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Abstract. This study presents, for the first time, trace element data obtained through LA-ICP-MS for unbound residu-
al copper found as unextracted drops (or prills) in metallurgical slags from an open-pit mine located in the Propadnala 
Voda deposit within the Rossen Ore Field in the Burgas ore district. The analysis reveals the following chemical 
elements in amounts above the sensitivity limits of the equipment: Sc – 307 ppm, Cr – 52633 ppm, Ni – 670 ppm, 
Ag – 418 ppm, La – 15 ppm, Ce – 33 ppm, Ta – 17 ppm, Pb – 602 ppm, and Bi – 109 ppm. Since the ore source for 
the copper production, from which these slags are a byproduct, has been identified, the obtained data can be used to 
establish correlations with trace elements in metal artifacts searching for the ore-metal relationship. Additionally, the 
results of this study, which include determined ore melting temperatures, can enhance our understanding of the ad-
vancements in smelting technology during that period and the characteristics of the furnaces used.
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Introduction 

The copper-polymetallic deposits in the Rossen Ore 
Field are of vein chalcopyrite-molybdenite subfor-
mation type. These deposits are associated with 
volcano-plutonic structures with a central intrusive 
core surrounded by Upper Cretaceous volcanic 
rocks (Bogdanov, 1987, p. 251–252; Popov et al., 
1993, p. 43). Some of these deposits, primarily con-
taining the ore minerals chalcopyrite, pyrite, mag-
netite, hematite, and molybdenite, were mined until 
the mid-1990s. Characteristic (typomorphic) min-
erals include cobalt-bearing pyrite, molybdenite, 
scheelite, ferberite, and, to a lesser extent, minerals 
containing nickel, cobalt, and bismuth (Bogdanov, 

1987, p. 279). The concentrations of trace elements 
in ore samples, collected from the oxidized zones 
of the deposits, were determined (Kunze, Pernicka, 
2020; Tzankova, 2023).

The archaeological artifacts in the area of the an-
cient open pit mine, where the studied slags were 
collected, were described by Chernykh (1978, 
p. 22) and in reports from archaeological field sur-
veys conducted there (Leshtakov, 2010; Leshtakov, 
Klasnakov, 2011; Leshtakov et al., 2016, etc.). This 
ancient open pit mine is at least 220 meters long 
and varies in width from 7–8 meters to 12–13 me-
ters. Archaeologists discovered ceramics dated to 
the second half of the 6th century BC, fragments of 
millstones used for hand-grinding, and stone ham-
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mers for crushing the ore on the mining dumps 
made up of waste from the mining process. They 
also found well-preserved in situ remains of smelt-
ing furnaces and slags (Leshtakov & Klasnakov, 
2011). The slags examined in this study are byprod-
ucts of ancient mining and copper production from 
the 6th century BC (Leshtakov et al., 2019). These 
slags resulted from the processing and smelting of 
copper sulfide ore, which predominantly contains 
the minerals chalcopyrite and bornite. The main 
compositional phases identified in the slags in-
clude fayalite-type silicate phases with impurities, 
kirschsteinite, and laihunite; pyroxenes of the augite 
type; amorphous glass; iron oxide phases (such as 
wustite, magnetite, and maghemite); copper-con-
taining phases – drops of unbound residual copper 
(objects of this study), copper-containing spherical 
aggregates (a mixture of copper and iron sulfides of 
variable composition), and less often in the form of 
relicts of ore minerals such as bornite, chalcopyrite, 
as well as newly formed phases, such as chalcocite 
(Stavrakeva, Tzankova, 2016a;, 2016b; Tzankova 
et al., 2016; Tzankova, Stavrakeva, 2020a, 2020b). 

The copper ore-metal artifact relationship is usu-
ally drawn up using a combination of lead isotope 
ratios and the correlation of trace element concen-
trations. The set of impurity elements found in an-
cient metal artifacts depends on the mineral com-
position of the parent ore and the behavior of trace 
elements during the smelting process (Pernicka, 
1999). Therefore, the chemical composition of the 
produced metal is much closer to that of unbound 
copper remaining in the slag than the composition 
of the ore used. The present research aims to identi-
fy the trace elements in the unbound residual copper 
from the slags found in the ancient Propadnala Voda 
open pit mine. These data are essential not only for 
correlating with the trace elements in metal artifacts 
but also for understanding advancements in smelt-
ing technology during that period, the characteris-
tics of the furnace, and the techniques employed.

Materials and methods
The bulk chemical composition of the slags used for 
the FeO-SiO2-Al2O3 ternary phase diagram was ana-
lyzed using ICP-OES at the University of Mining 
and Geology “St Ivan Rilski” in Sofia. The chemi-
cal composition of homogeneous and uniform cop-
per drops remained in the slag (Fig. 1a) was deter-
mined using a JEOL JSM 6010 Plus/LA InTouch-
Scope™ Scanning Electron Microscope (SEM), 
which is equipped with an energy-dispersive X-ray 
spectrometer (SDD-EDS), providing a resolution of 
128 eV. SEM CDD-EDS microanalyses were car-
ried out on polished specimens with a graphite coat-
ing at an accelerating voltage of 20 kV, standart cop-

per. Sample scans were processed using the NIST 
DTSA-II software, and the quantitative elemental 
compositions were calculated using a standard set 
for microanalysis (SPI – 53 minerals). The LA-ICP-
MS system utilized at the Geological Institute of the 
Bulgarian Academy of Sciences in Sofia comprises 
a 193 nm ArF excimer laser (ATLEX 300SI, Ger-
many) connected to the ELAN DRC-e ICP-MS in-
strument (Perkin Elmer, Canada). Analyses were 
conducted on 35 μm ablation pits. External stand-
ardization using a NIST standard SRM-610 allowed 
linear drift correction of the spectrometer and ena-
bled the measurement of relative element concen-
trations. Element concentrations were transformed 
into true values by internal standardization (i.e., the 
known concentration of the elements determined by 
SEM CDD-EDS with standard copper) through the 
Sills program for data reduction.

Results and discussion
The bulk composition of the slags from different 
deposits in the Rossen Ore Field, studied by ICP-
OES analyses, show a high FeO (41.77–59.46%) 
and SiO2 (20.57–36.58%) content, increased Al2O3 
(3.93–8.51%) and CaO content (1.18–5.57%), as 
well as a very low quantity of MgO up to 1.53%, 
MnO up to 0.50%, Na2O up to 0.43%, SO3 up to 
0.79%, and P2O5 up to 2.46%. The residual copper 
in the samples is in an amount of 0.88% to 4.37%. 
A significant quantity of copper in the slags, es-
pecially in pure copper droplets (Fig.  1a), raises 
questions about the conditions and temperatures at 
which ore melting occurred in the ancient furnaces. 
The estimation of the melting characteristics of the 
slags (minimum temperature) was performed using 
the slag atlas method, plotting the bulk composition 
of major elements on the FeO-SiO2-Al2O3 ternary 
phase diagram (Slagatlas version 16, 2020). As can 
be seen in Fig. 1b, the slags fall into the low melting 
range, below 1100  °C. The dominance of fayalite 
as a mineral phase suggests a reducing environment 
during the melting process, while the high silica 
content points to a rapid cooling of the slag (Kanth 
et al., 2022, p. 231).

The typomorphic chemical elements of the Pro-
padnala Voda deposit, as evidenced by the data in 
the introduction of this article, are Mo, Co, W, Ni, 
Bi, Zn, As, Se, and U. The following elements from 
the composition of unbound residual copper drops 
in the slag are above the LA-ICP-MS apparatus’s 
sensitivity limits in amounts up to Sc – 307 ppm, 
Cr – 52633 ppm, Ni – 670 ppm, Ag – 418 ppm, La – 
15 ppm, Ce – 33 ppm, Ta – 17 ppm, Pb – 602 ppm, 
and Bi – 109 ppm. 

The low levels of Fe and S in the analyzed cop-
per drops, which are below the apparatus’s sensitiv-
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ity limits, indicate that the conditions in the furnace 
were well-controlled. Experimental evidence shows 
that the concentrations of Fe, S, and Mo in produced 
copper are significantly lower after a simple remelt-
ing process compared to their levels in the ore be-
fore melting. Additionally, elements such as Zn, As, 
Sb, and possibly Se and Te are partially lost during 
the oxidation of sulfide ores prior to reduction (Per-
nicka, 1999, p. 164–165). Silver transfers without 
loss from the ore to the final metal, while Co, Ni, 
and Pb are reduced by approximately half in remelt-
ed and oxidized copper (Pernicka, 1999, p. 165). It 
is possible that the increased silver content is linked 
to a higher lead concentration. Silver is not a typical 
chemical element found in ores from the Propad-
nala Voda deposit, but it was detected in relatively 
high amounts in ore samples from the Sarneshko 
Kladenche deposit (Tzankova, 2023), where ancient 
mining activities have also been identified. The two 
deposits are situated close to each other, raising 
the possibility that the raw material melted in the 
furnaces near the ancient Propadnala Voda mine 
may have been mixed with ore from the Sarneshko 
Kladenche site. It is also possible that the increased 
lead levels in the copper drops found in the slags 
were intentionally added to the process to reduce 
the melting temperature (Kanth et al., 2022, p. 231).

According to Pernicka (1999, p. 170), only a few 
chemical elements serve exclusively as indicators of 
provenance. Among the trace elements identified in 
the studied pure unbound copper particles, Ag, Bi, 
and Ni are the only elements indicative of the ore 
source. Almost all crystalline and amorphous phas-
es in the slags from ancient mines associated with 

the deposits in the Rossen ore field exhibited detect-
able levels of La, Ce, and P as found by SDD-EDS, 
with the highest concentrations recorded in samples 
from the Propadnala Voda deposit (Stavrakeva, 
Tzankova, 2016a, b). In current studies focusing on 
impurity elements in drops of unbound copper, La 
was found at levels up to 15.02 ppm and Ce at lev-
els up to 33.38 ppm. Therefore, these two elements 
may also serve as additional indicators in searching 
the ore-metal relationship for the Propadnala Voda 
deposit.

Conclusions
The trace elements present in unbound copper 
drops within the slag closely resemble those found 
in the produced metal. This similarity occurs be-
cause these elements in copper drops have gone 
through all phases of the technological process. 
When comparing these elements to those in a met-
al artifact, it is important to exclude any alloying 
additives used during that specific time period. 
Thus, pure copper drops from slags with a known 
geographic source of the ore can serve as a reliable 
and accurate basis for comparison. Trace elements 
identified in the unbound residual copper drops 
from slag at the ancient open pit mine of the Pro-
padnala Voda deposit include indicators of prov-
enance such as Ag, Bi, Ni, and possibly La and Ce. 
The slags were produced at low temperatures, be-
low 1100 °C. This data will support archaeological 
analysis related to smelting technology used dur-
ing that period and provide insights into the char-
acteristics of the furnace employed.

Fig. 1. а, SEM image of a copper drop in ancient slag from Propadnala Voda deposit: an. 1, copper drop; an. 2, iron oxide phase; 
an. 3, fayalite; an. 4, maghemite; b, ternary system FeO-SiO2-Al2O3 plotting the copper smelting ancient slags from the different 
deposits in Rossen ore field, using template from Slagatlas version 16 (2020)
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