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Abstract: This research was conducted on historical copper slags from Leszczyna and Kondratéw
in Lower Silesia, Poland. The area, formerly known as the Old Copper Basin, was a mining and
smelting centre between the 18th and 20th centuries, with a dominant period in the 19th century.
Cu-carbonates and residual chalcocite dominate local strata-bound copper deposits. Ore bodies are
restricted to carbonate strata. A geochemical and mineralogical study of slag samples from four
research sites allowed us to establish that a low amount of sulphur in slags results from S-poor ores,
and pyrite with gypsum was implemented as reducing agents. Arkose sandstones served as a flux.
During smelting, oxygen availability was limited, and temperature exceeded 1200 °C (18th- and
19th-century smelting) and 1400 °C (20th-century smelting). Calculated viscosity indexes mark the
low efficiency of metal separation between the silicate and metallic phases. The skeletal and dendritic
form of the crystals proved that slag melt was relatively rapidly cooled after formation, usually in air
conditions. We estimated that approx. 2000 m3 of slag was created during the leading smelter (Stilles
Gliick) activity. The research provided various details of the historical copper smelting technological
process in Leszczyna and Kondratéw.
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1. Introduction

Pyrometallurgical slags are common metal smelting remains that record details of
their origin in the matter of geochemical and mineralogical imprints pointing to the tech-
nological process of their production [1,2] or isotopic composition suggesting the metal
deposit from which the ore was mined to be used in a given process [3,4]. Because histor-
ical metal smelting technological processes are rarely described in written sources, it is
essential to reconstruct this technology based on accessible remains for the recognition of
changing technology.

In historical times, the Old Copper Basin was one of the most important centres related
to copper mining and metallurgy in Central Europe [5]. The first signs of mining activity in
Kondratow and Leszczyna date back to the turn of the 15th and 16th centuries [6], but it is
assumed that it started as soon as the 13th century [7]. The most significant development
occurred in the 19th century when copper smelting was also carried out on site, namely
the Stilles Gliick smelter operating between 1865 and 1882 [8]. Numerous slag remains have
been left in the surrounding environment due to historical smelting activity and are now a
source of knowledge of the historical smelting process.

The first reconstruction studies focused on the Mediterranean region [9-12]. Several
studies were already completed on metal smelting in Central Europe and Poland. These
include the recognition of various metal smelting technologies, including Cu [13] Pb-
Ag[1,14], Ag [10], and Zn [15]. After a three-year hiatus, reconstructions of the smelting
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conditions have recently become acknowledged again [2,16,17]. Still, only a few papers on
the reconstruction of historical base metal smelting from Poland have been published in
the past, and there are no data regarding the important copper mining and smelting centre,
which is the Old Copper Basin.

This article aims to reconstruct details of the metal smelting process in the Old Copper
Basin in Poland in the 18-20th centuries. It also serves as an addendum to a recently
published study by the same author [16], where the main focus was set on the temperature
with a disregard for other elements of the metal smelting process. Reconstruction of
all elements of the technological process is critical for proper recognition of changing
technology in various parts of the world and future archaeological conclusions. The final
aim of this article is to broaden our knowledge about the technological aspects of copper
smelting between the 18th and 20th centuries in Central Europe.

2. Site Description
2.1. Geological Setting

The research area is located in Leszczyna Basin, placed in the SE edge of the North
Sudetic Basin, a unit in the Kaczawskie Foothills area, north of the Sudetes Mountains and
Bohemian Massif. The North Sudetic Basin is a sedimentary unit related to the Zechstein
formation (mainly Zechstein Limestone Cal) deposited in the Lower Permian due to
Zechstein Sea transgressions to this area [18]. The unit is dominated by marls, limestones,
and shales [7].

Copper ores mined in Poland belong to the strata-bound type (associated with sed-
imentary rocks) and appear near-surface in the SE edge of the North Sudetic Basin (the
area of this study) and also approx. 1.4-2.2 km below ground level in the Fore-Sudetic
Monocline, where current exploitation is carried out [19]. Because of a time difference in
the mining activities, the North Sudetic Basin is also named the ‘Old Copper Basin’ (or
‘Old Copper District’), and deposits in the Fore-Sudetic Monocline are referred to as the
‘New Copper Basin’ (or ‘New Copper District’) [19].

Numerous researchers analysed the origin of the Kupferschiefer mineralization,
and several theories were presented (e.g., [20-22]). It is currently accepted that Kupfer-
schiefer mineralization results from the activity of two types of brines characterized by
different chemical and physical parameters [23]. Mixing of these fluids led to a chemical
reaction and gradual precipitation of metallic elements, mainly Cu, as a result of organic
matter oxidation in the Kupferschiefer shales, and Pb in the adjacent zone where the highest
pH occurred [23]. The Old Copper Basin deposits are dominated by copper carbonates with
rare copper sulphides [24] and characterized by a lower grade (0.5-1 wt%), compared to
the New Copper Basin, where within the bituminous shale of the Zechstein Kupferschiefer
formation, Cu content reaches on average 1.5 wt% [25].

2.2. Historical Setting

According to some researchers, the extraction of copper ore in the Leszczyna Basin
may have started as early as the 13th century [7,26]. However, the first historical documents
confirming mining operations date back only to 1505 AD and concern a contract between
the local authorities regarding the commencement of mining works in the vicinity of
Kondratéw (Site 2). Later records date to 1541 AD, when the area was leased for mining
in the Gottes Gabe mine [27]. The mine in Kondratéw was abandoned after 28 years of
operation, and mining works were not resumed until the 18th century. At that time,
the centre was developing intensively. Several mine shafts operated, and the extracted
ore was smelted in the local smelting plant. Its operations are documented from the 1730s
to the 1750s of the 18th century, although it probably lasted longer [7]. The development
of mining and metallurgy in Leszczyna (Site 1) has been confirmed since 1661 AD when
trial copper smelting was carried out and turned out unprofitable [26]. Mining activities
resumed at the beginning of the 18th century when copper marl was mined. Later, one of
the most important shafts called Character (Charakterstollen) was launched. Another was
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the Leszczytiska (Haseler) adit (first half of the 18th century) [28]. It is possible that during
the operation of the Leszczyriska adit, for the first time, regular copper smelting trials were
carried out [7], but due to low profitability, the ore was later transported to another smelter.
At the end of the 1860s, mining activities in Leszczyna intensified with the opening of a
Ciche Szczescie (Stilles Gliick) mine, and as a result, a smelter of the same name was built
nearby with further attempts for local smelting [5,26]. The smelter operated together until
the 1880s [26] and produced copper concentrate containing approx. 50% Cu, which was
later transported for enrichment and pure metal smelting. In the history of mining in
Leszczyna, there is one more period of return to the exploitation of copper ore, which took
place in the 1950s with the construction of the Lena mine and associated smelter, which
operated profitably until 1973.

3. Materials and Methods
3.1. Sampling

The material chosen for this study consists of slags and rocks (ores and ore-hosting
rocks) collected in the vicinity of historical mining sites in Leszczyna and Kondratéw.
Approx. 30 kg of slag material was gathered from four distinguished sites to provide a
representative amount of slag material. Twenty-six slag samples were selected for further
analyses. The names of slag groups and waste piles are analogous to those distinguished
by Kadziolka et al. [16], where variations in the chemical composition of local slags and
suggested age variations between different waste piles are presented. Sites 1A and 1B are
located near Leszczyna, in the northern part of the site, whereas Sites 2A and 2B are located
near Kondratéw village, in the southern part of the site (Figure 1).

Prusice

Warsaw
.

POLAND

LEGEND

—— road

—— stream

== village, buildings
=== historical smelter

forest
* slag heaps
= slagwall

Leszczyna town names

Figure 1. Research site location in Poland and the Leszczyna vicinity. Purple numbers (1, 2, 3) are
mentioned in the text to distinguish different parts of the sites.

In Leszczyna, i.e., Sites 1A and 1B, three heaps were distinguished, two of which
belong to the same production time (Heaps 1 and 2; Site 1A), and one (3; Site 1B) is younger.
Heaps 1 and 3 are created of larger slag amounts than Heap 2 (Figure 1), where the material
is present mainly on the surface (Figure 2C). The total heap area in Leszczyna reaches
approximately 11,000 m?. For the construction of the wall in the southern part of the site in
Leszczyna (Figure 2A), approximately 6257 m® of slag was used (the average dimensions
of the blocks are 40 cm x 30 cm X 20 cm). Until today, the remains of long-term mining
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activities, such as historical building support (Figure 2B) ground deformation or quarry
remnants, are visible in the area [29].

Figure 2. Photographs presenting slags in Sites 1A and 1B surrounding. (A) Historical entrance to
the mine shaft and slag wall (on the top-right part of the photo); (B) slags used as building support
near the historical shafts; (C) big slag blocks at the 1B site.

The site in Kondratéw is smaller and divided into two parts: Site 2A and Site 2B
(Figure 1). Site 2A appears near the probable historical smelter and consists of slag material
spread around the area’s surface. The slag heap associated with Site 2B is present in the
form of an embankment extending approx. 38 m along the stream. A 2020 study established
that slags from the 2B site were created in Leszczyna, in the Stilles Gliick smelter, as they
highly resembled slags from Site 1A and were probably removed from the original place of
storage. Thus, slags from Site 2B are dated to the 19th century, as they are Site 1A slags.
The area of the slag ascent zone in Kondratéw is approx. 210 m?.

Rocks (ore-hosting rocks and ores) were collected from two sites: Leszczyna and
Kondratéw. In Leszczyna, rock outcrops are located west of Site 1A (Slags Heap 1) (Figure 1)
and extend along the historical mining area presented in Figure 2A. In Kondratéw, no rock
outcrops are present. Instead, rock material is spread around the 2A site, similar to slag
deposition. Altogether, five rock samples were collected, including four from Leszczyna
and one from Kondratow.

Collected slag and rock material was cleaned with a rice brush under running water,
air-dried for a week in a clean storage area, and divided with a diamond saw for thin
section preparation and chemical analyses.

3.2. Chemical Analyses

All chemical analyses were executed in the Bureau Veritas Mineral Laboratories
(BVM, ACME Lab, Vancouver, BC, Canada). Slag and rock samples selected for chemical
analyses were crushed to >70%, passing 2 mm, and pulverized to >85%, passing 75 um,
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according to laboratory regulations. Major and minor element content was determined
with inductively coupled plasma-optical emission spectrometry (Spectro Ciros Vision
ICP-OES) and inductively coupled plasma-mass spectrometry (PerkinElmer ELAN 9000
ICP-MS) after fusion with lithium borate (LiBO, /Li2B4;O7) and dissolving with nitric acid
(HNO3). The detection limits for major elements are 0.01-0.04 wt% and are presented in
detail in the laboratory catalogue at: http://acmelab.com /wp-content/uploads/2021/0
6/Bureau-Veritas-CAD-Fee-Schedule-2021-060221_compressed.pdf (accessed on 25 July
2021). LECO CS230 Induction furnace combustion analysis with the detection and upper
limit between 0.02 and 50 wt% determined total S and C contents. Loss on ignition (LOI)
was determined by weight difference after 4 h ignition at 1000 °C.

Reproducibility was calculated based on five replicate samples analyses by subtracting
the value analysed in the sample from that in the replicate, dividing the result by the value
analysed in the sample, and multiplying it by 100. The reproducibility values ranged from
0.23 to 2.19. Analytical accuracy was estimated with seven certified standard materials
used in the BVM Laboratory: (1) Certified Reference Materials (CRMs): STD GS311-1
(Cu-Au ore, S and C reference material); STD GS910-4 (Ni sulphide ore, S and C reference
material); STD OREAS134B (Zn-Pb-Ag reference material); STD GBM309-15 (Ore Grade
Base Metal reference material) and (2) Internal Reference Materials: STD DS11 (reference
material for Aqua Regia Digestion); STD OREAS45EA (reference material for Aqua Regia
Digestion); STD SO-19 (reference material for Whole Rock Analysis). Reference materials
were inspected to monitor the analytical accuracy with the calculations same as those used
for assessing reproducibility and ranged from 0.07 to 3.70 for major elements.

3.3. Mineralogical and Petrographic Analyses

Slag and rock samples were subjected to mineralogical and petrographic analyses
with 30 um thick, uncovered thin sections. Materials were examined with Leica DM2500P
and Zeiss Axiolab polarizing microscopes in transmitted light. The microscopic pho-
tographs were taken with a Canon G2 digital camera using Canon Remote Capture software.
The modal composition was estimated using the JMicroVision program. The volumetric
content of the glass, crystalline phases, metallic phases, pores, and secondary minerals
were determined based on approx. 500 points for each sample on three representative
and non-overlapping micrographs. For more detailed imaging and introductory chemical
recognition, scanning electron microscope (SEM) examinations were performed using a
JEOL JSM-IT100 SEM with an Oxford Instruments X-act energy-dispersive X-ray spectrom-
eter (EDS) on carbon-coated thin sections. Experimental conditions were set at 15 and
20 kV accelerating voltage, 20 nA emission current, and 10-16 mm working distance with a
high vacuum in the chamber.

Phase chemical analyses were conducted using a Cameca SX100 electron microprobe
(EMPA) with a wavelength-dispersive spectrometer (WDS) detector and conditions set at
15 kV accelerating voltage, 10 nA beam current, and 10 s counting time. The following
standards were implemented in the analyses: albite (Na), diopside (Mg, Si, Ca), orthoclase
(Al, K), thodonite (Mn), Fe;O3 (Fe), cuprite (Cu), sphalerite (Zn), rutile (Ti), YbPOy, (P),
crocoite-20 (Pb).

Identification of crystalline phases within glass-dominated samples was performed
with a powder X-ray diffraction and the Xenocs WAXS/SAXS, EMPYREAN (PANalytical)
X-ray powder diffractometer, which operated with CuK radiation at 40 kV with 40 mA
in the range of 10° to 90° 20 with a 1.2°26xmin~! counting time. PANalytical X'Pert
HighScore software 2.0v with the PDF-2 ICDD (International Centre for Diffraction Data)
database was used for pattern identification.

4. Results
4.1. Slag Overview

Macroscopically, samples from both sites are black and brown in colour and differ in
porosity (Figure 3, Table 1). Leszczyna slags are most often found in medium (Site 1A) and
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large (Site 1B) blocks, with a spherical and cubic shape (approx. 10-30 cm in diameter) and
are distinguished by high porosity (pore diameter up to 1 cm); however, massive slags are
also found at the 1A site. Kondratow slags (Sites 2A and 2B) are noticeably smaller, often
irregularly shaped, and massive, with some highly porous samples (Figure 3).

In the microscopic image (Figure 4), the full range of structures can be distinguished:
(1) the hyalite structure, dominated by glass (30% of the samples); (2) the dominant
hypocrystalline structure, consisting of glass and crystalline phases (63% of samples);
and (3) almost holocrystalline samples (7% of samples). Among the hypocrystalline slags,
there are samples with high and low porosity (from 0.44 to 45.6 vol%). Hyalite slags
are rather massive, and holocrystalline samples are porous (Table 1). The size of the
crystalline phases varies from approx. 10 um (based on BSE photographs) to 0.1-0.5 mm
(Figure 5). Crystalline phases are most often formed as subhedral aggregates of small
crystals, and the forms of single phase occurrence are highly differentiated, from dendritic,
through skeletal and needle-like, to a few anhedral crystals (Figure 5). Metallic phases
are also distinguished in the slags, and the set consists of metallic Cu, bornite, pyrrhotite,
chalcocite, and chalcopyrite [30].

Table 1. Average modal composition of slags from four localities in the Old Copper Basin.

Site 1A Site 1B Site 2A Site 2B
n=>5 n=2 n=6 n=2
Glass 47.92 89.47 52.37 84.72
Crystalline phases 36.29 8.80 31.17 9.31
Pores 13.69 1.40 16.03 5.85
Metallic phases 0.14 0.20 0.37 0.10
Secondary phases 0.38 0.10 0.12 0.05

4.2. Chemical Composition

Slag chemical composition is dominated by SiO, ranging from 42.5 to 49.8 wt% in
samples from Leszczyna (Site 1A: 44.3 to 49.8 wt%; Site 1B: 42.5 to 43.2 wt%) and 43.8
to 49.0 wt% in samples from Kondratow (Site 2A: 43.8-48.3 wt%,; Site 2B: 46.8-49.0 wt%)
(Table 2). The main components also include: CaO (on average 19.1 wt%, 26.6 wt%,
17.2 wt%, and 20.1 wt% at Sites 1A, 1B, 2A, and 2B, respectively), Al,O3 (17.9 wt%, 16.2 wt%,
11.1 wt%, and 17.8 wt%), and Fe,O3, the content of which is significantly higher at Site
2A (3.5 wt%, 3.8 wt%, 15.6 wt%, and 2.7 wt% at Sites 1A, 1B, 2A, and 2B, respectively)
(Table 2). The composition also includes noticeable amounts of K,O (4.1-6.2 wt%) and
MgO (2.0-3.1 wt%). The concentration of the remaining oxides does not exceed 1 wt%.

Copper content varies between the samples from different sites and is also diverse
within one site (Table 2). The average concentrations at Sites 1A, 1B, 2A, and 2B reach
3573 mg/kg, 3688 mg/kg, 18,934 mg/kg, and 2207 mg/kg, respectively, with the highest
amount discovered at the 2A site (18th-century smelting). Slag samples showed low
sulphur content, which does not exceed 1 wt% in any of the analysed samples. On average,
there is 0.42 wt% (Site 1A) and 0.25 wt% sulphur (Site 1B) in the slags from Leszczyna and
0.09 wt% (Site 2A) and 0.48 wt% (Site 2B) in slags from Kondratéw (Table 2).
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Figure 3. Macroscopic photographs of representative slags from four sites: Site 1A (19th-century smelting), Site 1B (20th-
century smelting), Site 2A (18th-century smelting), and Site 2B (19th-century smelting). In the bottom row, two examples of
ore-hosting rocks from Leszczyna are presented: Cu-marl and Cu-limestone.
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Figure 4. Microscopic images of slag samples in transmitted light in plane-polarized (left) and crossed-
polarized light (right). (A,B) hyalite slags (glass and metallic phases (black)); (C,D) hypocrystalline
slags (glass and crystalline phases); (E,F) holocrystalline slags (domination of crystalline phases).
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Figure 5. BSE images presenting different phase assemblages discovered in the analysed slags.
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Table 2. Slags bulk chemical composition.

Site 1A (19th Century) Site 1B (20th Century) Site 2A (18th Century) Site 2B (19th Century)

n=10 n=>5 n=7 n=4
av. * Min Max av. * Min Max av. * Min Max av. * Min Max
SiO, 47.25 44.28 49.79 42.69 42.45 43.24 46.03 43.84 48.33 48.08 46.84 49.02
Al O3 17.94 16.77 18.89 16.20 16.03 16.41 11.06 9.57 12.99 17.78 17.30 18.16
Fe, O3 3.46 2.57 6.13 3.80 3.52 4.01 15.58 12.02 21.04 2.77 2.35 2.96
MgO 2.71 2.46 3.38 2.93 2.85 2.99 1.92 1.73 212 3.16 3.01 3.56
CaO 19.09 17.00 23.20 26.64 25.84 27.40 17.19 13.64 19.30 20.05 18.58 22.83
Na,O o 0.23 0.15 0.36 0.14 0.14 0.15 0.20 0.18 0.22 0.23 0.21 0.24
K,0 Wi 6.27 5.85 6.70 5.59 5.40 5.71 4.06 341 4.86 6.22 5.77 6.50
TiO, 0.79 0.74 0.83 0.72 0.71 0.74 0.55 0.50 0.61 0.82 0.79 0.84
P,0s 0.19 0.16 0.23 0.19 0.18 0.20 0.25 0.21 0.35 0.18 0.16 0.19
MnO 0.17 0.13 0.22 0.26 0.25 0.27 0.57 0.49 0.65 0.18 0.17 0.19
Cr,0O3 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
TOT/S 0.42 0.21 0.93 0.25 0.21 0.32 0.09 0.05 0.19 0.48 0.30 0.63
Cu mg/kg 3573 1503 10,760 3688 2627 5399 18,934 7330 44,159 2207 1856 2587
vi. ¥ 0.49 0.43 0.58 0.67 0.65 0.68 0.69 0.62 0.75 0.50 0.47 0.54

* av.—average; v.i—viscosity index.

4.3. Phase Composition and Phase Chemistry

Five phase assemblages of slags with different phase compositions are distinguished
(Figure 5).

The first assemblage includes samples from all sites (1A, 1B, 2A, and 2B) (35% of
the analysed slags). In the phase composition, silicate glass and metallic phases are
distinguished, sometimes with minor amounts of leucite. The glass chemical composition
(Table 3) is dominated by SiO; (on average 41-49 wt%), CaO (approx. 18 wt%, except for one
(HL2-1) sample, in which the average content exceeds 28 wt%), Al,O3 (approx. 11-18 wt%),
and FeO, the content of which varies between the samples and reaches approx. 1012 wt%.
in slags from Site 2A (18th-century smelting) and 3 wt% in slags from Sites 1A, 1B, and 2B
(19th- and 20th-century smelting). Similar to the bulk composition, high concentrations of
K;O (approx. 45 wt%) and MgO (23 wt%) are also distinguished in the glass. Numerous
metallic phases appear in the first group in the form of round metal prills. The most
common is metallic copper, and less often, chalcocite, bornite, and pyrrhotite are present.

The second phase assemblage consists of samples with a hypocrystalline texture
(Table 1) and a composition dominated by glass, leucite, Ca-rich pyroxenes, plagioclase,
wollastonite, melilite, and esseneite (38% of the analysed slags). The glass of the second
phase assemblage contains SiO; (on average 43.5 wt% in slags from Site 1A and 49 wt%
from Sites 2A and 2B), CaO (average 24 wt% in all samples), Al;O3 (approx. 15.5 wt% in all
samples), FeO (5 wt%), MgO (approx. 4 wt%), and occasionally a noticeable amount of K,O
(approx. 1.5 wt%) (Table 4). The most common phase in the second phase assemblage is
leucite, present in the form of skeletal (cross) and rosette crystals approximately 100-500 pm
in size (Figure 5). The chemical composition of leucite is dominated by SiO; (approx.
55 wt%), Al,O3 (approx. 23 wt%), and K,O (approx. 20 wt%) (Table 4). Pyroxenes are
common in these samples, although their share is smaller than that of leucite. Pyroxenes
crystals are approx. 50-100 pum in size and are dominated by skeletal forms (Figure 5).
The chemical variation of pyroxenes was presented elsewhere [16].
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Table 3. Glass composition (Phase Assemblage I).

Glass
Sample K2-3 HL2-1
rep. * average rep. * average
n =43 n =141
SiO, 48.55 49.15 41.10 41.30
AL, O3 18.27 18.59 15.60 15.40
TiO, 0.89 0.86 0.70 0.70
FeO 3.22 1.87 3.10 3.10
MnO 0.16 0.19 0.20 0.30
MgO 2.95 294 2.60 2.70
CaO 17.93 18.59 29.00 28.60
CuO 0.09 0.07 0.00 0.10
Na,O 0.25 0.23 0.10 0.10
K>,O 6.14 6.30 5.30 5.30
P05 0.15 0.16 0.20 0.20
SUM 98.58 98.95 98.20 98.00

* rep.—representative analysis.

Electron microprobe analyses identified additional phases occurring incidentally
in slags of the second phase assemblage, including anorthite, wollastonite, melilites,
and quartz. The chemical composition of anorthite is dominated by SiO, (approx. 47 wt%),
CaO (approx. 29 wt%), and Al,O3 (approx. 17 wt%). Wollastonite consists of SiO, (approx.
50 wt%) and CaO (approx. 38 wt%), as well as a few percent of Al;O3, FeO, and MgO
(Table 4). Numerous metallic phases are present in the samples with high variations in
appearance, from round or oval to similar to a rectangle, or even completely irregular,
in shape. The size of the phases ranges from approx. 50 pm to 0.5 mm. Within the second
group, we recognized metallic copper, pyrrhotite, bornite, chalcocite, and cuprite, as well
as metallic Fe, metallic Pb, and Fe-P, phases [30].

Table 4. EMPA results of phases analyses (Phase Assemblage II).

Phase Glass Leucite Pyroxene Anorthite Wollastonite
Sample HL1 HKe6 K2-4 K2-11 HK5 PLé6-s1 K2-11 HL2-3 HK5
av. * av. * rep. * av. * rep. * rep. * rep. * rep. * rep. * rep. *
n=17 n=4 n=4
Si0O; 43.50 49.00 54.42 55.54 48.55 40.74 47.30 44.80 44.82 49.49
Al,O3 15.56 15.80 23.22 23.66 12.59 8.85 31.45 34.11 32.75 0.72
TiO, 1.48 0.70 0.05 0.08 2.32 1.02 0.11 0.07 0.21 0.19
FeO 5.75 4.35 0.00 0.11 3.12 19.74 0.28 0.17 0.76 5.56
MnO 0.28 0.94 0.04 0.06 0.17 0.63 0.00 0.13 0.01 0.89
MgO o 5.36 3.13 0.00 0.03 7.58 391 0.51 0.38 0.35 1.61
CaO wtte 25.40 23.10 0.07 0.27 20.16 23.25 17.69 18.72 18.53 41.03
CuO 0.07 0.19 0.15 0.05 0.00 0.09 0.04 0.04 0.00 0.18
Na,O 0.16 0.26 0.13 0.09 0.13 0.12 0.90 0.30 0.25 0.05
KO 1.38 1.89 20.78 20.70 3.94 0.10 1.51 0.92 0.82 0.20
P,0s5 0.24 0.33 0.00 0.00 0.11 0.45 0.05 0.00 0.07 0.12
SUM 99.18 99.69 98.86 100.60 98.64 98.95 99.82 99.64 98.57 100.03

* av.—average; rep.—representative.

The third phase assemblage is found only at the 1B site in Leszczyna (20th-century
smelting). In the phase assemblage glass, melilites of various compositions, some leucite
and metallic phases, are distinguished; however, most samples are dominated by glass
(Table 1). The glass of the slags from the third group contains SiO, (approx. 43.5 wt%), CaO
(27 wt%), Al,O3 (16 wt%), FeO (3 wt%), MgO (2.7 wt%), and K,O (5.3 wt%). Melilites were
characterized in detail elsewhere [16], but those found at the 1B site are Ca- and Al-rich,
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granting a composition similar to alumodkermanite (Ca,Na),(AlL,Mg,Fe)Si,O; (Table 5).
Leucite composition does not vary from the results presented for prior phase assemblages.
In the metallic assemblage, phases vary in composition and form, similar to those from the
second group.

Table 5. EMPA results of phases analyses (Phase Assemblage III).

Phase Glass Glass Melilite Melilite
Sample L2-6 L2-7 L2-6 L2-7

rep. * av. * rep. * av. * rep. * av. * rep. * av. *
n=20 n=283 n=y n=5
SiO, 43.62 43.65 43.85 43.26 35.70 36.35 40.27 39.32
AL, O3 16.18 16.38 16.36 16.31 15.71 14.02 13.92 13.55
TiO, 0.71 0.84 0.76 0.75 0.14 0.33 0.41 0.83
FeO 3.37 2.95 3.07 3.24 5.27 5.09 4.43 4.01
MnO 0.25 0.26 0.27 0.27 0.40 0.38 0.43 0.40
MgO o 2.75 2.69 2.86 2.83 3.49 4.39 3.83 3.82
CaO wtte 27.13 27.07 26.70 26.64 38.13 37.44 35.46 36.03
CuO 0.20 0.10 0.04 0.13 0.16 0.31 0.00 0.04
Na,O 0.18 0.15 0.16 0.14 0.30 0.25 0.20 0.20
KO 5.34 5.36 5.43 5.24 0.57 1.03 0.89 0.78
P,05 0.15 0.21 0.20 0.20 0.04 0.13 0.13 0.16
SUM 99.67 99.54 99.65 98.96 99.90 99.73 99.98 99.13

* av.—average; rep.—representative.

Two last phase assemblages were explicitly discovered at Site 2A. The fourth phase
assemblage consists of samples dominated by glass and pyroxenes with marginal leucite
participation (Figure 5). All of the recognized pyroxenes are Fe- and Ca-rich, generally
similar to the diopside-hedenbergite composition. More details are given in the study by
Kadziotka et al. [16]. The fifth group is represented by only one sample from the 2A site
(in Kondratéw) (HK?2). The phase composition includes glass, abundant pyroxenes, fayalite,
and tephroite. Fayalite and tephroite were discovered only with XRD analyses. The sample
differs from other slags also in the microscopic image. It maintains the gradually passing
contact of crystals embedded in the glass at the initial stage of crystallization (about 50 pm in
size), with an almost completely crystalline part built from round, rosette-shaped, greenish-
brown crystals up to 0.2 mm in size. The glass of this sample also differs visually from other
groups, showing a stronger light-brown color. Microprobe studies highlighted the presence
of two varieties of glass composition differing by approx. 10% of FeO and CaO compared to
the previous phase assemblages. The glass is composed of SiO, (44.5 wt%), FeO (25.5 wt%),
CaO (13 wt%), and Al,O3 (9.6 wt%). Two metallic phases were distinguished within
the sample, bornite and chalcocite, which appear in a round form with a diameter of
approx. 100 pm.

4.4. Ore-Hosting Rocks

Microscopic observations of rock samples showed slight textural differences in the
presence of various allochemical components. Four types of rocks were distinguished:
dolomitic limestone, dolomite, limestone, and marl/shale.

Gray dolomitic limestone (Sample SL1) presents a fine-grained, massive, and chaotic
texture. Micrite carbonates dominate in the background. Additionally, there are small
lithoclasts (dolomite and quartz crystals), reaching up to 0.1 mm, and a few skeletal
fragments (sponge needles) up to 1.1 mm long. Opaque minerals commonly occur in
an oval-like shape with irregular grain boundaries, reaching an average size of approx.
0.05 mm.

The dolomite is represented by Sample SL-2 (Table 6). It is a light-brown carbonate
rock with a massive texture. The rock contains mainly fine-grained dolomite crystals
(<0.05 mm), allochemes (round ooids with a size of approx. 0.2 mm), and elongated skeletal
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fragments (sponge and shell needles) up to 1 mm. Irregular lumps up to 0.2 mm of opaque
minerals are also found, as well as quartz and albite grains.

The PL2R2 sample represents limestone and is dominated by small calcite grains
(<0.5 mm). The remaining samples, PL2R1 and SK1, are typical local Cu-marls. Samples
are characterized by a directional texture defined by parallel lines filled with clay minerals
that cross through the entire sample. The rock texture is heterogeneous, dominated by
fine calcite crystals with an admixture of clay minerals (probably illite, as distinguished
through XRD analysis). The composition also includes fine quartz (approx. 0.06 mm) and
small opaque minerals, chalcocite and covelline (<0.05 mm).

Table 6. Rock chemical composition.

SL-1 SL-2 PL2-R1 PL2-R2 SK-1
L* L* L* L* K*

SiO, 7.41 2.97 25.46 9.98 24.86
ALOs 225 0.57 9.04 3.48 8.89
Fe,03 0.84 1.00 1.82 0.81 1.77
MgO 431 18.93 1.61 1.71 1.54
CaO 44.24 30.44 28.23 43.68 28.46
Na,O 0.05 0.02 0.09 0.06 0.10
K,O 0.88 0.13 343 1.35 3.66
TiO, 0.10 0.02 0.41 0.14 0.38
P05 0.05 0.02 0.13 0.06 0.15
MnO 0.48 0.88 0.15 0.34 0.19
Cry05 0.00 <0.002 0.01 0.00 0.01
LOI 38.50 28.20 45.00 26.10 37.30
SUM 99.12 98.20 99.94 96.55 98.90
TOT/S 0.29 0.01 0.41 0.06 0.04

Cu 5264 40 26,230 6060 10,400

* L—Leszczyna; K—Kondratow.

Rock chemical composition is dominated by CaO (3044 wt% in Leszczyna and
28.5 wt% in Kondratow), SiO; (3-25 wt% in Leszczyna, 25 wt% in Kondratéw), and MgO
(4-19 wt% in Leszczyna, 1.5 wt% in Kondratow). There is also a noticeable amount of
Al,O3 within the rocks (0.6-9.0 wt% in Leszczyna, 9.0 wt% in Kondratéw) and Fe,O3
(0.8-1.8 wt% in Leszczyna, 1.8 wt% in Kondratow). Among the remaining oxides, a high
concentration of K,O is noted (3.4 and 3.7 wt%) (Table 6). The remaining oxides do not
exceed 1 wt%. There is an apparent difference in the chemical composition of the rocks
from the two localities. The differences in the concentration of the major element exceed
20 wt%, which suggests the considerable variability of the copper-bearing rocks over short
distances (approx. 2 km). High loss on ignition (LOI) values were obtained for all samples,
from 38.5% to 45% for the rocks from Leszczyna and 28.2% from Kondratéw, which results
from the high carbonates content in the rocks (Table 6).

Four out of five analysed samples presented high Cu concentration. The highest
value was discovered in the Leszczyna marl presented in Figure 3 (ore-marl) and reached
26,200 mg/kg (Table 5). For the remaining rocks acquired at this site, concentrations of
6000, 5300, and 40 mg/kg are noted. The sample from Kondratéw also contained a high
Cu concentration exceeding 1 wt% (10,400 mg/kg).

5. Discussion
5.1. Historical Information

According to historical sources describing successive stages of ore preparation before the
creation of the Stilles Gliick smelter, the ore was crushed in pestles, floated, roasted, and melted
with the addition of slag material and chalcopyrite from Miedzianka [26], another Cu mining
and smelting centre located in SW Poland [13]. The production process resulted in copper
matte creation, which was a purified Cu, Fe, and S alloy (with other components). Matte
was used for subsequent roasting and smelting with enriched ore [7]. In the Leszczyna
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surroundings (Prusice town, by the stream), historical constructions damming the water for
crushing the excavated material were found [28]. The following chapters present conclusions
about subsequent stages of metal smelting in the Leszczyna and Kondratéw vicinity, based
on slag analyses from the distinguished sites (1A, 1B, 2A, and 2B).

5.2. Furnace Input: Local Ores, Type of Flux, and Ore Roasting

Comparison of the chemical composition of copper-hosting rocks (ore) and slags
allowed us to identify differences in the content of the major elements (Figure 6). For these
comparisons and further conclusions, rock chemical compositions from two localities were
averaged. This is because we discovered high variations in the ore chemistry (especially
regarding the Cu content) (Table 6), and there were no explicit indicators of the ore compo-
sition at the time of its mining and smelting. Additionally, rocks presented in this study
were collected from nearby locations, and such high chemical variations in one deposit
are unlikely. More probably, the differences result from the fact that historical mining
reached different parts of the deposit. We believe that the historical ore was more similar
to two of the analysed samples, SK1 and PL2R1 (Table 6), as the first was collected from
Kondratéw (Site 2A, Figure 1), where mining was less advanced, i.e., not all high-grade ore
was exploited, and Sample PL2R1 was acquired from the bottom of the soil profile based on
the Cu-rocks in Leszczyna. Other samples could have been subjected to surface weathering.

Compared to rocks, slags from all sites (Figure 6) are CaO- and MgO-depleted and
SiOy-, AlyOs-, and Fey;Os-enriched. The high primary concentration of CaO and MgO
in rocks is related to the composition of the dominant mineralogy calcite (CaCOj3) and
dolomite (CaMg(CO3);). The lime-rich composition restricted the necessity of using CaCOs3
as a melting agent, which was common in historical smelting [1,10,11]. The depletion of
CaO and MgO in slags probably results from the addition of fluxes of different chemistry.
Additionally, when the rock samples are considered individually, those with lower CaO and
MgO content are Cu-enriched. Possibly, the historical ore was more enriched in sulphides,
and its smelting resulted in decreased total carbonate content. In turn, the increase in SiO,
and Al,Os is a consequence of adding these components to the furnace as a flux, probably
from various aluminosilicates. We assume that readily available rock material was used as
the flux, namely local sandstones found in the immediate vicinity of Site 1A [26]. Arkose
sandstones could also be a source of K,O in slags, which is generally higher than in ores.
The addition of sand was previously observed in numerous examples of historical metal
smelting, e.g., in Poland [2], the Czech Republic [31], or South Africa [32]. In the case of
the Old Copper Basin slags, the addition of sandstone flux would carry an unfavorable
increase in melt viscosity (which is observed in slags and is discussed further). However,
with low SiO; concentration in rocks (Table 6), its addition also facilitates slag creation
through the creation of silicate melt in the furnace.

Historical documents indicate the use of gypsum (CaSO4-2H,0) and pyrite (FeS,) as
additional fluxes [7]. Although pyrite can be considered geochemically justified (a marked
increase in the content of Fe;Os in the slag, especially at Site 2A (Figure 6)), the addition of
gypsum is less likely, at least for its Ca concentration. The high initial CaCO3 concentration
limited the need to use other additives containing calcium. However, gypsum and pyrite
are desirable additions for their S content, which acts as a strong reducing agent during the
metallurgical process required for carbonate- and sulphur-poor ores.
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Figure 6. Comparison of ore (big circle in the background) and slag (small circle in the middle) percentage of major chemical

components. Ore composition is calculated from all acquired rocks (as explained in the text), and slag composition is

averaged for each site.

There are several theories regarding low sulphur content (<0.5 wt%) in slags, as values
below 1 wt% are fairly common in historical smelting [1,4,31,33]. Most often, low S content
proves that ore was pre-roasted before the further smelting activities. The presence of
oxygen in the first stage of the process binds sulphur from sulphides, which is eventually
removed from the furnace in gaseous form (SO,) [10,33,34]. Additionally, ore roasting
separates Fe from Cu (from iron-bearing copper sulphides) through the oxidation of Fe [35].
However, in the Old Copper Basin slags, low S content most probably results from the type
of ore present in the area [4], as most Cu-bearing minerals are carbonates, not sulphides
(Table 6). Additionally, except for the oldest 18th-century site 2A, where significant Fe-
enrichment and S-depletion is observed, no straightforward imprints of ore roasting are
found in the slags. We can only speculate that in the case of using more sulphide-enriched
ore (e.g., if such variation appeared in the deposit), ore roasting would be necessary for
metal sulphide oxidation. No signs of ore enrichment are noted in slags, which agrees with
some of the historical documents [26].

5.3. Furnace Construction

According to historical sources [7], metal smelting in Leszczyna, especially the first
smelting attempts, was conducted similarly to the Middle Ages, concerning the types of
furnaces with only slight changes introduced in the furnace construction. In the description,
however, we will focus on the furnaces of the Ciche Szczescie (Stilles Gliick) smelter, which
operated for a significant period of time and created most of the local slag remains.

At the beginning of operations in 1865, the smelter used a tall (approx. 5 m high)
shaft Mansfield-style furnace, which was loaded from the top [7] (Figure 7). The material
movement was influenced by gravity, and the furnace charge was transported down to
the zones with increasingly higher temperatures. The most intensive combustion occurred
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in the highest temperature zone, i.e., slightly lower than the blower nozzles, responsible
for introducing additional oxygen. This area occurred at about a third of the shaft’s height
(from the bottom). As a result of the physicochemical changes in the furnace, metal and
gangue minerals were separated in a liquid form. Every 6 h, the drain hole was pierced,
and melt flowed down the gutter to one of the two settling tanks [7,8]. Due to the density
differences, the lighter slag melt flowed to the top, and metal concentrate accumulated
underneath.

By 1868, another three shaft furnaces were added to be further re-build in 1872, when
taller round constructions with water cooling and a better heating system were introduced,
which led to the more reducing atmosphere as well as higher temperatures achieved in the
furnace [7,31].

Figure 7. Simple shaft furnace. The construction is similar to the Mansfield-style furnaces that were
used in Leszczyna. Drawing after Stolarczyk et al. [7].

5.4. Smelting Temperature

The problem of temperature reconstruction was analysed and described in detail
in the 2020 article [16]. We suggested applying MELTS-Rhyolite software developed for
thermodynamic reconstructions in the natural systems joined with the application of
geothermometers and verification through the petrographic study. Until recently, most
temperature reconstructions were based on the phase diagrams developed for major
oxides (usually three or four) [4,36,37]. However, because slags present variable and
complex chemical composition, it was often suggested that results are not exact enough to
estimate the liquidus temperature of the specific slag (e.g., [4,12,13,36]). Thermodynamic
modeling is more often introduced in reconstruction analyses [16,38,39], which allows
assuming that future temperature reconstructions will become more exact. In a similar
way, geothermometers based on the composition of various phases (e.g., pyroxenes [16];
pyroxenes, olivines and feldspars [40]; olivines-spinels [33]) help with the recognition of
the cooling time for a given sample.

In the study, we discovered that slags from the three sites, 1A, 2A, and 2B, yielded
similar liquidus temperatures. The 18th-century slags acquired from Site 2A recorded
liquidus temperatures of approx. 1225 °C. The 19th-century slags from Sites 1A and 2B
yielded slightly lower temperatures of about 1210 °C. The youngest 20th-century samples
from Site 1B, on the other hand, recorded significantly higher liquidus temperatures
reaching 1400 °C. For comparison, chemical diagram estimations yielded either similar
temperatures for all analysed slags (diagram CaO-5iO,-A1205: approx. 1300-1400 °C)
or extremely high values for the 19th-century slags (diagram CaO-5iO,-FeO: Sites 1A
and 2B: 1436-1707 °C). For the 18th- and 20th-century samples, the diagram presented
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temperatures of approx. 1440-1500 °C [16]. Our results agree with recent observations
(both in the literature and experimental studies) that slags with higher lime content in the
chemical composition tend to return higher liquidus temperatures [41].

5.5. Oxygen Fugacity (Furnace Atmosphere)

Depending on the historical period and technological advancement, the furnace
atmosphere varied in historical smelting. Oxygen fugacity conditions can usually be
recreated based on slag composition and presence of oxidized phases, namely iron sil-
icates, due to the common presence of Fe phases in slags and its variation in the ox-
idation state [28]. Within our set of samples, several iron-rich mineral phases are ob-
served: pyroxenes of the diopside—hedenbergite series (MgCa(Si,Og), CaFe(5i,0g)), augite
((Al,Ca,Fe,Mg,Ti)2(AlSi);Og), and (rarely) olivine: fayalite (Fe»(5iO4)). All of the mentioned
minerals contain iron in the +2 oxidation state, which suggests limited oxygen availability
during the final stage of smelting (reducing atmosphere). However, within some samples,
esseneite (CaFeAlSiOg) was also discovered (Table 7). This pyroxene contains 3+ iron in
the composition, proving that some furnace leakage and oxygen availability appeared at
Sites 1A and 2A (where the phase was identified). Still, most of the analysed samples were
created in a reducing atmosphere with limited oxygen. We believe the observations to
be reliable, as, in the presence of oxygen, iron oxidation takes place. In these situations,
spinels, mainly magnetite, are often present [13]. Oxygen fluctuations could be pointed out
by the presence of various iron oxides, e.g., magnetite, hematite, and wiistite [2].

The additional method is thermodynamic modeling, requiring introducing specific
oxygen fugacity conditions for proper calculations. For the Old Copper Basin slags,
the quartz—fayalite—-magnetite (QMF) buffer was introduced and yielded reliable esti-
mations in the phase composition [16].

Table 7. Representative esseneite analyses from Sites 1A and 2A.

Site 1A Site 2A Site 2A

rep. * rep. * rep. *

Sample HL1 HK5 K1-3
SiO; 28.87 34.71 35.89
AlL,O3 5.42 2.47 8.50
TiO; 14.20 14.07 0.15
Fe; O3 26.40 26.88 30.27
MnO 0.50 0.49 1.25
MgO 8.36 2.99 0.00
CaO 15.90 14.02 17.89
CuO 0.05 0.42 0.04
Na,O 0.05 0.28 0.65
KO 0.07 2.28 0.67
P,0s5 0.17 0.51 1.03
SUM 99.99 99.11 96.33

* rep.—representative.

5.6. Slags Viscosity and Metal Extraction Efficiency

Viscosity is an important feature of slag material, as it provides information about
the separation of silicate and sulphide (metallic) melt, which results in the effectiveness of
the metal smelting process. Additionally, the range of slags viscosity gives an insight into
differences between smelting episodes [42] or between different types of samples [13].

Several formulas for slags viscosity have been developed. For our study, the formula
proposed by Bachmann [43] was used to calculate slag viscosity index. The value is
calculated from the ratio of the viscosity-decreasing to viscosity-increasing oxides according
to the equation:

viscosity index (v.i.) = (CaO + FeO + MgO + MnO + K;O + NayO)/(S5iO, + Al,O3)
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The calculated results for the viscosity index are fairly similar at all sites and vary
from av. 0.46 at Site 1B (20th-century smelting), through 0.50 and 0.52 (at Sites 2B and
1A, respectively (19th-century smelting)) to 0.68 at Site 2A (18th-century smelting). These
results are exceptionally low compared to other historical slags (e.g., [1,9-11,29]), especially
because they are derived from fairly young slag material. This means that the analysed set
of slags is characterized by high viscosity (adverse to the v.i.). Values of this magnitude
(approx. 0.50) indicate a low efficiency of metal separation between silicate and metallic
phases. Low viscosity values in historical slags often result from a high concentration of
oxides not included in the equation, e.g., PbO and ZnO, for which specific corrections were
suggested [1,2,14]. However, because only insignificant amounts of other oxides are found
within the analysed set of slags (Table 1), and oxides included in Bachmann'’s calculations
constitute 96-98.5 wt%, we did not include the aforementioned corrections. Nonetheless,
according to the calculated viscosity indexes, the separation of metal and silicate melt
was on a low level, which is, however, not the case observed during a petrographic study:.
Metallic phases are most often present as separated, round metal droplets of various
compositions (as described in Section 4), and only a negligible CuO concentration was
analysed in the glass (Tables 3-5).

Large amounts of copper remained in the smelting wastes from the Old Copper Basin
and provide additional information about the metal extraction efficiency. On average, slags
contain approx. 2000-4000 mg/kg Cu at Sites 1A, 1B, and 2B (19th and 20th centuries)
and almost 20,000 mg/kg Cu (2 wt%) at the oldest site 2A (18th century) (Table 2). These
observations confirm the low level of metal recovery and worse extraction technology at the
oldest site (2A) and point to the lack of significant improvements in 20th-century technology.

5.7. Cooling Conditions

After smelting, the slags were air-cooled. The microscopic observations of the structure
allow for a preliminary estimate of the rate of crystallization, from sudden in the case of
amorphous materials to slow, favoring the crystallization of mineral phases, especially at
Sites 1A and 2A (Table 1). The analysed slags show large diversity, even within one site,
which is most likely caused by collecting samples of the material from different cooling
zones, including border zones, where contact with the environment was increased (thus
the slag was cooling faster), and middle zones, where the phases were subjected to longer
cooling. Samples from Sites 1B and 2B presented more amorphous slags, which proves
the rapid cooling of the material. For the 20th-century 1B site, this most probably results
from a more advanced cooling method. Slags discovered at Site 2B (19th-century smelting)
could also represent materials created after introducing a new water cooling system [7].
A higher share of crystalline phases at Sites 2A (18th-century smelting) and 1A (19th-
century smelting) probably results from not including any additional cooling system (Site
2A) and the creation of larger amounts of slag during a single smelting episode, which
lowered the cooling rate for most of the slag melt.

5.8. Amount of Slag Created

The last element of the reconstruction of the smelting conditions was the reconstruc-
tion of the probable amount of slag produced in this area. Because not much of the historical
data on the functioning of previous smelters survived, we only have detailed information
for the 17 years of the operation of the Stilles Gluck smelter in Leszczyna, which created
most of the local slag wastes. Based on the historical sources, about 1100 tons of copper con-
centrate were produced [7]. According to the previous study by Manasse and Mellini [10],
the amount of metal obtained is 20% of the initial furnace charge. Assuming that the
coke, which was the fuel, was added as 10-12% of the charge [7], and there were burnout
components in the ore. The amount of slag obtained can be estimated at approximately
60% of the charge, i.e., approximately 3300-4000 tons of slag were produced. Taking into
account the slag volume density, which is not high for such highly porous materials and
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amounts to about 1.9 g/cm? (1900 kg /m?3), during the operation of the Stilles Gluck smelter,
slightly over 2000 m? of slag were produced and are spread in the area.

6. Conclusions

The conducted analyses made it possible to recreate in detail the conditions in which
the metal smelting process was carried out in the Leszczyna and Kondratéw copper
smelters (Table 8). Significant diversity is noted in slag chemical and mineralogical compo-
sition. The variation results from the time differences in slag creation and the associated
technology and ore chemistry characteristic. Strongly differentiated metal content in slags
indicates differences in the technological level of the metallurgical process in two localities:
metal recovery from ore was more effective in the younger Leszczyna centre (Sites 1A
and 1B), as well as in Site 2B. The research made it possible to determine and confirm the
approximate composition of the charge added to the furnace (carbonate ore, flux: probably
local sandstone, pyrite, and gypsum as reducing agents). We confirmed the presence of
oxygen during the final stages of smelting (furnace leakage), high temperatures reached in
the furnaces (approx. 1200 °C and 1400 °C), as well as other details of the process, such as
changing technology and cooling system for the creation of Site 1B slags. The research also
made it possible to estimate the total volume of waste produced during the operation of
the Leszczyna smelter (approx. 2100 m?).

Table 8. Summary of the metal smelting conditions at all distinguished sites.

Site 1A Site 1B Site 2A Site 2B
Age 19th Century 20th Century 19th Century 18th Century
Location Leszczyna Leszczyna Kondratow Kondratow

Ore, coke, flux: arkose

Ore, coke, flux: arkose

Ore, coke, flux: arkose

Ore, coke, flux: arkose

Furnace input sandstones, pyrite, sandstones, . sandstones, pyrite,
. sandstones, pyrite
gypsum pyrite(?), gypsum(?) gypsum
Shaft furnace Shaft furnace
Furnace type (Mansfield-style) Unknown Unknown (Mansfield-style)
Smelting (liquidus) ~1210 °C ~1400 °C ~1225 °C ~1210 °C
temperature
. Reducing with leakage; Reducing; Reducing with leakage; Reducing;
Oxygen fugacity OFM OFM OFM OFM
Viscosity index 0.52 0.46 0.50 0.68
Metal .e>.<tract10n Low Low Low Low
efficiency
Air-cooled Air-cooled
Cooling conditions Air-cooled (with water cooling Air-cooled (possibly with water
system?) cooling system?)

* Established in the Kadziotka et al. 2020.
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