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Abstract

:

Archaeological landscapes can be obscured by environmental factors, rendering conventional visual interpretation of optical data problematic. The absence of evidence can lead to seemingly empty locations and isolated monuments. This, in turn, influences the cultural–historical interpretation of archaeological sites. Here, we assess the potential of integrating thermal and magnetic remote sensing methods in the detection and mapping of buried archaeological structures. The area of interest in an alluvial plain in Tuva Republic makes the application of standard methods like optical remote sensing and field walking impractical, as natural vegetation features effectively hide anthropogenic structures. We combined drone-based aerial thermography and airborne and ground-based magnetometry to establish an approach to reliably identifying stone structures concealed within alluvial soils. The data integration led to the discovery of nine buried archaeological structures in proximity to an Early Iron Age royal tomb, shedding light on ritual land use continuity patterns.
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1. Introduction


Large Early Iron Age burial mounds are prominent features in the landscapes of the Eurasian steppes. Their role in the structural organisation of the anthropogenic landscape of the steppe has been a topic of extensive scholarly debate. Large monumental structures have been conceptualized as territorial markers [1], discussed in terms of architectural energetics and power transmission [2], and interpreted as costly signals building up prestige hierarchies and channeling political influence [3,4] (for more details on the discussion, see [5]). Large stone mounds associated with the highest elites of social groups in the Early Iron Age Eurasian steppe are far more than just simple burial structures. They have been identified as complex memorial structures, used by various social groups as places of gathering and commemoration, and for community ritual practices, effectively forming “community centres” for an extended amount of time after construction [6,7]. Over the longue durée, these monuments were nuclei for funerary ritual construction activities of subsequent cultures, heavily influencing the spatial patterns of archaeological landscapes.



The international project exploring one of the earliest royal “Scythian” burial mounds in Tuva (Southern Siberia/Inner Asia, Figure 1, [8]) clearly demonstrated this pattern of prolonged site use. Excavations combined with preliminary magnetometry surveys revealed a complex structure, involving several temporal strata. The central round burial is securely dated by a combination of dendrochronology and radiocarbon dating to the earliest stage of the Scythian period between 830 and 800 BCE [9,10]. The central feature was then surrounded by a series of Early Iron Age stone rings. In its southern periphery, an amorphous accumulation of burials of the Kokel culture formed a necropolis dating to the 2nd–4th centuries CE [11]. Yet later, the area was re-used during Turkic and Kyrgyz times to construct additional burials [12].



This palimpsest of archaeological stone structures was subject to archaeological field research by the project team over several years. The environmental context of the site has been a continuous challenge, both with regards to the visibility of archaeological structures as well as their excavation and documentation (Figure 2). The site is located in an alluvial floodplain of two small rivers, Uyuk and Tunnug, forming a swampy area which is best accessed during winter when the ground is frozen. The placement of this major Early Iron Age monument seems odd, as the ground is not favourable to large construction projects and differs significantly from locations in the rest of the valley where large burial mounds were built. Most large burials are positioned on the more elevated, and therefore dry, left bank of the Uyuk river [13]. The unusual location makes field walking surveys around the site almost impossible due to uneven swampy vegetation which obscures the usual signs of archaeological monuments (Figure 3). Analysis of remote sensing data in the visible spectrum is of little help, since the swamp vegetation in the floodplain frequently forms circular features which are not of anthropogenic origin and thus influence the results of optical remote sensing surveys [14]. Regular field walking surveys are inefficient, since large parts of the plain are inaccessible during much of the year and the features are often invisible on the surface. In most cases, stone structures are almost completely covered with moist alluvial sediments and overgrown with vegetation. The only chance to detect a stone structure in such conditions is to stumble upon it by chance and hit one or two of the stones still sticking out of the soil with one’s foot. Exactly this happened during one of the first seasons of the excavations at the site. Several stones sticking out of the ground were found in the periphery of the site. The following detailed observation of the accessible area showed that at least two additional stone structures were hidden in alluvium and vegetation to the northeast of the main royal burial mound. A short magnetometry survey confirmed this assumption and allowed us to estimate the size and form of those structures. However, given the poor visibility of stone structures in the area, further investigations were necessary.



Addressing the problem with non-invasive remote sensing survey methods in such conditions seemed to be a viable option. The application of remote sensing techniques in the study of archaeological sites is commonly considered an integral part of the research process. In order to obtain a holistic image of the research subject, the ability to operate with comprehensive datasets is crucial for adequate interpretation of a site. However, usually, the combination of several remote sensing methods and following data integration is limited to specific methodological studies and is only occasionally used as an approach in large research projects (cf. [15,16,17,18,19]). During the second field campaign at the site, a variety of remote sensing and geophysical methods were applied to evaluate the archaeological situation in the immediate vicinity of the central burial structure [14]. Among the employed geophysical techniques, magnetometry turned out to be generating the most useful results. Buried or partially buried stone structures were clearly distinguishable as anomalies with high contrast against the water-logged alluvial soil background. This was no surprise, since magnetometry had earlier shown excellent results in the steppe conditions of Southern Siberia and Inner Asia. It was widely used in the identification of burial sites [20,21,22,23,24,25], mapping of settlement structures [26], and discovery of iron production sites [27]. However, the application of ground penetrating radar failed to produce usable results, and geoelectric resistivity measurements only occasionally showed successful detections. The reasons for this lie in the water-logged clay which is present across the site. Water-logged clay only allows for minimal penetration of radar beams. Resistivity measurements show decent results in areas where the archaeological structures are located very close to the surface but unfortunately miss deeper structures [14]. Scaling up the efforts in acquiring magnetometry survey data to understand the larger context of the site thus seemed to be the most favourable option. As an on-ground application of magnetometry was infeasible because both consistent walking and driving on the terrain were impossible, we opted for a drone-based aerial magnetometry survey. This would potentially allow coverage of a much larger area in a single session and overcome the problem with the swampy terrain (cf. [28,29]).



The presence of frozen soil in the area, as well as the humid conditions of the sediments in the AOI, suggested that the heat irradiation could potentially create a good contrast between sediments and stone features (as shown in [30]), allowing for the discernibility of additional archaeological sites. Despite aerial thermography having been used in archaeological surveys under various challenging natural conditions [31,32,33,34,35], it is not a method that is commonly applied in conjunction with aerial magnetometry. We thus decided to apply aerial thermography as the second remote sensing method on this survey to create two datasets which are rarely combined in archaeology.




2. Materials and Methods


2.1. LiDAR and Optical Remote Sensing


Obtaining a detailed DEM of the survey area was the first step. Since no openly available high-resolution DEM databases exist for this part of the earth’s surface, the only way to obtain one was to create it from scratch. We used a UAV DJI Matrice 300 (SZ DJI Technology Co., Ltd., Shenzhen, China) equipped with a DJI Zenmuse L1 LiDAR sensor (for more details on quality assessment of the UAV and L1 payload, see [36,37]). The survey area was defined by using freely available Bing satellite imagery as reference data. The area was located northeast of the main burial mound. The AOI measured 1950 m × 650 m in size. Two flight missions performed at the height of 60 m AGL allowed us to obtain a highly detailed point cloud that was classified via the open source software CloudCompare v2.12.3 using the algorithm provided by Zhang et al. [38]. Subsequently, a DEM was built based on this point cloud in Agisoft Metashape 1.8 software.



The option to acquire visual information via a camera built in the L1 sensor allowed us to create a photogrammetry project and build an orthomosaic used further for reference and comparison purposes. Both projects (LiDAR data and photogrammetry data) were aligned in the WGS 84 coordinate system using the DJI RTK base station and visible ground features as ground control points.




2.2. Airborne Magnetometry


Obtaining high-quality magnetometry data requires slow and steady instrument movement near ground level [39]. Generally available airborne magnetometry solutions based on fixed-wing airplane platforms do not allow for this possibility. Using a multi-rotor platform could, however, solve this problem. We opted for an affordable industrial quadrocopter drone GEOSCAN 401 (Geoscan Group, St. Petersburg, Russia) equipped with a quantum magnetometer. This complex was earlier applied at geoarchaeological research projects in Iron Age steppe contexts in Western Siberia [40,41,42]. The whole set-up consists of a combination of an industrial-grade UAV and a magnetometer with an integrated GNSS system. The UAV specifications are presented in Table 1. The magnetometer consists of a 1.5 m long plastic rod, with a battery and a GNSS antenna with a dual-band navigation chip at its head, and, at its tail, the measuring instrument: a quantum optically pumped rubidium magnetometer, Geoshark MG30GM. The specifications are listed in Table 2. The whole construction is connected to the UAV platform via a 20 m long tether and is operated independently of the UAV. This solution allows us to avoid measures usually required to eliminate the interference from the metal parts of the drone [43]. One major drawback of this solution is the constant turbulence of the instrument, resulting in possible orientation problems, as discussed in [44]. The rolling amplitude immediately after turns is especially high when the movement of the instrument follows a rather harsh sinusoidal pattern, gradually diminishing as the UAV follows a straight line. A possible solution to this problem was found by limiting the maximal speed of the UAV—optimal speeds (below 7 m/s) which only produced a minimal roll effect. The speeds were determined experimentally. Operating at such speeds did not result in extreme sensor angles and kept the gathered data within industry standards ([44], pp. 466–467).



Diurnal variations of the Earth’s magnetic field were measured with the same version of magnetometer—the twin device being able to work in both modes—as a variation station and as a main measuring device. Post-processing of raw data was done in Geoscan’s software Geoshark v.1.1; diurnal variations were subtracted using Oasis montaj by Seequent [45,46]. Raster grids were generated in Golden Software Surfer from databases exported from Oasis montaj. Using satellite navigation solves the problem of geopositioning the measurements and allows us to quickly and easily obtain a general picture of the survey area. One remark should be added concerning the magnetometer measurement frequency, which is equal to 1000 Hz. The GNSS device takes 10 measurements per second. During post-processing, every coordinated point receives a mean magnetic field value in the range of 0.1 s. This approach allows for better reproducibility and data integrity.



Several survey missions were performed using this set of equipment consecutively, following the integration pipeline described in the method integration section.




2.3. Airborne Thermography


A control method had to be chosen to interpret the magnetometry data. General humid conditions of the alluvial substrate led us to hypothesize that aerial thermography could provide good results, showing sharp distinctive anomalies for stone structures in the evening [47]. A DJI Zenmuse H20T camera was chosen as a high-end payload for the same DJI Matrice 300 UAV platform we used to conduct the LiDAR survey. The camera characteristics are presented in Table 3.



The thermographic survey was conducted by means of a photogrammetry mission performed with the thermal camera. Data collection was performed approximately 60 min after observed sunset (cf. [30]). The flight height AGL was 30 m; automated serial photography ensured data consistency. Every thermal photo was referenced in the WGS 84 coordinate system using the DJI D-RTK2 GNSS base station. Collected data were processed in the Agisoft Metashape v.2.0.1 photogrammetry software, and a thermal orthomosaic was obtained.




2.4. Methods Integration Pipeline


The magnetometric equipment we used allowed us to obtain quick and easily processed data, but was designed for large area surveys with geological features (such as minerals deposits) in mind. Detecting more subtle and small-sized archaeological features required the creation of a specific workflow. The whole survey process was set up in five consecutive stages.



1. LiDAR survey, DEM, and orthophoto generation of the plain northeast of the main burial mound: The DEM was required for detailed magnetometry mission planning. Both the DEM and orthophoto were analysed prior to geophysical missions and used for planning and comparison.



2. Magnetometric airborne survey of a larger area: Based on the DEM obtained from the LiDAR survey, the most elevated part of the plain northeast of the main burial mound, limited by paleochannels visible on the orthophoto (Figure 4, bottom), was chosen. The goal was to obtain a general overview of the area, confirm the visibility of the two known stone structures to airborne magnetometry, and allow for limiting further surveys to a smaller area. The survey grid was created with a step of ca. 5 m between the flight lines; the elevation of the magnetometer AGL was 10 m; and the speed limit was set to 7 m/s.



3. Thermographic airborne survey of a smaller area: A limited area with possible anomalies detected was surveyed with aerial thermography with the purpose of confirming the presence of subsurface stone structures and further limiting the survey area.



4. The area selected based on thermal data was again surveyed with aerial magnetometry, this time opting for maximum available data resolution. The survey grid step was 2 m; the elevation AGL, 7 m; and the speed limit, 3 m/s.



5. Detailed inspection of the detected anomalies was performed with a ground survey, using the same magnetometer as a hand-held device. The grid step in the walking missions was limited to 0.5 m. The edge points of the survey areas were set out using a total station. The objective of the ground magnetic survey was to check the results obtained during the aerial mission and test the reliability of the aerial measurements, as well as to obtain higher spatial detail of the discovered features through obtaining larger magnetic responses by having the instrument closer to the ground and using a denser grid.



All collected data after post-processing were visualised in raster formats and integrated using the QGIS 3.28 software. All further analysis was performed by means of basic QGIS functions.





3. Results


3.1. LiDAR and Orthophoto


The LiDAR survey was the starting point for further planning and general terrain analysis. It allowed the creation of a dense point cloud (over 400 million points). The elevation model built on these data after classification had a resolution of 5.46 cm/px; the orthophoto generated by photogrammetry had a resolution of 2.57 cm/px (Figure 4). The elevated part of the floodplain stretching from the main site to the northeast is clearly visible on the DEM. At the same time, the LiDAR survey shows no elevation changes in areas of expected stone. Application of different filtering methods to the point cloud in an attempt to eliminate the steppe vegetation disturbances did not yield any better results. This clearly supports the initial impression that almost no features of the stone structures can be identified on the ground and that the features are homogeneously covered with alluvial sediments, and consequently are discernible only by geophysical methods.




3.2. Airborne Magnetometry


Three levels of detail were obtained using aerial magnetometry. The general picture obtained during the first mission demonstrates two kinds of patterns (Figure 5, top): The first is easy to identify and sharp—these anomalies are clearly associated with known stone structures, one of them being especially prominent. The best visible anomaly corresponds to one of the two stone kurgans discovered and surveyed in a previous campaign. The anomalies are found in the northern part of the surveyed area. The second, fuzzier, kind of pattern that can be observed over the whole magnetogram is related to ancient waterbeds and paleochannels surrounding the site. Comparison with the orthophoto shows a high level of correspondence between visible paleochannels and the vague signatures of water channels. The sinusoidal patterns of rolling is an important problem to discuss here. These wavy patterns are typical for the magnetometer hanging down on a 20 m long tether. They are clearly visible here and, although minimised by UAV speed control, they could not be completely eliminated during fieldwork or post-processing. Obviously, this is a drawback of the used equipment and should be taken into account when working with the same device further. We conducted the survey when wind speeds were very low, but we did not specifically measure them. It can therefore not be ruled out that there is a minimal influence of these environmental variables on our data. The minor air movements which might have occurred during the survey should, however, not change the broad picture of subsurface anomalies.



The second, more detailed, magnetogram shows very distinctive anomalies (Figure 5, bottom). This level of detail is very helpful for site identification because it allows us to define the boundaries of the site. It also makes a preliminary identification of archaeological features possible.



The third set of data is represented by individual ground surveys of each anomaly detected before (Figure 6). This is the highest level of detail achieved with the equipment used in our experiments. A clear distinction of a feature form is possible with this approach. In the case of area 1, we can discern two separate features (one square and one circular) located close to each other.




3.3. Airborne Thermography


The thermal orthomosaic created in Agisoft Metashape v. 2.0.1 software showed a high discernibility of thermal anomalies (Figure 7). The results seem to correlate with the deposition depth. In cases where some stones can be observed directly on the surface—indicating that the feature is only slightly covered with alluvial sediment—the thermal image shows a full stone-setting, allowing us to identify the shape of single stone blocks. The site lies in an area of extreme continental climate with rapid and large changes in temperatures between night and day. The stone structures store heat during the day and cool down more slowly in the evening hours (when the survey was conducted) than the vegetation above it. In some cases, the features reliably identified on the magnetogram are absent on the thermal image. This could be explained by a deeper position of the stones below the surface. The results of the thermal survey are slightly obscured by false positives—some of the visible anomalies are not archaeological features. In most cases, these false positive results could be easily identified as vegetation—bushes growing in the area show higher thermal emissivity than the grass. All of these cases can be clearly sorted out by closer inspection of the anomaly. True positive results appear as a concentration of stone shapes. Even if the main feature does not fully appear on the image, at least some stones show their form and are recognisable. The bushes, on the contrary, appear as a monolithic mess of foliage and can be unmistakably distinguished.





4. Discussion


The first survey stage (aerial magnetometry at 7 m AGL) could reveal one clear structure and several disputable ones. The clearly visible structure is identical with the burial mound that was discovered during ground walking as several stones accumulated in the grass—apparently, this is by far the most visible archaeological structure in the AOI. The second magnetometry mission, combined with the thermal survey, provided a much more detailed view of the AOI and confirmed the presence of several previously unknown archaeological structures in the area, based on the first survey stage data. The third survey stage—using regular traditional field walking with the magnetometer—resulted in detailed form definition of the hidden features. These data can already be used for archaeological interpretations and excavation planning (Figure 8).



Even further detail can be obtained by integration of several of these scales. Figure 9 demonstrates the results of raster multiplication in QGIS, using thermal emissivity data and anomalous magnetic field data from the detailed aerial survey stage.



In our case, the choice of methods, exact process of their integration, and application sequence were determined by experiment and consecutive trials in the field. Overcoming the difficulties in UAV operation was a challenge, as the built-in options in the control station do not allow us to regulate speed directly. Therefore, ways around the limitation had to be found to be able to fully control the drone. Speed limits could not be adjusted in the planning software version available at the time of the survey, and building flight paths with additional flight control points had to be used. The frequency of flight control points influenced the automatically programmed speed of the drone and efficiently controlled the actual speed once the dependency was established during initial experiments. In spite of these minor drawbacks, using an integrated solution has a major advantage over constructing improvised combinations of a drone and lightweight magnetometer. Working with a factory-built platform allows us to spare a lot of effort during field work preparation, avoid unexpected problems, and concentrate on methodology and mission planning. As our experience during this research shows, a pertinent choice of methodological approach and consistently built process can provide sufficient detail and quality of data even when using survey equipment within the usually clear budgetary constraints of archaeological field surveys.



When the research project on the site Tunnug 1 started in 2017, one of the most intriguing questions was the location of the site in the unwelcoming environment of a swampy floodplain. We accepted the logical assumption expressed by most archaeologists working in the region, that this unusual position indicates the early date of the burial mound, probably its construction being followed by a catastrophic event that caused all later royal tombs to be constructed on the higher left bank of the Uyuk river. However, the discovery of later stone features in close proximity to the burial mound indicated that the area was subject to extensive reuse for at least two millennia after the central structure was built. This observation stands in clear contradiction with the idea of a catastrophic abandonment of the place. The return of different cultural communities to this anthropogenic landscape marker and the construction of additional monuments would hardly have been possible if modern hydrological conditions were also those of the past. The discovery of yet another burial ground in the same area continues to challenge the assumption of a sudden change in location deemed suitable for royal tombs in the early Iron Age. Detailed geomorphological research of the evolution of environmental conditions in the Uyuk valley is still underway. It would be premature to make far-reaching deductions based solely on limited archaeological data. But it cannot be neglected that available observations imply an extensive site usage during a considerable timespan beyond the Early Iron Age. To explain how this would be possible, a detailed geoarchaeological reconstruction is required. The available data suggest that the site and its surroundings were accessible both on horseback and on foot for centuries. However, the initial results of the current geoarchaeological research show that the floodplain stayed humid during most of its history [48]. Consequently, for the time being, we need to shift to a middle-ground hypothesis that the site was accessible in the periods after its construction, but was still too wet for regular usage. If this premise is confirmed by further research, an explanation for constant reuse will be necessary. Possible arguments could be: (1) subsistence strategies including horse grazing in wetland conditions. The rich grass vegetation of the floodplain providing ample fodder might have been considered worth taking a difficult path through marshy terrain; or (2) the site continuously playing an important cultural role in the semantics of this landscape, thus being constantly re-incorporated into cultural practices of later periods.



Further research and geophysical prospection of the plain around the kurgan is needed. The results of the LiDAR and orthophoto data analysis show that the floodplain of the Uyuk valley can hide complex anthropogenic stone structures with absolutely no visible surface traces (see comparisons of different datasets in Figure 8). The stone structures are located at different depths, and geophysical surveys of varying resolution are essential to obtain a clear picture. Here it is necessary to take into account the limitations imposed by the choice of equipment: the rubidium magnetometer is in many aspects not the best option for archaeological prospection. It was chosen mainly for two reasons: because of its full integration with an available drone platform as well as because it could be unmounted from the drone and used for ground walking surveys. An additional reason was the limited budget of our research campaign, making the current approach an affordable option. Following a consistent methodological process allowed us to generate data which were detailed enough to create a valuable addition to the interpretation of the archaeological landscape of the Uyuk Valley.




5. Conclusions


It can be argued that large-scale application of the presented approach can reveal new insights into the hidden landscape features of the area. Only consistent method integration and using several spatial scales of survey can provide satisfactory results—in our case, we used LiDAR and orthophotos for initial analysis and mission planning, aerial magnetometry and thermography for cross-checking, and several scales of magnetometry survey for gradually limiting the area in order to zero in on feature location. A burial ground consisting of at least nine stone structures was located and mapped in a hard-to-access, low-visibility area of the Uyuk floodplain (Figure 10).



The fact that several archaeological structures are confirmed in close proximity to the Tunnug 1 burial mound speaks against the royal mound being an isolated monument and that the floodplain of the Uyuk valley saw a more extensive funerary ritual use over a prolonged period of time. This needs further exploration in terms of including larger areas in the survey as well as explaining the possibilities of wetland exploitation as part of nomadic subsistence strategies or landscape use. Obtaining more empirical data is the next step. The methodology described here can be easily applied to larger areas of the floodplain with minimal adjustments. The method and data integration in this article shows how seemingly “empty” parts of the landscape still might contain archaeological features which are important for the interpretation of cultural dynamics and change our view of well-researched sites.



In conclusion, it should be noted that every single method in the conditions of the floodplain would return insufficient results if used on its own. Analysing solely a high-resolution DEM or optical data did not provide any information on the hidden structures at all. Planning and interpretation of airborne magnetometer missions would be impossible without the support of a DEM and orthophotos. Standards for aerial magnetometry are currently still in the making, but significant progress is being made [49]. The thermal imagery proved to be useful in independently confirming the anomalies based on a different characteristic. Thermal imagery, unfortunately, does not reveal deeper-lying structures and does not allow for initial area planning. However, it is an indispensable contextualization for the interpretation of the magnetometry results. Using different spatial scales of the magnetometry survey allowed us to efficiently cover a larger survey area and uncover the characteristics of individual monuments in different levels of detail. The results necessary for an archaeologically valuable interpretation can, in this case, only be achieved through method and data integration.
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Figure 1. The location of the site in the context of southern Siberia. The Uyuk valley contains one of the largest concentrations of monumental burial mounds from the Early Iron Age (basemap—SRTM 1 arcsecond data). 
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Figure 2. (Top) High-resolution WorldView-2 imagery (pansharpened) illustrating the difference in visibility of monuments on the arid steppe with arrows indicating individual burial mounds (bottom right) and the plethora of natural circular features in the swampy floodplain (top left). (Bottom) A general overview of the survey area demonstrating the low visibility and heterogeneous vegetation. 
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Figure 3. (Left)—oblique view of a surveyed feature. Photograph created in maximum visibility conditions in early May. (Right) View of a similar stone mound excavated in the southern periphery of Tunnug 1. 






Figure 3. (Left)—oblique view of a surveyed feature. Photograph created in maximum visibility conditions in early May. (Right) View of a similar stone mound excavated in the southern periphery of Tunnug 1.



[image: Remotesensing 15 04992 g003]







[image: Remotesensing 15 04992 g004] 





Figure 4. LiDAR (top) and visible spectrum imagery (bottom) of the floodplain area northeast of Tunnug 1. 
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Figure 5. Anomalous magnetic field ∆Ta, airborne mission data: general overview mission (top), high-detail mission (bottom), scales in nT. 
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Figure 6. Anomalous magnetic field ∆Ta in ground survey areas, scales in nT. 
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Figure 7. Thermal anomaly map. True and false positive results indicated. Stone shapes are easily recognised on the image. 






Figure 7. Thermal anomaly map. True and false positive results indicated. Stone shapes are easily recognised on the image.



[image: Remotesensing 15 04992 g007]







[image: Remotesensing 15 04992 g008] 





Figure 8. Comparison of individual features: Top Row (1): feature 5, located close to the surface; Bottom Row (2): feature 6, a deeply buried structure. (a) magnetometry data, (b) thermal data, (c) aerial photo (visible spectrum). 






Figure 8. Comparison of individual features: Top Row (1): feature 5, located close to the surface; Bottom Row (2): feature 6, a deeply buried structure. (a) magnetometry data, (b) thermal data, (c) aerial photo (visible spectrum).



[image: Remotesensing 15 04992 g008]







[image: Remotesensing 15 04992 g009] 





Figure 9. Through multiplying the resulting rasters of magnetic and thermal remote sensing data, the visibility of buried stone structures becomes better and identification is improved