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Abstract

The article summarizes complex studies on X-Ray Fluorescence (XRF), u-tomography, and elemental analysis of a unique golden
artefact from burial mound No. 10 of Nerkin Naver (Armenia), which according to the results of radiocarbon analysis is a contem-
porary of the epoch when the masterpieces of jewellery art of the III dynasty of Ur of the Sumero-Akkadian kingdom of Southern
Mesopotamia (2111-2003 BC) were created. A jewelry obtained in tis burial mound and dated back to 2133-1954 BC were investig-
ated to clarify the design, composition and manufacturing technique. We performed comprehensively analysis of the artifact using
modern methods of the natural sciences. The results showed that this jewelry is made of gold with more than 80% of purity and
infilled by the gypsum. Tomographic studies allowed suggested particular way of production and visualize the structure of golden
shell and infill material separately. Basing on the suggestions about artefact composition and structures, its mass was calculated.

Calculated and physically measured mass are in good accordance.

1. Introduction

One of the most significant challenges in the archaeology of Ar-
menia and the South Caucasus is the study of the monuments
of the ”Early Kurgan” culture (2300-2000 BCE), spanning from
the end of the Kura-Araxes culture Early Bronze Age. There is
a widespread stereotype that archaeological monuments on the
territory of Republic of Armenia date back to Trialeti stage — the
second period of the "Early Kurgan” culture (Avetisyan, 2020).
This point of view requires reassessment, given the significant
number of newly discovered monuments dating back to the last
quarter of the 3rd millennium B.C. This stratum of monuments
with the richest artifacts provides a solid basis for revising the
chronological framework of archaeological cultures and histor-
ical events of ancient Armenia. A comprehensive analysis of
the archaeological sources provides ample evidence for the ex-
istence of an early Kurgan culture and the emergence of the
institution of royal authority in the third quarter of the 3rd mil-
lennium B.C. in the Armenian Highland.

In order to solve the above-mentioned problem, it is necessary
to conduct further studies of the extensive cemetery in Nerqin
Naver Amongst the excavated monuments, one the most signi-
ficant is the grave N10, which is a unique in terms of discovered
burial rites, original and luxurious gifts, as well as the variety
of animals sacrificed, including a horse. As a result of com-
prehensive research, this tomb could become a valuable source
of historical reconstructions, shedding light on new previously
overlooked aspects of our past. This article deals with a unique
masterpiece of jewelry art, which is preserved almost entirely
and required non-invasive study of its structural composition
and manufacturing technique. The study of red deposition on
the surface of the gold ornament was also important. The article
deals with the analysis of this ancient goldsmithing masterpiece
using methods of XRF and p-tomography.

Application of modern experimental techniques for studying of
cultural heritage, without damaging artefacts, gets more and
more interests from researchers around the world. X-ray based
techniques a particularly promising for this purpose. A num-
ber of studies are performed via X-Ray Fluorescence (XRF)
and tomography analysis (Ceccarelli et al., 2022, Dabagov
and Gladkikh, 2019, Morigi et al., 2010, Gonzalez et al., 2020,
Ruvalcaba Sil et al., 2010, Vaggelli and Cossio, 2012, Brunello
et al., 2021). However, huge number of different samples still
need to be investigated to enrich knowledge in different sci-
entific fields, e.g. archeology.

Figure 1. Location of the necropolis of Nerkin Naver.

In this study we summarize complex studies on XRF, p-
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Figure 2. Discovered burial mounds at the necropolis of Nerkin Naver.

tomography, and elemental analysis of a unique golden arte-
fact from burial mound No. 10 of Nerkin Naver (Armeniam,
Figure 1) performed at Institute of Applied Problems of Phys-
ics (Yerevan, Armenia). The artefact is synchronous to master-
pieces of gold-making of the III dynasty of Ur of the Sumerian-
Akkadian kingdom of Southern Mesopotamia (2111-2003 BC)
according to the result of radiocarbon analysis. This Age cor-
responds to grandiose historical and cultural shifts at ancient
East followed by creation of highly developed states with royal
workshops in which professional craftsmen created their ex-
quisite masterpieces. According to archaeological research, an-
cient Armenia was included in these global processes. One of
the core monuments of the Middle Bronze Age of Armenia is
the necropolis of Nerkin Naver, which is located 30 km north-
west of the capital of the Republic of Armenia - Yerevan, less
than 5 km west of the city of Ashtarak - the centre of the Aragat-
sotn region, at the junction of the lands of the villages of Parpi,
Oshakan and Voskevaz, on the plateau of the left bank of the
Shakhverd River, at an altitude of 1050-1100 m above sea level

(Fig. 1).

Since 2002, the archaeological expedition of the “Research
Center for Historical and Cultural Heritage” of the Ministry
of Education, Science, Culture and Sports of the Republic of
Armenia under the leadership of H.Ye. Simonyan began ex-
cavations and a comprehensive study of the monument (Si-
monyan, 2019). Currently, 18 burial mounds have been dis-
covered, which contained individual burials of the aristocracy
of that time (Fig.2).

A number of artefacts was found: weapons (rapier, spear, dag-

gers, arrowheads, shtandart, stone tools, hewn basalt bowls);
beads and amulets of different models and colours made of
gold, silver, bronze, agate, jet gemstone - black amber, carne-
lian, rock crystal, agalmatolite; gold and glass wheel models;
gold plates covering furniture and wooden objects; seashells ex-
ported from the Persian Gulf and others. Spherical beads with
cone-shaped and hemispherical spikes are commonly faced. A
large arsenal of technological approaches was used in the man-
ufacture of gold samples: cold and hot forging, wax casting,
soldering (welding), grinding, chasing, stamping, engraving,
polishing, etc. Colouring gold specimens red was also com-
mon. To clarify the design, composition and manufacturing
technique of one of these jewelleries, dating back to 2133-1954
BC (CEZA, Lab Nr MAMS 52762, bone) we performed com-
prehensively analysis of the artefact using modern methods of
the natural sciences.

2. XRF Studies

Experimental studies were carried out to determine the compos-
ition and internal structure of the archaeological sample. The
sample is close to spherical in shape, the shell is made of yel-
low metal, damaged in several areas, in the damaged areas the
sample is filled with a grey substance with a granular structure,
presumably gypsum, there are multiple protrusions (“spikes”)
on the shell, at the top and bottom of the sample there are
“fastenings”, made of metal (Figure 2). Partially there are traces
of red paint on the shell, probably cinnabar. The section radius
in the central part is approximately 35 mm, height is 38 mm.

To determine the materials that make up the sample, XRF ana-
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Figure 4. Appearance of the archaeological specimen.

lysis with an X-ray tube and X-ray spectrometer based on sil-
icon drift detector (AMPTEK-SDD) was performed. The de-
tector allows registration of gamma-quanta up to 40 keV. XRS-
FP2 software was used to acquire and analyze fluorescence
spectrum. Probe beam was generated by X-ray source based
on Mo X-ray tube with operating parameters of 30 kV and 10
mA. Fluorescence spectra were measured for two cases: X-ray
beam was directed at the metal shell and at the internal part in
area of damaged shell.

Figure 5 demonstrates spectral measurement of fluorescence
from metal shell area. The most intensive characteristic X-ray
lines detected in experiment were Lo, L3, Ly of Au; K« and
Kp of Ag and Cu. Mo lines in spectrum are generated in an-
ode of X-ray tube, while Fe lines in slit collimators. Therefore,

it was concluded that metal shell is made of mainly gold with
small amounts of copper and silver.

Next step was to measure fluorescence spectrum from a speci-
men part in area of damaged shell. It was our suggestion that
the specimen was filled with gypsum. Gypsum is a mixture of
CaS04, which can exist in various modifications with water
of crystallization. The energies of K« characteristic X-ray for
Ca, S, and O are 3.7, 2.3, and 0.5 keV respectively, that are
very low values and, consequently, acquiring them in presence
of air between measured sample and a detector is a quite hard
task. Figure 6 demonstrates measured spectrum; it can be seen
that this spectrum contains Ca K-line. However, the intensity
of this line is very low that is caused by X-ray attenuation in
air. Moreover, in this spectrum we saw intensive Au lines that
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Figure 5. Spectrum of fluorescence excited by probe beam
produced with Mo X-ray tube in metal shell area of the
investigated specimen.

was caused by high energy X-ray penetrated trough infill matter
and interacted with golden shell after that. For more sensitive
acquiring of low energy characteristic X-ray lines, the meas-
urements were performed with another X-ray source based on
X-ray tube with Cu anode with 9 kV voltage and 30 mA current
operating parameters.
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Figure 6. Spectrum of fluorescence excited by probe beam
produced with Mo X-ray tube in area of damaged specimen
shell.

The voltage was set to be definitely lower than ionization po-
tential for Au L-line and to prevent excitation of Au L-lines and
Ag K-lines as well. Measured spectrum is shown in Figure 7. It
can be seen that most intensive lines in the measured spectrum
are Ca K« and K f3; Cu K-lines are caused by generation both
in X-ray tube anode and specimen shell. Application of such
parameters allows distinguish in registered spectrum character-
istic X-ray lines corresponding to S, that is typically very hard
task for measurements in air. Thus, we confirmed that filling
material contains Ca and S elements and apparently, this mater-
ial is gypsum.

As the last part of the XRF study, we measured the fluorescence
spectrum of the sample shell in the area of the presence of red
paint using Cu X-ray source with voltage increased up to 14
kV. Measured spectrum shown in Figure 8. In this spectrum Hg
L~ line were distinguished. The resolution of the spectrometer
is not sufficient to distinguish clearly Au/Hg L« and Lf lines

since gold and mercury are neighbour chemical elements and,
consequently, these lines are mashed. However, L~ lines of
these elements are clearly distinguishable in acquired spectrum.
Thus, Hg was detected in red-painted part of the specimen shell.
The presence of mercury may indicate that cinnabar (HgS) was
used as a paint that is quite typical for archaeological finds from
early ages (Domingo et al., 2012, Mioc€ et al., 2004, Kendix et
al., 2010, Argote et al., 2020, Cotte et al., 2006, Ciuladiené et
al., 2020, Tsantini et al., 2018).
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Figure 8. Spectrum of fluorescence excited by probe beam
produced with Cu X-ray tube operated with 14 kV voltage in
red-painted area of specimen shell.

To define peculiarities and defects of specimen internal struc-
ture we perform p-tomography (UCT) studies using setup in
Institute of Applied Problems of Physics (Yerevan, Armenia),
which allows obtaining of X-ray images with resolution of
about 60 um. As a source we used tungsten X-ray tube oper-
ated at 130 or 150 kV; to suppress the soft part of the spectrum,
aluminum and copper filters (d = 1 mm) were used in the first
and second cases, respectively; the current equaled 1 mA for
both cases. In the first case the X-ray beam was “softer” that
provided better contrast between shell and filing material in ob-
tained images and more sensitive analysis of internal structure.
In the second case, we suppressed “beam hardening” artefacts
that allows better visualization of the structure of metal shell.

Figure 9 shows results of pCT study with source operated in 150
kV mode. Examples of slices obtained in the frontal (Figure
9a), sagittal (Figure 9b) and horizontal planes (Figure 9d), as
well as a 3D model obtained from reconstructed tomographic
slices (Figure 9c) are shown.

Obtained images allows clear distinguishing of metal shell and
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Figure 9. uCT images obtained with 150 kV copper filtered
X-ray beam.

filing material. Moreover, several features can be highlighted.
For example, an area of lower density at the edge of the speci-
men in Fig. 9a is clearly visible. This area is located directly
behind and adjacent to the damaged part of the metal shell. The
density of the filling material apparently changed under the en-
vironmental influences, and as a result of microdestructions in
this part of the sample. Figure 9b clearly shows through hole
in filling material which goes between two “fastenings”, it is
most likely that this hole was used to thread the fibre to hang
the specimen so it could be used as a jewellery or for decora-
tion purposes. In Figure 7d it can be seen that behind the parts
of the shell where the protrusions are located there are cavities
that are not filled.

Figure 10 demonstrates two slices obtained with “soft” X-ray
beam (130 kV and Al filter). These images allow better dis-
tinguishing of filling material structure and proves features de-
scribed above.

Figure 10. Slices obtained from uCT study with 130 kV
aluminium filtered X-ray beam.

3D model of metal shell was separately got from uCT study
with “harder” X-ray beam. This model allows detailed visual-
ization of structure and damages of the shell (Figure 11). In the
figure a part of model is cut along parasagittal plane.

Both real specimen and model clearly show some kind of scar
connecting the top and bottom of the metal shell, that in addi-
tion to the cavities found behind the protrusions on the shell,
allows conclusion that the sample filler was not poured into the
finished metal shell. It is more likely that a core (ball) was
formed from the filling material, in which a through hole was
made, and then this core was encapsulated with two parts of a
metal shell, which were later sealed.

As a final step, the volume of the metal shell and the internal

Figure 11. 3D model of specimen shell.

part of the specimen were calculated based on the obtained im-
ages. The total volume of the sample equalled Viampie = 12.21
cm?®, volume of the metal shell Vipen = 0.351 em®. These
volumes were used to estimate the mass of the sample for the
case of our assumptions about its composition and compare
with the real mass. For gypsum, a standard density value was
taken; the shell density was calculated based on the elemental
composition obtained at XRF experiment.

Paypsum = 2.2 g/em?;
Palloy = 17.44 g/cm3 ;

M =32.7g

Estimated value are slightly exceeded the actual mass of the
sample (31.5 g). However, it should be highlighted that calcu-
lation did not account the presence of holes and damages in the
specimen. In general, we can say that the mass estimation is
quite close to the real value, that indicates the correctness of the
assumptions about the specimen composition.
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