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Abstract. In contrast to the traditionally offered methods for metallurgical production of the first bronze for man-
kind — arsenic bronze, the present study examines another possible natural source of this alloy. Geologically, the only
deposit of native copper has been localized near the Varten Kamak hamlet in the area of the town of Boboshevo,
SW Bulgaria. Samples of copper nugget were investigated by the methods of powder X-ray diffraction (XRD) and
scanning electron microscopy with a microprobe for elemental composition (SEM-EDS). The results show that the
analyzed substance is a single-phase solid solution of Cu and As, with As content up to 3.77%, which, according to the
accepted nomenclature of archaecometallurgists, is called arsenic bronze. The present study offers a new perspective
on the possible sources of arsenic bronze, which may enrich the archaeological sciences.
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Introduction and geological setting lovers. The occurrences are designated differently:
Frolosh, Dragodan, Tsarvishte, Varten Kamak and
Boboshevo.

The detailed study of the primary geological
information — geological mapping and prospect-
ing reports (Boyadzhiev et al., 1957; Iliev et al.,

The presence of native copper in the Boboshevo
region is mentioned only by V. Radev (Radev,
1925). According to the local historian I. Kepov,
copper occurrences in the area were not only well
known in the past to the local population, but also
the subject of a concession (Kepov, 1935). The na-
tive copper from the area, due to its aesthetic quali- ' Boyadzhiev, S. et al., 1957. Report on the results of geological map-
ties and dimensions,is still an object of increased DLVl Rt e Kyt and oot scton
interest among specialists, collectors and mineral  fund, Report IV-0081 (in Bulgarian).
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1964?), allowed to specify the native copper lo-
calization — in the whole set of seven indications
with secondary copper minerals in the area, the
only occurrence of native copper is found in the
so-called Varten Kamak occurrence. It is located
about 500 m NW from Varten Kamak hamlet and
500-600 m SW from Kurev Rid (Fig. 1a) and oc-
curs along the contact of the Lower Triassic red
sandstones and the diorites of the Struma Diorite
Formation. The ore is represented by native cop-
per in individual sockets and veins (several cen-
timetres to 1 meter wide) in the Lower Triassic
sandstones.

The exploration established that the deposit is
not of an industrial significance — the ore occur-
rence is local and of no practical value. However, it
arouses interest from a mineralogical point of view,
due to the high content of arsenic in copper — up
to 3.77%, which according to the accepted termi-
nology (Lechtman, 1981, 1996) qualifies the mate-
rial as arsenic bronze — in this case “natural arsenic
bronze”.

Materials and methods

In the present research, 20 specimens of the occur-
rence from the funds of the Earth and Man National
Museum were analyzed. Most samples are native
copper associating with secondary copper minerals —
cuprite, malachite, azurite, chrysocolla and occa-
sionally calcite (Fig. 1b, ¢). Copper is in the form
of smears, threads, dendritic formations or dense
plates. Some of the samples represent pure native
copper (Fig. 1d). Six copper nugget samples were
selected for more detailed study. This selection is
supplemented by five additional samples of the
Regional History Museum (RHM) of Kyustendil,
which include two natural samples with the marked
location at Boboshevo and three samples of copper
wedges originating from the prehistoric settlements
of Slatino (Early Chalcolithic), Dyakovo (Middle
Chalcolithic) and Vaksevo (Late Chalcolithic).

The XRD investigations were performed by us-
ing Bruker D8 Advance X-ray powder diffractom-
eter, equipped with X-ray tube with copper anode
(Cu/Ko.=1.542 A, 40 kV and 40 mA) and LynxEye
position sensitive detector. The qualitative phase
analysis was performed using DIFFRAC.EVA v. 4
software program in combination with ICDD PDF-2
(2021) reference database. The crystallite size, unit
cell parameters and degree of crystallinity were de-
termined using Topas v. 4.2 software program us-
ing full profile fitting procedure (Pawley fit). SEM

2 Iliev, K. et al., 1964. Report on the geological mapping and search
for minerals on Scale 1:25 000 carried out in the NE part of Osogovska
Mountain, Lisets Mountain and part of Piyanets district in 1962-1963. —
National Geofund, Report IV-0177 (in Bulgarian).

images and SEM-EDS analyses were collected on
a JEOL JSM — 35 CF with EDS detector and accel-
eration voltage of 20 kV, a beam current of 40 nA,
using CRM (MAC, UK): Cu — CU055170/2; As —
CAS #1303-114-3. For greater accuracy, additional
SEM-EDS analyses were performed on JSM 6390
electron microscope (JEOL, Japan) at the Institute
of Physical Chemistry, Bulgarian Academy of Sci-
ences, Sofia. Chemical analyses were determined
on unpolished samples at acceleration voltage of
20 kV, a beam current of 50 nA, using pure cooper
(for Cu) and arsenopyrite (for As) as standards.

Results and discussion

The XRD analysis of the copper nugget samples
showed the presence of only one phase correspond-
ing to the elementary copper, record PDF #00-004-
0836, ICDD PDF-2 (2021) database (Fig. le). A
slight increase in the unit cell parameter was found.
For the reference it is ¢ = 3.615 A, while for the
studied object it is @ = 3.632 A. The calculated crys-
tallite size is D = 18.4 nm.

The elemental analysis shows the presence of
copper and arsenic (Fig. 1f). The EDS analyses
were performed on nine spots in “Eurotest-Control”
laboratory with average arsenic content of 2.89%
(max. 3.44; min. 2.49). The EDS analyses carried
out in the Institute of Physical Chemistry, Bulgarian
Academy of Sciences, over six spots on the same
sample reveals average content arsenic content of
2.96% (max. 3.77; min. 2.06). The X-ray distribu-
tion maps (Fig. 1g) show a uniform distribution of
copper and arsenic over the studied area.

The interpretation of these results allows to claim
that the studied objects represent a single-phase sol-
id solution of arsenic in copper, in accordance with
the well-known Cu-As state diagram (Subramanian,
Laughlin, 1988).

The samples from Regional History Museum of
Kyustendil show similar X-ray diffraction results:
presence of single phase, elementary copper (PDF
#00-004-0836) with unit cell parameters a =3.632 A
and @ = 3.631 A, and crystallite size D = 18.3 nm
for the natural samples and different parameters for
the prehistoric copper wedges: Slatino, a = 3.632 A,
D = 41.7 nm; Dyakovo, a = 3.615 A, D = 46.2 nm;
Vaksevo, a = 3.622 A, D = 29.8 nm. Analyzes of
the elemental composition show copper and arsenic
content: for the natural samples, 2.84% and 2.4%
As; for prehistoric copper wedges — Slatino, 0.48%
As, Dyakovo, 0.33% As and Vaksevo, 1.74% As.

In the literature, there are well-established ter-
minologies of H. Lechtman, for “arsenical copper”
which is <0.1% As, “low-arsenic copper-arsenic al-
loy” 0.1-0.5% As and “arsenic bronze” — 0.5-7%
As (Lechtman, 1996) and of M. Modlinger — “arse-
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Fig. 1. a, location of the native copper occurrence; b, ¢, photos of native copper samples in association with cuprite, malachite,
azurite, chrysocolla, calcite (dimensions 14 x 7 cm and 5 x 2 cm respectively); d, macro photo of native copper samples; e, XRD
patterns of native copper; f, EDX spectrum of native copper; g, SEM image of the studied area and X-ray mapping of Cu and As

nic copper” with content <0.5 wt% As and “arsenic
bronze” with >0.5 wt% As (Mdodlinger et al., 2016).
Accordingly, we classify the copper nugget of the
Varten Kamak occurrence, without doubt as arseni-
cal bronze. This category also includes the prehis-
toric wedge from Vaksevo. The wedges from Sla-
tino and Dyakovo are copper-arsenic alloys with a
low arsenic content (Hosler et al., 1990; Lechtman,
1996) or arsenic copper (Modlinger et al., 2016)°.
Our analyzes suggest that the material for mak-
ing the prehistoric artefacts originated from the
studied copper nugget. This is supported by the
proximity of the source and the presence of arsenic,
the reduced amount of which is probably due to loss
on heating. Different crystallite sizes point us to dif-
ferent crystallization, i.e. different thermal history.
This fact, combined with the various contents of

3 In the archaeological literature, there are analyzes of samples from
RHM-Kyustendil (studied by us), in the works of Pernicka (Pernicka
et al., 1997) and Cochadziev (Cochadziev, 1998), where the arsenic
content is extremely low — from complete absence to the first
hundredths of a percent (with the exception of the wedge from Vaksevo
with 0.12% As (Cochadziev, 1998). In an article of Vitov (Vitov, 2018)
analyses of a copper nugget from Dragodan point to arsenic content of
3.56% and 2.68%.
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arsenic, suggests different technologies for making
the prehistoric items.

Conclusion. Archaeometallurgical aspect

Arsenic bronze is the first bronze used by mankind
— according to archaeological evidence, as early
as 5000 BC (Thornton et al., 2002). To produce
arsenic bronze alloys, archaeometallurgists ap-
plied five possible methods, which are essentially
based on the smelting of ores with copper-arsenic
minerals or the combined smelting of copper and
arsenic minerals, discussed in detail by Lechtman
and Klein (Lechtman, Klein, 1999), Rehren et
al. (Rehren et al., 2012), Modlinger and Sabatini
(Mddlinger, Sabatini, 2016) and others. The com-
mon element between all these methods is the ob-
ligatory application of metallurgical processing of
the primary ores.

The present study suggests an entirely different
possible raw material source for arsenical bronze
artefacts — “natural arsenical bronze”. The source
is native copper, which is a single-phase solid so-
lution with an arsenic content of up to 3.77%, i.e.



“arsenic bronze” (Lechtman, 1996; Mdodlinger, Sa-
batini, 2016).

Establishing the Varten Kamak occurrence as
the only occurrence of native copper in the region,
against the background of the numerous occur-
rences of secondary copper minerals, it is important
for indication the location of the particular mineral
findings.

On the basis of the arsenic content and the de-
termined sizes of the crystallites in the studied an-
cient artifacts, we can assume that the “natural ar-
senic bronze” from the Varten Kamak occurrence
was used by the people inhabiting the nearby pre-
historic settlements of Slatino, Dyakovo and Vak-
sevo, applying different methods of processing of
the products in the different periods of antiquity.
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