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Summary. Recent studies demonstrate the effectiveness of integrated archaeo-geophysical
tools in addressing a wide range of geological and environmental challenges. This approach com-
bines geophysical methods with archaeological fieldwork or remote sensing to support the prelimi-
nary survey and analysis of archaeological sites, potentially enhanced by machine learning tech-
niques to estimate the shapes and characteristics of subsurface objects. The present study empha-
sises the value of informational and probabilistic approaches as optimal tools for assessing and in-
tegrating critical data for archaeological research. We employ remote sensing to locate archaeolog-
ical objects in the Gobustan region of Azerbaijan, which was inscribed on the UNESCO World
Heritage List in 2007, and we demonstrate the substantial potential of combined archaeo-
geophysical analyses to identify different categories of historical features in this area. For the ana-
lysis of freely accessible remote sensing data from different years and missions, advanced interpre-
tation methodologies were applied. We have identified a sophisticated irrigation system character-
istic of the Achaemenid Empire period extending beyond the Gobustan National Reserve, compris-
ing interconnected canals, artificial lakes, and ponds, and associated with nearby settlements. The
ancient ganats (kehrizes) easily recognisable in satellite images are among the most compelling
discoveries, which have not previously been documented in this area. The next stage of this inves-
tigation will involve applying surface (or low-altitude) magnetic field analyses, including qualita-
tive and quantitative interpretations of anomalies and three-dimensional modeling. At this stage,
reliable physical-archaeological models (PAM) will be developed. The final stage of the research

will consist of direct archaeological excavations guided by the established PAM.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. INTRODUCTION

In 1966, Gobustan was declared a state reserve
in Azerbaijan, and in 2007, it was inscribed on the
UNESCO World Heritage List. The Gobustan area
is well known worldwide for its extensive distribu-
tion of mud volcanoes (e.g., Aliyev et al., 2015) and
rock paintings (e.g., Rustamov, 2003; Farajova,
2018). Meanwhile, given the centuries-long history
of human presence in this area, it is likely to contain
a wealth of historical information, including a great-
er number of yet undiscovered cultural objects, be-
yond the two phenomena mentioned above. The Is-
raeli and international experiences suggest that a
variety of geophysical methods can be effectively
applied to locate different types of buried archaeo-
logical objects. These methods include magnetic
prospecting (Eppelbaum, 2011, 2015), the very low
frequency method (Eppelbaum, 2021), the self-

potential method (Eppelbaum, 2020), near-surface
temperature surveys (Eppelbaum, 2009), and micro-
gravity (Eppelbaum, 2025). Given the complex and
variable geological conditions in the area, these geo-
physical methods will be applied to the zones identi-
fied through satellite imagery analyses.

Our preliminary remote sensing (RS) analysis of
satellite imagery in the region indicates the presence
of various archaeological objects, presumably dating
to different epochs, that have neither been docu-
mented nor mentioned in existing literature. This
suggests that non-invasive remote sensing methods
can serve as an initial step in the investigation, after
which the most promising targets can be examined
using LIiDAR and surface geophysical methods.
Such an approach is particularly relevant because the
archaeological objects in this area may contain sub-
surface layers extending several meters deep.
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Based on numerous innovative technologies,
remote sensing is a powerful tool for detecting a
variety of previously unknown targets (e.g., Ep-
pelbaum et al.,, 2024; Khabarova et al., 2024,
Birkenfeld et al., 2026). The most illustrative ar-
chaeological objects identified through remote
sensing are ganats, underground aqueducts con-
structed using ancient techniques developed over
thousands of years. The key idea is to connect the
uphill water source to settlements and fields down-
hill, where there are no rivers, lakes, or groundwa-
ter lenses, so gravity works in humans' favor. The
underground channels enabled avoiding water con-
tamination, evaporation, and heating. The extension
of ganats may reach tens of kilometers.

Qanats were first invented in the ancient Persian
Empire and were later adopted by Greek, Roman,
and Muslim civilisations. From an aerial perspec-
tive, the ganats mainly built during the Achaemenid
Empire period can be recognised by a series of even-
ly spaced vertical shafts used during the construction
of the underground water channels (Butawka et al.,
2024). In modern Iran, many ganats that are thou-
sands of years old remain functional, although the
shaft openings are sometimes only detectable from
above through variations in soil color or vegetation
patterns. Therefore, identified ganats could be used
to access underground water resources. The concept
is frequently discussed in the literature (e.g.,
Endreny and Gokcekus, 2009; Nasiri and Mafakheri,
2015; Abedi et al., 2023; Mohajerani et al., 2024).
Although thousands of ganats are known in Azerbai-
jan, for the first time our study reports the presence
of numerous ganat shafts in the Gobustan area.

2. METHOD AND DATA

This study forms part of a larger research initia-
tive exploring the use of remote sensing in archaeo-
logical investigations. Within this framework, the
focus lies on the archaeological landscape of Go-
bustan, employing an integrated methodology that
combines high-resolution satellite imagery, geophys-
ical modeling, and comparative spatial analysis (Ep-
pelbaum et al., 2024; Khabarova et al., 2024). The
study relied on imagery from multiple satellite plat-
forms, including Google Earth Pro (Maxar Technol-
ogies), CNES/Airbus, and the Pleiades constellation,
with spatial resolutions ranging from 2 meters in
multispectral bands to 0.5 meters in the panchro-
matic band. A key aspect of the approach was tem-
poral layering: images captured in different seasons
and across multiple years were overlaid to highlight
subtle landscape features shaped by variations in
shadow, vegetation, and seasonal soil moisture. This
combination of spatial and temporal data enabled the
detection of features that might otherwise remain
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invisible, forming the foundation for subsequent ge-
ophysical surveys and comparative spatial analysis.
Unlike many other archaeological features, whose
origins and functions often remain uncertain when
analysed using remote sensing technigques, ganats
exhibit relatively straightforward morphological
characteristics, forming linear alignments of vertical
shafts that are discernible in aerial or satellite image-
ry. At ground level, these structures are often unre-
cognisable, as individual shafts are spaced several
meters apart and may be detectable only through sub-
tle variations in soil color or vegetation patterns. Sys-
tematic analysis of high-resolution satellite and aerial
imagery enables the identification and mapping of
these features, providing a reliable non-invasive
method for documenting their spatial distribution.

3. INFORMATIONAL APPROACH

It is well known that most inverse problem solu-
tions in geophysics are ill-posed. It means, according
to Hadamard (1902), that the solution does not exist,
is not unique, or is not a continuous function of the
observed geophysical data (so that a small perturba-
tion in the observations can cause an arbitrary error
in the solution). This fact calls for the broad applica-
tion of informational and probabilistic methodolo-
gies in applied geophysics.

Estimating the information value of geophysical
and other means can be formalised based on the fol-
lowing criteria (revised after Eppelbaum et al., 2003)
(Figure 1): (1) Informativeness of the application
(informational criterion T); (2) Cost of implement-
ing the method (cost criterion C); (3) Time required
to carry out the method (time criterion T).

Criteria C and T are easy to calculate directly, but
criterion T" is a non-trivial research problem. A sim-
plified algorithm can be written as:

Q=TuCuT, (1)

where U is the symbol of the unification.

All the available archaeological/geological infor-
mation can be represented as the classic three-level
model (Figure 1): (a) syntactic — quantity of infor-
mation, (b) semantic — content of information, and (c)
pragmatic — value of information. The logical-heuristic
model for describing environmental information thus
takes the following form (Eppelbaum et al., 2003):

r=1uRWV, 2

where | is the quantitative estimation of information, R
is the estimation of informational reliability corre-
sponding to the semantic criterion, and V is the estima-
tion of informational value in terms of feasibility ac-
cording to the pragmatic criterion.
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Fig. 1. General scheme for accumulating and processing geospatial information

Algorithm (2) is based on the fundamental
terms of information theory and is combined with
the structural (hierarchical) approach. This ap-
proach defines each indicator as a structure that
reflects a set of typical situations and then uses the
information measure to calculate the value of each
estimator. Parameters V and R should be estimated
archaeologically, but this is beyond the scope of
this paper. Here, parameters V and R will be ne-
glected, and it is assumed thatI" =1 .

4. EXAMPLES OF REMOTE

SENSING DATA ANALYSIS

IN GOBUSTAN

RS multidisciplinary analysis has been recognised
as a powerful tool for discovering subsurface archaeo-
logical targets (Kadhim and Abed, 2023; Tiwari et al.,
2023; Eppelbaum et al., 2024; Khabarova et al., 2024).
Machine learning techniques can be used to make inte-
grated studies more effective. Applied to archaeology,

machine learning (or computer vision methods) has
significantly transformed RS data analysis by enabling
advanced algorithms to process vast quantities of ima-
gery from satellites and aerial platforms (Davis, 2019).
Examples are given in Figures 2 and 3.

The complex physical-geological conditions of
the Gobustan region complicate the application of
surface geophysical methods. In contrast, satellite
imagery provides extensive spatial coverage, includ-
ing high-resolution images of most terrestrial land-
scapes. Freely accessible imagery often achieves a
spatial resolution of approximately 0.5 meters, suffi-
cient to detect archaeological features at the surface,
even when the objects are located several meters be-
low it. This resolution enables the identification of a
wide range of environmental and industrial archaeo-
logical structures. Among the most significant fea-
tures found in this study are ganats, as illustrated in
Figures 2 and 3. Both figures show ganats approxi-
mately 10 km in length, which we identified through
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the analysis of multi-year satellite imagery. The yel-
low dashed lines indicating their locations are inten-
tionally offset to avoid overlapping with the under-
lying patterns. Although linear sequences of shafts
may be obscured in areas affected by sediment depo-
sition or anthropogenic disturbances, numerous ga-
nats connecting former river courses with settlements
or agricultural fields at lower elevations were identi-
fied, with three traceable over several kilometers.

kahriz
/

/
.

B

Fig. 2. Preliminary results of the ganat (kehriz) discovery in the
Gobustan area (I). The yellow-dashed line follows the ganat
shaft line, which may be traced up to several kilometers from
the inlet. Satellite images are taken in May 2009 (main image)
and October 2023 (enlarged area). The distance between shafts
is4-5m

Determining the chronological age of these
structures is currently not possible, and on-site in-
vestigations are required for accurate dating. How-
ever, dating ganats is inherently challenging, as ac-
cessing the underground channels is both technically
difficult and potentially hazardous. Furthermore,
ganats may contain limited stratigraphic information
or incorporate artifacts from multiple periods, as
flowing water can erode surrounding deposits and
transport older materials into the channel, complicat-
ing the interpretation of their temporal context. As
the next step, the RS analysis must be combined
with geophysical and geochemical methods.
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Fig. 3. Preliminary results of the ganats (kehriz) discovery in the
Gobustan area (I1). The yellow-dashed lines crossing the river
highlight the ganat location. The yellow arrow indicates the
irrigation canal

5. DISCUSSION AND CONCLUSIONS

Qanats, underground water systems, have been in
continuous use since their invention in the Persian
Empire approximately 3,000 years ago and remain
functional in many regions today. These structures are
widely distributed across the South Caucasus, Central
Asia, and the Near and Middle East. In this study, we
report the discovery of ganats in Gobustan, located
approximately 70 km southwest of Baku, Azerbaijan,
using remote sensing techniques. The presence of
ganats in Gobustan has not been documented in pre-
vious reviews or reference works (e.g., Guliyev,
2021). Their distinct linear arrangement and repeated
patterns clearly exclude natural or geological process-
es as a plausible explanation for these features.

It should be emphasised that the identified
ganats represent only one category of the detected
ancient features. Other archaeological objects ob-
served in the area include: (1) the ruins of a col-
umned structure, possibly a temple, tentatively at-
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tributed to the ancient Roman period; (2) elongated
polished stone slabs on mountaintops, measuring
200-300 meters in length, whose alignment and sur-
face treatment are unlikely to be natural; (3) traces
of artificial ponds, some tens of meters in diameter,
some of which were probably used for extracting
chemicals from the volcano mud. Humans could
have utilised mud deposits primarily for clay, plas-
ter, and pigments derived from iron and manganese
oxides abundant in the area (e.g., Hajiyeva et al.,
2025); (4) wide channels (presumably, irrigation
canals) and narrow channels associated with the
ponds, running parallel over several kilometers; and
(5) remains of multiple settlements located both in
the valleys and on the slopes of mud volcanoes.

The solution to this “four colors” mathematical
problem (Eppelbaum, 2014) shows that two inde-
pendent geophysical methods are sufficient to char-
acterise archaeological potential. We propose to ap-
ply two independent geophysical methods together:
Remote Sensing and high-precision magnetic pro-
specting (Figure 4).

A unique interpretation system has been devel-
oped for analyzing magnetic fields in complex phys-

ical-geological environments: oblique magnetisa-
tion, rugged terrain relief, and the superposition of
magnetic fields of various ranks (Eppelbaum et al.,
2001; Eppelbaum, 2011, 2015).

The integrated analysis of RS and magnetic sur-
vey datasets can be performed by calculating thresh-
old pixels using color classification or by evaluating
the magnitude and directional coherence of vector
fields (Eppelbaum et al., 2025). In the most promising
areas identified, supplementary investigations using
low-altitude LiDAR surveys at 30-40 meters may be
required to refine the detection of subtle surface and
subsurface features. The combined application of
these two independent geophysical methods, high-
resolution RS and detailed magnetic surveys, will
facilitate the construction of robust physical-archaeo-
logical models. These models can subsequently guide
targeted, direct archaeological excavations, maximis-
ing the efficiency and accuracy of field investigations.
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Pestome. HenaBHue ucclieOBaHUS JEMOHCTPUPYIOT 3(Q(EKTUBHOCT MHTEIPUPOBAHHBIX apXeoreo(hU3NUECKMX HHCTPYMEHTOB B
PEIICHUH LIMPOKOTO CIEKTPA TEOJOTHYECKHX M SKOJOTHYECKHX 3a4a4. DTOT HOAXOJ COYeTaeT re0(pU3NIECKUEe METO/IBI C apXEOI0THYe-
CKVIMU TIOJIEBBIMH Pa0OTaMH MM JUCTaHIMOHHBIM 30HIMPOBAHUEM UL OAIEPIKKH NPEABAPUTENHFHOTO 00CIeIOBaHNS U aHaIu3a ap-
XEO0JIOTHIECKUX 00BEKTOB, IOTEHINATIFHO JOIOJHEHHOTO METOIaMH MAaIIMHHOTO 00yYeHHs Ul OLCHKU (OPM M XapaKTepHCTHK ITOJ-
3eMHBIX 00BeKTOB. Hacrosimee mccienoBaHne NOAYEPKUBACT LEHHOCTh MH(OPMALMOHHEIX U BEPOSTHOCTHBIX IMOAXOJOB KaK OINTH-
MaJIbHBIX HHCTPYMEHTOB IS OLIEHKH M MHTErPallii KPUTHIECKH BYKHBIX JAHHBIX JUIS apXEOJIOTHYECKUX HCCIeIOBaHNH. MBI HCIIOb-
30BAJIM JUCTAHIIUOHHOE 30HIUPOBAHME IS OOHAPYKEHUS apXeoJIOTHYecKUX 00beKToB B ['00ycTaHckoM pernone AsepOaiimkana, Ko-
Topeiid ObuT BHeceH B Crmcok BcemupHoro Hacieauss FOHECKO B 2007 roay, W mpoAeMOHCTPHPOBAIN CYHIECTBEHHBIH MOTCHIIHAI
KOMOMHHPOBAHHOTO apXeoreo(pU3MYecKoro aHauu3a Ul BBIBICHHS PasIMYHBIX JPEBHUX HCTOPUYECKHX OOBEKTOB B 3TOM paiioHe.
Jlns aHanmu3a cBOOOHO AOCTYNHBIX JaHHBIX TUCTAHIMOHHOTO 30HAUPOBAHUS 32 Pa3HbIC TOABI H MUCCHH OBUTH IPHMEHEHBI IIEPEI0BbIC
METOJIbI HHTEPIPETali. MBI BBISIBHIIN CIIOXKHYIO UPPUTAIIMOHHYIO CUCTEMY, XapaKTepHYIO I Meproia UMIEPHH AXEMEHHUIOB, TIPOo-
CTHPAIOIIYIOCS 32 MpeAes! [ 00ycTaHCKOTO HAIMOHAIBFHOTO 3alI0BEJHAKA U BKIIFOYAIOIIYIO B3aMMOCBSI3aHHbBIe KaHAJIBI, HCKYCCTBEHHEIC
o3epa | NPYyAbl, aCCOUMUPYOMHNeEcs ¢ OIIM3IISKAINMHE TTOCEICHUSIMA. J[peBHHE KAPU3BI, JIETKO UICHTH(UIUPYEMbIe Ha CITyTHUKOBBIX
CHHMMKaXx, OTHOCATCS K YHCIy Hanbojee yOequTeNbHBIX HaXO/OK, paHee He JOKyMEHTHPOBAaHHBIX B 3TOi obnactu. Ciemyrommii sTan
HcciefoBaHusl Oy/IeT BKIIOYAaTh NPHMEHEHHE aHAIN3a MarHUTHOTO ITOJIsI HAa TIOBEPXHOCTH (WJIM Ha MaJOH BEICOTE), B TOM YHCIIE Kade-
CTBEHHYIO U KOJMYCCTBEHHYIO MHTCPIIPETALNIO aHOMAJIMIT U TpexMepHoe MojenupoBanue. Ha atom stane OyxyT pa3paboTaHbl HaJIexK-
HBIE (u3nKo-apxeonormyeckue Moaenu (PAM). 3aKIIOUNTENBHBIN TAll UCCIeIOBaHUS OyIET COCTOSTh U3 HEMOCPEACTBEHHBIX apXeo-
JIOTHYECKHX PACKOIIOK, IIPOBOJJMMBIX B COOTBETCTBUH ¢ pa3padboraHHEIMH PAM.
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OHHbIL NOOX00
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Xiilasa. Son tadqiqatlar gostorir ki, inteqrasiya olunmus arxeo-geofiziki alotlor genis spektrli geoloji vo ekoloji problemlarin hal-
lindo yiiksok effektivliyo malikdir. Bu yanagsma arxeoloji saho islori vo ya uzaqdan zondlama ilo geofiziki metodlarin
birlogdirilmasino osaslanir vo arxeoloji obyektlorin ilkin todqigi vo tohlilini destoklayir; homginin yeralti obyektlorin forma vo
xususiyyastlorini giymatlondirmok ti¢iin masin dyronmosi texnikalari ilo giiclondirilo bilor. Togdim olunan todgigat arxeoloji
aragdirmalar t¢iin mihim melumatlarin giymstlondirilmasi va inteqrasiyas: baximindan informasiya ve ehtimal yanagmalarmin
optimal alotlor kimi shamiyyotini vurgulayir. Biz Qobustan regionunda arxeoloji obyektlorin miioyyonlagdirilmasi ti¢iin uzagdan
zondlama metodlarindan istifads edirik; bu orazi 2007-ci ildo UNESCO World Heritage List-no daxil edilmisdir. Tadgigat bu srazido
miixtolif kateqoriyalara aid tarixi strukturlarin askar edilmosinds kombino olunmus arxeo-geofiziki analizlorin boyiik potensialini
niimayis etdirir. Miixtalif illors Vo missiyalara aid sorbast slds edilo bilon uzagdan zondlama molumatlarinin tohlili {igiin qabaqcil
interpretasiya metodologiyalar1 totbiq edilmisdir. Biz ©homonilor dovriino xas olan, Qobustan Milli Qorugunun hiidudlarindan
konara ¢ixan va bir-biri ilo slagsli kanallari, siini géllori vo gélmoagoalori ahato edon, yaxinliqdaki yasayis montogolori ilo birlagdirilon
miirokkab suvarma sistemini miisyyon etdik. Peyk goriintiilorinds asanligla miioyyan edils bilon gadim kohrizlor bu srazids ovvallor
sonadlogdirilmomis on colbedici tapimntilar sirasindadir. Todqiqatin névboti marhslosinds sothi (vo ya asagi hiindiirliiklii) magnit
sahosi analizlori, o ciimlodon anomaliyalarin keyfiyyost vo komiyyot baximindan sorhi vo ii¢élgiili modellogdirmo hoyata
kegirilocokdir. Bu morholods etibarli fiziki-arxeoloji modellor (PAM) hazirlanacaqdir. Arasdirmanin yekun morholosi iso
formalasdirilmig PAM asasinda istiqgamatlondirilon birbasa arxeoloji qazintilardan ibarat olacaqdir.
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