At significantly more than 1000 °C, 
they slowly started to melt down into the pit. The next 

batch of pellets was placed every 10 to 15 min, with each 
batch weighing ~ 400 to 900 g (Figure 5, b). After around 
3.5 hours, a small hollow was made in the glowing char-
coal in which all the remaining powder from the roasting 
experiment (mixture of roasted pellet material, ash and 
charcoal) was placed as the last batch. It was immediately 
covered by glowing charcoal to prevent the material from 
being blown away by the blast from the bellows. In total, 
12.3 kg of material were introduced into the pit hearth 
and a maximum temperature of 1200 °C was reached. To 
reach this high temperature, it was necessary to produce 
short and strong air blasts with high frequency instead 
of the much longer and relatively gentle air blasts with a 
much lower frequency which were used when operating 
the bellows with the shaft furnace. 

After roughly half of the material was melted, the 
charcoal was moved aside to check the state and amount 
of the melted material. It was already melted but still very 
viscous. About 25 min after the last batch was placed on 
the charcoal, everything was melted. The charcoal was 
removed again and this time it could be seen that the 
pit was filled with a liquid melt up to a few centimetres 
below the opening of the tuyères. The tuyères were re-
moved and the melt was quenched by stroking it with 
a big brush made from a bundle of water soaked grass. 
Care was taken that the melt did not freeze on the fur-
nace wall. Subsequently the thin plate of quenched melt 
was removed with a wet wooden stick and a shovel. This 
step was repeated eight times until the colour of the melt 
became brighter, signifying that the upper layer of slag 
had been removed and the lower layers of molten copper 
matte were becoming visible. The latter was quenched 
completely until it was solidified enough to take it out 
of the pit to cool down completely (Figure 5, c). Nearly 
no visible traces of slag and matte remained on the walls 
of the pits. 

At the bottom of the matte, an aggregate of metal-
lic copper weighing nearly 46 g and larger amounts of 
spongy copper were observed, but the spongy copper 
was too intimately intergrown with the matte in order 
to separate these two components. In total, 4.5 kg of slag 
and 3.6 kg of matte were produced. A closer examination 
of the thin slag plates revealed they were less than 5 mm 
thick and nearly entirely glassy (Figure 5, d). 

Smelting of the matte in graphite crucibles

Because not all the matte smelting experiments were as 
successful as the one described above, and the amount of 
matte became steadily smaller with each successive smelt 
due to loss of material during roasting (loss of sulphur) 
and smelting in the pit (slag phases and other sources of 
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Figure 5. Smelting of the roasted manure pellets, a) sketch of the fire pit; b) temperature curve; c) matte smelted from the manure 
pellets; d) plate-like slag (modified after Rose, Hanning and Klein, 2019).
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loss), we decided to refine the matte from some of the 
experimental series in smaller graphite crucibles. Due to 
time constraints, this was done on a charcoal bed with an 
artificial draft from below (electric bellows) in a smith-
ing hearth at LEA. Artificial draft was provided by an 
electric fan from below. The temperature in the interior 
of the closed crucibles was not recorded to prevent the 
melt from freezing in contact with cold air. However the 
temperature of the charcoal bed surrounding the cruci-
ble was measured using an infrared pyrometer (Voltcraft 
IR 2201-50D, -50 to 2200 °C, accuracy ± 1.5 %). The bot-
tom of the crucible was filled with 60 g of charcoal dust 
to protect it from the melt and a layer of 100 g of quartz 
sand to provide silica for the formation of the slag. The 
matte was crushed and placed on top of the layer of sand. 

After the material was mostly melted, the crucible was 
covered with a lid. After about 40 minutes, the matte was 
completely melted and the crucible was taken from the 
fire. Its content was then poured into an impression in a 
bed of quartz sand. In some cases, metallic copper settled 
onto the bottom of the impression, followed by a layer of 
matte and then slag on top. However, the graphite cruci-
ble proved to be too tightly covered by the lid and did not 
allow enough oxidization of the matte to further desul-
phurize the melt.

Roasting and smelting of the matte in clay crucibles 

Another approach was the roasting of the remaining 
matte and subsequent smelting in open, shallow clay 

Figure 6. Smelting of the enriched matte, a) sketch of the experimental set-up; b) photograph of the fire pit (modified after Rose, 
Hanning and Klein, 2019). 
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crucibles. To achieve a larger surface for the roasting pro-
cess, the matte was placed in a shallow oval crucible with 
a base of ~ 21 x 12 cm² and a height of ~ 3 cm, which was 
made from the same clay mixture used throughout the 
experiments. To prevent the bottom of the crucible from 
reacting with the matte, it was covered with a thin layer 
of sand and on top of that ground charcoal. The coarsely 
ground matte was placed in the crucible and roasted in 
an electric kiln to 800 °C for 8 hours. 

After it was cooled down completely, the crucible with 
the roasted matte was placed in a shallow pit furnace 
with a diameter and a depth of ~ 35 cm and ~ 13 cm, 
respectively. A single curved tuyère connected to an elec-
tric fan was placed with the outlet ~ 10 cm from the rim 
and ~ 20 cm above the bottom of the pit (Figure 6, a). 
The crucible was covered by thin pieces of coniferous 
wood and it was constantly checked that glowing char-
coal or burning wood was between the tuyère and the 
crucible (Figure 6, b). Otherwise the cold air coming 
from the tuyère would have hit the surface of the cruci-
ble and have frozen the melt. The air blast coming from 
the tuyères was kept low and wood slowly but steadily 
added to the fire in order to slowly heat up the matte in 
hopes to further desulphurize it. About 2 hours later the 
matte was completely molten and the crucible taken out 
of the pit. The melt consisted of a top layer of slag with 
matte underneath and metallic copper at the bottom of 
the crucible. All in all, ~ 40 g of metallic copper was pro-
duced in this experiment out of ~ 200 g matte. 

Sampling 

Experimental series S2 and S4 were chosen for sampling. 
S4 is regarded to be the most successful experiment se-
ries, in particular the experiments S4f1 and S4p1. The 
series S2 comprises the most remeltings which might 
be favourable to trace copper isotope fractionations. 
All materials were sampled on-site either before or after 
grinding of the smelting products for the next experi-
ment. The naming scheme of the experiments as well 
as detailed information for each experiment is given in 
Rose, Klein and Hanning (2020). 

Methods

Analyses were carried out at the German Mining Muse-
um Bochum (DBM) and are described in detail by Rose, 
Klein and Hanning (2020). With the exception of the 
pure metal samples, all samples were crushed in an agate 

mortar and dried. XRD analyses were carried out with 
a PANalytical X’Pert Pro, using a Cu anode operated at 
45 kV and 40 mA. The diffraction patters were recorded 
between 5° and 70° 2 θ. GSAS II (Toby and Dreele, 2013) 
was used for Rietveld refinement of the obtained diffrac-
tion patterns. Crystal structures for comparison were 
taken from the American Mineralogist Crystal Structure 
Database (Downs and Hall-Wallace, 2003) and the Crys-
tallography Open Database (Gražulis, et al., 2009; 2012) 
Crystal structures of some of the identified phases were 
not listed in the databases, thus not all samples allowed 
a semi-quantitative estimate of their phase composi-
tion. This is probably due to the fact that the Cu-Fe-S 
system has an extensive range of solid solutions and the 
synthetically produced phases from the smelting experi-
ments do not always have an equivalent in the databases 
at hand. This circumstance restricted the interpretation 
of the data from these measurements to a qualitative lev-
el. Although the smelting products are anthropological 
materials and thus by definition not minerals (Nickel, 
1995), the mineral names of the equivalent phases will 
be used here to ease readability.

Sample digestion for chemical analysis was carried 
out with a lab microwave (non-metallic materials) or 
on a hotplate (metals) using matrix-fitted acid mixtures 
(Rose, Klein and Hanning, 2020). The samples were di-
luted with water and 5 % HNO3, and measured with an 
ICP-SFMS Thermo Scientific Element XR. External cali-
bration was used for quantification.

Results
X-Ray diffraction

Results of the Rietveld refined diffraction patterns are 
given in Table 1. When all diffraction peaks in a pattern 
were matched with a crystal structure, the concentration 
in wt. % is reported. If not, only the identified phases 
present in the sample are indicated. The limit of quanti-
fication in Rietveld refinement is usually around 1 wt. % 
with a high relative error (León-Reina, et al., 2016). 
Hence all phases with a concentration less than 2 wt. % 

Table 1 right. Phase composition identified from XRD patterns. 
“X” marks the presence of phases when quantitative refine-
ment failed due to unknown phases or phases with unknown 
crystal structure (given in the last column). The lower wR % 
(parameter for the goodness of fit based on the sum of the re-
siduals), the better is the fit between the calculated pattern and 
the measured one. Patterns for each sample are given in Rose, 
Klein and Hanning (2020). 
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are reported as < 2 wt. % or < 1 wt. %. The diffraction 
patterns of each sample and its refined pattern is given in 
Rose, Klein and Hanning (2020). 

The ore consists of chalcopyrite (CuFeS2) and pyrite 
(FeS2) with accessory tetrahedrite (Cu10(Fe,Zn)2Sb4S13). 
The gangue comprises of quartz (SiO2), minor amounts 
of carbonates, and phlogopite (KMg3(Si3Al)O10(OH)2) 
from the host rock. The bulk of the roasted ore consists 
predominantly of chalcopyrite, quartz, and haematite 
(Fe2O3). Bornite (Cu5FeS4) and magnetite (Fe3O4) are 
major phases in the predominantly oxidised parts of the 
roasted ore. The reduced/unreacted part of the roasted 
ore shows a similar phase composition with a wider vari-
ety of Cu-Fe-S phases. 

In the experimental series S2 only the matte from 
the first pit furnace experiment S2p1a yielded a refine-
ment with quantitative data. In all experiments, bornite 
is a major phase. In experiment S2f1, troilite (FeS) is also 
present. After the first matte roasting, all mattes of the S2 
series also contain either chalcocite (Cu2S) or covellite 
(CuS). Metallic copper was observed in all experiments 
and in experiment S2p1a a metallic iron phase, too. The 
quartz in S2p3c4 indicates remnants of the quartz sand 
layer in the clay crucible. 

In contrast to series S2, the S4 series’ mattes contain 
troilite beside the ubiquitous bornite until the second 
matte roasting. The matte of S4f1 also contains cubanite 
(CuFe2S3). Experiment S4p2 is the only experiment after 
the first matte roasting with a chalcocite-free matte. No 
covellite was observed throughout the S4 series experi-
ments. Metallic copper is present in all mattes. Metallic 
iron or a Fe-Ni alloy was produced in the experiments 
S4p2 and S4p2c1. 

The slag from all experiments contains pyroxenes 
(hedenbergite, CaFeSi2O6 or ferrosilite, (Fe,Mg)2Si2O6). 
With the exception from the shaft furnace experiments, 
fayalite (Fe2SiO4) is also present throughout. Troilite 
appears only in the slags from the shaft furnace exper-
iments. In series S2 magnetite (Fe3O4) is present in all 
experiments, while it is missing in S4 experiments except 
for S4p2c3. Only the slags from series S2 contain metal-
lic copper. After the second roasting, the slag in both ex-
perimental series is dominated by magnetite and fayalite. 
Pyroxenes (and fayalite) tend to be the major phases in 
all other experiments. 

The first matte roasting (with manure pellets) yield-
ed in both series besides bornite, mostly hematite and 
beusite (Ca1.18Fe0.9Mn0.92(PO4)2). Cristobalite (SiO2) and 

Figure 7. Cu-Fe-S diagrams of the matte from different experiments for the experimental series S2 (a, b) and S4 (c, d); a, c in wt. % 
with the miscibility gap given in Hentze (1929), b, d in at % with phase boundaries taken from Chang, Lee and Neumann (1976), 
all at 1200 °C and 1 atm. 
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fayalite are minor phases in both experiments. Magne-
tite, copper sulphides, pentlandite ((Fe,Ni)9S8), and trac-
es of pyroxenes are observed only in S4r1. Samples of the 
second matte roasting (in a clay crucible) were acquired 
only from series S4 and consist beside bornite mostly of 
chalcocite and hedenbergite with smaller amounts of 
quartz and kieserite (MgSO4·H2O). 

Chemical analyses

Only the main elements Cu, Fe, and S are reported 
(Table 2) because trace elements have no significant im-
pact on the smelting process and a full discussion of the 
data set is beyond the scope of this contribution. They 
sum up close to 100  % for all samples except for the 
mattes from the shaft furnace experiments, S2f1-m and 
S4f1-m, where significant concentrations of SiO2, Al2O3, 
CaO, and MgO indicate the presence of slag. 

Plotting all matte samples in the Cu-Fe-S system 
(Figure 7) shows a relatively uniform sulphur concentra-
tion in all mattes and a very similar composition of the 
respective experiments from both experimental series. 
The matte from the shaft furnace experiment (f1), from 
the pit furnace experiments (p1 to p3), and from the ex-
periment in an open clay crucible (S2p3c4-m, S4p2c3-m) 

are clearly separated from each other and show a trend 
towards a lower iron content. The experiments car-
ried out in graphite crucibles (S2p3c1-m to S2p3c3-m, 
S4p2c1-m and S4p2c2-m) show a composition similar to 
the pit furnace experiments. All of them plot close to the 
sulphur-rich border of the miscibility gap of the Cu-Fe-S 
system (Figure 7). The only exception from this overall 
picture is S4p2-m, which shows a lower S and higher Fe 
content compared to the other pit furnace experiments 
and plots within the miscibility gap. 

Discussion
Roasting of the ore
The mineralogical composition of the ore sample Cpy6 
matches the mineralogy of ores from the Mitterberg 
(Bernhard, 1965). According to Bernhard (1965) pyrite 
in the Mitterberg ore can contain a significant amount 
of Ni. The Ni will enrich in the matte during smelting 
(Tylecote, Ghaznavi and Boydell, 1977), which might ex-
plain the occasional presence of millerite (NiS), pentlan-
dite and of the Fe-Ni alloy. 

The zonation visible in the roasted ore (Figure 2, d) 
– hematite on the surface followed by a dark layer rich 

Sample Material Experimental set-up Cu Fe S Total

Cpy6 Ore 21.0 22.7 24.3 101.6

S2f1-m Matte Shaft furnace 28.3 30.0 18.3 98.1

S2p1a-m Matte Pit furnace 54.3 17.9 19.0 100.7

S2p2-sm-m Matte Pit furnace 51.8 17.7 19.1 100.8

S2p3-m Matte Pit furnace 59.0 16.0 21.8 98.2

S2p3c1-m Matte Graphite crucible 56.1 18.1 20.0 97.4

S2p3c2-m Matte Graphite crucible 55.4 19.0 22.4 98.7

S2p3c3-m Matte Graphite crucible 58.2 16.3 21.9 98.6

S2p3c4-m Matte Clay crucible 73.9 1.34 18.0 95.5

S4f1-m (bulk) Matte Shaft furnace 22.8 27.0 16.0 94.0

S4f1-m2-1 Matte Shaft furnace 40.1 31.2 23.7 96.9

S4f1-m4 Matte Shaft furnace 37.7 32.2 22.5 93.8

S4p1-m-1 Matte Pit furnace 57.5 14.1 22.1 95.8

S4p2-m Matte Pit furnace 49.0 22.8 15.5 92.6

S4p2c1-m Matte Graphite crucible 56.2 15.1 20.7 99.0

S4p2c2-sm Matte Graphite crucible 63.0 12.9 19.9 97.7

S4p2c3-sm Matte Clay crucible 65.7 3.07 18.1 89.1

Table 2. Cu, Fe, and S concentrations in wt. % of the chalcopyrite ore and of the matte obtained in the different experiments. Con-
centrations of all measured elements are given in Rose, Klein and Hanning (2020). 
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in spinels, a bluish layer of various Cu-Fe-S phases, and 
unreacted chalcopyrite in the core – is also in agreement 
with literature data (Burger, et al., 2011). The growth of 
numerous small crystals on the surface of the roasted 
ore pieces (Figure 8) in combination with the presence 
of sulphates in the diffraction patterns indicates the for-
mation of secondary minerals. Admittedly, the success of 
the roasting experiment was unanticipated concerning 
the duration and intensity of the self-sustaining roasting 
reaction about 24 hours after the last fuel was added, even 
though the roasting reaction had to be stopped due to ex-
terior constraints. During quenching, the water quickly 
became green-bluish, indicating significant dissolution 
of copper. The pH test strip indicated a pH ~ 1. Presum-
ably the sulphur-containing gases or sulphur precipitat-
ed on the colder surface of the roasting pile dissolved in 
the water as sulphuric acid. To minimise copper loss, the 
roasted ore was taken out of the water as soon as possi-
ble and dried in the sun. Growth of secondary phases 
might be either initiated by drying or during the storage 
of the roasted ore for several months until the beginning 
of the smelting experiments. During this time, the fine 
material consolidated into a pale grey-greenish friable 
crust, and on the uppermost pieces, the abovementioned 
secondary minerals grew as fine crystals on their surface. 
The magnesium and calcium necessary for the growth of 
kieserite and anhydrite (CaSO4), respectively, might be 
derived from the wood ash (Matthes, 2018, p.456) that 
dissolved during quenching. 

The design of the roasting experiment was successful 
in keeping the self-sustaining roasting reaction ongoing. 
During the removal of the pile remains, it became ob-
vious that the layer of ash and fine material on top of 
the pile not only kept in the heat but also inhibited the 
flow of oxygen into the middle of the roasting pile. This 
must have been happened very quickly, as some of the 
larger logs in the interior were not entirely charred. Thus, 
modifications towards a longer lasting flow of air into the 
centre of the pile might be preferable. However, due to 
time constraints and lack of more unroasted ore, it was 
not possible to carry out more than one roast. 

Smelting experiments

Smelting of the roasted ore in the shaft furnace
The two smelting experiments in the shaft furnace were 
successful in separating the matte from the slag. The 
matte, due to its higher density, collected at the bottom 
of the furnace, covered by a layer of slag. However, the 
layer of matte was not compact but contained a high pro-
portion of charcoal and did not separate easily from the 
overlying slag like in other experiments. This could be 

partly due to the fact that (matte-rich) slag from previ-
ous experiments was not added as flux, in order to pre-
vent mixing of materials from different experimental 
series (see Hanning and Pils, 2011). 

In S4f1, at least some larger lumps of matte were 
formed. However, the slag was mostly massive with 
nearly no entrapped charcoal, but with some lenses of 
entrapped matte and occasionally small prills of me-
tallic copper. This might indicate that the tuyères were 
not perfectly positioned. A lower position of the tuyères 
might enhance the removal of sulphur. However, based 
on experiences from previous experiments carried out 
by E. Hanning, if the tuyères were positioned too close 
to the furnace floor, they became blocked by slag most 
of the time, resulting in a premature end of the smelt. 
Probably a steeper downward angle would be a working 
compromise. A lower position or steeper downwards 
angle of the tuyères would also introduce more oxygen 
into the lower part of the furnace, which might enhance 
the removal of sulphur and the oxidation of iron in the 
matte, facilitating the subsequent steps of copper smelt-
ing. Alternatively, preheating of the shaft furnace could 
be carried out with larger logs to create larger voids in 
the remaining charcoal. For experiment S4f1 large logs 
of predominantly knotted wood were used, while in S2f1 
the small logs were used, which were also used as fuel 
for the smelting phase. This might have resulted in some 
bigger cavities, providing enough space to allow the for-
mation of the larger lumps of matte. 

Smelting of the matte in the pit furnace
Except for S2p1a and S4p1, the pit furnace experiments 
struggled to produce a liquid slag and melt. Only in ex-
periment S4p1 a low viscous melt was achieved where 
thin plates of slag could be extracted. The effect of sul-

Figure 8. Secondary minerals (translucent needles and radi-
ating green aggregates) on the surface of a roasted ore piece 
(photomicrography). Photo: Th. Rose. 
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phur as an additional heat source was noticeable in all 
experiments, but only in experiment S4p1 did the re-
corded temperatures reach around 1200  °C (i.e. the 
smelting point of fayalite) and thus lead to the low vis-
cosity of the melt. At the same time, this experiment was 
the only one which produced larger amounts of copper 
and copper sponge. 

The reason for this success was most likely a different 
way to operate the bellows. Inspired by traditional Nep-
alese copper smelting, short, strong air bursts were pro-
duced in a high frequency instead of the longer, gentle 
air bursts in previous experiments. Moreover, the bellow 
technique in this experiment was not the only difference 
to the previous experiments but also the steep angle of 
the tuyères, which directed the air flow directly onto the 
surface of the melt. Unfortunately the subsequent exper-
iments using this arrangement (S4p2, S2p3) were not 
successful in producing a liquid slag. 

Removing the slag from the furnace layer by layer by 
cooling the upper crust of slag with a water-soaked brush 
made of grass was very successful. The melt did not 
harden and bind itself to the clay-lined walls, and could 
be easily extracted from the pit. It is also noteworthy that 
the pit furnace lining did not show any damage and very 
little sign of metallurgical activity, besides being heated 
to high temperatures, after the end of the experiment. 
Hence, pits impacted by heat found in the archaeological 
record at smelting sites should definitely be taken into 
account as possible installations for smelting matte, even 
if they bear no visible traces of metallurgical activities. 

Crucible smelting 
Except for S4p2c1 none of the experiments with graphite 
crucibles yielded metallic copper, most likely due to the 
closed, deep cylindrical form of the crucible. This did not 
allow enough contact with the air to further desulphurize 
the melt. Also the remaining iron could not oxidize and 
be removed from the melt in the form of slag. Without 
depletion of sulphur and iron from the melt, the matte 
composition remained stable and no metallic copper 
will precipitate. Furthermore, the molten matte, when 
poured from the crucible onto the sand bed, cooled too 
quickly to undergo any significant amount of oxidation. 
Additionally, it cannot be excluded that the copper yield-
ed in S4p2c1 was already present within the matte e.g. as 
spongy copper from experiment S4p1. 

In contrast to the graphite crucibles, the open, shal-
low form of the clay crucibles worked very well. The 
roasted matte was exposed to a constant supply of air, 
allowing a further oxidation of the iron and the sulphur. 
As a result, experiments in both experimental series 
were successful in producing larger amounts of metallic 

copper on the bottom of the crucible, followed by a layer 
of residual matte and a layer of slag on top. 

Matte

The chemical composition of the matte obtained from 
the same experimental setup is very similar in the two 
experimental series (Figure 7). The strong shifts in the 
iron content after each roasting step, and the same chem-
ical compositions of the matte from the pit furnace ex-
periments and the graphite crucible experiments, except 
for S4p2, evidences the efficient depletion of iron by its 
oxidation during roasting and subsequent transfer into 
the slag during smelting. 

Beside the chemical similarities in the matte of both 
experimental series, substantial differences do exist. 
They are particularly striking with respect to the cop-
per yields and indicate more favourable conditions for 
the production of copper in the S4 series: In the shaft 
furnace, S4f1 produced 25.25 g of copper prills, while 
none were produced in S2f1. After the first matte roast-
ing, both, S2p1a and S4p1 yielded metallic copper. 
However, the amount from S4p1 was four times higher 
(45.92 g + sponge copper vs. ~ 12.29 g from the S2 ex-
perimental series). Additionally, S4p2c1 was the only 
experiment in a graphite crucible that yielded metallic 
copper. 

Because the same roasted ore was used and the gen-
eral experimental setup of the shaft furnace experiment 
was the same, differences during this experiment must 
have occurred in the operation of the furnace. Due to 
the failure of T4 during the experiment S4f1 little can 
be said about the maximum temperature reached. The 
much steeper rise of the temperature at the tuyères in 
S4f1 might indicate an overall higher temperature in 
front of them. Additionally, the tip of the tuyères was 
~ 4 cm deeper into the furnace, which successfully pre-
vented them from clogging with molten furnace wall like 
in the previous experiments. At the same time, T2 and 
T3 indicate a consistently lower temperature and T3 also 
had less fluctuation. The temperatures of T1 and T2 in 
S4f1 are closer to the ones measured at T3, resulting in 
higher temperatures at T1 in the second half of the ex-
periment compared to S2f1. 

Based on the temperature distribution, a cooler but 
more homogenously heated furnace was operated in 
S4f1. This might have resulted in a slower speed of the 
roasted ore moving down into the furnace and thus a 
prolonged time to roast before it became molten. This is 
supported by the circumstance that although the shaft 
furnace was operated longer in experiment S4f1 than 
S2f1, 1149.61 g of the ore remained unmelted compared 
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to 221.37 g, respectively. Further, the placement of the 
ore took more than an hour longer in experiment S4f1, 
giving the ore and the melt more time to react. 

Such differences in the furnace conditions can be 
correlated with differences in the phase composition of 
the respective smelting products. While cubanite, troi-
lite and copper were the only Cu-Fe-S phases in exper-
iment S4f1, small amounts of valleriite (Cu2Fe4S7) and 
the low-temperature phase mooihoeckite (Cu9Fe9S16) 
(Raghavan, 2004) are present in the smelting products of 
S2f1 together with bornite and troilite, indicating more 
heterogeneous conditions at least during cooling in the 
latter experiment. Further, the presence of cubanite as 
(main) Cu-Fe-S phase indicate a higher amount of ox-
idised iron in the matte of experiment S4f1 compared 
S2f1. In cubanite, one of the two Fe atoms is present 
as Fe(III) (Gibbs, et al., 2007; Goh, et al., 2010), giving 
~ 16.7 at % of Fe(III) in it. Bornite contains only one Fe 
atom. Its oxidation state is unclear and can be most likely 
described best as + 2.5 (Goh, et al., 2006; Mikhlin, et al., 
2005). However, even if the Fe in bornite would consist 
entirely of Fe(III), it would reach a proportion of only 
10  at %. This indicates a higher amount of iron in the 
matte of S4f1, probably because the lower temperature 
in the furnace limited the availability of SiO2 to produce 
slag (matte to slag ratio in S2f1 1:1, in S4f1 1.55:1). At 
the same time, less copper can be structurally included 
in cubanite than in bornite. Consequently, copper will 
segregate as elemental copper, which was present as a 
smelting product only in the experiment S4f1. 

The copper peaks in the diffraction data of both ex-
periments indicate that some metallic copper remained 
within the matte. Due to the miscibility gap, the chem-
ical composition of the final matte in both experiments 
cannot be that different and might be balanced by the 
amount of troilite and metallic copper in the matte.

Although not evidenced in the phase composition 
of the roasted material, the conditions of the first matte 
roasting in S4r1 might have supported a more efficient 
roasting process in the S4 series. The maximum tem-
perature was more than 200 °C higher and the manure 
pellets were smaller, giving a higher reactive surface. 
Taken together, iron oxidation seems to be significantly 
enhanced in the S4 series from its beginning. This signif-
icantly facilitated the production of metallic copper in 
the subsequent experiments and laid the foundations for 
the successful smelting of the matte to copper in S4p1.

In contrast to this experiment, experiment S4p2 
failed: although similar temperatures were reached, no 
copper was produced, although copper is present in the 
matte S4p2-m. Additionally, it is the only experiment 
that plots inside the miscibility gap (Figure 7). Based on 

the appearance of the smelting products, it seems that in 
this experiment the distance between the hot area and 
the bottom of the pit was too great. The material was 
molten, but solidified at the bottom of the pit without 
having the time to segregate the copper. Additionally, 
the very high matte to slag ratio of 3.3:1 might indicate 
insufficient silica to react with the available iron in the 
furnace charge and thus prohibiting further depletion of 
the iron content of the matte. In the subsequent exper-
iment S4p2c1, conditions were finally favourable for a 
liquid melt and the copper already present in the matte 
could segregate. 

Slag

Comparing the phases present in the slag with the ox-
ygen fugacity and temperature ranges that they are sta-
ble in (Lindsley, 1967), can give information about the 
redox conditions in the furnaces/crucibles. The phase 
compositions of all experiments plot around the fayal-
ite-magnetite-quartz equilibrium (Figure 9). In the shaft 
furnace experiments, slightly less reducing conditions 
are indicated by the absence of fayalite in the slag S2f1-s 
and the slag-matte mixture S4f1-fm. The formation of 
pyroxenes might have been additionally favoured by the 

Figure 9. Oxygen fugacities (fo2, in atm) as a function of tem-
perature at a pressure of 1 atm for the solid-solid-buffers rele-
vant for slags. On the right, the stability ranges of the most im-
portant slag phases are shown at T = 1200 °C (Lindsley, 1967). 
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large amounts of Ca derived from wood ash (~25 % CaO 
in coniferous wood, and 42 to 56 % CaO in beech wood 
(Matthes, 2018)). 

Conclusions

The smelting experiments with chalcopyrite ore based 
on archaeometallurgical evidence of the Bronze Age 
Eastern Alps and modern Nepal were successful in pro-
ducing metallic copper.

Two out of the four experimental series (S2 and S4) 
were chosen for analysis. Both of these yielded metallic 
copper, slag and matte in collectable quantities. Espe-
cially the experiments in series S4 provided favourable 
conditions for the successful smelting of chalcopyrite ore 
to metallic copper and matte. Based on observations of 
the furnace performance, chemical data of the matte and 
the phase composition of the smelting products, the iron 
in the furnace charge was more extensively oxidised in 
the shaft furnace experiment with roasted ore S4f1 than 
in S2f1. Additionally, the significantly higher tempera-
ture in the subsequent roasting experiment might have 
enhanced this effect. Moreover, the pit furnace experi-
ment with roasted matte S4p1 allowed us to extract sev-
eral layers of platy slag similar to the ones found in the 
archaeological contexts of the Bronze Age Eastern Alps. 
In addition a relatively larger amount of sponge copper 
as well as ~ 45 g of massive metallic copper was also pro-
duced. A prolonged duration of the experiment might 
have been sufficient to continue extracting copper from 
the matte. After the experiment, the pit showed no clear 
visible traces of metallurgical activity. Hence, pit furnac-
es used for matte smelting might not be identifiable in 
the archaeological record by a visual assessment only 
and would require chemical analysis of the pit lining and 
contents to ascertain if metallurgical activity occurred in 
them.

Experiments in graphite crucibles did not yield any 
metallic copper, probably because most of the oxygen 
reacted with the fuel and/or the crucibles were too high 
to allow a sufficient influx of oxygen without forced draft 
from the top. Only with the second matte roasting and 
the subsequent smelting in open clay crucibles was cop-
per produced in larger quantities in both experimental 
series. 

Especially the chemical data of the matte clearly 
shows the significance of roasting for a successful smelt-
ing process. Substantial removal of iron in the form of 
slag was only achieved in the smelting experiments di-
rectly following the roasting experiments. In both ex-
periment series, it seems that after the smelting of the 

ore in the shaft furnace, two cycles of roasting the matte 
and subsequent smelting with a sufficient source of sili-
ca (most likely a combination of non-reacted silica from 
ground-up slag from a previous step, silica from the fuel 
ash or from the furnace lining) would have been suffi-
cient to remove most of the iron from the matte in the 
form of slag. 

Although valuable information about e. g. the way to 
operate the bellows for matte smelting was obtained, we 
were not able to reproduce the conditions of the most 
successful matte smelting experiment S4p1. We also did 
not manage to produce compact matte cakes in the shaft 
furnace. Solving these problems and getting closer to a 
substantial recovery of metallic copper requires more 
experiments. To facilitate such future experiments, the 
parameters of all experiment types have been described 
in detail and potential improvements of the experimen-
tal setups were given. Additionally, the key data for every 
single experiment is given in Rose, Klein and Hanning 
(2020). At the same time, the experiments and their de-
tailed documentation serve as a material basis for future 
research on the behaviour of different elements and iso-
topes in the chalcopyrite smelting process. 

The results of the behavior of the copper isotope frac-
tionation during the experiments have been discussed 
in detail in a separate article (Klein and Rose, 2020). In 
general it can be said that although the fractionation of 
Cu isotopes between the ore and produced Cu metal is 
not particularly evident from the experiments, there was, 
however, measurable fractionation in particular for cop-
per prills trapped in the slag whenever heterogeneous 
temperature zones cause different cooling rates. Further, 
foreign Cu sources from the flux and furnace lining, and 
especially their natural Cu content influenced the copper 
isotope signature of the slag components. Additionally, 
certain decisions made during the smelting process, for 
example quenching the roasted ore in water, also influ-
enced the copper isotope ratios (see Klein and Rose, 
2020). Copper isotope fractionation has to be considered 
for copper prills above all in highly viscous slags. Such 
slags were potentially re-melted to increase the metal 
yield. Hence, the copper gained in a subsequent melting 
step is potentially different in isotope composition when 
compared to ore and solid copper from the first smelting.
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Notes
1	 It was decided to use the Bronze Age Alpine copper 

smelting process for the reconstruction due to the ex-
perience already gained with this technology from ex-
periments run by E. Hanning as part of her PhD thesis 
(Hanning, in prep).

2	 The ore was collected by E. Hanning as part of her PhD 
thesis work and was made available for the experiments.
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