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Temperature is a crucial factor influencing the effectiveness of metal smelting process. When studied in historical
slags it provides information on the evolution of smelting technologies over time and how humankind
approached metal recovery. Methodological approaches to temperature reconstruction using pyrometallurgical
slags vary and this study serves as a critical review of the methods used so far with the complex historical
smelting site used as an example of the application of the methods. The example includes silica-undersaturated,
potassium-rich Cu slags from four sites in the Old Copper Basin (Stare Zagicbie Miedziowe), Poland, and is of
particular interest because (a) K-rich slag compositions are not widely found and this provides additional
challenge to temperature reconstruction approach and (b) the site provides material of different ages (18™ and
19 century) and, therefore, gives insight into potentially different pyrometallurgical processes. Several methods
are compared and include phase diagrams, geothermometry (Cpx-WR), thermodynamic modelling with MELTS
software and temperature XRD analyses with the main implication that most of the methods have their merits,
but modelling by MELTS software returns the most reliable estimates of liquidus temperature. In fact, MELTS is
the only method that returns differences of 200 °C in reconstructed temperatures between the studied sites,
which signifies a change in smelting technique probably related to the change in input material. More impor-
tantly, MELTS may also be used to estimate crystallization interval (temperature difference between solidus and
liquidus) that together with liquidus temperature gives insight into metal extraction efficiency for a given site
and provides information on society advancement in metallurgy. The software can also be used cost-effectively
for a large number of samples and its combination with experimental approach (temperature XRD analyses)
provides the most promising tool to reconstruct differences in smelting technologies of ancient and historical
metallurgical sites.

1. Introduction

Copper has been one of the most important metals in human history.
Mined and smelted for nearly 7 millennia, it influenced the development
of social structure, industry and technology (Radetzki, 2009). Copper
smelting was one of the first human technological breakthroughs. Py-
rometallurgical process changed over the years, especially concerning
the use and types of furnaces applied for metal smelting. In historical
and modern smelting with more advanced types of furnaces, numerous
smelting parameters evolved as people learned how to separate ore and
metal most efficiently.

Temperature is a crucial factor controlling the efficiency of metal
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separation from ore, which is the core of metal smelting process.
Currently, the process is strictly controlled and temperatures in the
furnace are well-maintained using advanced equipment, but it has been
that way only for the last 50-100 years. Before that, some smelters
provided documentation with details including temperature (Agricola
1556), however, these were typically eye-based estimations, which were
far from exact. Fortunately, written documents are not the only records
of smelting conditions. Slag is another type of residue, which provides
significant information regarding the smelting process. Slags are a
by-product of pyrometallurgical metal production and an additional
source of information on smelting techniques. We can only read from
slags recently because of the enormous development of analytical
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techniques, which allow for detailed phase identification and precise
chemical analyses. However, slags as a research material have been
analysed by archaeologists for decades allowing archaeometallurgy to
emerge (e.g. Tylecote, 1974; Gordon and Killick, 1993). From the
archaeometric point of view, slags are irreplaceable for recreating con-
ditions of historical smelting processes (Manasse and Mellini, 2002;
Ettler et al., 2009a, Warchulski et al., 2015) and constitute a valuable
addition to written documents with the advantage of often being pre-
served in better shape and larger quantities.

Reconstructions of exact temperatures are important to recognize
different approaches to metal smelting between human populations
(Humphris et al., 2009) as well as the cultural background of the
metallurgical tradition and its social presentation (Pryce et al., 2007).
Different questions arise for ancient and historical smelting as the
changing smelting temperature can be either associated with differences
in the ore or flux composition as well as with the evolution and different
construction of the furnace. Any reconstructions also have to consider
on-site variations reflecting inhomogeneous conditions in the furnace,
especially for ancient smelting (Humphris et al., 2009). When accurate,
temperature reconstructions of smelting process may answer many
questions. However, estimated temperatures are often known to be
imperfect and indistinguishable among different technologies (Pryce,
2008). Therefore, in order to perfect our interpretations of the trans-
mission of ideas and technology among ancient and modern societies we
need to use high-resolution temperature estimations.

Various methods have been applied for reconstructing temperatures
achieved in furnaces during historical metal smelting (Table 1). Exper-
imental studies focused on the fuel/ore ratio and construction of the
crucible or furnace (Tylecote et al., 1977; Rothenberg, 1999). Experi-
mental temperature reconstructions, i.e. with the application of ther-
mocouples (Pryce et al., 2007; Catapotis et al., 2008) distinguished
temperatures required to smelt metal accordingly to the chosen type of
technology. The research also observed that temperatures achieved in
the furnace often exceed liquidus (e.g. Merkel, 1990; Juleff, 1996; Cat-
apotis et al., 2008; Pryce et al., 2010), suggesting that liquidus tem-
perature should be interpreted as a minimal smelting temperature. Later
studies aspired to reconstruct temperatures using smelting remains with
the application of phase diagrams showing the mineral stability in low P
(pressure) and high T (temperature) conditions. For example, VDE atlas
(1981) assembles numerous simple and complex phase diagrams suit-
able for interpreting phase composition and formation temperatures of
metallurgical slags (Manasse et al., 2001, Manasse and Mellini, 2002,
Manasse and Mellini, 2002b). Tetrahedral diagram
Ca0-SiOy-Aly03-FeO has been established as most useful for slags,
mainly because the mentioned oxides constitute dominant components
of most slag types (Piatak and Seal, 2010; Hauptmann, 2014; Piatak
et al., 2015). Advances in thermodynamics and an increasing number of
experimental results produced more complex diagrams taking into ac-
count e.g., high concentration of metals in an oxidized form such as ZnO
or PbO (Ettler et al., 2009a; Pelton et al., 2015), numerous components
in the system (Jak et al., 1995), and partial pressures of oxygen (Kongoli
and Yazawa, 2001; Burger et al., 2010) or the oxygen fugacity, a term
used more often among Earth-scientists working in archaeometallurgy
(Vitkova et al., 2010; Benvenuti et al., 2016). Another approach used
both chemical and mineral constituents in a single phase diagram
(Si0o—CaAl,Sin0g-FeO) (Mascaro et al., 1995; Saez et al., 2003; Cos-
tagliola et al., 2008). Thermodynamic modelling can be done by soft-
ware such as FACT (Jak et al., 1995; Ettler et al., 2009a; Pelton et al.,
2015) or MELTS (Alvarez-Valero et al., 2009) that return the most
precise temperature estimations. Some argue, however, that because of
the presence of glass, phase equilibrium still cannot be properly calcu-
lated without the legitimate database (Alvarez-Valero et al., 2009).
Recently, a new approach using rock geothermometers aimed to achieve
more exact estimations (Warchulski, 2016). Unfortunately, there are
numerous restrictions for applying this method such as equilibrium
cooling, the large size of phase grains and quality research equipment
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for analysing only the centre of a chosen grain, not always applicable to
fine-grained crystalline mixtures constituting slags.

Only some of the published articles engaged in a discussion
regarding problems associated with detailed temperature re-
constructions (Bassiakos and Catapotis, 2006; Ettler et al., 2009a; Pryce
et al., 2010, Kierczak and Pietranik, 2011; Warchulski et al., 2015).
These studies showed that several features need to be considered for
proper temperature estimation. Slag chemistry and phase composition,
amount of the metallic phases (and their separation from ore), as well as
slag’s texture, are worth considering (Table 1). These features are a
result of equilibrium (or a lack of equilibrium) conditions during cool-
ing. Quenched slags tend to be amorphous (Alvarez-Valero et al., 2009)
whereas slowly, air-cooled slags might crystallize in equilibrium
developing holocrystalline texture (Kierczak et al., 2009), both of which
have been used for various approaches to temperature reconstruction (e.
g. Ettler et al., 2001; Thondhlana et al., 2016). It has been proven that in
bloomery iron smelting, conditions might vary significantly even within
a single smelting episode (Humphris et al., 2009). This is, however, not
the case in regard to historical copper smelting, where with more
organized mining and standardized smelting, a statistically reliable
number of samples of big enough size provides a coherent set of data, as
presented further in our research.

In this study, we aim to summarize the most applicable temperature-
estimation methods proposed in the literature and suggest the best so-
lution, which we apply to chemically unusual (K-rich) Cu-slags from
historical smelting sites — Leszczyna and Kondratow located in the Old
Copper Basin (OCB), southwestern Poland. We stress the fact that each
slag is different and often a “personalised” approach is needed to suc-
cessfully “read” the recorded temperatures. Also, well-established phase
composition and phase chemistry are required for achieving a reliable
estimation. We show that with more advanced methods, disequilibrium
samples — more common in slags — provide useful and trustworthy
temperatures. We also aim to define which temperatures can, in fact, be
reconstructed and consider differences in ancient and historical smelting
processes.

2. Temperature reconstructions — hopes and problems
2.1. Experimental studies

Experimental studies developed a basis of archaeometallurgical sci-
ence allowing for verification of furnaces construction, achieved tem-
peratures and oxygen conditions in the furnaces (Merkel, 1990;
Timberlake, 2007, Burger et al., 2010; Hanning et al., 2010). Experi-
ments can be conducted in the field, reconstructing the actual smelting
procedure with directly measured temperatures (e.g. analysing the
temperature in different parts of the furnace, Catapotis et al., 2008). The
interpretations are based on the comparison between the ancient and the
created wastes (Friede et al., 1984). The problem related to such
experimental studies is the fact that smelting involves numerous varying
parameters (furnace design and construction materials (Catapotis et al.,
2008)) and such complex conditions can be difficult to recreate. Also,
application of thermocouple arrays is generally restricted to the tem-
perature of approx. 1250-1300 °C. Thus, overstepping of the liquidus
temperature can be confirmed, but with no other details on the exact
smelting temperature (if high temperatures are maintained for a longer
period of time, thermocouples must be removed).

Another way to reconstruct temperatures are laboratory experi-
ments, which are a promising, but rather uncommon technique (Bour-
garit, 2019). Slags can either be remelted in a crucible (Burger et al.,
2010; Hanning et al., 2010) or observed in the form of pyrometric cones
(e.g. Hsieh, 2019). The latter is often applied to pottery analyses, but
rarely to archaeometallurgy. A promising technique is X-Ray Diffraction
(XRD) combined with thermal analysis that returns information on
changes in phase composition with contemporaneous changes in mate-
rial temperature up to liquidus. The final method is proposed in this
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Table 2

Journal of Archaeological Science 118 (2020) 105142

Set of methods applicable for temperature reconstructions with accessible range of temperatures and notes to what kind of samples the method may be applied.

Method

Detailed

T (min-max)

Applicable for

Chemical phase
diagram

1) Ca0-Si02-Al>03
2) CaO-SiO,-FeO
3) Si0-Al,03-FeO

1) 1300-2570°C
2) 1093-2570°C
3) 1148-2020°C

samples with a high concentration of SiO,—Al,03-CaO-FeO or at least three of these components (that should
constitute at least 80-90% of the total composition). Temperature estimations are reliable only for samples
crystallizing in equilibrium conditions (Kierczak and Pietranik, 2011) and low amount of alkali additives

Chemical phase
diagram

Cu-Fe

700-1500°C

slags with Cu-Fe alloys displaying signs of surpassing solvus (exsolution of Cu and Fe among a single phase)

Mineral phase
diagram

Si0,-CaAl,Si,Og -FeO

1070-1713°C

slags dominated by phases present on the diagram, where the sum of chemical elements constitutes at least
70-80 wt%

Mineral phase
diagram

KAISi,0s-MgCaSi;Op
+CaSi03-CaAl2Si,0

1249-1413°C

SiO, unsaturated slags with phase composition dominated by pyroxenes, plagioclase and leucite

Olivine composition

1) Mg,SiO4—FeySiO,
2) Fe,SiO4—CaFeSiOy4

1) 1200-1890°C
2) 700-1200°C

relatively slowly-cooled slags containing euhedral, big and preferably
zoned olivines. Bowen and Schairer (1935) diagram is better suited for the Mg-rich system, Bowen et al.
(1933) for the Ca-rich system

Geothermometers Px-bulk rock no limits slags containing clinopyroxenes, olivines or feldspars, preferably crystallizing in equilibrium conditions; for
Olivine-bulk rock believable results, a couple of models should be applied
Feldspar-bulk rock
MELTS 1) bulk-rock no limits all samples, useful especially for amorphous slags
FactSage and 2) EMPA glass no limits all materials, useful especially for samples of uncommon chemical composition
ThermoCalc
XRD 1) room temperature all materials,

2) high temperature

a complementary method for recognition of tridymite or cristoballite presence and for analyses of samples

texture in near-liquidus temperature

Costagliola et al., 2008; Addis et al., 2016) is applied for reconstructing
smelting temperature. The temperatures are generally lower than those
reconstructed from chemical phase diagrams, however usually phases in
the diagrams do not correspond to those present in the slag. For
example, the SiOj-anorthite-FeO system mixes chemical and mineral
components and its application leads to incorrect estimations as the
amount of crystallized SiO, or FeO is incomparably lower than anor-
thite. Phase composition of metallurgical slags varies strongly depend-
ing on numerous factors e.g., ore chemical and mineral composition and
the regional setting which influences the type of flux added as well as
redox conditions in the furnace. Another problem is that slag phases
might often have chemical compositions deviating from their natural
counterparts and crystallize in slightly different temperatures as a
consequence. The implication is that not all mineral phase diagrams can
be used for slags and a chosen diagram should be based on major phases
present in the sample. This approach cannot be used for vitreous ma-
terials. However, well-chosen mineral diagrams should yield better
temperature estimates than chemical diagrams and this is illustrated by
the diagram chosen for K-rich slags analysed in this study.

2.5. Olivine composition

Olivine is a common constituent of slags (e.g., Lottermoser, 2002;
Piatak et al., 2004; Mateus et al., 2011; Rozendaal and Horn, 2013;
Potysz et al., 2016). Olivine crystallizing in near equilibrium conditions
might be used for temperature estimation based on forsterite to fayalite
ratio (Bowen and Schairer, 1935; Tumiati et al., 2005; Bourgarit et al.,
2008; Warchulski, 2016). However, the system fayalite-forsterite is
chemically too simple for most of the slags, in a similar way the chemical
diagrams are, and the reconstructed temperatures in the range of
1200-1900 °C are too high and highly uncommon for historical smelt-
ing. For simple Ca-rich slags, Bowen’s (et al., 1933)
fayalite-kirschsteinite system is better suited for reconstructing smelting
temperatures (Manasse et al., 2001) with a range of temperatures be-
tween 800 and 1200 °C (Table 2). However, to use this approach
effectively, a combination of two systems (fayalite-forsterite and
fayalite-kirschsteinite) should be used only for samples dominated by
olivines. This approach would allow to focus on most interesting tem-
perature range of 1100-1400 °C covered by the two systems.

2.6. Geothermometers

So far, geothermometry has been used only twice for slags (Warch-
ulski, 2016; Toffolo et al., 2018), but it shows a great promise in tem-
perature estimations. Geothermometers were previously extensively
applied to reconstruct crystallization temperatures of igneous rocks
(Putirka et al., 2003; 2007, references therein) and currently it is
possible to choose from a wide set of thermometers, fitting the sample’s
chemical and mineral/phase composition. Especially glass,
olivine-liquid (whole rock or glass) (Putirka et al., 2007, Putirka, 2008),
pyroxene-liquid and feldspar-liquid (Putirka, 2005) thermometers
should provide useful information when applied to slags as all of these
components are common in phase assemblages and glass, a good
approximation of liquid composition, is usually present and easy to
analyse. Models are well-developed and give the possibility to calculate
temperatures for anhydrous compositions and temperature range lower
than 1650 °C (Beattie, 1993), the conditions typical for slag formation.
Warchulski (2016) applied olivine-, feldspar-, and pyroxene-based
geothermometers for the reconstruction of temperature conditions of
19th-century Zn-slags and achieved coherent results for all of the geo-
thermometers with no clear trends of higher temperature assigned to
one of the methods. In Toffolo et al. study (2018) olivine-spinel geo-
thermometry based on the Fe-Mg partitioning (Sack and Ghiorso, 1991)
was applied and resulted in varying estimations in the range of
860-1400 °C. Authors mentioned, however, that these results are
ambiguous to interpret as both olivine and spinel, i.e. high-temperature
phases, could have formed during the initial heating without significant
transformation during smelting (commented also in Friede et al., 1984).
We believe that although geothermometers do not return liquidus
temperatures, they provide valuable information on heating and cooling
conditions.

2.7. Thermodynamic reconstructions

MELTS Software (Sack and Ghiorso, 1991; Asimow and Ghiorso,
1998) offers highly advanced thermodynamic calculations for specific
chemical composition and pressure-temperature (P-T) conditions. Be-
sides MELTS, FactSage, Thermo-Calc and other, slightly less advanced
softwares such as PELE and Petrolog3 were developed. To some extent,
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these softwares return similar results. MELTS, FactSage and
Thermo-Calc are irreplaceable for samples of specific chemical compo-
sition as only these acknowledge minor elements in calculations and
already proved useful for slags of specific chemical composition (Ettler
et al., 2009a). MELTS was chosen for this study as the modelling may be
executed in the surface pressure (0.1 MPa) and for this reason, is well
suited for slags crystallization. MELTS has been previously used only
once for slag analysis (Alvarez-Valero et al., 2009). Although water
addition in the starting melt composition presented in the study is un-
likely, authors achieved temperatures approximately 1230-1290 °C
which seem believable as smelting temperatures for both, historical and
modern slags. With software’s simple layout and rules, it is a powerful
tool for characterizing the smelting and crystallization processes. In-
formation obtained from MELTS modelling includes (a) the liquidus
temperature, (b) amount of phases crystallized in selected temperature
intervals, (c) predicted chemical changes in melt and phases, as well as
(d) the temperature difference between the liquidus and solidus, further
called crystallization interval. The information obtained from MELTS
should be verified based on the comparison between observed and
predicted phase and chemical compositions, since numerous studies
have shown that modelled and observed chemical compositions of
phases often differ due to the limitations of MELTS algorithm (Eskandari
et al., 2018, references there). Therefore, it is obligatory to accept
models consistent with observed phase assemblage and verify them
through detailed mineralogical and chemical study.

Journal of Archaeological Science 118 (2020) 105142
3. The case study of K-rich slags from the OCB
3.1. Materials and methods

3.1.1. Geological and historical setting

The research area is located in southwestern Poland about 80 km
west of Wroctaw in Lower Silesia (Fig. 1). This is the western part of the
Sudety Mountains, Kaczawskie Foothills region, south-eastern margin of
the North Sudetic Basin. In the 20th century, the area was named the
‘Stare Zagtebie Miedziowe’ - Old Copper Basin (OCB) in reference to Cu-
mineralization and its historical mining. Earliest findings of Au-Ag
mining in the OCB are dated back to the 13th century AD (Stolarczyk
et al., 2015). First official attempts of Cu-mining took place around the
15th century in Ztotoryja area. Soon exploitation started in the Leszc-
zyna Basin. The exploitation of Cu-ore shales and marls of Zechstein
Kupferschiefer formation had been conducted on a small scale for
several centuries since the beginning of the 16th century (Potysz et al.,
2018). As the ore was not rich and not thick enough, the process was
problematic. Several quarries opened but failed after a few decades with
Character (17th century), Leszczynska (17th century) and Stilles Gliick
(19th century) being the most successful. In a similar way, metal
smelting was established a couple of times but was most successful with
Stilles Gliick smelter, working in Leszczyna with a mine of the same
name.

Based on the archaeological record sites of slags occurrence have
different ages (Stolarczyk, 2009; Stolarczyk, 2010). Two smelters
mentioned in historical records were confirmed by archaeological

— road
----- stream Prusicki Potok
= village, buildings

w— research sites

Fig. 1. A: Map of central Europe with sites for which temperature reconstructions were carried out. Circle: Cu slags, diamond: other slags. B: Simplified map of the
study area with sites location (1) Saez et al., 2003, (2) Alvarez-Valero et al., 2009, (3) Bassiakos and Catapotis, 2006, (4) Kierczak and Pietranik, 2011, (5) Kaplan,
2016, (6) Benvenuti et al., 2000; Franzini and Perchiazzi, 1992, (7) Mascaro et al., 1995, (8) Manasse et al., 2001, (9) Manasse and Mellini, 2002b, (10) Bourgarit
et al., 2003, (11) Tumiati et al., 2005, (12) Thondhlana et al., 2016, (13) Vitkova et al., 2010, (14) Costagliola et al., 2008, (15) Chaudhuri and Newesely, 1993, (16)
Ettler et al., 2001, (17) Ettler et al., 2009b, (18) Warchulski, 2016, (19) Warchulski et al., 2015, (20) Strobele et al., 2010, (21) Piatak and Seal, 2012, (22) Severin
et al., 2011, (23) Friede et al., 1984, (24) Humphris et al., 2009, Rehren et al., 2007, (25) Benvenuti et al., 2016, (26) Bourgarit et al., 2008, (27) Pryce et al., 2007,

(28) Pelton et al., 2015.
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research (Stolarczyk et al., 2015; Stolarczyk, 2012). These include the
Stilles Gliick (Silent Luck) smelter operating between 1865 and 1882
(Festenberg-Packisch, 1881) — Site 1A — and an unnamed older smelter
located in the southern part of the area — Site 2A — operating for an
unknown period in the 18th century (Fechner, 1903). Sites 1B and 2B
are located in the close proximity to 1A and 2A, respectively, but its age
is uncertain due to varying macroscopic appearance (Site 1B) and signs
of post depositional displacement (Site 2B). Various ages among Sites 1A
and 2A, as well as the uncertainties regarding 1B and 2B, allowed to
assume that the smelting temperatures should differ. This assumption
was based on the mentions of larger shaft furnaces in Stilles Gliick smelter
constructed a couple of years of the smelters activity (1A) (Stolarczyk
et al.,, 2015). For this reasons, the OCB slags constituted valuable
research material to verify various approaches to temperature
reconstruction.

3.1.2. Sampling

The material chosen for this study consist of 33 slag fragments from
two localities — Leszczyna (Site 1) and Kondratéw (Site 2) (Fig. 1). Both
sites were divided into A and B sections with A sections located nearby
historical smelter with the assumption that the slags are concurrent,
whereas B sections located in a close neighbourhood but the slags cannot
be clearly linked to the smelter production.

Site 1 (51°5'25.569”N 15°58'46.167" E) in Leszczyna is a group of
historical mines, shafts and waste heaps. Stolarczyk et al. (2015) sug-
gested that most of the slag production at this site was limited to the
19th century (1865-1882) with Stilles Gliick mine and smelter activity
(Site 1A). We expect the marginal heaps located west from the stream
(Prusicki Potok) not to be associated with a dominating activity in the
Stilles Gliick smelter due to a separated location and varying macroscopic
appearance (Site 1B). Therefore samples taken at the Site 1A are related
to dominating 19th-century metal production and samples collected at
the Site 1B are of an unknown age. Slags in both sites form individual
blocks up to a 50 cm in diameter, which are black and highly porous,
usually of irregular or ovoid shape (Fig. 2).

Within Site 2 (Fig. 1) only the approximate location of the smelter
operating in 18th century was recognised (51°4’34.108"N
15°58'35.354” E) with a small number of wastes spread in the area (Site
2A). A large amount of slags occurs about 150 m east of the smelter in
the form of 50 m long section along the stream Prusicki Potok, which
was distinguished as Site 2B. This observation is consistent with the
archaeological record (Stolarczyk, 2009). Slags from Site 2 are massive
and distinctly smaller than those found at Site 1, they also tend to vary in
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colour including black, brown, green, blue and red.
Altogether, 13 slag samples were collected at Site 1A, 5 samples at
Site 1B, 11 samples at Site 2A and 4 samples at Site 2B.

3.1.3. Analytical methods

Detailed description of the analytical procedures is given in Sup-
plementary Materials 1 (SM1), here we present only a summary of the
methods used in the study. Petrographic observations were conducted
using polarizing and electron (Scanning Electron Microscope — SEM)
microscopes. Crushed slag samples were analysed for major and minor
elements (with ICP-OES and ICP-MS) and electron microprobe (EMPA)
was used for acquisition of phases chemistry. Experimental thermal XRD
analyses were conducted to check on the validity of temperature esti-
mations achieved with three pyroxene-whole rock geothermometers
(Putirka et al., 1996, Putirka et al., 2003) and the MELTS-rhyolite
v.1.0.2. software package (Gualda et al., 2012; Ghiorso and Gualda,
2015). The laboratory XRD-based experiments were conducted for two
samples, whereas thermodynamic calculation for fourteen yielding
better characterization of the heterogeneity of the sites.

3.2. Results

3.2.1. Bulk-rock geochemistry

The studied slags plot in two fields in the FeO-SiO,-CaO ternary
diagram (Fig. 3). Interestingly, most of the slags show Fe-poor compo-
sition typical for slags originating from iron production (Piatak et al.,
2015) (Fig. 3). Detailed chemical compositions of all analysed samples
are presented in the Supplementary Materials 3 (SM3). The chemical
composition is dominated by SiO (42.5-49.8 wt%), CaO (12.6-27.4 wt
%) and Aly,O3 (9.6-18.9 wt%). Within minor constituents FeyO3
(4.7-11.6 wt%), K20 (3.4-6.7 wt%), MgO (1.7-3.6 wt%) and Cu
(0.15-4.4 wt%) are present. In particular, relatively low amounts of SiO5
and high K5O are specific for the analysed slags resulting from a CaO and
KO-rich chemical composition of ore-bearing rocks (marls and shales).
The amount of metallic elements commonly appearing in the slags is
low, not exceeding 1300 mg/kg Zn, 250 mg/kg Co, 185 mg/kg Pb and
80 mg/kg As. The S contents are also low (on average 0.3 wt%).

Slags from three of the studied Sites (1A, 1B, 2B) are chemically alike
with apparent variations in SiO,, Al;03 and K20 concentration (Fig. 4A,
D). However, some differences are observed between Site 1B and the
others. For example, an average SiOy content is lower — 43 wt% in
comparison to 47-48 wt% in Sites 1A, 2A, 2B (Fig. 4D). Also, Site 1B
samples are enriched in CaO (26 wt% on average compared to 17-20 wt

Site 1A Site 1B

Site 2A

Site 2B

10 cm

Fig. 2. Macroscopic overview of the samples from four sites, to one scale.
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% in other sites) and present the most homogenous group. Although Site

3.2.2. Mineralogy

Ca0O

Manasse et al 2001
Manasse, Mellini 2002b
Lottermoser 2002

Piatak et al 2003

Séez et al 2003

Tumiati et al 2005
Bassiskos, Catapotis 2006

Fig. 3. Analysed slags chemistry compared to all published Cu-slag composi-
tions excluding chemical compositions analysed via SEM-EDS (diagram modi-

fied after Piatak et al., 201

5).
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Kaplan 2016
Thondhlana et al 2016
Toffolo et al. 2018

1A and 2B wastes are similar to those from Site 1B, variations in
chemical composition are much larger compared to Site 1B suggesting
less standardized smelting process and lower technological level (lower
control of the smelting parameters or addition of more varying flux) at
Sites 1A and 2B. Because of a strong resemblance for numerous com-
ponents as well as coherent trends in chemical diagrams (Fig. 4), it
seems that chemically the samples from Sites 1A, 2B can be classified as
a single type of slag. In contrary, the chemical composition of wastes
from Site 2A is different from the remaining samples. The material is
depleted in Aly,O3, K20, TiO5 (Fig. 4A and B) and highly enriched in
FeyO3 (Fig. 4C). Also, these slags contain higher concentrations of
metallic elements such as Cu and Co (Fig. 4E).

All samples present strong heterogeneity both in porosity, colour and
amount of crystalline phases. Amorphous and crystalline slags are
distinguished as two general types of textures but these are not unam-
biguously associated with porosity level. Glassy slags are distinguished
as those with less than 20 vol% of crystalline phases in a modal
composition and these samples dominate in Site 1B as well as Site 2B and
constitute around 50% of samples in Sites 1A and 2A.

We distinguished four assemblages with the phase composition of
different complexity (Table 3). The first assemblage is present at all sites
and consists of silicate glass and metallic phases, usually present as
separated Cu-prills (Fig. 5A). The second assemblage is specific for slags

originating from Site 1B and comprises silicate glass, melilite, leucite
and metal-enriched phases (Fig. 5B). The third assemblage appears only
on Site 2A and consists of pyroxenes (Fig. 5C). Fourth phase assemblage
is present at all the sites and it comprises silicate glass, leucite, chemi-
cally variable pyroxene (pigeonite, augite, diopside-hedenbergite,

® Site 1A @ Site1B A Site 2A A Site 2B
20 0,9 - 25
A B C
;’ 50 A
18 1 Pé 08 - A:A o 20
—_ [ ] ® = A
X 16 o® e g g 5
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o A = S 104
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Fig. 4. Chemical composition of slags from four studied sites.



K. Kqdziotka et al.

Table 3

Phase assemblages in the Old Copper Basin slags determined by EMPA analyses.
lct = leucite, mll = melilite, px = pyroxene, wo = wollastonite, an = anorthite,
qz = quartz (mineral abbreviations after: Whitney and Evans, 2010).

phases Site
Assemblage I glass =+ lct 1A, 1B, 2A, 2B
Assemblage II glass + mll + lct 1B
Assemblage 111 glass + px 2A
Assemblage IV glass + lct + px + wo + an + mll + qz 1A, 1B, 2A, 2B

esseneite, Fig. 6), wollastonite, anorthite, melilite, orthoclase and quartz
(Fig. 5D). Among metallic phases, various copper and iron sulphides
(chalcopyrite, pyrrhotite, bornite and chalcocite), as well as metallic Cu
and Fe, are observed.

Neither magnetite nor wiistite occurs in the analysed samples. This is
fairly uncommon compared to the phase composition of other historical
Cu-slags (Table 1). At the same time, lack of these phases can be
explained by low Fe and high Ca content of the studied slags. Magnetite
and wiistite crystallize when the Fe/SiO; wt% ratio exceeds c.a. 1.5
(Kongoli and Yazawa, 2001), whereas in the OCB slags this ratio is about
0.1.

Detailed phase compositional data and description are shown in the
Supplementary Materials 2 (phase description) and Supplementary
Materials 3 (chemical data).

3.2.3. Normative mineralogy

Chemical analyses of glass obtained with EMPA as well as bulk-rock
composition were recalculated to the normative mineralogy, i.e. the
CIPW norm (calculations are based on the whole rock/slag chemical
composition and return typical phases that may crystalize from an
anhydrous melt at low pressure). In fact, this approach is perfect for
slags because they are anhydrous melts formed at low pressures.

Diopside, plagioclase, leucite and wollastonite are dominating
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phases (in various amounts), constituting 5-57%, 16-51%, 0-35%,
0-34% of the calculated assemblages, respectively. Strong variability in
results is observed for calculations from different sites — samples from
Site 1A and 2B contain comparable amounts of each of the mentioned
phases. With small deviations, there is generally about 30% of diopside
and wollastonite (together), 31% of plagioclase and about 20% (+6%) of
leucite. Orthoclase and larnite appear in some samples, but not for all
calculations. Some results (two samples) from Site 1B resemble those of
the Sites 1A and 2B (although always contain 10-20% of larnite) but
other two present strong depletion in diopside and wollastonite (10% in
total) and high enrichment in larnite - commonly reaching 28%. In these
samples, there is also some olivine (5%) present. Slags from Site 2A also
differ from the remaining set. Samples are dominated by diopside and
wollastonite (55-74%) with some addition of plagioclase (approx. 20%)
and varying amounts of leucite (7-27% with one exception of 0%). In
the place of leucite, orthoclase appears alternatively as potassium-
bearing phase (usually around 10%). A trace amount of nepheline and
ilmenite (up to 2%) is also commonly present.

Naturally, the presented normative mineralogy is based on a gener-
alized model and not all of the calculated phases are always present in
modal mineralogy. In our case larnite is absent in the samples. This is
due to the fact that CIPW assumes full crystallization whereas in
smelting remains this process is often stopped rather quickly resulting in
quenching amorphous slag. Nonetheless CIPW calculations are a good
approximation that can be used in selecting the most appropriate min-
eral phase diagram for the studied system.

3.3. Phase diagram-based temperature reconstructions

Four geochemical systems comprising three chemistry- and one
mineralogy-based phase diagrams were considered for establishing lig-
uidus temperatures for the slag samples. For the chemistry-based sys-
tem, two ternary diagrams (Fig. 7) including four main slags

Fig. 5. BSE images of phase assemblages present in slags from the Old Copper Basin, A: assemblage I (glass), B: assemblage II (glass + melilite), C: assemblage IIT
(pyroxene), D: assemblage IV: leucite, pyroxenes, anorthite, wollastonite, melilite, quartz. Abbreviations on the photographs after: Whitney and Evans, 2010
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Fig. 6. Classification of pyroxenes (based on Morimoto, 1988) (top) and
melilites (bottom) based on electron microprobe analyses.

components were selected. The CaO-SiO-Al;03 system covers 68-87
wt% (82 on average) of the chemical composition whereas
Ca0-SiO,-FeO includes 69-83 wt% (73 on average), making the first
one more reliable. In the case of CaO-SiO2—Al,03 system, the results plot
in a narrow compositional range (Fig. 7A). Samples from Sites 1A, 1B
and 2B are located in the anorthite stability field with the corresponding
temperature between 1300 and 1400 °C. Results for slags from Site 2A
plot close to anorthite, pseudo-wollastonite and tridymite eutectic point
suggesting temperature lower than 1300 °C. Temperatures recon-
structed from Ca-Si-Fe diagram are higher (over 1400 °C) with most
samples plotting in tridymite and cristoballite fields. Systems including
K20 (VDE, 1981) yield a wide variety of temperatures and phases,
generally not corresponding to the phases present in the slag.

Considering chemistry and mineralogy of OCB slags mineralogical
phase diagram created originally for silica-undersaturated, potassium-
rich rocks was used (Gupta, 2015). The diagram comprises leucite,
anorthite and diopside as end-member phases and is based on SiOs.
-Al,03-MgO-CaO-K;0 components, which constitute 74-96 wt% of
chemical composition with over 90% on average) (Fig. 7C and D). A
slight modification of the diagram was necessary and diopside compo-
nent included both diopside and wollastonite. This was because slags
younger than the 18th century are often enriched in CaO (Ettler et al.,
2009) and Px-Wol solid solution can be present in slag melts.

Two groups are observed in the diagram: higher temperature py-
roxene group and lower temperature eutectic group. Most of the ana-
lysed slags (Site 1A, 2B) plot close to the eutectic point and indicate
crystallization temperature close to 1249 + 5 °C (EP group). Similar to
chemical diagrams, slags from Site 2A form a separate group plotting in
the pyroxene stability field with higher crystallization temperature
ranging between 1275 and 1303 °C. Interestingly, glass composition
changes nearly parallel along An-Px cotectic following the initial crys-
tallization of leucite i.e. melt becomes leucite-poor and results plot
further from the eutectic point (Fig. 7C). This observation is consistent
for both, pyroxene and eutectic-point groups and proves early crystal-
lization of leucite, but shows that glass composition is out of
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equilibrium.
3.4. MELTS simulations

The major phases and temperatures of their crystallization, as well as
liquidus temperatures, were modelled using MELTS software (Ghiorso
and Sack, 1995; Gualda et al., 2012). Modelling conditions are described
in Supplementary Materials 1 and detailed numeric results are presented
in the Supplementary Materials 3. We selected four samples from the
pyroxene-rich group (Site 2A), five samples from the eutectic-point
group (three from Site 1A, two from Site 2B) and also four samples
from Site 1B as two varying sets of normative mineralogy were distin-
guished for this site. For each sample, 5 sets of modelling were con-
ducted using bulk-rock chemistry, the average result of all EMPA glass
analyses and randomly selected 3 glass analyses as starting
compositions.

Modelled liquidus temperatures are consistent within the sites and
divide analysed set of slags in two groups: (1) smelted in approx.
1200-1250 °C (Sites 1A, 2A, 2B) and (2) smelted in about 1400 °C (Site
1B, Table 4, Fig. 11B, bulk-MELTS). The distinction is crucial as it was
not clearly shown by any other method. Temperatures modelled from
the glass composition are usually 30-65 °C lower. The MELTS results
confirm those derived from the Lct-Px-Pl diagram (Fig. 7C and D) where
pyroxene group (Site 2A) samples show higher liquidus temperatures:
approx. 1220-1240 °C compared to those of the eutectic point group
1200 °C (Sites 1A and 2B). Also, results confirm chemical observations
suggesting that slag from Site 1A and 2B are probably material that
originated in the same place and during related technological process.
Estimated temperatures are similar and slightly lower than the ones for
Site 2A. The interval of 1200-1250 °C is an estimation adequate for
historical slags and possibly most exact from the chosen methods as it
considers all major elements and surface pressure.

Modelled crystallization paths are similar for all simulations from
Sites 1A, 2A, 2B despite various starting bulk-rock compositions (Sup-
plementary Materials 3 — MELTS modelling section). Modelling results
also agree with petrological observations and experimental research,
and always yield a consistent set of phases: leucite, clinopyroxenes and
feldspar (Fig. 8). Models, as well as EMPA glass analyses observed in the
Lct-Px-Pl diagram, indicate that melt chemical evolution is controlled by
the early formation of leucite, which crystallizes as the first phase
around 1200 °C (Fig. 8). This is followed by clinopyroxene and feldspar
crystallization, with a small temperature difference between the two
phases. Contrasting behaviour was noted for models based on glass
analyses. Liquidus temperatures are lower and leucite is usually the last
phase to crystallize after Cpx or Pl, depending on the sample. The
distinction is probably caused by varying chemistry of starting compo-
sitions and chemical differentiation of glass that follows initial crystal-
lization of leucite depleting glass in K2O.

Various crystallization intervals were recognised for Sites 1A-2B and
2A where temperature interval between liquidus and 50% of liquid
remaining is low for Site 1A and 2B (50-120 °C) and relatively high for
Site 2A (110-140 °C), i.e. eutectic composition of the input material was
not efficiently achieved for Site 2A. Modelling results are distinctly
different for slags from Site 1B, where, besides considerably higher
liquidus temperatures, only melilite (~1400 °C) and leucite (~1180 °C)
crystallize in a temperature interval of 250-320 °C (50% of crystalli-
zation) suggesting that similarly to Site 2A eutectic composition is not
met.

Depending on the crystallinity of the sample, melts chemical
composition changes with amorphous slags having the most homoge-
nous composition and well in agreement with modelled composition
(Fig. 10A). Crystalline samples, tend to scatter on the diagram consistent
with chemical differentiation and more varied composition than the
modelled one (Fig. 10B and C). For this reason, besides amorphous slags,
modelled chemical changes in liquid should not constitute a base for
considerations of the solidification temperature. The model may be,
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Fig. 7. A, B: Chemical composition of slags in the CaO-SiO,-Al,03 and CaO-SiO,-FeO phase diagrams (after Muan and Osborn, 1965; Piatak et al., 2015), Bottom:
Glass chemistry in a Leucite-Pyroxene-Plagioclase system based on CIPW calculations presented for sites (C) and individual slag samples (D) (after Gupta, 2015).
Samples from site 1B appear close to the eutectic line but only half of the samples (and a limited number of analyses among them) reached the required level of
crystallizing at least 70% of diopside, plagioclase, leucite and wollastonite together. For this reason, most of the results do not appear on the diagram and tem-
peratures estimated with this method are not certain for samples from this site.

Table 4
Results of MELTS simulations (liquidus temperature for bulk and average glass composition).
Cpx group
sample HK1 HK3 HK5 K1-3
liquidus (T (°C)) bulk-rock 1216.99 1229.77 1264.45 1244.73
liquidus (T (°C)) glass 1166.41 1166.21 1199.41 1209.61
EP group
sample HL1 HL4 PL5 HL2-1 HL2-3 K2-11 K2-2-1
liquidus (T (°C)) B 1211.52 1212.70 1193.55 1201.76 1239.06 1213.87 1208.59
liquidus (T (°C)) G 1185.35 1182.23 1196.29 1168.95 1210.94 1184.18 1191.21
Site 1B

sample L2-3 L2-5 L2-6 L2-7
liquidus (T (°C)) B 1445.70 1369.29 1444.56 1366.02
liquidus (T (°C)) G 1516.60 1433.01 1353.91 1347.85
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however, applied to the reconstruction of crystallization time interval.

3.5. Temperature XRD analyses

To check on accuracy of MELTS models we performed laboratory
experiments for two samples using thermal XRD analyses (Fig. 8). In
room temperature (22 °C, Fig. 8) both samples are amorphous. After
heating to 900 °C samples show crystalline texture with a presence of
clinopyroxene (Fig. 8A) and leucite, clinopyroxene and anorthite
(Fig. 8B). With the exception of cristoballite, analyses in 1200 °C yielded
no phases in the first sample (Fig. 8A) whereas the second sample again
crystallized leucite, clinopyroxene and anorthite (Fig. 8B). When
compared to modelled composition the presence of all crystalline phases
is expected at 900 °C (Fig. 8), whereas in 1200 °C both samples should
crystallize only a small amount of leucite. Nevertheless, presented trends
are still consistent with the modelled behaviour, where crystallization in
the first sample begins later, is slower and generally limited to clino-
pyroxene (Fig. 8A) whereas the second is faster and generates more
phases (Fig. 8B).

3.6. Pyroxene-melt thermometry

Eleven samples — two from Sites 1A, 1B, 2B and four from Site 2A —
analogous to the set selected for MELTS modelling, were selected for
thermal calculations. Pyroxene-liquid models under air-pressure (0.1
MPa) were calculated and resulted in a set of temperatures of pyroxenes
crystallization (SM3 - Px-WR geothermometers section). Olivine appears
as an accessory phase in the OCB slags and it was not possible to include
olivine-based geothermometers.

For most samples, different thermometers resulted in difference
lower than 50 °C, i.e. results are similar for all selected models (Fig. 9).
Slags from Site 2A present the lowest temperatures of clinopyroxenes
crystallization: 945-1148 °C, depending on the model selected. Results
for Site 1A are on average 100 °C higher than 2A. Samples from Sites 1B
and 2B present similar temperatures, on average another 100 °C higher
than slags from Site 1A (~1220 °C) (Fig. 11, px-WR).

Data strongly agree with MELTS modelling with the resulting

13

1400 . . , : .
@ @ Site 1A (T1)
> A Site 1A (T2)
5 1300 - @ Site 1B (T1) r
= A Site 1B (T2) - 5}
B @ Site 2A (T1) ® A
a A Site 2A(T2) Agy i 8 o°
S 1200 4 O Site 2B (T1) m’ n ®e o
b A Site 2B (T2) * A
» [ ]
3 A 2
G 1100 4 : e 4 b { L
$
< A
2 .* 'S
& 1000 A L) o ®° L
g °
g °
et )

900 . . . : ;

1000 1050 1100 1150 1200 1250 1300

Temperature (°C) based on Putirka 2003

Fig. 9. Comparison of results from three Px-WR geothermometers.

temperatures (based on Putirka et al., 1996, 2003) slightly lower than
those calculated by MELTS at the onset of clinopyroxenes crystallization.
Based on the interval between liquidus temperature and the end of
recorded pyroxene crystallization, two groups were distinguished.
Eutectic group (Site 1A and 2B) presented a narrow range of tempera-
tures and quick clinopyroxenes crystallization while pyroxene group
(Site 2A) demonstrated prolonged crystallization of pyroxenes (Fig. 9).
This observation is not consistent with the applied Lct-Px-Pl mineral
diagram (Fig. 7C), according to which pyroxenes are the first phase to
crystallize. This path is, however, present in MELTS modelling where
crystallization begins with leucite. Long crystallization of pyroxene is
also visible in the case of samples from Site 1B (Fig. 11) which is sur-
prising as all of the samples collected at the site are amorphous with only
a few crystallized pyroxenes, usually present in limited areas surrounded
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Fig. 10. Modelled and observed chemical composition of liquid (glass) in slag samples from site 1A and 2A. Top: quenched amorphous slag, middle: amorphous slag

with a few crystalline phases, bottom: crystalline sample.

by melilite. Possibly these areas created specific local-equilibrium con-
ditions that resulted in late crystallization of pyroxene as the formation
of melilite tends to start in high temperatures and take a certain amount
of time for the AlQ4 tetrahedra diffusion (Fredericci et al., 2000).

Results for all thermometers seem comparable (Fig. 9, Supplemen-
tary materials 3 — Px-WR geothermometers section) but only Equation
(1) (Putirka et al., 1996 T1) provides statistically reliable data that
passes the normality test for three out of four samples. For this reason,
we based our geothermometer-related conclusions on this model.
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4. Discussion
4.1. What temperatures are we reconstructing?

Our summary shows that it is extremely important to specify which
temperature is being estimated during reconstructions (Fig. 12) because
not all of the methods reconstruct liquidus temperature of slag melt, i.e.
temperature where all slag mass is liquid. Liquidus temperature is most
probably lower than the highest temperature achieved in the furnace,
however, it provides the best estimate of smelting temperature that can
be obtained. It shall thus be named a minimal furnace temperature and
analysed with the awareness that it was most probably surpassed for
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Fig. 11. A: Box and whiskers plots comparing differences between Sites in temperature estimations for each method: MELTS liquidus temperature using bulk rock
composition (bulk), MELTS liquidus temperature using average glass composition (glass) and temperature calculated by Cpx-whole rock (WR) thermometer of
Putrika (1996 T1). The assumptions of parametric tests was checked for data distribution using Shapiro-Wilk normality test and for homogeneities of variances using
Brown-Forsythe’s test. Based on the results parametric test one-way ANOVA analyses of variance was used for bulk and glass for between-site comparison with Tukey
honest significant difference post hoc test. Data distribution for Cpx was not normal in Site 2A and non-parametrical Kruskal-Wallis test by ranks was used for
comparing the Cpx -WR temperatures between sites followed by post-hoc comparisons of mean ranks of all pairs. The null hypothesis was rejected if P < 0.05.
Significant differences were noted for Site 1B (bulk and glass) and Site 2A (Cpx). B: Box and whiskers plots comparing calculated temperatures for each site using
three approaches: MELTS liquidus temperature using bulk rock composition (bulk), MELTS liquidus temperature using average glass composition (glass) and
temperature calculated by Cpx-WR thermometer of Putrika (1996, T1). The assumptions of parametric tests was checked for data distribution using Shapiro-Wilk
normality test and for homogeneities of variances using Brown-Forsythe’s test. Based on the results parametric test one-way ANOVA analyses of variance was
used for Site 1A, 1B and 2B for within-site comparison with Tukey honest significant difference post hoc test. Data distribution for Cpx was not normal in Site 2A and
non-parametrical Kruskal-Wallis test by ranks was used for comparing the temperatures followed by post-hoc comparisons of mean ranks of all pairs. The null
hypothesis was rejected if P < 0.05. Significant differences were noted for Site 1B and Site 2 A between Px and both bulk and glass and for Site 2 A between bulk and
glass. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

most effective metal separation (Fig. 12). Still, this minimal furnace
temperature is currently the most objective and comparable method to
be applied to archaeometallurgy. Among methods discussed in the
article, only MELTS modelling based on the bulk chemistry returns
liquidus temperature (Fig. 11B, bulk-MELTS). Other methods, such as
geothermometry may provide temperatures close to liquidus or lower
depending on the crystallization interval and cooling rate and the
presence of equilibrium conditions (Fig. 11B). On the other hand,
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Fig. 12. The relation between the actual furnace temperature, liquidus tem-
perature and crystallization interval depending on the quality of the furnace
input (ore-flux composition) presented in a simple two-component eutectic
diagram (Dp-An after Bowen, 1915).
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chemical and mineral phase diagrams provide higher temperatures,
which usually implies that the chosen diagram is too simple to model
complex slag system and the results are only a rough estimation.
Another approach to the liquidus reconstruction is associated with
experimental studies but the strength of thermodynamic modelling is
that it can be used for numerous samples, yielding good statistical re-
sults. The modelling is also relatively cost-effective. Therefore, for the
best results, an experimental and modelling approach should be com-
bined with a representative composition used for the experiment as a
reference point and a variety of heterogeneous slag samples for model-
ling to constrain possible variations of smelting temperatures within site
and between studied sites.

The validity of liquidus as a smelting temperature may be challenged
because, as we have mentioned, slag melt is often overheated to achieve
best metal separation. If this is the case, high-temperature silica poly-
morphs could be used as a confirmation of melt reaching high temper-
atures, e.g. 1470 °C, the temperature of cristoballite formation (in silica-
pure system) (Piatak and Seal, 2010; Piatak and Seal, 2012). However,
cristoballite might also appear in the metastable form in >900 °C
(Mollah et al., 1999). Thermal XRD in near-liquidus temperatures can
indicate if cristoballite appeared in lower temperatures. Within the
analysed set of slags, thermal XRD proved cristoballite presence in one
of the Site 2A samples (Figs. 8A and 1200 °C). No other method, how-
ever, implied melt overheat (sample HK1, Table 5, Fig. 10A) and we
conclude that considering specific chemical composition of the analysed
slags, cristoballite formation is expected in significantly lower temper-
atures, thus its presence does not indicate overheating of the melt
(Toffolo et al., 2018).

However, liquidus temperature is not the only one useful for his-
torical reconstructions. Temperature interval of steady-state crystalli-
zation named ‘crystallization interval’ (Cr.I. in Fig. 12) can also be
modelled using smelting wastes. Technically to calculate Cr.I. using
MELTS we use the difference between the liquidus temperature and the
temperature where about 50% of liquid crystallized. Obtaining real
solidus temperatures is impossible, because the melt evolves to unusual
composition, which are not covered by experimental databases and
thermodynamic calculations. Cr.I. based on 50% melt remaining is a
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Table 5
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Summary of the temperatures reconstructed with phase diagrams, MELTS simulations and geothermometers.

Method Site 1A (°C) Site 1B (°C) Site 2A (°C) Site 2B (°C)
Chemical diagram CaO-SiO2-Al,03 1300-1400 1300-1400 <1300 1300-1400
Chemical diagram CaO-SiO,-FeO 1436-1707 ~1440 1436-1500 1436-1707
Mineral diagram ~1249 ~1249 (a few samples) 1275-1303 ~1249
Leucite-Pyroxene-Plagioclase

MELTS modelling, bulk chemistry 1184-1239 1366-1445 1208-1214 1209-1214
MELTS modelling, glass analyses 1163-1211 1348-1516 1144-1210 1184-1191
Geothermometry (Px-WR) 1077-1290 1199-1270 938-1233 1120-1251

valid approach because (a) the results are comparable for slags of similar
chemistry and (b) it is the value at which a rapid decrease in melt pro-
portion is observed, suggesting that the system approaches solidus. The
crystallization interval provides information on obtaining effective
smelting mixture of ore and flux and for this reason we suggest it should
be introduced to archaeometallurgical studies. In general, the longer the
interval of sample crystallization is, the less effective was the ore-flux
mixture to lower the smelting temperature (Fig. 12). This conclusion
is also confirmed when geothermometers yield significantly lower
temperatures than the modelled liquidus temperature.

It was stated that the core composition of a phase used as geo-
thermometer might record smelting temperature (Warchulski, 2016)
and this may be the case for high-temperature phases, such as olivines
and spinels (Toffolo et al., 2018). On the other hand, in our study py-
roxene geothermometry tends to yield temperatures noticeably lower
than the liquidus, especially for slags from sites characterized by larger
crystallization interval. Therefore, geothermometers often do not pro-
vide information on liquidus temperatures, however, they carry other
significant information regarding time and temperature interval of
phases crystallization (cooling of the slag) (Figs. 9 and 11B). Slow
cooling results in higher variations in the chemical composition of the
phases (Kierczak and Pietranik, 2011). This observation can also be
applied to changing chemistry of the liquid (Fig. 10) which compared to
the Cr.I. and modelled composition, supplement geothermometers re-
sults (Fig. 9) and together provide set of temperatures suggesting an
actual period of samples crystallization from the steady-temperature
stage through cooling to solidification (Toffolo et al., 2018).

4.2. Better archaeometallurgical temperature reconstructions: what is to
be gained?

Ancient and historical smelting generally face different issues in the
matter of reconstruction of the smelting process. Bourgarit (2019)
pointed that so far ancient smelting (before medieval times) has received
much more attention compared to historical processes. This distinction
between smelting technology in proto- and historical periods has been
well understood for over 20 years when ‘crucible’ and ‘furnace’ smelting
were defined (Rothenberg, 1999). Crucible smelting (together with
bloomery iron smelting) was more varied between localities and pe-
riods, but also easier to reconstruct experimentally, therefore, it has
dominated archaeological interest (Tylecote, 1974; Catapotis et al.,
2008; Pryce, 2008; Burger et al., 2010). In this study we focused on the
historical copper blast furnace smelting, characterized by higher stan-
dardization (Morin, 2013). Organized production resulted in better se-
lection of ore, fuel and fluxes. The process was better replicated and the
smelting conditions more consistent among smelting episodes. Conse-
quently, slag material tends to be more homogenous and temperature
reconstructions should be more reliable than in the case of ancient
wastes.

Nonetheless, we believe it is crucial to search for methods to perceive
the most exact temperature ranges for different types of smelting. For
historical smelting, temperatures demonstrate how the smelters oper-
ated and whether smelting episodes were standardized or not. With long
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operating smelters, ore and/or flux supply changes can be noted.
Changes in temperatures can also prove that furnaces were expanded to
larger sizes, thus metal smelted more effectively, which could be further
correlated with general increase in metallurgical knowledge or eco-
nomic growth. The temperature studies allow for a great technological
recognition but the archaeological context needs to be included as some
changes may appear due to the cultural alterations, not simply better
technology (Gordon and Killick, 1993). Still, especially in historical
times, smelters operated on a high technological level and within blast
and shaft furnaces, cultural impact was rather restricted.

On the other hand, ancient smelting was less standardized and one
might ask a question about a reason for more accurate temperature
reckoning. First, good reconstruction of liquidus temperature allows us
to compare smelting episodes and assess if the same ores and fluxes were
used. Second, liquidus temperature plus crystallization interval show if
effective ore-flux mixing was obtained and that can be analysed for a
single site as it evolved in time with different archaeological contexts or
between different groups or societies. Third, separated ancient pop-
ulations could have transferred technological knowledge on the effec-
tive smelting among each other and the exact reconstruction is crucially
important for the recognition of the spread of ideas and connections
among societies. Exact liquidus temperature as well as changing crys-
tallization intervals can be important factors in the recognition of such
transmissions.

We also need to separate ferrous and non-ferrous smelting. This is
because bloomery iron smelting was highly specific (Strobele et al.,
2010), and its waste is a mixture of slag and matte thus its crystallization
is far from equilibrium which is required for detailed temperature re-
constructions. These wastes tend to vary significantly between smelting
episodes due to a) varying technological level and furnace constructions
(Gordon and Killick, 1993), b) high dependence on the ore chemistry, c)
low control over smelting parameters and d) lack of repeatability
resulting from the need of building new construction for each smelting
episode (Humphris et al., 2009). We want to point, that for bloomery
iron smelting, thermodynamical approach might still be unavailable.
This is due to the software limitations, requiring close-to-equilibrium
composition for proper calculations. Still, application of geo-
thermometers for bloomery iron smelting wastes should result in an
excellent record of crystallization period and also amount of metal
smelted within one episode through comparison of slags textures from
different smelting episodes. This approach, naturally, requires exact
chemical data of phase composition.

4.3. Temperature reconstructions in the OCB

The applicability of the approach proposed in this study can be
evaluated on the historical slags from four sites in the OCB. The chosen
methods allowed to distinguish variations in liquidus temperatures and
crystallization intervals modelled by MELTS as well as compare them to
the temperatures returned by pyroxene geothermometers (Fig. 11A and
B, Table 5). Temperatures for Sites 1A, 2A, 2B are alike and present no
statistically important differences. Nevertheless, slags from Sites 1A and
2B have slightly lower liquidus temperatures (1210 °C) compared to
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older slags from Site 2A (1225 °C). This difference was already noted
using phase diagram for K-rich Si-undersaturated rocks, where Site 2A
plotted in the pyroxene stability field and not close to the eutectic point
as Sites 1A and 2B. However, slags from Site 2A are also specific, because
they are characterized by large crystallization interval of up to 130
degrees Celsius, which is also confirmed by the statistical difference
between liquidus temperature (estimated with MELTS) and pyroxene
crystallization temperature (estimated with geothermometers) of 150 +
50 degrees Celsius (Fig. 10A, Site 2A) consistent with our conclusion
that geothermometers may record any temperature along the crystalli-
zation path. Higher liquidus temperature and larger liquidus-to-solidus
crystallization interval implies lower control over the eutectic melt
composition. It is possible that temperatures required for a proper
smelting were not reached in this case and this resulted in lower metal
extraction (average Cu concentration in samples from Site 2A is 1.89 wt
%). Slags from Sites 1A and 2B have similar chemical composition and
crystallization interval (50-120 °C at Site 1A and 90-100 °C at Site 2B)
but differ in the Cu content in the slag (avg. 3573 mg/kg at Site 1A and
avg. 2207 mg/kg at Site 2B). Slags 2B are also commonly amorphous
what suggests a good control over the cooling process. The implication is
that Site 2B may present subtle technological predominance compared
to the Site 1A.

On the other hand, Site 1B differs from all other sites as modelled
liquidus temperatures are nearly 200 °C higher than the remaining set
(Table 5, ). This reflects differences in chemistry, especially in total SiOo
and CaO concentration (Fig. 4). Since the higher temperature is
accompanied by large crystallization interval of up to 320 °C, we
interpret that a new material was added to the furnace and control on
eutectic composition was lost. Shales and marls present in the area vary
in thickness and at late stages of Stilles Gliick (Site 1A) smelter activity,
the ore could have become restricted to marls, increasing CaO and
decreasing SiO» concentrations in the furnace input and eventually in
slags. Such change would also result in higher liquidus temperature. It
seems, however, that this effect was well-controlled by the smelter. Due
to the chemistry changes, higher temperature was applied and metal
recovery was achieved on the satisfactory level (on average 3690 mg/kg
Cu left in the slag).

Different liquidus temperatures and different crystallization in-
tervals also provide information on cooling rates. In theory, cooling rate
can be estimated from slag texture with glassy slags being quickly
undercooled below solidus temperatures, slags with skeletal crystals
showing moderate cooling rates and fully crystalline slags representing
slow cooling (Donaldson, 1976; Ettler et al., 2009). The cooling rate of
slag would mainly depend on the environment where this slag cools, i.e.
inside furnace cooling versus outside furnace cooling (tapped slag)
versus specific cooling technique, e.g. water cooling. However, the ef-
ficiency of cooling may also depend on the crystallization interval as
undercooling is easier to achieve for slags with small crystallization
interval. Therefore, in our study, quickly obtaining temperatures below
the crystallization interval should be challenging for Site 1B. However,
slags from this site are dominated by amorphous samples which is a
proof of well conducted cooling system. We interpret this fact as a record
of furnace and cooling system development that took place in 1868 AD
when three bigger circular furnaces and modified water-cooling system
were introduced in the Stilles Gliick smelter. If correct, this would prove
that slags from the Site 1B originate from the same smelter as 1A and 2B
wastes but differ in age, being the youngest of analysed materials.
Therefore, the samples recorded technological advances such as
obtaining higher furnace temperatures and better control on cooling.

5. Conclusions

Our study reviewed methods of temperature reconstructions based
on slag material created during metal smelting process. With the
example of Cu-slags from the OCB in Poland produced in the 18-19th
century we were able to estimate minimal smelting (liquidus), steady-
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state crystallization and near-solidus temperatures, presenting almost
a full thermal history of slags from four selected sites. Each of the esti-
mated temperatures or temperature-related parameters has its potential
for reconstructing and comparing different approaches to metal smelt-
ing and their differences in time and space. In detail, liquidus temper-
atures are the best estimation of temperatures in the furnace and record
technological development. However, liquidus temperatures should be
always interpreted in relation to the crystallization interval (tempera-
ture difference between liquidus and solidus), which is a valuable record
of how well ore + flux mixture was designed. This is of the highest
importance to the society, since for badly designed input material, ef-
ficiency of metal extraction decreases (as shown in this study for slags
from the oldest Site 2A). Lastly, cooling rate can be estimated and in the
past this has been based on the sample texture (amorphous versus
crystalline slags). We show that the interpretation of cooling procedure
should not only be based on textural observations but also linked to
liquidus temperature and crystallization interval (it is easier to under-
cool slag melt with low Cr.I. than with the large one and if this is the case
as in Site 1B special cooling techniques should be introduced) as well as
geothermometry, recording actual temperatures of slag’s crystallization
(cooling).

This is the first attempt to adapt all methods applicable for temper-
ature reconstruction and (1) achieve most detailed estimations, (2)
verify which methods present reliable and coherent results. We
discovered that the age of analysed materials was ambiguously associ-
ated with temperature. In fact, the oldest slags (18th century) yielded
temperature approx. 1225 °C, intermediate slags approx. 1210 °C and
the youngest much higher temperature of approx. 1400 °C.

Our research provides the following insights regarding temperature
reconstructions:

commonly used methods such as chemical and mineral phase dia-
grams usually fail to provide reliable liquidus temperature estima-
tions as slags represent chemically complex systems crystallizing in
disequilibrium conditions,

application of thermodynamic modelling allows achieving statisti-
cally reliable and detailed liquidus temperatures as all major ele-
ments, atmospheric pressure and oxygen fugacity are included in
calculations. Considering specific conditions of slags crystallization
it is crucial to confirm that models are supported by petrographic
observations,

attention should be paid to bulk and glass chemical composition as
both may record various temperatures. Bulk composition is by all
means the closest to the initial melt composition and constitutes a
base for reconstruction of liquidus temperature. Glass composition,
however, provides melts composition on varying stages of sample’s
crystallization,

various geothermometers investigate the following stages of crys-
tallization and record cooling conditions of slag samples,

e to obtain full picture of the smelting process, the temperature
reconstruction should include calculating crystallization interval and
comparing it to the slag structure and the extraction efficiency.
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