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ABSTRACT

The purpose of the research paper is to analyze and critically discuss the hypothesis that
the Boyukdash monument in Gobustan exhibits a complex, multilayered structure, and that its
chronological framework and material composition can be more reliably constrained through
integrated archaeometric methods.

The scientific novelty of this study lies in its first comprehensive application of multiple
archaeometric techniques - including radiocarbon dating, thermoluminescence (TL), electron
spin resonance (ESR), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy
(FTIR) - to the Boyukdash monument in Gobustan, enabling a more accurate chronological
framework and a more detailed material characterization than previously available.
Additionally, the study provides archaeometric evidence supporting the multilayered
stratigraphic structure of the site.

Conclusions. The Boyukdash archaeological site within the Gobustan Rock Art Cultural
Landscape has been investigated through an integrated archaeometric approach by the
combined use of a multi-proxy archaeometric framework. The use of complementary trapped-
charge dating methods (ESR, TL) in conjunction with radiocarbon (14C) has resulted in a
coherent chronological framework for the site. The results show a distinct bi-temporal
stratigraphy: the ESR-dated dental specimen and related material culture date the primary
settlement phase to around 1.9 ka BP, while the ESR-dated molluscan shell from the Anazaga
shelter indicates a much earlier Late Pleistocene presence around 14.4 ka BP. The radiocarbon
age of 12.6 ka BP indicates that the Anazaga (Boyukdash) hearth was in use during the
terminal Pleistocene and the earliest Holocene. This confirms the site’s palimpsestic nature,
with the rock art shelter containing deposits millennia older than the main habitation
structures. Furthermore, a highly consistent manufacturing process is indicated by
mineralogical and spectroscopic analyses (XRD and ATR-FTIR) of the ceramic assemblage
(samples N1-N4).

The chronological results indicate several distinct phases of activity at the Boyukdash site.
The ESR age of the mollusc shell (~14.4 ka BP) and the radiocarbon date of charcoal (~12.6 ka
BP) correspond to the Late Pleistocene occupation of the Anazaga shelter. The
thermoluminescence age obtained from ceramic materials (~6.8 ka BP) likely reflects later
Holocene settlement activity. Finally, the ESR age of the dental specimen (~1.9 ka BP)
suggests a subsequent phase of human presence during the late prehistoric or early historic
period. These results collectively confirm the palimpsestic character of the site and
demonstrate that the archaeological deposits at Boyukdash accumulated through multiple
episodes of occupation separated by long chronological intervals.

Keywords: Chronological analysis, Boyukdash Monument, TL, ESR, FTIR, Spectroscopic
characterization
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AHOTALIA

Mema Haykogoi cmammi mojasrae B aHali3i Ta KPUTUYHOMY OGroBOpeHHi
rinoTesu mpo Te, o naM ATHUK bborokaam y 'o6ycTaHi Mae ckaiHy 6araTomapoBy
CTPYKTYPY, @ KOr0 XpOHOJIOTIUHI paMKH Ta MaTepiaJlbHUH CKJIaJ MOXKYTb OyTH Gi/1bLI
Ha/liiHO BU3Ha4yeHi 3 BUKOPUCTAHHAM IHTerpoOBaHUX apXeOMETPUYHUX METO/iB.

Haykoea HOBU3Ha [OCHiIXeHHA TNOJATAaE y TMNepUioMy KOMILJIEKCHOMY
3aCcTOCyBaHHi 10 nam’ATHUKA bborwkgam y ['o6ycTaHi JeKiIbKOX apXeoMeTPpUIHUX
MEeTO/IiB, BKJIIOUAl0YM paZlioByTrJielieBe JaTyBaHHS, TEPMOJIOMiIHECHIEHTHUN aHasli3
(TL), enexTpoHHUM cnuHOoBUH pe3oHaHc (ESR), penTreniBcbky audpakiito (XRD) Ta
iHppadepBoOHY cnieKTpocKotiio 3 neperBopeHHsAM Pyp’e (FTIR), mo m03B0ss1€ GibIn
TOYHO BHU3HAYUTH HOr0 XPOHOJIOTIYHI paMKH Ta JeTaJjbHillle OxXapaKTepu3yBaTH
MaTepiaJIbHUM CKJIaJ MOPiBHSAHO 3 oNepeaHiMU AoctikeHHsIMH. KpiM Toro, po6oTa
Ha/Ia€ apXeoOMeTPHYHI J0Ka3H, 1[0 MiATBEPKYIOTh 6araTolapoBy cTpaTurpadidyHy
CTPYKTYpPY 06 €KTAa.

ApxeosioriyHuii nmamM’sTHUK bBborokjam y ckiaafi KyJAbTypHOro JaHAmapTy
HacKaJbHOro MHcCTenTBa [o6yctaHy O6y/o [JOCHAiI)KeHO 3 BHUKOPUCTAHHSM
iHTerpoBaHOro apXeoOMeTPUYHOro MiAXOAY, 10 I'PYHTYETbCI HAa KOMOIHOBAaHOMY
3aCTOCYBaHHI GaraTonpoKci-apxeoMeTpUIHOI MeTO0JI0ril. BukopucraHusa
B3aEMO/IOTIOBHIOIOUMX METO/IiB JlaTyBaHHS 3a HakonudyeHWM 3apsagoMm (ESR, TL) y
MOEAHAHHI 3 pajioByrjieneBuM aHatizoMm (14C) A03BonI0 cHOPMYBATH Y3TOHKEHY
XPOHOJIOTIYHY MO/ie/Ib aM ITHUKA.

Pe3ysibTaTH NMOKa3yoTbh YiTKO BUpaxKeHy 6idacoBy crtparturpadiio: AaTyBaHHSA
3y6HOro 3pa3ka metogoM ESR i cynmyTHboro mMarepialbHOro KOMILJIEKCY BiTHOCHTD
OCHOBHMH eTal 3acejieHHs NpubJyu3Ho A0 1,9 Truc. pokiB ToOMy, TOAl SIK AAaTyBaHHSA
PaKOBUHU MOJIIOCKA 3 YKPUTTs AHazara meTofioM ESR Bkasye Ha 3HA4YHO Gijbll
PaHHIO NPHUCYTHICTb y IMi3HbOMY IIEUCTOIleHi OJin3bko 14,4 THC. POKiB Hasag,.
PanioByrienesa gata 12,6 TUC. pOKiB TOMy CBiJUUTH MPO Te, IO OCEPEAOK AHa3ara
(bborokaal) BUKOPUCTOBYBaBcA y ¢iHaI MJIEHCTOLEHY i y paHHbOMY T'OJIOIEHI.

lle migTBEp/PKYE MaTIMIICECTHUN XapaKTep MaM SITHUKA: CKeJbHUHN MPUTYJOK i3
HaCKaJbHMM MMCTEITBOM MIiCTUTb BiJK/JaJeHHd Ha THUCAYOJITTS AaBHIili, HiX
OCHOBHI XKUTJIOBI CTPpyKTYypH. KpiM TOro, MiHepasioriyHi Ta cneKTPOCKOMiuHi aHa/1i3u
(XRD ta ATR-FTIR) kepamiuHoro koMmiiekcy (3pa3ku N1-N4) cBigyaTb Ipo BUCOKHH
piBeHb CTaHAapTH3aIil BUPOOHUYOIO MPOIIECY.

Knaouoei caoea: xpoHosiorivHui aHautis, naMm’'sitka bororokaam, TL, ESR, FTIR,
CHEeKTPOCKOMNIYHA XapaKTepUCTHUKA
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INTRODUCTION

The Gobustan region has long been recognized as one of the most important
prehistoric archaeological landscapes of the South Caucasus, particularly due to its
extensive assemblage of rock art and associated archaeological remains!. The
Boyukdash settlement is precisely located at N 40°6'45.22", E 49°22'54.83" on the
upper slopes of the eponymous Boyukdash mountain within the Gobustan Rock Art
Cultural Landscape, a UNESCO World Heritage Site internationally recognized for its
extensive corpus of prehistoric rock art and archaeological monuments. Owing to its
topographic position and archaeological assemblages, the Boyukdash settlement
constitutes a site of considerable significance for understanding prehistoric
habitation patterns and cultural development in the Gobustan region of Azerbaijan.
Within the framework of a robust interdisciplinary archaeometric protocol, a diverse
suite of material assemblages was systematically collected from the Boyukdash
settlement locus and subjected to a battery of advanced physicochemical analyses. In
order to provide a reliable absolute chronological reference for human activity at the
site, charcoal collected from the cultural layer of the Anazaga rock shelter was
submitted to radiocarbon (14C) analysis to calculate its conventional age in BP. TL
dating, which measures the amount of time since a material’s last exposure to high
temperatures, was used to evaluate fired silt and in situ ceramic samples from a
residential hearth in order to bolster the dating framework and address items
unsuitable for radiocarbon analysis. The resultant TL age estimate is contingent upon
a parallel gamma spectrometric analysis to determine the sample’s specific
radionuclide composition (U, Th, K), which governs the annual environmental dose
rate.

Concurrently, a systematic program of chemical -characterization was
implemented. The aforementioned combusted organic and thermally altered
sediment samples underwent elemental and mineralogical analysis via X-ray
diffraction (XRD) to elucidate their provenance, technological properties, and
diagenetic pathways?2. To further extend the chronometric lattice and exploit biogenic
archive materials, Electron Spin Resonance (ESR) spectroscopy was applied to two
calcareous biogenic specimens: a molluscan shell fragment and dental enamel. This
method quantifies the cumulative, time-dependent paramagnetic signal generated by
radiation-induced defects within the crystalline lattice. By determining the
historically absorbed total radiation dose and modeling the site-specific dose rate,
ESR age estimates were subsequently derived. This application is particularly
valuable for dating materials beyond the effective range of 14C dating and for
providing an independent chronometric verification.

Taken together, the combination of thermoluminescence, ESR, and radiocarbon
dating with compositional analyses provides a more reliable chronological

1 Amupxaros X.A. Tpyu TUna UHAYCTPUU B KaMeHHOM Beke ['o6ycTaHa. Pocculickas apxeonozusi. 2023.
Ne3. C.7-22. DOI: https://doi.org/10.31857/S0869606323030029; Jxcagpapsade U.M. TobycTah:
HackanbHble n3o6paxkenus. baky: 3m, 1973.

2 Mammadov S., Ahadova A. A Thermoluminescence Dating Study of Ceramic from Ana-Zaga in Gobustan.
Ulu Ondar H. 9liyevin anadan olmasinin 100 illiyina hasr olunmus “Radiasiya texnologiyalari va onun
tatbiqi” mévzusunda  Respublika  elmi-texniki  konfransi.  Baki,  2023. S.42-43. DOI:
https://doi.org/10.5281/zenodo.14269978
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framework and contributes to an understanding of the material characteristics of the
Boyukdash archaeological complex.

Fig. 1. Sampling procedure at the Boyukdash Monument.

The purpose of the paper. In order to rebuild the site’s chronometric framework
and material composition within its depositional context, this article attempts to
evaluate the efficacy of an integrated interdisciplinary approach. By using
complementary analytical techniques that improve material characterisation and
temporal accuracy, it also aims to show that the site constitutes a stratified,
multilayered settlement.

LITERATURE REVIEW

Systematic scholarly research on the Gobustan rock art complex began with the
pioneering investigations of Ishaq Jafarzadeh in 19393, whose work established the
first typological classifications of petroglyphs and proposed an initial chronological
framework for the region. Later studies by Azerbaijani archaeologists, including
J. Rustamov, F. Muradova4, M. Farajova5’, and N. Museyiblis, significantly expanded the
archaeological interpretation of Gobustan through excavation, comparative analysis

3 [lncagpapsade H.M. TobycTaH: HackasbHble U306 paXKeHHUS...

4 Muradova F. Qobustan abidalari ve onlarin xronologiyasi. Baki: Nurlar, 2005.

5 Farajova M.N. Rock Art of the Ana Zaga Cave Shelter in the Archaeological Landscape of Gobustan,
Azerbaijan. Archaeology, Ethnology and Anthropology of Eurasia. 2023. Vol.51. P.45-54. DOI:
https://doi.org/10.17746/1563-0110.2023.51.4.045-054

6 Museyibli N. Azarbaycanin qadim gayaiistii tasvirlari. Baki: EIm ve Tahsil, 2010.
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of rock art motifs, and the contextual study of material culture. International scholars
such as E.Anati and A.Formozov have also examined the Gobustan petroglyphs
within the wider context of Eurasian prehistoric rock art traditions?.

Thus, systematic excavations conducted by the Gobustan Archaeological
Expedition covered a total area of approximately 320 m? revealing remnants of
quadrangular, multi-room stone-built structures. Among the architectural debris,
fragments of clay plaster bearing impressions of rods were documented. Sampling at
the Boyukdash Monument is shown in Fig. 1. Sampling was carried out within clearly
defined stratigraphic units to ensure secure contextual attribution. Materials were
collected from cultural layers, hearth structures, and associated zones following
standard archaeological documentation procedures. Excavated assemblages from
these contexts included diverse ceramic fragments, charcoal, mollusc shells, remnants
of braziers, grinding stones, querns, spindles, and sickle teeth8. Stone tools,
predominantly crafted from river cobbles, were also documented, reflecting the lithic
technology employed by the settlement’s inhabitants.

METHODOLOGY

The analyses were conducted by the authors at the Archaeometric Analyses
Center, which operates within the Radiation Chemistry and Radiochemistry
Laboratory of the Institute of Physics under the Ministry of Science and Education of
the Republic of Azerbaijan. The authors directly participated in the excavation led by
archaeologist Aslan Gasimov, collecting the items and bringing them to the laboratory
for analysis. For this purpose, several artifacts obtained during excavations
conducted in the Gobustan area between 2019 and 2021 were utilized. Ceramic
fragments discovered during excavations carried out near Rock No.111 at the
Chapmali campsite were subjected to analysis using the TL, XRD, and FTIR methods.
Samples from hearth features and occupation layers underwent an integrated
archaeometric program in which fired sediments and associated quartz minerals
were examined through TL, XRD, and FTIR analyses to reconstruct thermal processes
and mineralogical characteristics®. To establish and refine the absolute chronology,
charcoal from the same contexts was dated by radiocarbon (14C) methods, while
dental remains and mollusc shells were analyzed using ESR spectroscopy to provide
additional age estimates and constrain the site’s chronological sequence?0.

Another category of samples comprised ceramic artifacts, primarily wall-built
vessels associated with both domestic and workshop activities, where they were
utilized for grinding, transport, straining, storage, and long-term preservation of
various substances. The coarse ware assemblage is typologically diverse,

7 Anati E. Gobustan, Azerbaijan. Capo di Ponte: Centro Camuno di Studi Preistorici, 2001; ®opmo3os A.A.
O4epkH 10 NepBOGLITHOMY UCKyccTBY. MockBa: Hayka, 1969.

8 Farajova M. About Specifics of Rock Art of Gobustan and Some Innovative Approaches to Its
Interpretation (“Firuz 2” Shelter). Quaternary International. 2018. Vol.491. P.78-98. DOI:
https://doi.org/10.1016/j.quaint.2017.06.047

9 Griin R,, Macdonald P.D.M. Non-Linear Fitting of TL/ESR Dose-Response Curves. International Journal of
Radiation  Applications and Instrumentation. 1989. Vol. 40 (10-12). P.1077-1080. DOI:
https://doi.org/10.1016/0883-2889(89)90043-9

10 Duval M., Martin L. ESR Dating of Fossil Teeth: In Which Extent the Thickness of Adjacent Tissues
Should Be Taken into Account in the External Beta Dose Rate Evaluation? Geochronometria. 2019.
Vol. 46 (1).P. 102-110. DOI: https://doi.org/10.1515/geochr-2015-0105
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encompassing storage jars, basins, mortars, deep bowls, funnels, bottles, jugs, and
lids, and reflects functional differentiation within the ceramic repertoire!l. These
vessels were predominantly manufactured from hard and compact clay matrices
tempered with sand, calcareous inclusions, mica, and light-colored quartz, suggesting
a high degree of intentional raw material selection, careful preparation of ceramic
pastes, and controlled firing conditions. Collectively, these technological traits point
to well-developed ceramic production practices and an advanced understanding of
material properties among the pottery-producing communities?2.

The Boyukdash settlement’s multilayered habitation is unquestionably confirmed
by the integrative examination of architectural remains, hearths, pottery, and other
material culture, underscoring its significance within Gobustan’s ancient
environment?3,

TL method. TL dating was conducted using the quartz inclusion method. Pottery
samples from the Boyukdash monument were selected for TL analysisi4. The
procedures employed for sample preparation are described below.

To minimize the influence of B-radiation on the estimation of the absorbed
paleodose, the outermost ~2 mm layer of each pottery sample was mechanically
removed using precision tools. The remaining material was subsequently fragmented
and gently pulverized in an agate mortar to prevent artificial signal enhancement.
Magnetic minerals were removed using a hand magnet, and oversized grains
(>200 um) were excluded by dry sieving. Quartz grains within the 100-150 pum size
fraction were selected for TL dating?.

To achieve mineralogical purification, the selected grain fraction was subjected to
sequential chemical treatments. Initially, samples were immersed in 10%
hydrochloric acid (HCI) for 24 hours to remove carbonates, followed by treatment in
30% hydrogen peroxide (H,0;) for 2 hours to eliminate organic matter. Quartz grains
were subsequently separated from remaining heavy minerals using heavy liquid
flotation with sodium polytungstate (density range 2.5-3.0 g/cm?). To eliminate the
contribution of a-particle irradiation originating from uranium and thorium decay,
the purified grains were etched in 1 N hydrofluoric acid (HF) for 100 minutes, a
procedure that also effectively removed feldspar and residual calcite phases?s.

The purified quartz fraction was divided into six equal aliquots, each loaded into
Suprasil glass tubes for controlled laboratory irradiation. Artificial irradiation was
conducted using a °°Co gamma source, with the applied dose rate independently

11 Amupxaros X.A. HackasibHOe UCKYCCTBO B KaMeHHOM BekKe ['o6ycTaHa: B3rJs/] apxeoJiora. Poccuiickas
apxeosiorust. 2024. Ne 2. C. 5-19. DOI: https://doi.org/10.31857/S0869606324020013

12 Sigari D. Palaeolithic Rock Art in Gobustan, Azerbaijan. The Study Case of Rock 44 of Boyiik Das,
Gobustan. Iranian Archaeology. 2013. Vol. 4. P. 15-22.

13 Abdullayev R. Bronze Age Rock Art of Gobustan. Proceedings of the XIX International Rock Art
Conference IFRAO 2015 ‘Symbols in the Landscape: Rock Art and its Context’ (Caceres, Spain, 31 August -
4 September 2015). Tomar, 2015. P. 1693-1703.

14 Kamil M.U. Effect of Post Annealing Time and Radiation Doses on Fading and Glow Curve
Characteristics of Topaz and TLD-100: Thesis for MS Medical Physics. Islamabad, 2011.

15 Siti Shafiqgah A.S., Amin Y.M., Nor RM.,, Bradley D.A. Effect of Particle Size on the Thermoluminescence
(TL) Response of Silica Nanoparticles. Radiation Physics and Chemistry. 2015. Vol. 117. P. 102-107. DOI:
https://doi.org/10.1016/j.radphyschem.2015.08.004

16 Bos A.].J, Dorenbos P., Bessire A., et al. Study of TL Glow Curves of YPO4 Double Doped with Lanthanide
Ions. Radiation Measurements. 2011. Vol. 46 (12). P. 1410-1416. DOLI:
https://doi.org/10.1016/j.radmeas.2011.04.021
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calibrated using a Magnettech Miniscope MS400 ESR spectrometer and BioMax
alanine dosimeter films (Eastman Kodak Company), individually wrapped and
barcode-labeled for traceability. The irradiation of quartz grains was carried out
using the cobalt-60 (°°Co) gamma radiation source of the ‘RXUND-20000" model
located at the High Technologies Park of the Azerbaijan National Academy of
Sciences. The dose rate of the ®°Co gamma radiation source was measured with a
‘Magnettech Miniscope MS400 EPR’ spectrometer using ‘BioMax alanine dosimeter’1?
films manufactured by the Eastman Kodak Company. The Magnettech Miniscope
MS400 ESR spectrometer, located at the Azerbaijan National Nuclear Research
Center, was used for the determination of alanine dosimeters. In order to simulate
natural low-dose-rate irradiation conditions, a dose-mapping experiment was
performed at three fixed positions around the ¢°Co source, yielding dose rates of
0.194 Gy s™%,0.0194 Gy s, and 0.0098 Gy s™*, respectively!s,

Thermoluminescence measurements were carried out using a Harshaw TLD 3500
manual reader. To determine the environmental dose rate, soil samples were
collected from locations immediately adjacent to the analyzed pottery specimens?®.
Concentrations of uranium (U), thorium (Th), and potassium (K) were quantified by
high-resolution gamma spectrometry using a Canberra GR 4520 low-background
system?9, equipped with a 15 cm lead shield and a hyper-pure germanium (HPGe)
detector exhibiting 43.5% relative efficiency at 661.6 keV21,

The TL glow curves of the sample were measured two days after exposure to
radiation from a 6°Co gamma source. Before analysis, a pottery sample that was taken
near the chosen specimens was air-dried and kept in a sealed container for a month.
Following laboratory irradiation of the quartz fraction isolated from the ceramic
sherd with incremental additional doses of 2.076, 4.152, 6.228, 8.304, and 12.456 Gy,
the corresponding TL glow curves were recorded. Fig. 3A shows the correlation
between the TL intensity and the applied radiation dose for the sample’s quartz
component?2,

Additionally, the same TL preparation methods used for the pottery sherds were
applied to a 300 g fired soil sample from the Anazaga hearth. TL dating was applied to
quartz minerals isolated from a fired soil sample retrieved from the hearth context of

17 Ahadov A, Mammadov S., Gurbanov M., AbishovA, Ahadova A. Isothermal Decay Analysis of
Thermoluminescence Peaks of Nano-a-Alumina. Physics and Chemistry of Solid State. 2024. Vol. 25 (4).
P. 689-693. DOLI: https://doi.org/10.15330/pcss.25.4.689-693

18 Plotze M., Kahr G, Stengele RH. Alteration of Clay Minerals-Gamma-Irradiation Effects on
Physicochemical Properties. Applied Clay Science. 2003. Vol.23(1-4). P.195-202. DOI:
https://doi.org/10.1016/S0169-1317(03)00103-0

19 Bolca M., Sa¢ M.M., Cokuysal B,, Karali T., Ekdal E. Radioactivity in Soils and Various Foodstuffs from the
Gediz River Basin of Turkey. Radiation Measurements. 2007. Vol.42(2). P.263-270. DOI:
https://doi.org/10.1016/j.radmeas.2006.12.001

20 Abdel Rahman R.O.,, Zaki A.A,, El-Kamash A.M. Modeling the Long-Term Leaching Behavior of 137Cs,
60Co, and 152,154Eu Radionuclides from Cement-Clay Matrices. Journal of Hazardous Materials. 2007.
Vol. 145 (3). P. 372-380. DOI: https://doi.org/10.1016 /] JHAZMAT.2006.11.030

21 Ahadova A,  AbishovA.,,  GurbanovM., MammadovS, AhadovA. Temperature Effect on
Thermoluminescence Kinetic Parameters of Nano-Alumina. Advanced Physical Research. 2024. Vol. 6 (3).
P. 239-246. DOLI: https://doi.org/10.62476 /apr63239

22 Watanabe S., Cano N.F,, Rao T.K.G., et al. Radiation Dosimetry Using Decreasing TL Intensity in a Few
Variety of Silicate Crystals. Applied Radiation and Isotopes. 2015. Vol. 105. P.119-122. DOI:
https://doi.org/10.1016/j.apradiso.2015.07.056
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the monument. Under controlled laboratory conditions, TL glow curves were
systematically generated for the quartz fraction following irradiation with a series of
progressively increasing artificial doses. As shown in Fig.3B, the given dosage
increments were 2.076 Gy, 4.152 Gy, 6.228 Gy, 8.304 Gy, 12.456 Gy, and 14.532 Gy. A
quantitative assessment of the cumulative radiation dose acquired during burial was
obtained by calculating the equivalent dose of the quartz sample based on the
resultant dose-response relationship, which described the dependency of TL signal
strength on absorbed radiation dose. Table 1 shows the computed dose rates?3. The
age of the sample was determined using ‘DRAC (Dose Rate and Age Calculator)’
software.

1 N2 T ™ N3

Fig. 2. Pottery samples for the TL, XRD and FTIR measurements (N1-N4).

XRD method. XRD analysis was used to examine the mineralogical composition24
of the ceramic assemblage (samples N 1, N 2, N 3, and N 4, with corresponding codes),
as shown in Fig. 4. The representative diffractogram fragment highlights a phase

23 Madcour W.E.,, Shahein A.Y., Hafez H.S. Usability of Sand Samples in TL Radiation Dosimetry. Radiation
and Environmental Biophysics. 2024. Vol. 63 (2). P. 195-202. DOI: https://doi.org/10.1007/s00411-024-
01070-7

24 Mammadov S., Ahadova A., Abishov A., Ahadov A. The Thermoluminescence Parameters of Irradiated K-
Feldspar. = East  European  jJournal  of  Physics.  2023. Vol 2. P. 182-186. DOLI:
https://doi.org/10.26565/2312-4334-2023-2-18
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identified as quartz (Si0;)25, a common tempering material or naturally occurring
mineral inclusion within ceramic fabrics, which plays a critical role in influencing the
mechanical and thermal properties of the vessels.
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Fig. 3. A) TL spectra of irradiated quartz minerals from the ceramic sherds of the monument
obtained at varying radiation doses and the dependence of the TL intensity of the quartz
component from the ceramic sample on the applied dose rate: (1) natural; (2) 2.076 Gy; (3)
4.152 Gy; (4) 6.228 Gy; (5)8.304 Gy; (6) 12.456 Gy.

B) TL spectra of irradiated quartz minerals from the fired soil sample and the dependence of
the TL intensity of the quartz component from the soil sample on the applied dose rate.

A high-resolution, full-pattern XRD scan is shown by the comprehensive list of
peak locations, which ranges around 28°-120° 20. The identification of the crystalline
phase as a-quartz (the most common polymorph at surface conditions) is
foundational. The presence, relative intensity, and sharpness (crystallinity) of these
quartz peaks allow for several inferences. The quartz likely originates from the local
lithic environment - potentially from the surrounding sandstone (Boyukdash

25 Mammadov S, Ahadova A. Comprehensive Investigation of Neolithic Ceramic Samples: Firing
Technology and Age Insights. East European Journal of Physics. 2023. Vol.3. P.531-534. DOI:
https://doi.org/10.26565/2312-4334-2023-3-61

Eminak, 2026, 1 (53)



ANCIENT HISTORY 45

counts

] Q
1200+
1100+
1000+
900+
800+
700+
600+
500': S:IZ;%a?EASIg:t/;+Micmc\ine)HZO%
4004 A Dioparde - 7%
300; Q Minor others — 3%
3 A N1
2007 e Mc J{“i" w i 1
103 ; ¥ M 'M‘* NJ‘MMMM“M Wl WWMMW
800+ e,
600- aQ c Calcie s 10
400- An M Maghemite — 5% N 2
o004 Me Mc|AD e @ Jt\ TMQ Q
o _ w.., an N -
5004
4004 Q e
: i Calcto s 10%
300-_ MC Mighemite HUS% N 3
200+ Mc
3 An Mc
1004 An Mc
0.
500+
] A e 1o
400-“ C Muscovite — 14%
300- a, Bil;';i,: o N4
200¢ e A MIC‘ iA Mc l i ‘
100+ Mc Hj I
0-73.‘.‘ ‘‘‘‘‘‘‘‘‘ il b W MWM W’h WMW{# WW"
10 20
2Theta (Coupled Tonheta/T heta) WL—1 .54060

Fig. 4. XRD analysis results of pottery sherds (N1-N4). Q - Quartz; Mc - Muscovite; A - Albite;
Mr - Microline; D - Diopside; An - Anorthite; C - Calcite; Mg - Maghemite.

mountain itself) or fluvial sands from nearby sources. Its grain size and distribution
(inferred from peak broadening if full-width-half-maximum data were available)
could inform on temper preparation techniques (crushing, sorting). Furthermore,
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quartz undergoes a well-documented inversion at 573°C (-quartz)26. The presence
of the characteristic a-quartz pattern suggests the ceramic was fired below this
temperature or that it reverted to the alpha phase upon cooling. The maximum firing
temperature is further limited to probably around 1000-1200°C because of the lack of
high-temperature silica polymorphs (cristobalite, tridymite), which is compatible
with ancient open-fire or basic kiln technology. Quartz is the main aplastic inclusion if
the fabric characteristics are examined. In order to identify petrographic fabric
groups among samples N1-N4 (Fig. 2), its signature is essential. A comparison of the
quartz peak profiles of the four samples may show variability (indicating several
manufacturing episodes or clay sources) or consistency (indicating uniform paste
recipes or a single clay source). Other phases like feldspars (like microcline and
plagioclase), micas (like muscovite), clay minerals (like illite and kaolinite - often
indicated by wide, low-angle reflections), and calcite would be included in a
comprehensive mineralogical assemblage for each pottery sample. For a robust
interpretation, quantitative phase analysis (e.g, using the Rietveld method) is
required to determine the weight percentages of quartz and other minerals. This
would allow for precise comparisons of paste recipes.

A key element of the materials science approach to the Boyukdash assemblage is
the XRD investigation of samples N1-N4. A mineralogical baseline is established by
the identification of quartz. Each of the four ceramic samples has a comparable
technical signature, with feldspars as secondary inclusions and quartz as the main
temper (~50-60%), suggesting similar paste formulas and raw material sources
(Fig. 4). The surviving quartz and calcite in the XRD measurements show that the
ceramics were fired at moderate temperatures, perhaps below 1000°C, which is
compatible with prehistoric open-fire or basic kiln firing techniques. The XRD
examination of samples N1, N 2, N 3, and N 4 shows that quartz is the predominant
mineral phase in each sample, with feldspar, muscovite, calcite, and other accessory
minerals present in different proportions. Quartz makes up around 55% of the
mineral makeup in sample N 1, with feldspar minerals like microcline and albite
coming in second at about 20%. About 15% is made up of muscovite, with diopside
occurring as a minor phase at about 7%. The remaining minuscule proportion is
made up of various trace components. Additionally, quartz makes up around 60% of
Sample N 2, followed by muscovite (about 10%) and anorthite (about 15%).
Maghemite is a small iron oxide phase that makes up around 5% of the composition,
whereas calcite accounts for about 10%. The mineralogical composition of Sample
N 3 is comparable to that of Sample N 2, with around 58% quartz, 15% anorthite, and
12% muscovite. There is also about 10% calcite and 5% maghemite. About 52% of
the total mineral composition in sample N 4 is made up of quartz, followed by albite
(about 18%) and muscovite (about 14%). Diopside is present as a minor component
at around 6%, and calcite makes up about 10%. The samples’ overall mineralogical
composition shows quartz-rich silicate materials with notable contributions from

26 Mammadov S., Gurbanov M.,, Rahimli R, et al. Analysis of thermoluminescence parameters of natural
quartz: impact of thermal cleaning and irradiation doses. Journal of Radioanalytical and Nuclear
Chemistry. 2025. Vol.334. P.4899-4906. DOI: https://doi.org/10.1007/s10967-025-10162-7;
Mammadov S, Gurbanov M., Abishov A, Ahadov A., Ahadova A. Analysis of Trap Parameters Associated
with Intermediate Luminescence Peaks of Quartz. Applied Radiation and Isotopes. 2025. Vol. 223.
id. 111901. DOI: https://doi.org/10.1016 /j.apradiso.2025.111901
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feldspar and mica minerals, as well as trace amounts of carbonate and iron oxide
phases.

The Boyukdash site’s uniform ceramic technique is reflected in the mineralogical
composition; minor variations are probably caused by differences in local resources
rather than drastically different manufacturing practices.

In summary, this fragment of XRD data is the raw mineralogical evidence that,
when properly processed and contextually integrated, can decipher the
pyrotechnological characteristics, strategies for obtaining raw materials, and
potentially the social organization of production that underlies the Boyukdash
settlement’s ceramic assemblage. Pottery sherds therefore provide important
information about technological practices and raw material procurement.
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Fig. 5. Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR) spectroscopy
results of ceramic sherds (N1-N4).

FTIR method. For four ceramic samples (N 1-N 4), the data displayed corresponds
to Fourier-Transform Infrared (FTIR) absorbance or transmittance values at
designated wavenumbers (cm™"). Employing a robust analytical framework beyond
mere chronological determination, a comprehensive investigation into the
technological and mineralogical attributes of the ceramic assemblage was
undertaken. This inquiry utilized a synergistic application of vibrational spectroscopy
and crystallographic diffraction techniques. A representative selection of four ceramic
sherds (Fig. 5), encompassing a diverse array of postulated functional typologies, was
subjected to detailed mineralogical characterization via Attenuated Total Reflectance
Fourier-Transform Infrared (ATR-FTIR) spectroscopy?’. Spectral acquisition spanned
the mid-infrared region (4000-400 cm™), with second-derivative mathematical
processing implemented to deconvolute overlapping absorption bands and thereby
augment phase discrimination and identification. All FTIR analyses were performed
using a Bruker Alpha I OPUS Touch spectrometer, operating at a spectral resolution
of 4cm™ and averaging 64 scans per measurement to optimize the signal-to-noise

27 Reyes-Gasga J., Martinez-Pifieiro E.L., et al. XRD and FTIR Crystallinity Indices in Sound Human Tooth
Enamel and Synthetic Hydroxyapatite. Materials Science and Engineering: C. 2013. Vol. 33 (8). P. 4568-
4574.DOI: https://doi.org/10.1016/j.msec.2013.07.014
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ratio. To account for potential intra-sherd heterogeneity and ensure analytical
representativeness, triplicate measurements were systematically conducted at three
discrete micro-locations on each specimen.

ESR method. A standard X-band ESR spectrometer with the following optimized
operational parameters was used to measure paramagnetic properties for dosimetric
assessment: a central magnetic field of 3500 G with a 60 G sweep width, a microwave
frequency of 9.8 GHz at a power of 2.15 mW, and a modulation frequency of 100 kHz
with an amplitude of 3.26 G. To ensure accurate detection of radiation-induced
paramagnetic centers while avoiding signal saturation and distortion, these
parameters were carefully selected.

ESR spectroscopic analysis was used to ascertain the chronometric age of skeletal
and malacological remnants obtained from the archaeological site. In particular, this
trapped-charge dating technique was used for the analysis of a dental specimen and a
fragment of a molluscan shell.

Several aliquots from the non-irradiated natural enamel fraction were prepared
for the tooth sample as part of the ESR measurement technique. The baseline
paramagnetic signal strength was initially determined by recording this natural
fraction’s ESR spectrum. The same enamel fraction was then subjected to a series of
additive dose tests in which different aliquots were exposed to known, incremental
gamma doses in the lab. A dose-response curve was subsequently created by
measuring the ESR spectra of these artificially irradiated aliquots.

The equivalent dose (or paleodose)?8, which is the total radiation dose that the
sample has acquired since the last event that reset its paramagnetic centers (in this
example, the organism’s death and the biological system’s closure), may be
extrapolated thanks to this experimental design. The absolute ESR age of the material
is determined using the equivalent dose and a modeled estimate of the yearly
ambient exposure rate.

ESR analysis was performed using an additive dose approach on a tooth specimen
that was retrieved from the Boyukdash archaeological site. The non-irradiated
natural enamel portion and a number of aliquots exposed to increasing laboratory
gamma doses (2.1, 4.2, 6.3, 8.4, 12.6, 14.7, and 16.8 Gy) had their ESR spectra
recorded. The equivalent dose, which represents the total radiation dose absorbed
since the person’s death, was found to be 2.5 + 0.4 Gy using these spectra to create a
dose-response curve (Fig. 6).

Sediment samples from the immediate burial context were examined using gamma
spectrometry to determine the yearly radiation rate. The principal radionuclide
concentrations were found to be: potassium-40 (K): 1.6%, thorium-232 (Th):
6.0 ppm, and uranium-238 (U): 1.8 ppm.

The overall ambient exposure rate was determined to be 1345.74 uGy/year after
taking into consideration the burial depth of 1.1 meters (which reduces the cosmic
ray contribution) and applying standard conversion factors. Using the measured
parameters, the dental specimen’s ultimate age was determined to be 1894 + 97
years Before Present (BP). The same ESR methodology was used to evaluate a second
material, a piece of a molluscan shell that was recovered from the Anazaga rock

28 Baffa 0., Brunetti A, Karmann I, Dias Neto C.M. ESR Dating of a Toxodon Tooth from a Brazilian Karstic
Cave. Applied Radiation and Isotopes. 2000. Vol. 52 (5). P. 1345-1349. DOI:
https://doi.org/10.1016/S0969-8043(00)00093-2
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shelter environment. An equivalent dose of 22.0 + 0.9 Gy was obtained from the
additive dose experiment.

—— (1) Natural 54
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—(3)4.2 Gy
20+ (4)6.3 Gy
—(5)8.4 Gy
——(6)12.6 Gy
——(7)14.7 Gy
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Fig. 6. ESR spectra of irradiated tooth enamel from the Boyukdash monument obtained at
varying radiation doses, and the resulting dependence of ESR signal intensity on absorbed
dose.

In order to measure the specific activity of the whole decay chains of uranium and
thorium, together with K, a simultaneous high-resolution gamma spectrometric study
of the corresponding burial sediment was carried out. An appropriate dose rate
estimate for the shell depended on this exact assessment of the radionuclide
inventory. A much older ESR age of 14,402 + 267 years BP for the molluscan shell was
obtained by integrating this high value with the estimated yearly exposure rate. The
derived ages indicate two major chronological phases for the Boyukdash complex.
Therefore, the dental age (~1.9 ka BP) is compatible with the occupation stages of the
stone-built structures and subsequent human activity within the settlement area,
which may be historic or late prehistoric. The shell age of the Anazaga shelter
(~14.4 ka BP) suggests a Late Pleistocene depositional event that occurred much
earlier (Table1 in Appendix). This precedes the ceramic-bearing habitation by
millennia and is likely associated with a pre-ceramic, perhaps Epipaleolithic, period
of human or natural deposition that coincided with or before the earliest rock art
development at the site. This striking chronological disjunction highlights the site’s
long-term palimpsestic nature and emphasizes the importance of direct dating for
contextualizing different material assemblages. The age of the shell, which shows that
the Anazaga shelter’s geological matrix contains deposits that significantly precede
the primary occupancy phase, offers a deep temporal window into the site’s
environmental and perhaps early human history.

Radiocarbon method. Approximately 150 g of charcoal was recovered from the
hearth feature at Anazaga, Boyukdash, and mechanically cleaned to eliminate
adhering sediment prior to laboratory processing. The material was then subjected to
a standard acid-alkali-acid pretreatment (0.5% HCIl and 0.5% NaOH), which resulted
in an estimated mass reduction of about 20%. Conventional radiocarbon
determinations were calculated and rounded to the nearest 10 years in accordance
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with the recommendations of the 1977 International Radiocarbon Conference?s,
while background activity was assessed using petroleum-derived benzene. All
preparation procedures followed standard radiocarbon laboratory protocols.

a)  Fragmentation (2-5 cm), washing, and treatment with 3% HCI (100-200 ml,
60-70°C, 30-60 min) to remove carbonates, followed by rinsing to neutral
pH.

b)  Treatment with 1% NaOH (100-200 ml, 60°C, 2 h) to extract humics, with
repeated heating (0-70°C, 2 h).

c¢) Neutralization to restore chemical equilibrium.
(d) Freeze-drying under liquid nitrogen and drying at 400 °C, yielding 6 g of
purified carbon.

Acetylene (98-99% purity) was catalytically trimerized to benzene using a CrOs-
activated aluminosilicate catalyst (60g, pre-dried at 400°C for 1h), yielding
approximately 4.5 L of benzene within 90 minutes under standard conditions. The
synthesis was carried out under vacuum at 150°C for 2 hours, producing benzene of
~99% purity as verified by gas chromatography (GC). For radiometric measurement,
the synthesized benzene was combined with a PPO/POPOP-toluene scintillation
cocktail (Sigma-Aldrich) and analyzed by liquid scintillation counting (LSC) using a
Tri-Carb 3100TR analyzer (PerkinElmer). Counting times ranged from 300 to 1000
minutes over an energy window of 0-2000 keV, with a background of approximately
16 CPM for 14C and temperature stability maintained within +0.5°C. Modern reference
benzene and petroleum-derived ‘dead’ benzene were used to determine standard and
background activities. Calibration was performed with OxCal v4.4 employing the
IntCal20 curve3?, and calibrated ages are reported relative to 1950 CE at 68.3% (10)
and 95.4% (20) confidence levels. Radiocarbon ages were calculated using a 14C half-
life of 5,568 years and normalized for isotopic fractionation to §3C = -25%o. The
analytical results are presented in Table 1. The measured age of 12,644 + 210 BP
(Fig. 7) calibrates to the late Pleistocene-early Holocene transition, with the highest
probability (50.5%, 1o0) falling between 13,413 and 12,847 cal BC, and the broader
95.4% probability interval extending from 13,681 to 12,210 cal BC. These results
indicate that the hearth feature at the Anazaga (Boyukdash) monument was in use
during the terminal Pleistocene to earliest Holocene.

DISCUSSION

The integration of archaeometric data with archaeological observations provides a
clearer interpretation of the occupational history of the Boyukdash site. Stratigraphic
observations during excavation already suggested that the site represents a multi-
layered archaeological complex. The chronometric results obtained in this study
refine this interpretation by quantifying the temporal range of different deposits. Late
Pleistocene dates obtained from the mollusc shell and charcoal samples suggest
human activity in the Anazaga shelter during the terminal Pleistocene. Later dates
obtained from ceramic materials and dental remains reflect subsequent phases of
settlement activity during the Holocene and later periods. These results demonstrate

29 Johnson F. A Bibliography of Radiocarbon Dating. Radiocarbon. 1959. Vol.1. P.199-214. DOI:
https://doi.org/10.1017/s0033822200020464

30 Hajdas 1, Ascough P, Garnett M.H,, et al. Radiocarbon Dating. Nature Reviews Methods Primers. 2021.
Vol. 1. Article 62. DOI: https://doi.org/10.1038/s43586-021-00058-7
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that the Boyukdash archaeological site developed through several episodes of
occupation separated by significant chronological intervals.

A chronological discrepancy is observed between the thermoluminescence age
obtained from the fired sediment associated with the hearth (~15.0 ka BP) and the
radiocarbon age of charcoal from the same context (~12.6 ka BP). This difference
may be explained by several archaeological and geoarchaeological processes. The
fired sediment used for TL analysis may originate from an older depositional layer
that was incorporated into the hearth during later human activity. Alternatively,
repeated heating events could partially reset the luminescence signal of the
sediments. Minor stratigraphic mixing or redeposition of older sediment into younger
contexts may also explain the discrepancy. Therefore, the TL age likely reflects the
age of the heated sediment matrix rather than the exact time of hearth use.
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Fig. 7. Radiocarbon date and Calibrated date of charcoal from Boyukdash monument.

CONCLUSIONS

The Boyukdash archaeological site within the Gobustan Rock Art Cultural
Landscape has been investigated through an integrated archaeometric approach by
the combined use of a multi-proxy archaeometric framework. By methodically
analyzing the site’s material record, this methodology goes beyond traditional
typological chronology to reconstruct the site’s technical practices, formation
processes, and chronological context.
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The use of complementary trapped-charge dating methods (ESR, TL) in
conjunction with radiocarbon (14C) has resulted in a coherent chronological
framework for the site. The results show a distinct bi-temporal stratigraphy: the ESR-
dated dental specimen and related material culture date the primary settlement
phase to around 1.9 ka BP, while the ESR-dated molluscan shell from the Anazaga
shelter indicates a much earlier Late Pleistocene presence around 14.4 ka BP.

The radiocarbon age of 12.6 ka BP indicates that the Anazaga (Boyukdash) hearth
was in use during the terminal Pleistocene to the earliest Holocene. Calibration places
the most probable age between 13.4 and 12.8 ka cal BC (10), with a broader 95.4%
probability range of 13.6-12.2 ka cal BC. This confirms the site’s palimpsestic nature,
with the rock art shelter containing deposits millennia older than the main habitation
structures.

Furthermore, a highly consistent manufacturing process is indicated by
mineralogical and spectroscopic analyses (XRD and ATR-FTIR) of the ceramic
assemblage (samples N1-N4). The use of a constant clay supply and firing under
oxidizing conditions at temperatures above 750°C are suggested by the lack of
organic residues and structural hydroxyl groups, as well as the existence of a
homogeneous silicate matrix. This homogeneity may indicate relatively standardized
ceramic production practices and consistent raw material selection.

The chronological results indicate several distinct phases of activity at the
Boyukdash site. The ESR age of the mollusc shell (~14.4 ka BP) and the radiocarbon
date of charcoal (~12.6 ka BP) correspond to the Late Pleistocene occupation of the
Anazaga shelter. The thermoluminescence age obtained from ceramic materials
(~6.8 ka BP) likely reflects later Holocene settlement activity. Finally, the ESR age of
the dental specimen (~1.9 ka BP) suggests a subsequent phase of human presence
during the late prehistoric or early historic period. These results collectively confirm
the palimpsestic character of the site and demonstrate that the archaeological
deposits at Boyukdash accumulated through multiple episodes of occupation
separated by long chronological intervals.
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Table 1. Equivalent doses and chronological age estimates of various materials from
the Boyukdash site obtained via Radiocarbon, TL and ESR analyses.

. . Modern Fraction Radiocarb Calculated || Calibrated
Sample || Analytical ||Equivalent Carb Mod on Age (BP M dl a 1
Material Method || Dose (Gy) arvon 014ern *lo / Measure ge (ca
(pMC %) (F**C) o Age (BP) BC)
0=1950)
[Firedsoil || 1L | 352:137) — || — || — [iso13x1324|] —
lceramic || tL | 238:o020) — || — || — ls3sx383 || —
Tooth ESR 2504 - - —  |[1894x97 —
enamel
Mollusc ESR 22£0.9 - - —  |[14402 £ 267 -
shell
13,413-
12,514
Charcoal *c — 20.720 + 1.13 03%7121i 12644 + 210 — ufé%%‘ff@
12,210
(20, 95.4%)
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