Analysis of metal smelting slags from Rudabanya
Analyza hutnickej trosky z Rudabanye!

JOZEF PETRIK

Archaeometallurgical analysis

Findings from 24.04.2025 in the stream Ormos, approx.
48°22°18.89%/20°37°27.61% (?)

1. Material and methods

After measuring, weighing, and testing the magnetism (determining the
magnetism by the degree of attraction by a magnet), the samples were cut
with a diamond saw and embedded in epoxy resin (dentacryl) to strengthen
and facilitate handling. A part of the sample was ground in a vibrating mill,
and the dust thus obtained was used for chemical analysis.

Metallographic surfaces (cuts) ections were prepared from the cast samp-
les by dry grinding on 120 to 3000ANSI / CAMI sandpaper and subse-quent
polishing with 0,0005 mm diamond paste moistened with kerosene. A Neo-
phot 32 optical microscope was used for microscopic analysis in reflected
light. The phase fraction was determined with ImageJ software.

The analysis of chemical composition of slag was performed with a Ni-
ton XL3 Goldd spectrometer (prof. Ing. Jaroslav Legemza, PhD, Fakulty of
materials, metallurgy and recycling — IMTECH). The presence of secondary
and trace elements was determined by semi-quantitative spectral analysis
with a PGS2 plane grating spectrograph. Finally, the presence of sulfur was
qualitatively determined by Bauman imprint, the method is described in more
detail in [1]. The basicity of the slag was calculated using equation (1):

1 A tanulmanyt angol és szlovék nyelven kozodljiik. Koszonjiik doc. Ing. Jozef Petrik
docens trnak (Kassai Miiszaki Egyetem) a rudabanyai fémolvasztasi salakok elem-
z¢sét.— The study is published in English and Slovak. We would like to thank Asso-
ciate Professor Jozef Petrik (Technical University of Kosice) for analyzing the metal
smelting slag from Rudabéanya. — Studia je publikovana v anglickom a slovenskom
jazyku. Za analyzu kovovej taveniny z Rudabanya d’akujeme docentovi Jozefovi
Petrikovi (Technickad univerzita v Kosiciach).
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Ca0+Mgo

B = 20*H99 (4

Si0y+P,0g
2. Technological introduction

At the beginning of the 16th century, Agricola described a square-shaped
shaft furnace with a water drive of about 2 meters high with a permanently
open tap hole, which (probably during the 15th century) became the domi-
nant facility in European copper metallurgy and maintained its position until
19th century. The furnaces were usually grouped into batteries, with the back
wall leaning against a common wall behind which there was a blower. To
protect the operator from accidents, they were covered with a shelter or pla-
ced in a room.

Process of copper production in shaft (agricola) furnaces in the 16th-19th
century:

A. Oxidic ores were reduced directly.

B. Sulphide ores were processed by a more complex process:

1. Upon remelting of sulphide ores, a mixture of matte, slag and possibly
metallic copper was formed.

2. The process was repeated 4 times to enrich the matte and remove the
iron into slag (the first stage of copper production).

3. The matte (almost completely copper sulphide) was roasted at least
three times.

4. The matte was melted to increase homogeneity.

5. The matte was roasted at least three times, the result being copper
oxide.

6. Melting (reduction) to crude “black copper followed (the second sta-
ge of copper production).

If copper contained silver, this was obtained with the help of lead. The
lead was added to the molten copper, while the silver from copper was con-
centrated in lead. A“bulion* was produced — an alloy of Cu-Pb—Ag, which
was processed in an “seiger furnace (seigern, liquation furnace — furneaux
de division). The typical immigration furnace for three loaf 'bulion’ castings
was 1,1 x 0,7 x 0,6 m. At the bottom, she had two oblique copper plates with
a gap between them, under which was a trough for drained lead. Castings we-
re placed on the boards, charcoal was placed on them and ignited. Lead con-
taining silver trickled down the trough and captured. Silver was removed
from lead by cupellation.
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The 'bulion' was burnt (roast roasting) by removing the residue of lead
and refined (in various complex procedures) in a refining (spleiss) furnace.

For an approximate picture of the process efficiency, around 1564, in
Western Europe, this technology obtained from 500 kg of pure ore 150 kg of
stone and 50 kg of copper from it.

Another method consisted of filling the fore-furnace with molten lead.
Molten matte with slag were poured into the fore-furnace. After solidificati-
on, three layers formed: lead containing silver, copper matte and slag. They
were mechanically separated, and the lead (cupelled), matte (roasted) and, if
it contained copper, the slag (added to the batch) were further processed.

Copper slag production has similar phases to iron slag. In the first stage it
could contain matte and metallic copper, in the second stage the matte should
no longer be present, on the other hand depending on the efficiency of the
process metallic copper is present. Ideally the slag is copper-free.

If the charge contains iron oxides, wiistite FexO (or FeogsO) or metallic
iron may occur in the slag. As reduced iron dissolves in copper, it reduces its
plasticity. Copper slag usually contains olivine (iron-calcium silicates), or fa-
yalite in various shades of gray, as well as black iron glass, with a composi-
tion close to melilite.

The description of silicon compounds in slag is complicated by the pre-
sence of a certain amount of CaO which displaces the composition of ferrous
silicate 2FeQ.SiO;, (fayalite) between iron-calcium olivine (silicates) FexCaz.x
SiOs, where X is in the range 0-2, at x = of fayalite and at x = 0 it is dicalcium
silicate 2Ca0.SiO».

Sometimes ferrous silicate is significantly separated from the iron-oxide
olivine (dark grey) but often optically coincides. Often the problem is optical-
ly to distinguish between iron-oxide olivines and ferrous/iron glass (dark gray
to black).

Note: According to X-ray structural analysis (DRON 3 M) of slag from
copper production in Opatka (1763-1827) from the first stage of smelting (to
matte), the main structural component is crystallized fayalite, with chalcopy-
rite and aluminum silicate of uncertain composition occurring.

3. Metallographic analysis

P538

Gray, brain-like, 120 x 80 x 60 mm. The cut is black, slightly porous, the
dust is dark gray, the Baumann imprint is strongly positive (1,62% S). The
microstructure consists of columnar crystals of iron-calcium silicates (olivi-
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nes, gray) and iron glass (black). Wiistite (iron oxide FexO or Fepgs0) was
not detected. The microstructure contains about 2% inclusions, probably cop-
per, orange-colored, mostly globular. The slag contains 0,032% Cu and 0,162
% Pb, As was not detected. The Sbh content is 0,018%, Ag in hundredths of
%. The presence of Pb and the low Ag content may be the result of desil-
vering with lead in the first stage of the process — during the production of the
matte.

P539

Gray, locally brownish brainy, 120 x 60 x 40 mm. The cut is black,
slightly porous, the dust is dark gray, the Baumann test is negative (1,67% S;
unlike sample P538 where it was positive with a similar teat content — the test
is really only indicative in nature). The microstructure consists of angular
crystals of iron-calcium silicates (olivine, gray) and iron glass (black). Wiis-
tite was not detected. The microstructure contains about 2,8% orange-colored
inclusions, mostly angular, probably copper. The slag contains 0,033% Cu,
0,016% As, tenths % of lead, and Ag in hundredths of %.

P541

Gray, locally brownish brain-like, on the lower side there is an imprint of
the soil on which it solidified, 120 x 80 x 25 mm. The cut is black, slightly
porous, the dust is dark gray, the Baumann imprint is slightly positive (2,55%
S). The microstructure consists of angular, to a lesser extent also needle-
shaped crystals of iron-calcium silicates (olivine, gray) and iron glass (black),
without wiistite. The microstructure contains about 4,5% orange-colored in-
clusions, both globular and angular. The slag contains 0,038% Cu, 0,176%
Pb; arsenic and silver were not detected. The presence of lead may be a result
of silver removal. Probably in the first stage, during the production of the
matte.

P542

Gray, brain-like, 100 x 70 x 30 mm. The cut is black, slightly porous, the
dust is dark gray, the Baumann test is strongly positive. The microstructure
consists of needle-shaped crystals of iron-calcium silicates (olivine, gray) and
iron glass (black). Wiistite was not detected. The microstructure contains
about 1,5% orange-colored inclusions, mostly small globular, probably cop-
per.

Conclusions

The higher sulfur content in the slag may indicate that it is a residue from
the first stage of the process (smelting to matte). It is possible that the higher
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sulfur content is the result of imperfectly roasted matte, which was melted in
the second stage and therefore the slag comes from the second stage. The
orange inclusions are probably copper particles. Further analyses aimed at in-
clusions and the detection of flint would be appropriate. The low antimony
content may indicate that “yellow ore” (chalcopyrite) was processed rather
than “black ore” (tetrahedrite). The presence of lead may indicate a targeted
attempt to obtain silver, which was also detected in the slag.

Tab. 1 Analysis (in wt. %) by Niton XL3 Goldd spectrometer (prof. Ing. Jaroslav Le-
gemza, PhD. Fakulty of materials, metallurgy and recycling — IMTECH).3

Tab. 1 Analyza (v hm. %) spektrometrom Niton XL3 Goldd (prof. Ing. Jaroslav Le-
gemza, PhD. Fakulta materialov, metalurgie a recyklacie — IMTECH).

FeO | SiO2 | CaO | MgO | AlO3 | MnO | P05 | K2O | B Cu | S Pb | As

P538 | 28,16 | 13,30 | 1,56 | 0 | 0,98 | 2,16 | 1,22 | 0,480,035 0,032 | 162|0,162| 0

P539 23,35 1391|181 ] 0 | 139|230 1,29 |0,59]0,045]0,033 1,670,032 | 0,016

P541 | 29,07 | 12,03 1,16 | 0 | 143 | 2,18 | 1,27 | 0,570,026 | 0,038 | 2,55 | 0,176 | 0

Tab. 2 Presence of minor and trace elements by semi-quantitative spectral analysis
on a PGS 2 spectrograph, sample P516/2 (Cr and V determined by a Niton XL3 Goldd
spectrometer).

Tab. 2 Pritomnost vedlajsich a stopovych prvkov semikvantitativnou spektrdlnou
analyzou na spektrografe PGS 2, vzorka P516/2 (Cr a V stanoveny spektrometrom
Niton XL3 Goldd).

Ag |Al |Ca |Co [Cu |Fe [Mg |Mn |Ni |Pb |Si |Sn |Ti|V|Zn |Cr
P538 | 3 |11 10212 |1|5]1]1]0]3 515
P539 |3 |11 1021111 ]5[1]1]101]3[3]5]0

1: above 0,1%; 2: 0,1%; 3: 0,01%; 4. below 0,01%; 5. Traces
1: nad 0,1%; 2: 0,1%; 3: 0,01%; 4. Pod 0,01%; 5. stopy

w

Archeometalurgicka analyza

Nalezy z 24.04.2025 v potoku Ormos, cca 48°22°18.89/20°37°27.61¢ (?)
1. Material a metody

Po zmerani, zvaZeni a orientacnom stanoveni magnetizmu (magnetom)
boli vzorky delené diamantovou pilou a zaliate do epoxidovej zivice (denta-
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crylu) za Gcelom spevnenia a ul'ahcenia manipulacie. Zrkadlova Cast’ zaliatej
vzorky bola pomletd vo vibracnom mlyne, takto ziskany prach bol pouzity na
chemicku analyzu.

Zo zaliatych vzoriek sa pripravili metalografické vybrusy brusenim za
sucha na brasnych papieroch zrnitosti 120 az 3000ANSI/CAMI a naslednym
lestenim diamantovou pastou zrnitosti 0,0005 mm, zvlh¢ovanou petrolejom.
Na mikroskopickl analyzu v odrazenom svetle bol pouzity opticky mikros-
kop Neophot 32. Podiel faz sa stanovil softvérom ImageJ.

Analyza chemického zloZenia sa robila spektrometrom Niton XL3 Goldd
(prof. Ing. Jaroslav Legemza, PhD. Fakulta materialov, metalurgie a recykla-
cie — IMTECH), Tab. 1. Pritomnost’ vedl'ajSich a stopovych prvkov sa uréo-
vala semikvantitativnou spektralnou analyzou spektrografom PGS2 s rovin-
nou mriezkou, Tab. 2. Na zdver sa orientacne stanovila pritomnost’ siry (kva-
litativne) Baumanovym odtlackom, metdda podrobnejsie v [1]. Bazicita tros-
ky sa pocitala pomocou rovnice (1):

_ €Ca0+Mgo
Si0,+P,05

(1)

2. Technologicky uvod

Na zaciatku 16. storo¢ia opisal Agricola Sachtovu pec Stvorcového pri-
erezu s vodnym pohonom duchacieho zariadenia vysokl asi 2 metre S per-
manentne otvorenym odpichovym otvorom, ktora sa (pravdepodobne V prie-
behu 15. storocia) stala dominantnym zariadenim Vv europskej metalurgii
medi a svoje postavenie si udrzala az do 19. storo¢ia. Pece sa obycajne zo-
skupovali do batérii, zadnou stenou sa opierali o spolo¢ny mur, za ktorym bo-
lo duchacie zariadenie. Na ochranu obsluhy pred nepohodou boli prekryté
pristre§kom alebo umiestnené v miestnosti.

Postup vyroby medi v Sachtovych (agrikolovskych) peciach v 16.-19.
storoci:

A. Oxidické rudy sa redukovali priamo.

B. Sulfidické rudy sa spracovavali zlozitejSim postupom:

1. Po pretaveni sulfidickych rad vznikla zmes kamienka, trosky a pri-
padne kovovej medi.

2. Proces sa opakoval 4 x na obohatenie kamienka a odstranenie zeleza
do trosky (prva etapa).

3. Kamienok (vychodzi takmer tplne sulfid medi) bol aspon trikrat pra-
zeny.
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4. Kamienok bol pretaveny na zvysenie homogenity.
5. Kamienok bol znovu aspon trikrat prazeny, vysledok bol oxid medi.
6. Nasledovalo tavenie (redukcia) na surovu ,,¢iernu med™ (druha etapa).

Pokial’ med’ obsahovala striebro, toto sa ziskavalo zoloviiovanim. Do
roztavenej medi sa pridavalo olovo v ktorom sa striebro koncentrovalo. Vzni-
kol “bulion‘ — zliatina Cu—Pb—Ag ktory bol spracovany v saigrovacej peci
(sciedzanie, vycedzovanie, saigrovanie, seigern, liquation furnace — furneaux
de division). Typicka saigrovacia pec na tri bochnikovité odliatky “bulionu*
mala rozmery: 1,1 x 0,7 x 0,6 m. Na spodku mala dve §ikmé medené dosky
s medzerou medzi nimi, pod ktorym bol zl'ab na odvadzanie vycedeného olo-
va. Na dosky sa poukladali odliatky, na ne sa dalo drevené uhlie a zapalilo.
Olovo obsahujuce striebro stekalo po Zl'abe dolu a zachytavalo sa. Striebro sa
Z olova odstranovalo kupelaciou.

“Bulion* sa poodstraneni olova prepal’'oval (prepalovanie, prazenie vys-
kvarkov) a rafinoval (r6zne zloZitou procedtrou) Vv rafinaénej (Splajsovace;j,
spleiss) peci.

Koli pribliznému obrazu o efektivite procesu sa okolo roku 1564 v za-
padnej Eurdpe uvedenou technolédgiu z 500 kg Cistej rudy ziskalo 150 kg ka-
mienka a z neho 50 kg medi.

Ind metoda spocivala v naplneni predpecia roztavenym olovo. Do pred-
pecia sa vypustil roztaveny kamienok. Po stuhnuti sa v predpeci vytvorili tri
vrstvy — olovo s obsahom striebra, kamienok a troska. Mechanicky sa separo-
vali, olovo sa kamienok, pripadne aj troska pokial’ obsahovala med’ sa d’a-
lej spracovavali.

Troska z vyroby medi ma podobé fazy ako troska z vyroby zeleza. V
prvej etape mohla obsahovat’ kamienok a kovovi med, v druhej etape by sa
kamienok uz nemal vyskytovat, na druhej strane sa v zavislosti od efektivity
procesu vyskytuje kovové med’. V idealnom pripade je troska bez medi.

Ak vsadzka obsahuje oxidy Zeleza, moze sa v troske vyskytnut’ wiistit
FexO (alebo Feos50), pripadne kovové Zelezo. Pokiat’ sa vyredukované zelezo
rozpusta v medi zniZuje jej plasticitu. Medena troska spravidla obsahuje oli-
viny (zeleznato-vapenaté kremicitany), pripadne fayalit v réznych odtienioch
sivej farby ako aj Cierne Zeleznaté sklo, zlozenim blizke melilitu.

Opis kremicitych zloziek v troske je komplikovany pre pritomnost’ urci-
tého mnozstva CaO, ktoré posuva zlozenie Zeleznatého kremicitanu 2FeO.
SiO; (fayalit) medzi zeleznato — vapenaté oliviny (kremicitany) FexCasx
SiOy4, kde x je v rozmedzi 0 — 2, pri x = 2 ide o fayalit a pri x=0 ide o dvojva-
penaty kremicitan 2Ca0.SiO- .
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Niekedy je Zeleznaty kremicitan (svetlosivy) jasne oddeleny od Zelezo-
vapenatého olivinu (tmavosivy), ¢asto viak opticky splyvaji. Casto je problém
opticky rozlisit’ i1 Zelezovapenaté oliviny a Zeleznaté sklo (tmavosivé az Cier-
ne).

Poznamka: Podla rontgenovej Strukturnej analyzy (DRON 3 M) trosky z
vyroby medi v Opatke (1763-1827) z prvej etapy tavenia (na kamienok) je
hlavnou §truktarnou zlozkou krystalizovany fayalit, vyskytuje sa chalkopyrit
a hlinity kremicitan neurcitého zlozeni.

3. Metalograficka analyza

P538

Sivy, mozgovity, 120 X 80 X 60 mm. Vybrus je ¢ierny, mierne porovity,
prach tmavosivy, Baumannov odtlacok je silne pozitivny (1,62% S). Mikro-
Struktara tvorena stipovitymi kys$talmi Zeleznatovapenatych kremicitanov
(oliviny, sivé) a Zeleznatym sklom (Eierne). Wiistit (oxid zeleza Fe,O alebo
Feo,e50) nebol zachyteny. V mikroStruktare je asi 2% inkluzii, pravdepodob-
ne med’, oranzovo sfarbenych, zviac¢sa globularnych. Troska obsahuje 0,032
% Cu a 0,162% Pb. As nebol zachyteny Obsah Sb je 0,018%, Ag V stotinach
%. Pritomnost’ Pb a nizky obsah Ag méze bytvysledkom ostriebrenie pomo-
cou olova v prvej etape procesu — pri vyrobe kamienka.

P539

Sivy, lokalne hnedy mozgovity, 120 X 60 X 40 mm. Vybrus je Cierny,
mierne porovity, prach tmavosivy, Baumannov odtlacok je negativny (1,67%
S; na rozdiel od vzorky P538 kde bol pri podobnom obsahu siry pozitivny —
test ma skutocne iba orientacny charakter. Mikrostruktira tvorena hranatymi
kystalmi zeleznatovapenatych kremicitanov (oliviny, sivé) a Zeleznatym
sklom (Cierne), bez wiistitu. V mikrostrukture je asi 2,8% inkluzii oranzovo
sfarbenych, zva¢sa hranatych, asi medi. Troska obsahuje 0,033% Cu,0,016%
As a desatiny % olova, Ag V stotinach %.

P540

Sivy, lokdlne hnedy mozgovity, 100 X 90 X 35 mm. Vybrus je ¢ierny,
mierne porovity, prach tmavosivy, Baumannov odtladok je negativny. Mik-
roStruktara tvorena nevyraznymi, v mensej miere aj ihlicovitymi kyStalmi Ze-
leznatovapenatych kremicitanov (oliviny, sivé) a Zeleznatym sklom (Cierne),
bez wiistitu. V mikro§truktire je asi 2,7% inkltzii oranZzovo sfarbenych,
zviacsa drobnych globularnych. Troska je pravdepodobne z 2. etapy vyroby
medi (redukcia prazenca).
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P541

Sivy, lokalne hnedy mozgovity, na spodnej strane odtlacok pody na kto-
rej stuhla, 120 x 80 X 25 mm. Vybrus je ¢ierny, mierne porovity, prach tma-
vosivy, Baumannov odtlacok je mierne pozitivny (2,55% S). Mikrostruktira
tvorend hranatymi, V mensej miere aj ihlicovitymi kystalmi zeleznatovape-
natych kremicitanov (oliviny, sivé) a Zeleznatym sklom (Cierne), bez wiistitu.
V mikrostruktire je asi 4,5% inkluzii oranzovo sfarbenych, globularnych aj
hranatych. Troska obsahuje 0,038% Cu, 0,176% Pb; arzén a striebro neboli
zachytené. Pritomnost’ olova moZe byt’ ndsledok odstriebrovania. Asi v prvej
etape, pri vyrobe kamienka.

P542

Sivy, mozgovity, 100 X 70 X 30 mm. Vybrus je ¢ierny, mierne porovity,
prach tmavosivy, Baumannov odtla¢ok je vyrazne pozitivny. Mikrostruktara
tvorena ihlicovitymi kystalmi Zeleznatovapenatych kremicitanov (oliviny, si-
vé) a Zeleznatym sklom (Cierne). Wiistit nebol zachyteny. V mikrostruktire je
asi 1,5% inkluzii oranzovo sfarbenych, zvd¢sa drobnych globularnych, asi
medi.

Zaver

Vyssi obsah siry v troskach méze svedéit’ o tom, Ze je odpad z prvej eta-
py procesu (tavenie na kamienok). Je mozné, ze vyssi obsah siry je vysled-
kom nedokonale prazeného kamienka, ktory bol taveny v druhej etape a teda
troska pochadza z druhej etapy. OranZové inklizie st pravdepodobne Eias-
toc¢ky medi. Vhodné by boli dalsie analyzy cielené na inkuzie a na detekciu
kamienka. Nizky obsah antiménu méze sved¢it, Ze sa spracovavala skor ,,ZIta
ruda® (chalkopyrit) ako ,,Cierna ruda“ (tetraedrit). Pritomnost’ olova méze
svedcit’ o cielenom pokuse ziskat’ striebro, ktoré bolo zistené aj v troske.
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P542, velka inklazia — large inclusion, 200 x

Az Etelka-huta Alsosajon (Nizna Slands, Slovakia), épiilt 1867-ben



