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Abstract

Paleomagnetism is an interdisciplinary field that bridges geophysics and archaeology, focusing on the study
of variations in the Earth’s magnetic field throughout human history. This method utilizes periodic changes
in the geomagnetic field and the properties of certain archaeological materials that can record the direction
and intensity of the Earth’s magnetic field, enabling the relative dating of artifacts. The samples analyzed in
this research were selected from pottery artifacts excavated at the archaeological sites of Kul Tepe Jolfa and
Dava G6z Khoy. These samples span various chronological periods, ranging from the Neolithic to the Kura-
Araxes II period (5215-2638 BCE), with their absolute ages previously determined using the radiocarbon
(14C) dating method. The objective of this study was to develop a reference curve illustrating periodic
variations in the inclination of the ancient magnetic field and to establish a relative dating tool for estimating
the age of unidentified samples from the same temporal range. To achieve this, laboratory techniques were
employed, including: 1) Measurement of mass-specific magnetic susceptibility using the Kappabridge
instrument. 2) Detection of superparamagnetic minerals via frequency-dependent magnetic susceptibility
measurements using the Bartington apparatus. 3) Magnetic mineralogy analysis conducted with a Multi-
Function Kappabridge. Thermal demagnetization was used to eliminate secondary magnetization and isolate
the primary magnetic signature. The analyzed samples exhibited comparable magnetic behavior, attributed
to the prevalence of ferromagnetic minerals. The ferromagnetic mineral grains comprised a mixture of
superparamagnetic and larger particles. Magnetite and titano-magnetite were identified as the primary
magnetic carriers in all samples, while hematite was notably absent. The irreversibility observed in the
magnetic temperature curves suggests insufficient heating and phase transformation of minerals during
thermal processing, posing challenges to the accurate determination of archacomagnetic properties.
Nonetheless, there is a strong concordance between the obtained results and the reference curve of
archacomagnetic inclination variations for the investigated time span. This alignment is further supported by
data from neighboring sites within the same temporal and spatial context. Despite certain limitations and
uncertainties, the reference curve remains a viable tool for age determination of thermally altered samples
and artifacts within the specified chronological framework and a spatial radius of approximately 1000 km
around the examined two sites.
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Introduction

Paleomagnetism provides a methodological framework for archaeologists to construct historical
chronological sequences by analyzing the vatiations in both the direction and intensity of the Earth's magnetic
field over the past several millennia. This approach primarily relies on the examination of ancient materials
that have undergone thermal alteration during their production or utilization. The development of a
calibrated curve representing the historical fluctuations of the Earth's magnetic field can serve as a valuable
tool for dating heat-altered archaeological artifacts. According to this technique, the magnetic field direction
corresponding to a specific historical period becomes recorded in thermally treated clay structures—such as
ovens, kilns, pottery, bricks, hearths, thermal baths, walls, or burnt soil—that have been exposed to
temperatures between approximately 650°C and 700°C. At these elevated temperatures, the ferromagnetic
particles within the clay lose their inherent magnetic properties and adopt paramagnetic characteristics,
thereby permanently capturing the direction and intensity of the Earth's magnetic field at the time of heating

(Gomez-Paccard and Beamud, 2008). This phenomenon is known as thermal remanent magnetization
(Renfrew and Bahn 2007).

Archaeological Background

Over the past few decades, the field of paleomagnetism has garnered substantial interest from researchers in
both archaeology and geophysics. Currently, Europe represents the most extensively covered region in terms
of paleomagnetic studies focused on ancient data (Carrancho et al. 2015). Recent archaeological investigations
in the Middle East have provided evidence suggesting that the Earth's magnetic field intensity expetienced a
remarkable increase during the Bronze Age in this area. A particular study presented new paleomagnetic data
from archaeological sites dating to the second millennium BCE, including Tell Hariri in Syria, as well as the
Haft Tappeh and Chogha Zanbil sites in Iran. These findings were systematically compared with previous
archacomagnetic data from Mesopotamia, facilitating the construction of a credible reference secular
variation (SV) curve for the Mesopotamian region, spanning a timeline up to 3000 BCE. Given its rich
cultural history, Iran occupies a pivotal role in paleomagnetic research and holds significant potential for
addressing uncertainties in the understanding of ancient geomagnetic variations in the Middle East (Gallet

2008).

Materials and Methods
In the context of paleomagnetic research and considering the archaeological significance of the Kul Tepe
and Dava Goz sites, both of which have been subjected to absolute dating through the AMS method, this
study undertook the systematic sampling of ceramic artifacts. The selected samples originate from Kul Tepe
Gargar in Fast Azerbaijan Province (Abedi et al. 2014; Abedi and Omrani 2015; Abedi 2016b; Abedi et al.
2018) and the Dava G6z, located in Khoy County, West Azerbaijan Province (Abedi et al. 2015; Abedi 2016a;
Abedi 2017).
A total of 17 ceramic sherds were analyzed, including 11 specimens from Kul Tepe Gargar, recovered from
trenches 11, 111, and IV, and 6 specimens from Doheguz (Dava G6z), obtained from trenches 111, IV, and V.
To ensure precise documentation, the samples were systematically coded according to their excavation site,
trench number, and locus. The pottery fragments from Kul Tepe Jolfa were designated with the code (K]),
an abbreviation for Ku/ Tepe Jolfa, followed by their respective sample numbers. Likewise, the samples from
Doheguz were labeled using the abbreviation (D.G), representing Dava Giz, followed by their corresponding
numerical identifiers.
To facilitate paleomagnetic investigations on historical pottery samples, a series of specialized experiments
were undertaken as follows:
e Mass and Volume Magnetic Susceptibility Measurements: This experiment was designed to
identify and differentiate the various remanent magnetic components within the samples, as well as
to evaluate their magnetic stability.

e  Magnetic Susceptibility Measurements at Low and High Frequencies: This procedure aimed
to quantify the magnetization intensity of the minerals present in the samples under both low and
high-frequency conditions.

e Magnetic Mineralogical Analysis: This analysis was conducted to determine the types of
ferromagnetic minerals present in the investigated samples.

e Thermal Demagnetization Tests: To isolate the Characteristic Remanent Magnetization
(ChRM), a stepwise demagnetization approach was employed, consisting of 13 progressively
increasing temperature steps.

The research methodology incorporated an extensive review of pertinent scientific literature, systematic
documentation of the examined samples, precise sectioning and preparation of the samples, and execution
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of suitable laboratory analyses using advanced analytical instruments. To assess the direction and intensity of
the geomagnetic field, a directional analysis was performed, which comprised the following steps:

a) Thermal Demagnetization: Employed to eliminate secondary magnetization and isolate primary
remanent magnetization.

b) Determination of Paleomagnetic Declination and Inclination: Aimed at extracting the ancient
geomagnetic vector’s orientation from the samples.

Furthermore, to identify the ferromagnetic minerals within the pottery and to estimate their firing
temperatures in antiquity, the Curie temperature measurement technique was applied. In addition, to assess
the concentration of ferromagnetic minerals and determine their grain sizes, magnetic susceptibility and
frequency-dependent susceptibility analyses were conducted. Based on these assessments, appropriate
samples were selected for measuring the intensity of archacomagnetic signals.

Analysis Results

-Analysis of Mass Magnetic Susceptibility Results

The findings of the mass magnetic susceptibility analysis reveal that the magnitude of this magnetic parameter
is significantly greater in the Dava G6z Khoy than in the Kul Tepe Gargar (Figure 1).
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Figure 1. Comparison of mass-specific magnetic susceptibility of samples from Kul Tepe and Dava G6z

-Evaluation of Frequency-Dependent Magnetic Susceptibility Results

The findings reveal that the examined samples exhibit varying concentrations of superparamagnetic iron
oxide particles. Specifically, samples K.J1 and K.J7 show the lowest frequency-dependent susceptibility values
(Yoyfd < 2), indicating a minimal presence or near absence of superparamagnetic particles within these
samples (Jordanova et al. 2019) (Figure 2).
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Figure 2. Scatter plot of ferromagnetic minerals based on magnetic grain size.

-Magnetic Mineralogical Analysis (CS3) Results

The magnetic mineralogical analysis (CS3) conducted on the examined samples reveals that all samples exhibit
near irreversibility, with phase transitions occurring in the ferromagnetic minerals during the heating and
cooling processes. Hematite, with a chemical composition of Fe203 and a color spectrum ranging from
brown to red, gray, and black, appears in the ceramic matrix in two distinct forms. This mineral either forms
as a secondary phase at elevated temperatures in an oxidative environment within the kiln, or as hematite
particles naturally present in the local soil. The presence of hematite in ceramics, in the absence of natural
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hematite in the clay, is indicative of temperatures exceeding 800°C (Tatling 1966). In light of the absence of
hematite in the majority of the studied samples (with the exception of sample K.J1), it can be concluded that
the ceramics in this study were likely not subjected to an appropriate firing temperature during their
production. Given the lack of hematite formation, it can be inferred that the firing temperature of the samples
was below 800°C, most likely within the range of 450°C to 600°C.
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Figure 3. The D.G5 sample exhibits high susceptibility and is irreversible, containing pyrrhotite and
magnetite minerals.

The thermal demagnetization analysis revealed that all samples exhibit a multi-component magnetization,
with secondary magnetization acquired after the ceramics were fired and over time. These secondary
components were effectively removed within the temperatute range of 400°C to 680°C during the
demagnetization process. The magnetic declinations derived from this analysis were plotted and compared,
showing a relatively strong correlation between the variations in the paleomagnetic inclination angle of
northwestern Iran and those of adjacent regions (Catanzariti 2012).

K2A % Z
3 ¥ ¥
& o " g e ¥
. 3 5
= @
= Sy
= Yo
I‘II. é -.
‘f."o
.
X Z
—&— Horzontal —0— Vertical Unit= 476.e-03 A/m

Figure 4. Demagnetization curve of sample K.J2.
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Discussion

Opverall, the results of the mass and volume magnetic susceptibility measurements indicate the presence of
ferromagnetic minerals in the geological matrix and patrent rocks of both archaeological sites, reflecting a
significant magnetic susceptibility potential within the samples. The higher average magnetic susceptibility
observed in the Dava G6z Khoy, compated to the Kul Tepe Jolfa, is attributed to the greater diversity of
ferromagnetic minerals in the samples. The frequency-dependent magnetic susceptibility analysis revealed
that most samples exhibited values within the range of 10% yfd < 2, suggesting a mix of superparamagnetic
particles and larger grain sizes. The magnetic mineralogical analysis confirmed that the primary magnetic
carriers in all the samples were magnetite and titano-magnetite, with additional magnetic minerals such as
hematite, pyrrhotite, goethite, and titano-magnetite present in certain samples. These minerals experienced
phase transitions during the laboratory heating process. The irreversibility observed in the magnetic
susceptibility-temperature curves of nearly all samples points to insufficient firing of the ceramics, indicating
that they did not reach thermodynamic equilibrium during the ancient firing process.

Conclusion

The primary objective of this study was to develop reference diagrams illustrating the variations in the
paleomagnetic inclination angle and the paleointensity curve. However, due to the irreversibility of the
magnetic mineralogical curves and the phase transitions of minerals occurring during laboratory heating,
paleointensity measurements were not performed. As a result, an index diagram was generated to depict the
periodic variations in the paleomagnetic inclination angle for the studied regions over the time petiod of
5215-2638 BCE. This diagram was compared with data from neighboring regions, showing a relatively strong
correlation with the Balkan reference curve. However, a few samples displayed notable deviations from the
global reference curve, likely caused by the tilted positioning of these samples during their firing in the kiln.
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Figure 5. Reference curve diagram of the variations in the ancient magnetic inclination angle from the
present study and its comparison with neighboring regions.
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Figure 1. 1. General view of Kul Tepe, View from North; 2. Map showing the locations of Kul Tepe and
Dava G6z (after Abedi et al. 2014)
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Figure 2. Topographic Map of Dava G6z, Location of Trenches during 2012 excavation (Abedi 2017)
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Table 1. Technical specifications of the studied pottery samples from Trenches I, III, and IV of the Kul Tepe Gargar
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Table 2. Technical specifications of the studied pottery samples from Trenches I1I, IV, and V of the Dava G6z Khoy
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Table 3. Archacological characteristics and barcode assignments of study samples from the Kul Tepe Gerger and Dava

Goz Khoy
wiges aidly 559 1 o (4-3) C v 3loe
Sample Trench Locus Registration Absolute C14 Age (BCE)
Number
KJ1 11 2030 2141 2138-2885
KJ2 11 2053 2218 3792-3956
KJ3 1I 2054 2318 3792-3956
KJ4 111 3008 3039 4050-4260
KJ5 111 3014 3078 4050-4330
KJ6 111 3022 3131 4340-4500
KJ7 111 3028 3157 4350-4600
KJ8 v 4006 4047 2570-2880
KJ9 v 4022 4098 3791-3988
K.J10 v 4025 4085 2940-3350
KJ11 I\ 4026 4071 3965-4226
D.G1 111 3002 3005 5215-5303
D.G2 111 3004 3015 4550-4690
D.G3 v 4006 4026 4680-4790
D.G4 \ 5002 5004 3660-3780
D.G5 N4 5005 5013 3660-3780
D.G6 N 5007 5004 4680-4790
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Figure 4. The steps involved in preparing samples for testing include :a) Fixing the samples in plaster: b) Core sampling
the samples to a diameter of 2.5 cm; ¢) Removing the sample remains for pulverization and magnetic mineralogical
analysis; d) Cutting the samples into standard sizes; €) Standard sample for magnetic analyses; f) Wrapping aluminum foil
around the samples to prevent loss of samples during cracking in the thermal magnetic susceptibility device due to high
temperature.
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Table 4. General specifications of the instrumental analyses used in this study
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Figure 5. Magnetic susceptibility diagram of pottery samples from the Kul Tepe Gargar
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Figure 6. Magnetic susceptibility diagram of pottery samples from the Dava G6z Khoy
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Figure 7. Comparison of mass-specific magnetic susceptibility of samples from Kul Tepe and Dava G6z
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Figure 8. Comparison of mean magnetic susceptibility and mass-specific magnetic susceptibility of samples from Kul
Tepe Gargar and Dava G6z, Khoy
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Table 5. Results of Dual-Frequency Magnetic Susceptibility Analysis from Kul Tepe and Dohe Gaz Sites

Samples High frequence Low frequence Frequecy dependence%
D.G1.1b 33/841 923 8479/8
D.G1.2b 66/705 33/774 8678/8
D.G2.2b 66/1429 1596 4218/10
D.G4.1 651 66/731 0250/11
D.G4.2 296 33/333 20/11
D.G5a 33/683 66/714 3843/4

KJ1 66/219 213 1298/3
KJ5 33/786 33/867 3389/9
KJo6 66/477 66/498 2112/4
KJ7 33/427 424 7861/0
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Samples High frequence Low frequence Frequecy dependence%

K.J8b 595 66/625 9014/4
K.J9a 33/1332 1395 4922/4
K.J10 33/386 66/405 7658/4
KJ11 66/395 413 1969/4
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Figure 9. Scatter plot of ferromagnetic minerals based on magnetic grain size.
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Table 6. Analysis of magnetic mineralogy diagrams for pottery samples from Kul Tepe Gargar
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Table 7. Analysis of magnetic mineralogy diagrams for pottery samples from Dava G6z Khoy
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Table 8. Results of geomagnetic field inclination and declination angles

wigad Al Slyoul 4l adsl Jao gl PSlae Syl aggly Cug sllao (o
(declination) (inclination) (MAD) (BP)
KJ2 88.5 20.4 2.1 5065
KJ3 263.4 12.2 5 5065
KJo6 233.8 40.9 5.1 5590
KJ7 299.7 15.8 29.3 5647
KJ8.1 108.3 57.3 3.5 4129
K.J8.2 320.1 58.6 6.8 4129
KJ9 137.9 58.6 3.8 5110
KJ11 264 56 11.1 5232
D.G1.1 25.9 32.1 5.9 6272
D.G1.2 281.1 37.7 6.3 6272
D.G2.2 12.3 26.3 6.4 5838
D.G4.1 80.6 26.1 6.4 4956
D.G5 195.4 5.4 4.2 4956
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Figure 10. Zijderveld diagram of sample K.J9
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Figure 11. Google Earth map showing the distance between the Balkan Peninsula region (red line) and the
Dava G6z Khoy and Kul Tepe Gargar regions (green line).

60 — K19
KIS
~ 50 —
]
<~
=
5 -
o=
=
]
£ 40
= — Balkan SV curve
= i ————— CALS7K-2
==————— SCHA.DIF. 3K
30 — == This study
20

T T N I | |
6000 5500 5000 4500 4000

Time (BP)

i glme oo b ol aglie g ()0 (ko) p3b> adlllas il bt Jie gl Sy Sl @ po (xie Jlag05 VY JSUS
Sy i oSBT (Gl g (Sliwl sladiges 5l oslitnl b bl ublize Juo argly lpuis jI live dtwge Jdo S
& ged ol (ixio ¢ gigw) GSiw 5 Sl oodls jlasgerms (ulul i fpg Fee) Guoj (uiblide $5 e Sy

sl S gl (gldlate
Figure 12. Reference curve of archacomagnetic inclination variations from the present study (orange curve)
compared with neighboring regions; The blue curve represents a continuous field model of archacomagnetic
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geomagnetic field variations (6000 BC) based on a collection of archaeological data and sedimentary rocks,

and the black curve is the regional reference diagram for the Balkans.
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