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Abstract

:

This study applies UAV-based photogrammetry to map and examine the stratigraphy and archaeological artifact distribution in two localities within the Post research area in northwest Texas. A DJI Inspire 1 UAV equipped with a Zenmuse X5 camera captured nadir and oblique images. These were processed using Agisoft Metashape to generate 3D models. These models enabled the precise mapping of stratigraphic boundaries, revealing the distinctions between Triassic-age bedrock, Pleistocene-age alluvial deposits, and Holocene-age aeolian sediments. Field surveys from 2022 to 2024 documented over 5000 artifacts with sub-centimeter accuracy, including diagnostic projectile points and ceramics. This research highlights the advantages of UAV-derived 3D models in rapidly and accurately documenting stratigraphy and archaeological data. It demonstrates the value of UAV technology for visualizing landscape-scale processes and artifact contexts, offering a new approach to understanding the interactions between geomorphology and archaeology. The findings contribute to advancing UAV applications in both geomorphological and archaeological research.
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1. Introduction


Using Unmanned Aerial Vehicles (UAVs) in geological and archaeological research has revolutionized landscape documentation, analysis, and interpretation [1,2]. UAVs are widely used in structural geology for mapping complex formations, identifying fault structures, and analyzing earthquake coseismic ruptures [3]. In sedimentary geology, they help analyze depositional environments [4] and are also employed to monitor rock mass fractures and natural hazards, such as landslides and rockfalls [5]. In archaeology, UAVs facilitate the documentation of sites and the creation of detailed 3D models, enhancing the mapping and visualization of cultural features and surface artifacts across various environments while deepening our understanding of past human activity [6]. The ability to construct high-resolution 3D models from aerial imagery in particular has enhanced the understanding of stratigraphic relationships and geomorphological processes in various contexts [7,8,9,10].



Most UAV studies have focused primarily on the plan-view mapping of landscapes [11,12], which provides valuable information about surface features but often lacks the depth needed for stratigraphic analysis. In contrast, this study emphasizes the use of oblique imagery [9,10,13,14], which captures cross-sectional views of the landscape, allowing for a detailed examination of stratigraphy across a study area.



One key motivation for this research is to explore the potential of UAV photogrammetry in developing 3D models for stratigraphic mapping. This process can be conducted more quickly and accurately than traditional field-based techniques [3,8,15]. Software tools such as VRGeoscience (https://www.vrgeoscience.com/ accessed on 25 October 2024) have demonstrated the value of 3D visualization, providing a powerful means to document and analyze geological outcrops in a three-dimensional context [16]. In this study, Agisoft Metashape (https://www.agisoft.com/ accessed on 25 October 2024) software is employed to achieve similar objectives, leveraging its capabilities to create detailed 3D models that accurately represent stratigraphic sequences.



Despite the significant advancements made through UAV technology and photogrammetry software, a gap remains in the literature concerning integrating UAV-derived data with detailed stratigraphic and archaeological survey analyses. This gap is particularly noticeable in regions where complex interactions between geomorphological processes and human activity exist. Previous studies have often focused on either geomorphology or archaeology independently [2,7,11,17,18,19,20], with few exploring the nuanced relationships between these two domains within a unified framework.



This study addresses this gap by applying UAV photogrammetry to localities within the Post research area in northwestern Texas, integrating high-resolution 3D models with stratigraphic mapping and surface artifact distribution analysis. By doing so, this research provides detailed documentation of the region’s geological and archaeological features and offers insights into how these elements interact across the landscape.




2. Materials and Methods


2.1. Post Research Area


The Post research area (Figure 1 and Figure 2) is located at the physiographic boundary between the Southern High Plains and the Rolling Plains (Central Lowlands). The Southern High Plains extend across northwestern Texas and northeastern New Mexico, while the Rolling Plains lie immediately to the east (Figure 1). The Southern High Plains are defined by escarpments on three sides, with the southern boundary merging seamlessly with the Edwards Plateau without a distinct division. Characterized as a broad, flat plateau, the upland surfaces of the Southern High Plains encompass approximately 25,000 small lake basins (freshwater playas) and 40 salinas (saline depressions with brackish water) [21]. The region is dissected by northwest-to-southeast-trending river valleys (draws) that serve as tributaries to the Red, Brazos, and Colorado Rivers, which ultimately drain into the Gulf of Mexico.



During the Pleistocene, headward erosion along the eastern escarpment of the Southern High Plains selectively exposed Triassic-age mudstones, sandstones, and conglomerates of the Dockum Group [22], along with the gravels, aeolian sediments, and Caprock caliche layer that make up the Miocene-to-Pliocene-age Ogallala Formation within the research area [23]. Unlike the flat expanse of the Southern High Plains, the area below the eastern escarpment is characterized by rough, broken terrain—referred to as the “breaks”—formed through the incision and erosion of the differentially resistant sediments of the Ogallala Formation and the underlying Triassic sandstone bedrock [22,24]. Within the research area, these breaks are dissected by numerous tributaries of the upper Brazos River Basin.



The Post research area comprises ~335 km2 of ranchland, encompassing portions of the Southern High Plains uplands, escarpment breaks, and the westernmost Rolling Plains. The South Fork of the Double Mountain Fork of the Brazos River (hereafter South Fork) flows from northwest to southeast through the research area (Figure 2) with numerous spring-fed tributaries. These tributaries, serving as the primary conduits for water discharge, play a crucial role in shaping the landscape and exposing soil and stratigraphic sequences throughout the South Fork Basin. The current research focuses on a 718 × 236 m (7.6 ha) section along Teepee Creek—a tributary north of the South Fork (Figure 2).




2.2. UAV Study Locality


The UAV study area (23.6 ha) encompasses two previously documented archaeological localities within the Post research area: Macy Locality 359 (identified in 2022) and Macy Locality 69 (discovered in 2008). The UAV study locality has undergone significant erosion, revealing the stratigraphy over a distance of 2.7 km (Figure 3). This erosion and substantial archaeological surface findings offer a unique opportunity to document the contextual relationships between the artifacts, landscape, and stratigraphy of this area.



The local bedrock of the UAV study area consists of the Triassic Dockum Group that underlies the Quaternary stratigraphic sequence [22]. The Dockum Group is exposed at the surface in erosional zones in the study area, characterized primarily by Triassic overbank mudstone. In some locations, the sandstone layer that caps the mudstone remains preserved [25].



Unconformably overlying the Triassic mudstone are stratified Pleistocene-age alluvial deposits and Holocene aeolian sand deposits. The precise age of the Pleistocene alluvial deposits remains undetermined. Mammoth bone found at the top of the alluvial sequence (Figure 4) indicates a middle-to-late Pleistocene (Irvingtonian to Rancholabrean) age [26]. The Holocene-age aeolian sand deposit rests unconformably on the alluvial and Triassic bedrock within the study area.



The absence of buried soils within this deposit indicates continuous sedimentation, preventing the formation of a stable, steady-state surface necessary for the formation of buried soils [27]. The diagnostic lithic artifacts associated with the aeolian deposits suggest that deposition began ~6000 years ago in this location. Elsewhere, along the South Fork and within the Spring Creek drainage, a sequence of buried soils within the Holocene aeolian deposits have been radiocarbon-dated to between ~6000 and 300 14C yr B.P. [28,29,30]. Ongoing research, including the excavation of hearth features and continued surveys to identify additional in situ diagnostic artifacts, aims to refine further the age of the aeolian deposits within the UAV study area.




2.3. Survey Techniques


2.3.1. UAV Stratigraphic Mapping


A DJI Inspire 1 UAV equipped with a 16-megapixel (4600 × 2584) Zenmuse X5 camera was used to capture a total of 1453 images over 10 flights, consisting of 1005 nadir images (69%) and 448 (31%) oblique images (Figure 5). A plano-altimetric survey at a constant height of 50 m above ground level was used to capture all nadir images. In contrast, the oblique images were captured at variable distances between 30 and 15 m above ground following the terrain. The focus of the oblique image capture was to obtain close-up images of erosional cuts, ensuring highly detailed surface imagery with sufficient texture resolution for stratigraphic mapping. The UAV was manually controlled, with images overlapping between 30 and 60% (Figure 6).




2.3.2. Archaeological Survey


Field crew members mapped and collected archaeological artifacts throughout the UAV study area during the 2022, 2023, and 2024 field seasons (Figure 7A). All surface artifacts were mapped and collected using a Trimble R8 integrated GNSS system with centimeter accuracy. Of the 5143 artifacts documented and collected, most consisted of flaked stone—the byproducts of stone tool manufacture or maintenance. Five in situ hearth features were also recorded along the eroded edge (Figure 7B).



Thirty-one diagnostics were found throughout the study area: twenty-eight projectile points and three ceramic sherds (Figure 8). The styles of the projectile points and ceramic sherds provide an approximate age range of 6000–350 years ago for both the prehistoric occupations and the aeolian deposit.





2.4. Photogrammetry and Data Visualization


The images were imported into Agisoft Metashape 2.1.2 for photogrammetric processing using a 2022 Apple Macbook Pro with an M2 Max Processor consisting of 12 CPU and 30 GPU cores. All 1453 images were aligned successfully, yielding 774,463 tie points and achieving a ground resolution of 0.0315 mm/pixel. The model was then georeferenced using five natural ground control points recorded with a Trimble R8 base station. This georeferencing process resulted in a model accuracy of X error at 2.19 cm, Y error at 2.07 cm, and Z error at 4.36 cm, with an overall horizontal (XY) error of 3.01 cm and a total error of 4.86 cm.



A tiled model, DEM, and orthomosaic of the UAV survey area were constructed in the second phase of the analysis. The tiled model achieved a 2.33 cm/pixel resolution, allowing for a highly detailed 3D representation of the landscape. The DEM provided a point density of 0.169 points/cm2 and a resolution of 2.43 cm/pixel, offering a precise digital elevation profile for terrain analysis. The orthomosaic was constructed at a 1.22 cm/pixel resolution, ensuring a high-resolution, georeferenced 2D map of the area.



In the final step, the stratigraphic boundaries across the UAV study area were digitized within the tile model using Metashape’s polyline tool. The stratigraphic boundaries were mapped along vertical cross-section erosional cuts across the study area. Additionally, the 5143 artifacts, the locations of the hearth features, and the mammoth bone were imported into Metashape as a point shapefile for visualization.





3. Results


3.1. Stratigraphic Mapping


The high-resolution tile model facilitated detailed mapping of the stratigraphic boundaries across the UAV study area (Figure 9). The erosional surface and the boundaries between the Triassic bedrock, alluvial, and aeolian sediment units were visible (Figure 9). Also, distinct layers within the alluvial sediments were observed throughout the study area (Figure 9).



The top of the ground surface was initially mapped over a distance of 2723 m (Figure 9) to establish the total length of stratigraphy that could be mapped across the study area. Subsequently, the lower boundary of the aeolian unit was mapped over a distance of 1743 m. The aeolian sediment, which forms the top layer, covers 64% of the landscape in the study area.



The aeolian unit is distinguishable from the alluvial unit and Triassic bedrock by its color and erosion patterns, which are visible within the 3D model. The aeolian unit is browner (10YR4/3) than the alluvial unit (2.5YR 6/2–5/4). It exhibits a vertical 90-degree slope due to its subangular blocky soil structure, contrasting with the other two units (Figure 10). The aeolian unit is mapped above the alluvial unit throughout most of the study area. In a 30 m erosional section, however, the alluvial unit has been removed by previous erosion, resulting in the aeolian unit being mapped directly atop the Triassic Dockum Group (Figure 11).



The alluvial unit’s lower and upper boundaries are plotted over 2403 m. This length indicates that the alluvial stratigraphic unit is present across 87.9% of the landscape. The alluvial sediment has become cemented with other elements, resulting in columnar structure with slopes ranging from 80 to 60 degrees (Figure 12). The alluvial unit is also lighter gray (2.5YR6/2) than the aeolian sediment.



The top of the Triassic Dockum Group was mapped over a distance of 947 m, making it visible in the cross-section across 34% of the study area. The Triassic bedrock, characterized by its distinct red color (10R4/8), stands out compared to the other stratigraphic units. Within the 3D model, the topographic influence of the Triassic bedrock and the subsequent deposition of alluvial sediments are distinct. In several locations across the study area, the top of the Triassic bedrock is higher in the landscape. It forms a lateral boundary to the deposition of the alluvial unit. Within the 3D model, the Triassic bedrock’s topographic influence and the alluvial sediments’ subsequent deposition are clearly distinguishable (Figure 13).




3.2. Visualization of Stratigraphy and Archaeology


The field crew’s mapping of artifact locations and features was imported as a shapefile into Metashape and plotted on the tile model (Figure 14). This integration of the tile model, stratigraphy mapping, and artifact locations offers a clear visual representation of how artifacts are distributed across the landscape in relation to the stratigraphy. Viewing the artifact distribution within a 3D model, as opposed to traditional GIS, allows for a more intuitive interpretation of the spatial patterns and the underlying processes influencing artifact placement. Linear artifact distributions, commonly attributed to the transect-based documentation of crew members, are contextualized more clearly in the 3D model. The model shows how landscape erosion and hydrological processes contribute to artifact movement and exposure. For instance, certain linear artifact clusters within the model align with slope dynamics and water flow, which likely transported artifacts downslope along erosion channels and natural water pathways [31,32,33] (Figure 15).



Another key point is that the 3D model, in conjunction with the artifact data, establishes a clear contextual connection between the artifacts, stratigraphy, and the landscape. This means that the location of artifacts can be revisited in the future, allowing the contexts of artifact discoveries to be understood in their original landscape setting (Figure 16). The 3D model documents and preserves the contextual relationship between the artifacts and the landscape, a critical aspect in interpreting the past.



Additionally, the distribution of the aeolian unit across the landscape is critical in this research. This sediment layer contains artifacts from hunter-gatherer groups living on the landscape for ~6000 years. The 3D model provides a visual representation of the aeolian sediments, offering insights into how the erosion of this deposit affects artifact distribution and where archaeological materials may be preserved within the landscape (Figure 17).





4. Discussion


Integrating UAV-based photogrammetry and GNSS data in the Post research area has provided a transformative approach to understanding the landscape, stratigraphy, and artifact distribution within this archaeologically significant region. The high-resolution 3D model generated from UAV imagery has allowed for the detailed mapping of stratigraphic boundaries and provided a new level of clarity in visualizing the relationship between geological frameworks and archaeological records.



One of the key outcomes of this research is the ability to observe and analyze the distribution of artifacts in direct relation to the landscape’s stratigraphic context. Traditional GIS techniques, while useful, often lack the capacity to visualize artifacts within their full 3D landscape context. The use of a 3D model in this study has highlighted the importance of considering topographic and erosional processes in interpreting artifact locations. The linear distribution patterns of artifacts, for example, clearly demonstrate the influence of slope processes and water flow in moving and exposing these materials. This insight underscores the dynamic nature of the landscape and its direct impact on the preservation and visibility of archaeological materials.



Furthermore, the 3D model has proven invaluable in documenting the stratigraphic relationships within the study area. The distinct boundaries between the Triassic bedrock, alluvial sediments, and aeolian deposits are visible, allowing for a more nuanced understanding of the region’s depositional history. The aeolian unit, containing artifacts from hunter-gatherer groups dating back approximately 6000 years, is particularly significant. Visualizing this layer and its erosion patterns has provided critical information on where archaeological materials will likely be preserved or exposed, guiding future survey and excavation efforts.



The contextualization of artifacts within the 3D model also provides a lasting record that preserves the spatial relationships between artifacts, stratigraphy, and the landscape. This capability is crucial for ongoing and future research, as it allows researchers to revisit and reanalyze the context of discoveries with a level of detail that would not be possible with traditional methods. Preserving this contextual information is vital for accurate interpretation and a comprehensive understanding of the region’s geomorphic processes, archaeological records, landscape evolution and use, and cultural history.



Overall, the integration of UAV technology, photogrammetry, and GIS in this study has advanced the ability to document and analyze the complex interactions between human activity and the landscape over time. The results of this research not only enhance the understanding of the Post research area, but also demonstrate the broader applicability of these techniques in archaeological studies across diverse environments. As technology continues to evolve, the methods used in this study will likely become standard practice, offering new possibilities for discovery and interpretation.



Future advancements in UAV technology promise improvements for more efficient data capture. Current limitations primarily revolve around flight time constraints, such as frequent landings for battery changes that reduce the efficiency of data capture. With anticipated improvements in UAV weight reduction and battery longevity, these interruptions may become less significant, allowing for more prolonged flights and, consequently, greater spatial coverage per session.



Additionally, automating UAV flights can enhance efficiency, especially with predefined flight paths—a method commonly used among UAV pilots for systematic data collection. This automation increases the number of images captured in each flight and ensures uniform overlap, essential for creating high-resolution, accurate models [34,35]. Although this study relied on manual flight to navigate potential unknown obstacles, automated flights now are more feasible due to obstacle detection and avoidance system advancements [36]. These capabilities allow UAVs to fly closer to the ground safely, capturing higher-resolution images and even detecting small features, and could provide valuable contextual data [37], allowing the mapping of surface artifacts in archaeological research [38,39].




5. Conclusions


This study demonstrates the powerful capabilities of UAV-based photogrammetry in archaeological and geomorphological research, particularly for detailed stratigraphic mapping and visualizing artifact distributions. The use of oblique imagery and 3D modeling allowed for the precise documentation of the stratigraphy across the study area, offering insights into the distribution of the Triassic bedrock, Pleistocene alluvial deposits, and Holocene aeolian sediments. The high-resolution 3D model created from the UAV imagery clarifies how erosion and water movement have shaped the landscape and influenced the spatial distribution of artifacts.



Furthermore, the ability to visualize these stratigraphic relationships and artifact locations within a 3D context provides a significant improvement over traditional 2D GIS methods. By preserving the spatial relationships between artifacts and stratigraphy, this approach enhances the interpretation of archaeological sites and offers a lasting record for future reanalysis.



This research not only fills a gap in the existing literature by integrating geomorphological and archaeological perspectives, but also highlights the efficiency and accuracy of UAV technology in mapping complex landscapes. As UAV and photogrammetry technology evolves, its application will become standard practice in archaeological and geological research, providing new opportunities for documenting and understanding the dynamic interactions between landscapes and human activity. This study serves as a model for utilizing UAV technology to bridge the gap between geomorphological processes and archaeological interpretations, ultimately contributing to the broader understanding of past human–landscape interactions.
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Figure 1. The Southern High Plains of northwestern Texas and eastern New Mexico (USA). The Post research area is situated along the eastern escarpment, extending into the westernmost portion of the Rolling Plains of Texas. 
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Figure 2. The Post research area and the location of the UAV study area along the South Fork. 
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Figure 3. Erosional surface and exposed stratigraphy at Macy Locality 69, documented in 2024 in the Post research area. View to the west. 
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Figure 4. Stratigraphic units and the location of mammoth bone within alluvium at Macy Locality 359. View to the southeast. 
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Figure 5. Capturing oblique images with DJI Inspire 1 UAV in the Post research area. View to the west. 
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Figure 6. Camera location and image overlap of the UAV study area in the Post research area. Figure generated from Agisoft Metashape survey statistics report. 
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Figure 7. (A) Field research at Macy Locality 359 within the UAV study area. (A) Crew mapping and collecting archaeological artifacts using the Trimble R8 base station. View to the south. (B) Field crew documenting hearth feature eroding from the top of the aeolian deposit. View to the south. 
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Figure 8. Projectile points and ceramic sherd found at Macy Locality 359 and Macy Locality 69 during the 2022–2024 field seasons. (A) Middle Archaic-age projectile point (6000–4500 BP); (B–F) Late Archaic-age projectile points (4500–2000 BP); (G–H) Ceramic-age projectile points (2000–500 BP); (I) ceramic sherd (575–350 BP). 
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Figure 9. View of stratigraphic units within the 3D tile model of the UAV study area. View to the southeast. (A) Plan view of the distribution of stratigraphic boundaries, (B) Stratigraphic units mapped across 3D model. Yellow line demarcates scale in meters. 






Figure 9. View of stratigraphic units within the 3D tile model of the UAV study area. View to the southeast. (A) Plan view of the distribution of stratigraphic boundaries, (B) Stratigraphic units mapped across 3D model. Yellow line demarcates scale in meters.



[image: Drones 08 00684 g009]







[image: Drones 08 00684 g010] 





Figure 10. Three-dimensional view (tile model) of the 90° erosional face of the aeolian unit across the UAV study area, illustrating the distinct vertical exposure of stratigraphy. View to the south. Yellow line demarcates scale in meters. 
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Figure 11. Three-dimensional view (tile model) of the aeolian unit and its unconformable boundary above the Triassic Dockum Group in the UAV study area. View to the west. Yellow line demarcates scale in meters. 
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Figure 12. Three-dimensional view (tile model) of the columnar erosional pattern of the alluvial unit in the UAV study area. View to the west. Yellow line demarcates scale in meters. 
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Figure 13. Three-dimensional view (tile model) of the Triassic Dockum Group bedrock. The distinct red color (10R4/8) of the Triassic bedrock contrasts with other stratigraphic units, showing its topographic influence and forming a lateral boundary to the deposition of alluvial sediments. View to the south. Yellow line demarcates scale in meters. 
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Figure 14. Overall distribution of artifacts (white points) across the UAV study area, visualized on the 3D tile model. View to the east. Yellow line demarcates scale in meters. 
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Figure 15. Linear distribution of artifacts (white points) influenced by slope and water flow, visualized on the 3D tile model, highlighting the impact of geomorphological processes on artifact dispersal. View to the east. Yellow line demarcates scale in meters. 
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Figure 16. Visualization of artifacts (red points) within their stratigraphic context. View to the west. Yellow line demarcates scale in meters. 
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