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Abstract. Structure-from-motion (SfM) photogrammetry provides new possibilities for the interpretation of complex 

geological objects and settings through the digitalization of outcrops in the form of Digital Outcrop Models (DOMs). This 10 

study focuses on the acquisition, processing, and georeferencing of 12 DOMs targeting the Err and Bernina low-angle normal 

faults (LANFs) in the Central Alps. This area exceptionally preserves remnants of Jurassic rifting. Extensive Unmanned Aerial 

Vehicle (UAV) -based field campaigns (2022–2025) over 43 km², covering 1710 m elevation difference, combined with 

differential GNSS and regionally-available surface data, produced 12 high-resolution DOMs and associated products (point 

clouds, textured meshes (DOMs), tiled models, orthomosaics, and DEMs) with centimeter to decimeter resolution. A total of 15 

15 control points per DOM were used to georeference and quality assure the digital data assets, 5 of which function as reference 

check points (CPs). Within the twelve DOMs, the total ground control points (GCPs) root mean square error (RMSE) ranges 

from 0.02 to 1.47 m and the RMSE of the CPs ranges from 0.49 to 3.11 m. Individual DOMs within the Fossil Alpine Tethys 

rifted margin DOM (FATDOM) Dataset reveal detailed internal fault structures, lithological variations, fracture networks, and 

tectono-sedimentary relationships, offering new insights into the architecture and kinematic evolution of LANFs that also 20 

extend to the seismic scale. Comparison of our DOMs with seismic data in present-day systems can be used to bridge the scale 

gap between local structural observations and regional interpretations. Beyond tectonic implications, the high resolution of our 

resulting DOMs enables a wide range of geoscientific applications including geomorphological studies focused on the 

monitoring of deglaciation. The data described in this paper are available on Zenodo under 

https://doi.org/10.5281/zenodo.18940068 (Morzelle et al., 2026). 25 

1 Introduction 

Structure-from-Motion (SfM) photogrammetry provides a robust and efficient solution for documenting complex geological 

environments (Betlem et al., 2024; Dering et al., 2019; James et al., 2019; Thiele et al., 2015). By reconstructing three-

dimensional geometries from overlapping two-dimensional images, SfM allows the generation of spatially continuous, high-

resolution, and accurately georeferenced digital outcrop models (DOMs), digital elevation models (DEMs), and orthomosaics. 30 

This approach is particularly suited to large, steep, and high-altitude outcrops where conventional surveying is impractical or 

unsafe, while preserving both geometric and textural information that can be quantitatively analyzed across a wide range of 

spatial scales (Burnham et al., 2024; Howell and Burnham, 2021). 

The integration of multiple, spatially connected high-resolution DOMs enable systematic mapping of geological features, 

including bedding, folds, faults, and fracture networks, from the centimeter to the kilometer scale. In this sense, DOMs form 35 

a direct link between field-scale observations and seismic-scale interpretations, and are an important stepping stone to 

understanding geologically-complex extensional structures, including low angle normal faults (LANF) systems found in 
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present-day, deep-water, rifted margins in the South China Sea (Legeay et al., 2024), Galicia margin (Lymer et al., 2019), West 

of Ireland (Lymer et al., 2023), Somalia margin (Sapin et al., 2021), and elsewhere.  

Their characterization is essential for understanding extensional processes of the lithosphere (Buck, 1988; Collettini, 2011; 40 

Lecomte et al., 2012; Melosh, 1990; Wernicke, 1981) as well as for appraising resource potential in their associated 

sedimentary basins.  

 

Past investigations have relied heavily on local field mapping and 2D panoramas, especially across the exposed fossil Alpine 

Tethys, a well-established onshore analogue system in the Swiss Alps with exceptionally well-preserved rift related LANFs 45 

(Epin and Manatschal, 2018; Froitzheim and Eberli, 1990; Manatschal, 2004; Mohn et al., 2012). Geological investigations in 

this region typically rely on conventional field methods and are strongly limited by accessibility, as many key structures in the 

Swiss Alps are in steep, remote, and frequently snow-covered terrain at elevations exceeding 2 500 m. In addition, ongoing 

erosion accelerated by climate change increasingly threatens the preservation of these sites. As a result, the digitization of this 

area (Figure 1) is of major interest to preserve the outcrops in a rapidly changing climate and provides new perspectives for 50 

understanding the formation processes of LANFs. 

 

In this contribution we present the digitalization and integration of 12 DOMs in south-east Switzerland, capturing the Err and 

Bernina units in the distal part of the fossil hyper-extended Adriatic rifted margin as part of the initial release of the (regional) 

Fossil Alpine Tethys rifted margin DOM (FATDOM) dataset. Particular focus is given to the spatial resolution, georeferencing 55 

accuracy, overall data quality, geological integration, and FAIR data publishing (Wilkinson et al., 2016), ensuring that the data 

are findable, accessible, interoperable, and reusable for a wide range of future geological and geoscientific applications.  
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Figure 1: Spatial extent and visualization of the 12 digital outcrop models included in the initial release of the FATDOM dataset. 

 60 
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2 Geological Setting 

The southeastern Swiss Alps preserve a unique fossil example of a distal rifted margin formed during the opening of the Alpine 

Tethys (Froitzheim and Eberli, 1990; Manatschal and Nievergelt, 1997). This distal rifted margin belonged to the former 

Adriatic plate and was associated with extreme thinning of the continental crust and lithosphere during the Jurassic rifting. 

Remnants of the distal Adriatic rifted margin in the Err and Bernina units are exceptionally preserved and extensively described 65 

in the literature (Froitzheim and Eberli 1990; Manatschal and Nievergelt 1997; Mohn et al. 2012; Manatschal et al. 2022). The 

Err and Bernina units, part of the lower Austroalpine nappes, are today included in an Alpine nappe stack with the Bernina 

unit overlying the Err unit (Froitzheim et al. 1994; Mohn et al. 2012; Ribes et al. 2019). These units exhibit low to mild Alpine 

overprint, including superimposed deformation and metamorphism (never exceeding greenschist facies conditions), while still 

preserving inherited rift-related structures (Ferreiro Mählmann 1995; Mohn et al. 2012; Ribes et al. 2019). 70 

The units preserve former hyper-extended rift basins controlled by a well-developed succession of LANFs related to the 

Jurassic rifting (Figure 2) (Epin and Manatschal, 2018; Manatschal and Nievergelt, 1997; Masini et al., 2012). This LANF 

system controlled the stratigraphic architecture of syn-rift sediments and is linked to the formation of extensional allochthonous 

blocks derived from the hanging wall. These units consist of Paleozoic crystalline basement rocks, including granites and 

gneisses, overlain by Late Paleozoic to Mesozoic pre- and syn- and post-rift sediments (Epin and Manatschal, 2018; Ribes et 75 

al., 2019). 

At least four sequential LANF systems have been identified across an area of more than 200 km² in this region: the Agnel, 

Jenatsch, Err, and Bernina LANFs (Figure 2) (Epin and Manatschal, 2018). These structures are included within the study area 

considered in this work (Figure 1). 

 80 
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Figure 2: a) Simplified tectonic map along the Central Alps (eastern Switzerland), b) present-day alpine cross-section and c) 

palinsplastic reconstruction of the Adriatic margin, modified from Mohn et al. (2011), Mohn et al. (2012) and McCarthy et al. (2021). 

3 Methods 

Extensive Unmanned Aerial Vehicle (UAV) based field surveys enabled the acquisition of high-quality photogrammetric 85 

models suitable for the generation of DEMs, orthomosaics, and DOMs with centimeter- to decimeter-scale resolution. As 

described in detail below, the resulting products were quality assured and calibrated against existing regional reference 

datasets, to ensure accurate and consistent georeferencing. 

3.1 UAV Surveying 

We conducted four UAV summer data acquisition campaigns during 2022-2025. Three different UAV systems were used to 90 

acquire imagery (Table 1). During each survey, we conducted manual flight operations following the method described by 

Howell and Burnham, (2021) and lessons learned from the Svalbox data acquisition campaigns (Senger et al., 2021a; Betlem 

et al., 2023b, 2025). We opted for flights as perpendicular to the outcrops as terrain allowed while aiming for a constant UAV-

to-outcrop distance, and we varied both flight altitude and camera angle for the various fly-bys. The UAV’s image acquisition 

system was programmed to trigger automatically at intervals of 3 to 7 seconds, while manually re-focusing was done in 95 

between. Maximum fight speeds were adjusted based on imaging distance and acquisition conditions to ensure sufficient image 
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overlap (>70%) while avoiding motion blur. An automatic white balance was used and ISO set to 100. Each outcrop was 

covered by between 1 and 13 flights, resulting in between 46 and 3045 images per model. The camera angles varied between 

0° and -60°. Normalized, back-calculated UAV-to-outcrop distances are presented in Table 1 for each model, as are further 

survey details.100 
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Table 1: Details of the photogrammetric data acquisition used to build the 12 DOMs of the FATDOM dataset.  
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3.2 Processing and quality control 

The DOMs were reconstructed using the Agisoft Metashape (version 2.2.1 professional edition) commercial software. A 

summary and deviations from the workflow and processing parameters are provided below. 105 

 

We used Metashape's built-in image evaluation tool to estimate image quality, keeping images with qualities of 0.5 and above. 

Photos were aligned with highest accuracy and cameras optimized with the “exclude stationary tie points” setting enabled, 

facilitating scientific filtering of the tie points in subsequent steps. This resulted in sparse-point clouds containing between 

330 020 and 16 063 436 points (Table 2) prior to filtering. The tie points were consecutively filtered by Reconstruction 110 

Uncertainty, Projection Accuracy, and Reprojection Error, each step followed by re-optimalisation of the camera positions. 

The details of the filtering steps are presented in Table 2. 

 

We generated the dense-point clouds from depth maps, using the mild filtering criteria for the latter. No changes were made 

to the automatically generated bounding box. To improve overall quality, we filtered the dense point cloud by confidence: low 115 

quality points in the range 0-5 were removed. This decimated the dense-point clouds to between 23 611 731 and 361 543 706 

points for the twelve DOMs of the dataset (Table 2). The mesh (model) was subsequently generated using the filtered dense 

cloud as input. Each model was filtered based on connected component size to remove unresolved and disconnected mesh 

elements, to further improve quality. Textures were generated for each model, and the models functioned as input for Tiled 

Models, the digital elevation models (DEMs), and orthomosaics. 120 

 

Figure 1 uses the style Caption. The abbreviation “Fig.” should be used when it appears in running text and should be followed 

by a number unless it comes at the beginning of a sentence (e.g. “The results are depicted in Fig. 5. Figure 9 reveals that.”). 

Figures and tables as well as their captions must be inserted in the main text near the location of the first mention (not appended 

to the end of the manuscript). Regarding colour schemes, it is important that your maps and charts allow readers with colour 125 

vision deficiencies to correctly interpret your findings. Please check your figures using the Coblis – Color Blindness Simulator 

and revise the colour schemes accordingly. 

 

3.3 Georeferencing: GCPs and CPs procedures 

Accurate georeferencing of the DOMs was ensured through use of Post-Processing Kinematic (PPK) data (only for models 130 

11; see Betlem et al., (2023a); and 12) and natural markers, implemented prior to tie-point filtering as ground control (GCPs) 

and check points (CPs). All data were set to the Swiss national CH1903+/LV95 (EPSG:2056) projection. Natural markers 
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were strategically chosen within the area through integration of the SwissALTI3D DEM, which has a resolution of 0.5 m 

(Swisstopo 2022a), and the orthomosaic of SwissDOP10 with a ground resolution of 0.25 m in the alpine part of the country 

(Swisstopo, 2022b). The SwissALTI3D dataset is based on LIDAR data and the SwissIMAGE dataset is based on imagery 135 

data, both acquired by aerial surveys. 

 

Up to 15 markers were picked per model, including for the model 11 integrated from Betlem et al., (2023a) for which PPK 

data is available. Up to 10 markers were used as GCPs for georeferencing of the data and up to 5 were used as CPs, to quantify 

the total error independently. Mean and root-mean-square errors (RMSEs) were calculated for both the GCPs and CPs, and 140 

further details are described in Table 3 and appendices (Tables A1-A13). 

 

Table 3 presents the details of GCPs and CPs used for the georeferencing of all the DOMs of the dataset. Within the twelve 

DOMs, the total GCPs RMSE ranges from 0.02 to 1.47 m. The RMSE of the CPs ranges from 0.49 to 3.11 m. 
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Table 2: Details of the image alignment and camera optimization steps, including the filtering steps of the spare cloud as processed 145 
in Agisoft Metashape. RU: reconstruction uncertainty (specific filtering level for each model); PA: projection accuracy (all models 

applied a filtering level of 2); RE: reprojection error (all models applied a filtering level of 0.3). 

 

 

 150 

 

 

 

 

 155 
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Table 3: Details of the ground control points (GCP) and check points (CP) used for the georeferencing and the RMSE. 
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4 Results 

Processing of the dense cloud enabled the generation of DOMs and orthomosaics with a ground resolution ranging from 5 to 

15.4 cm/pixel and DEMs with a resolution ranging from 10 to 30.9 cm/pix (Table 4). The 12 reconstructed DOMs cover an 160 

area of 43 km². For each model a composite figure consisting of 6 charts is used to facilitate quality control. In the summary 

below, references to Figure 3 are provided for illustration purposes, with similar charts for the other models available in the 

Appendices A1-A11. 

 

Table 4: Product details for each model of the FATDOM dataset. 165 
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Figure 3: Detailed data overview of Laviner and Jentasch area DOM (model 11). A. Camera locations (yellow dots) and image 

overlap indicate good coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 5 cm/pix. 170 
C. The density of the dense cloud ranges from 0 to ≥400 points/m², lower in the periphery and highest in the center of the model and 

in steep slopes. D. The confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The Digital 

Elevation Model (DEM) presents elevation values ranging from 2 680 m to 3 250 m, has a spatial resolution of 10 cm/pixels. F. The 

DEM comparison map shows the difference between the DEM and regional reference SwissALTI3D DEM. 
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4.1 Processing of the datasets 175 

The A chart in each figure shows the camera positions and overlap during the different flights (Figures 3 and A1 to A11). 

Across all DOMs, image overlap consistently shows that the mapped area was generally covered by at least nine images. 

Models 1, 2, 3, 10, and 12 were almost fully covered by 9 or more images (Figures A1, A2, A3, A10 and A11). Localized 

deviations occur in a few DOMs, where peripheral or central sectors receive fewer images (minimum coverage ranging from 

1 to 5 images). Model 4 shows mostly more than 9-image coverage, with a small western sector covered by 5 images (Figure 180 

A4). Models 5 and 7 show central areas with reduced coverage (≥1 image) (Figures A5 and A7), models 6 and 8 present limited 

peripheral areas with only 2 images of overlap (Figures A6 and A8). Model 9 is mostly covered by more than 9 images, except 

for a small eastern area covered by 5 images (Figure A9).  

 

Normalized, back-calculated UAV-to-outcrop distances are presented in Table 1 for each model. More significant variations 185 

are observed for datasets incorporating multiple flights. For example, the distance between the camera and the outcrops varies 

between 139.83 and 318.35 m for model 4 based on one flight, versus between 60.99 and 1 141.33 m for model 2, whose data 

was acquired during six flights (Table 1).  

 

The C chart in each figure shows the density of the dense cloud (Figures 3 and A1 to A11). The maximum density of the points 190 

in the generated point clouds varies depending on the model (Table 4). It ranges from 275 points/m² for model 1 (Figure A1), 

to 1425 points/m² for model 5 (Figure A5). Often the density is lower in the periphery and highest in areas with outcrop of 

geological interest, as well as in areas with steep inclines (e.g., Figure 3), owing to how the calculation is made per horizontal 

square meter. 

 195 

The D chart in each figure presents the average confidence per m² of the dense point cloud (Figures 3 and A1 to A11). These 

values range from a minimum of 6 for all models, to maxima in the range of 16.28-148.94 (Table 4). The minimum corresponds 

to the level of filtration of 5 used during the processing on Agisoft metashape (see Methods). Both the highest density and 

confidence of the dense cloud appear to overlap, either near the center of the models or in close proximity to areas of interest 

(e.g., model 1; Figure A1) such as along exposed (vertical) outcrops and ridges (e.g., model 11; Figure 3). The lowest 200 

confidences are observed at the periphery of the study area in regions with poorer coverage at the time of acquisition, as also 

evident from the reduced point density and camera overlaps (e.g., model 1; Figure A1). 

 

4.2 Orthomosaics and DEMs 

The B chart in each figure presents the orthomosaic of the models (Figures 3 and A1 to A11). Model 11 presents a high 205 

resolution with 5 cm/pix (Table 4). The models 4, 5, 6 and 8, characterized by a low number of flights and small geographical 
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areas (Table 1) also have a high resolution ranging from 5.98 to 6.85 cm/pix (Table 4). Models 1, 2 and 3 have lower resolutions 

ranging from 10.7 to 15.4 cm/pix (Table 4). Models 7, 9, 10 and 12 show resolutions ranging from 7.13 to 9 cm/pix (Table 4). 

 

The E chart in each figure shows the DEMs (Figures 3 and A1 to A11). They range in elevation from 2 130 to 3 400 m with a 210 

resolution of 10 to 30.9 cm/pix (Table 4). 

4.3 Quality control of the datasets 

Quality was ensured through manual inspection and (internal) error analysis. Available regional SwissALTI3D DEM and 

SwissIMAGE orthomosaic data further facilitates detailed comparison with the generated data products, including model wide 

and localized DEM differences, and changes in terrain information. The F chart in each figure shows the DEM comparison 215 

map based on the reference SwissALTI3D DEM and the histogram of deviation distribution (Figures 3 and A1 to A11). The 

difference in elevation between the two datasets generally follows a normal distribution set at around 0 m (as illustrated for 

model 11; Figure 3F). Overall, discrepancies mostly range between -1 and +1 m. 

 

The largest elevation deviations are generally observed at the periphery of the models. Elsewhere, localized, negative 220 

deviations are found for the model 2 and 3 DEM comparison (Figures A2 and A3), showing values between -4.5 and -2 m, 

while comparison of model 7 exhibits stronger negative deviations ranging from -6.5 to -3 m across glaciated terrain (Figure 

A7). Negative deviations are also observed over lakes, notably in model 4 (approximately -2.5 m) (Figure A4), a pattern that 

persists in model 5 where lake-related differences reach values as low as -1.75 m (Figure A5). In contrast, positive deviations 

are locally found where snow patches can be seen in the orthomosaic, for example in model 7 where values around +3 m 225 

correspond to isolated snow-covered areas (Figure A7). Additional, localized discrepancies occur near anti-avalanche 

structures (model 1) (Figure A1), on valley floors (models 3 and 7; Figures A3 and A7), and at the lowest points of some 

models. Several DOMs (model 6, 8, 9, 10, 11, and 12; Figures 3, A6, A8, A9, A10 and A11) are characterized by positive 

deviations in areas prone to erosion and gravitational instability, such as in and below steep slopes, a pattern that becomes 

more extensive in models 9 and 10 (Figures A9 and A10). Finally, model 9 shows large areas in the east covered from a greater 230 

distance (Figure A9), as does model 4 in the southwestern part, contributing to significant negative deviations (Figure A4). 

4.4 Geological observations and DOM overlap 

The present-day landscape of the Err unit is characterized by numerous peaks above 3 000 m, including well-exposed glaciers 

such as the Vadret Traunter Ovas glacier in model 2 and the Vadret d’Err glacier in model 7 (Figure 4A).  

 235 

Geologically, the Err unit (Figure 4A) is subdivided from south to north into several structural domains separated by major 

tectonic contacts. Models 1, 5, 9 and 10 capture it in the southern part, where extensional allochthonous blocks composed of 

pre-rift and syn-rift sediments directly overlie a Permian basin. These DOMs capture the Piz Bardella/Corn Alv extensional 
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allochthon, which is a breakaway block accommodating the termination of the Jenatsch LANF and the initiation of the Agnel 

LANF (Epin and Manatschal, 2018). The transition between the southern and northern parts of the Err unit is captured by 240 

models 2 and 6, corresponding to the northern limit of the Permian basin. In the northern part of the Err unit, models 3, 4, 7, 

8, and 11 capture the Paleozoic basement with preserved extensional allochthons related to LANFs. This area records several 

thrust faults within the Err unit, as also captured by models 3 and 8. Across the northern part, model 11 captures the interactions 

between the Jenatsch and Err LANFs.  

 245 

Model 12, acquired in the Bernina unit (Figure 4B), preserves a major recumbent fold related to a thrust fault at Piz Alv and 

Piz Tschüffer, representing a former extensional allochthonous block (Mohn et al. 2012). Further to the north-west, the Bernina 

LANF is observed at the top of the Paleozoic basement. It documents a substantial assemblage of extensional allochthonous 

blocks of pre-rift sediments of variable size ranging from several meters to hundreds of meters overlain by syn-rift sediments 

(near Cho dal Fain). 250 
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Figure 4: Visualization of the major tectonic contacts in the 12 digital outcrop models of the Err and Bernina units. The tectonic 

contacts are modified from Epin and Manatcshal (2018). 

 

 255 
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5 Discussion 

The data quality within the dataset varies depending on the acquisition choices and constraints, landscape specificities, and 

data processing parameters. Data quality is discussed and compared with the Swisstopo reference datasets (Swisstopo, 2022a, 

b). When combined with local geoscientific datasets and field observations, the quantifiable data form tool suited for integrated 260 

and detailed studies ranging from the area scale (~kms) to the outcrop scale (km-cm). The resulting 3D coverage provides 

several potential applications concerning the geological interpretation of the LANFs in a fossil distal margin, comparison with 

seismic data from present-day rifted margins, and glacier evolution. 

5.1 Data quality 

5.1.1 Georeferencing quality and selection of GCPs and CPs 265 

Georeferencing was carried out by manually selecting control points (GCPs and CPs, Table 3) corresponding to easily 

identifiable, robust and stable surface features such as the CP4 in model 9 with an error in xyz of 0.21 m (Table B9). While 

this approach provides satisfactory results, the acquisition workflow can be further improved and georeferencing errors reduced 

during data processing by using artificial ground targets or differential GNSS measurements. However, the implementation of 

such methods remains challenging due to the very large spatial extent of the study area. 270 

 

Within the individual models, the quality and reliability of both GCPs and CPs vary depending on the nature and location of 

the features selected by the operator. Particular attention was given to avoiding control points located in areas subject to 

seasonal or short-term surface changes, such as lakes, glaciers, moraines, or snow-covered zones or anthropogenic features, 

such as buildings. For instance, features such as manmade constructions (model 12, Figure A11) were avoided where 275 

differences were observed between acquisition periods. In addition, glacier-covered areas present in Models 2, 3, and 7 (Figures 

A2, A3, A7) with ice dynamics and retreat were also avoided, as substantial temporal variability can affect the overall 

georeferencing accuracies. 

 

Despite these precautions, some control points display reduced reliability because they may have been affected by active 280 

geomorphic processes, including erosion or rock displacement, especially on steep slopes or scree slopes, where local 

displacements are likely. This is illustrated by CP7 and CP14 in model 11 (Table B11), which exhibit relatively high xyz errors 

of 1.89 m and 1.43 m, respectively, with an average xyz error of 1.16 m for all CPs versus 0.60 m when these are excluded. 

Similar observations can be made for the CP4 (model 3, xyz error of 3.91 m, see Table B3), which was picked as the edge of 

a boulder. In addition, the selection of control points located near the periphery of the models was avoided as much as possible, 285 

as these areas are more prone to distortion effects. Such distortions are illustrated by, for example, GCP8 in model 1 (xyz error 

of 1.50 m versus 0.73 m for all, Table B1) and by CP11 in model 3 (xyz error of 4.66), which sits in part of the model not 

adequately covered by close-proximity imagery despite having sufficient camera overlap (Figure A3). 
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Overall, the georeferencing protocol applied in this study yields total GCP RMSE ranging from 0.02 (model 9) to 1.47 m 290 

(model 2) (Table 3). Because GCPs constrain the internal georeferencing of each model, their RMSE primarily reflects model 

distortion and intrinsic reconstruction quality. In contrast, CP RMSE values, which range from 0.49 (model 7) to 3.11 m 

(model 3) (Table 3), provide an estimate of the absolute georeferencing accuracy in geographic space. These metric error 

values are of the same order of magnitude as those typically obtained from UAV surveys equipped with RTK-GNSS systems 

(James et al., 2019). 295 

5.1.2 Comparison with available regional data 

The reported GCPs, CPs and DEMs errors must also be interpreted in light of the intrinsic accuracy of the reference datasets 

(i.e. Swisstopo elevation and planimetric data) used for georeferencing. The reference dataset used to calibrate our DOMs is 

composed of the SwissALTI3D DEM (Swisstopo, 2022a) and the SwissDOP10 orthomosaic (Swisstopo, 2022b) which shows 

both technical and seasonal differences compared to the dataset we acquired. The absolute positional accuracy of Swisstopo 300 

dataset typically corresponds to a decimetric scale depending on data type, terrain complexity, and acquisition method. The 

accuracy of swissALTI3D varies depending on the source data and input methods. Average deviations after manual updates 

range from 25 cm to 1 m (Swisstopo, 2022a). The planimetric accuracy of the SWISSIMAGE dataset is between +/-0.1 and 

+/-0.25 m (Swisstopo, 2022b). For the DEM of the study area, above 2 000 m the error is +/-1 m and +/-50 cm below 2 000 

m; and for the Orthomosaic the error is +/-0.25 m in the alpine environment.  305 

 

The Swisstopo dataset was acquired during aerial surveys in the Alps at an altitude of approximately 6 000 meters, with a 

ground resolution of 25 cm/pix for the orthomosaics (Swisstopo, 2022b) and a resolution of 50 cm/pix for the DEM of 

SwissALTI3D (Swisstopo, 2022a). The orthomosaics resolution of the FATDOM dataset ranges from 5 to 15.4 cm/pix and the 

DEMs resolution ranges from 10 to 30.9 cm/pix. The centimeter to decimeter resolution of the DOMs in the FATDOM dataset 310 

is therefore up to one order of magnitude better than that of the reference dataset, which has implications for the comparison 

between both data sets. Similar magnitude differences are observed in the associated errors (centimetric for FATDOM, 

decimetric for Swisstopo) that must also be accounted for when comparing the data and addressing inconsistencies between 

the two.  

 315 

Consequently, residual errors below approximately +/-1 m may not necessarily reflect true inaccuracies of our DOMs, but 

rather the limited precision of the reference data itself. At this scale, part of the measured misfit likely reflects limited accuracy 

and precision of the reference dataset in resolving small spatial variations rather than systematic errors introduced during the 

georeferencing process. This is particularly relevant in high-relief alpine environments, where steep slopes and surface 

roughness further reduce the effective accuracy of reference DEMs (Swisstopo, 2022a). This is particularly relevant for small-320 
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scale features (e.g., rocks smaller than 0.5 m), which may be unresolved in the Swisstopo dataset but are clearly captured by 

the higher resolution of some our UAV data. 

 

The comparison of our dataset with the reference dataset highlights systemic (local) mismatches and errors that are 

predominantly located in steep slopes, cliffs, moraines, scree slopes, glaciers, and in areas affected by human activity (e.g., 325 

buildings, fences). The observed mismatches between the two datasets can be important (several meters) in some DOMs, 

especially those with high reliefs and steep peaks such as models 3, 8 and 11 (Figure A3, A8 and 3). For example, model 11 

images Piz Jenatsch with a summit at 3 251 m and east-west ridges bordered by steep cliffs where a mismatch of 8 meters is 

observed. A possible explanation is the different modes of acquisition. Swisstopo data were acquired by an aircraft that flew 

parallel to the ground, which may result in insufficient data across covered, steep terrain and cliffs. This is contrasted by the 330 

UAV method of acquisition which allows for unhindered access to such terrain and thus affords better resolution across such 

areas. This may account for some of the differences observed in models of steep slopes.  

Other mismatches can be associated with the constant evolution of the landscape in such Alpine terrain. Models 3 and 7 

(Figures A3 and A7) both capture moraines and glaciers in areas where the DEM comparison shows a significant mismatch of 

up to several meters. Such mismatches are expected as the Swisstopo dataset was neither acquired during the same year nor 335 

during the same season as our DOMs. Therefore, variations of the morphology and volume of the moraines and glaciers are 

expected and may be used for time series terrain analysis (see section 5.2). 

From a geological perspective, the magnitude and spatial distribution of the georeferencing errors are on the meter scale (Table 

3). This range is suitable for spatial analyses at the regional kilometric scales considered in this study. The observed error 

levels of each DOMs remain small (around 0) compared to the characteristic dimensions of the geological features investigated. 340 

The absence of a gradient in the DEM comparison plots (charts F, Figures 3, A1-A11) suggests there is no systematic tilt, 

though local tilting may occur in the periphery and beyond the key outcrops of interest. Therefore, the residual georeferencing 

uncertainties are negligible with respect to the size of major tectonic structures targeted for digitalisation. This allows the 

correlation of the geological structures on adjacent DOMs such as LANFs and thrust systems, as for example with the Err 

LANF, mapped across adjacent models 3, 7, and 11 (Figure 7). 345 

5.1.3 Quality variations and limitations of the datasets 

Some DOMs exhibit higher spatial resolution than others. For instance, model 11 has a ground resolution of 5 cm/pixel 

compared to model 3 that only has a resolution of 15.4 cm/pixel (Table 4). This can be explained by the acquisition of 3 045 

images and 13 flights to cover an area of 4.08 km² for model 11 while model 3 is only based on 1 132 images and 8 flights 

acquired over a much larger area of 9.84 km² (Table 1). 350 
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The DOMs exhibit minor gaps across the datasets as a result of a heterogenous data coverage with typically less images near 

the model edges, in contrast to a higher density of images for first order geological structures (i.e., structures of interest). 

Blurred areas appear in recesses, and local distortions are particularly noticeable at the model peripheries where image 

availability and overlap are insufficient (e.g., see model 5; Figure A5). This may be due to manually operated UAV flights. 355 

However, the significant topographic variations in the study area (approximately 840 m of elevation difference within the 

dataset) and operational constraints prevented the acquisition of images through pre-planned autonomous missions. In addition, 

the observed distortions (e.g. image stretching, blurring, and erroneously textured domains), particularly observed in the 

periphery, correspond to extrapolated areas during the processing (e.g., see model 8; Figure A8).  

 360 

Textureless domains are visible along ridges and steep peaks and correspond to artifacts generated during reconstruction in 

Agisoft Metashape. Variations in cloud cover, causing shadows and changes in lighting, can also reduce the quality of the 

model, as also observed in the color discontinuities between and within different DOMs, such as in model 12 (Figure A11). 

The differences must be minor so they cannot be interpreted as geological structures or variations in lithology. In the FATDOM 

dataset, color or texture variations remain spatially limited. Therefore, the risk of confusion by different interpreters is small, 365 

for example for the interpretation of distinct lithologies (basement versus sedimentary rocks) or for the regional interpretation 

of tectonic contacts (LANFs, see for e.g. model 11, Figure 3; Alpine thrusts, see for e.g. model 3, Figure A3).  

 

The spatial resolution of the DEMs is two times lower than that of the DOMs and orthomosaics, due to processing choices 

implemented in the photogrammetric workflow : the DEMs were interpolated from the 3D model because the model was 370 

filtered (see Methods). The vertical accuracy is lower than the horizontal accuracy, which is consistent with the geometric 

characteristics of SfM photogrammetry. Planimetric coordinates are generally better constrained by image overlap and tie-

point distribution, whereas elevation estimates are more sensitive to image matching uncertainties, camera calibration errors, 

and intersection geometry. This anisotropic error distribution has been widely documented in UAV-based SfM surveys 

(Gindraux et al., 2017; James et al., 2019). 375 

 

At the outcrop scale, the internal consistency of individual models, together with the generally low and spatially coherent CP 

errors (Tables A1-A12), ensures that relative measurements such as distances, orientations, and structural relationships are 

geologically useful, for the investigation of fracture networks and brittle deformation patterns for example. 

As a result, both intra-model analyses and the combined interpretation of multiple models are well suited for geological 380 

interpretation, provided that measurements are interpreted within the known bounds of the georeferencing uncertainty 
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5.2 Comparison with other DOM datasets 

The literature presents numerous DOMs acquired in the Alps at the outcrop to cliff scale (typically a few square kilometers). 385 

In these studies, the integration of field observations and DOMs is commonly used to support geological interpretations, 

notably for the characterization of fault zones (Bistacchi et al., 2015; Manna et al., 2023), fracture network analysis (Binda et 

al., 2021), and slope instability and hazard assessment (Menegoni et al., 2020). These studies generally rely on centimetric-

resolution DOMs, which are comparable to the spatial resolution achieved in the FATDOM dataset. This resolution is one of 

several key criteria for DOM quality, as it controls the ability to accurately identify and measure small-scale geological 390 

structures such as fractures, fault planes, and stratigraphic features. The FATDOM differs from previously published Alpine 

models by its larger surface extent and by its applicability across a wide range of geological processes, from landscape to 

tectonic evolution spanning rifting to orogenic phases. 

 

Beyond resolution, the quality of DOM datasets and availability can also be assessed in terms of spatial extent, number of 395 

individual models, georeferencing quality, and data accessibility. Although several global online databases of DOMs exist, 

including V3Geo (Buckley et al., 2022) and e-Rock (Cawood and Bond, 2019), most of them do not provide open access to 

raw input data, processing documentation, or the DOM products themselves for reuse (see discussion in Betlem et al., 2023b). 

Another example is SafariDB, which is reserved for industry and offers more than 800 virtual outcrops (www.safaridb.com). 

Such limitations conflict with the FAIR principles (findable, accessible, interoperable, and reusable) (Wilkinson et al., 2016), 400 

since full and open availability of the complete dataset (particularly the input data) is crucial for reprocessing models and 

reassessing earlier interpretations. These aspects are widely recognized as fundamental priorities for future research (Burnham 

et al., 2022). 

 

At the global scale, the Svalbox Digital Model Database (DMDb) (Senger et al., 2021b, a; Betlem et al., 2023b) represents the 405 

most comparable initiative in terms of scope. Hosted in Svalbard, the Svalbox DMDb currently comprises several hundred 

DOMs distributed across a wide range of stratigraphic intervals and geological settings, covering an area extent of several tens 

of square kilometers. In contrast, although the FATDOM dataset encompasses a more restricted geographic footprint, it 

provides a dense and systematic coverage of key outcrops within its study area. In terms of spatial resolution, both databases 

rely on high-resolution photogrammetric workflows, typically achieving centimeter- to sub-centimeter-scale ground sampling 410 

distances, allowing detailed structural and sedimentological analyses (e.g., fracture networks, bedding geometries, facies 

architecture). While the Svalbox DMDb exceeds FATDOM in areal coverage, both databases share similar objectives in terms 

of providing high-resolution, outcrop-scale digital representations suitable for quantitative geological analysis. Importantly, 

like the FATDOM dataset, the Svalbox DMDb is openly accessible and compliant with FAIR data principles (Betlem et al., 

2023b), which constitutes a crucial quality criterion by ensuring data findability, accessibility, interoperability, and reusability 415 
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for the broader geoscientific community. Perhaps equally important, it facilitates re-processing at a later date when more 

advanced processing algorithms may be able to extract further insights beyond what is possible today. 

5.3 Usability of the dataset 

In addition to enabling 3D modeling and analysis of LANFs inherited from the pre-Alpine Jurassic rifting phase, the FATDOM 

datasets also provide an opportunity to characterize and study Alpine structures related to the collisional phase. By generating 420 

3D maps of thrust faults from different deformation phases, we can analyze their intersections and structural relationships. 

Finally, the FATDOM data can also be used for other purposes, such as the monitoring of glacial melt and mapping of Alpine 

structures.  

5.3.1 3D geometry of Low-Angle Normal Faults 

Our DOMs capture the 3D geometry of LANFs preserved in the Err and Bernina units. Model 11, that documents the Piz 425 

Jenatsch and Piz Laviner area, is particularly informative because it allows direct observations of both the Err and Jenatsch 

LANFs and associated extensional allochthonous blocks (Figure 5). Model 11 is a mixed model that combines previously 

published data from 2022 (Betlem et al., 2023a) and original data acquired the following summer in 2023. This new acquisition 

enabled us to expand the area covered by increasing the number of photos from 1 082 to 3 045 and the model area from 1.96 

km² to 4.08 km². All data were reprocessed following the protocol described above with 15 control points, whereas the 430 

georeferencing of the first model was based on GNSS data (total error of 0.25 m). In this area, the Err LANF is consistently 

located at the top of the Late Paleozoic Albula Granite and can be mapped across the valley.  

 

Visualization and structural interpretation using Virtual Reality Geological Studio (VRGS) (Hodgetts et al., 2015) enable a 

detailed characterization of the Err LANF surface, which displays a gentle westward dip of approximately 6° (Figures 5B and 435 

5C). Three main lithological assemblages are observed in the hanging wall of the Err LANF: Late Paleozoic K-feldspar–rich 

granites, polymetamorphic basement rocks, or directly pre-rift Permian and/or Triassic sedimentary units. At Piz Jenatsch, a 

second LANF (i.e., Jenatsch LANF) is identified, although its cross-cutting relationship with the Err LANF to the west remains 

debated (Manatschal and Nievergelt, 1997; Epin and Manatschal, 2018). Therefore, the spatial distribution and mapping of 

LANFs, together with the nature of their footwall and hanging wall are key elements for understanding the architecture and 440 

evolution of such extensional structures in this area.  

 

Thanks to the DOMs, the internal structures of allochthonous blocks composed of pre-rift sediments and basement rocks can 

also be visualized and investigated. Observations and structural interpretation by VRGS allow the identification of lithological 

units and geometric analyses including measurement of bedding and fractures of these blocks on the virtual outcrop. At Piz 445 

Laviner, measurements of pre-rift bedding planes yield SE dips around 30° showing a cut off relationship with the Err LANF 

(Figure 5D). 
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Our DOMs provide a framework for future investigations on 1) the interaction and evolution in time and space of LANFs such 

as the interactions between the Err and Jenatsch structures, 2) the related deformation of the footwall and hanging wall, 3) the 450 

formation of extensional allochthons. As shown with model 11, the FATDOM dataset enables a complementary approach by 

integrating multi-scale observations derived from 3D models with more classical field data, thereby facilitating further 

investigation of these processes. 
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Figure 5: The LANFs system in the Laviner and Jenatsch area imaged by the DOM (model 11). A. Large scale interpretation of 455 
the model 11 using VRGS. B. Zoom in the Err LANF surface and the damage zone below Piz Jenatsch. C. Extensional 

allochthonous block on the Err LANF. D. The extensional allochthonous block of Piz Laviner and orientations of structural 

elements. The stereographic projection in C and D are presented in lower hemisphere Schmidt projection.
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5.3.2 Geological implications of DOMs and comparison with seismic data 

Given their regional and seismic-scale extent, the DOMs can be treated as correctly scaled analogues to subsurface settings 460 

elsewhere. Specifically, their interpretation allows us to bridge the seismic scale (km) with the outcrop scale (m). The resolution 

is higher than seismic data, although similar geological objects are observed with comparable size such as extensional 

allochthons and LANFs. Therefore, the DOMs of this fossil analogue of rifted margin preserved onshore can provide critical 

new information on extensional structures leading to the formation of hyper-extended rift basin. Such observations can be 

compared with present day rifted margin imaged offshore by 3D seismic surveys. An example of such comparison is shown 465 

in Figure 6. It illustrates the Jurassic rift-related extensional structures of Piz Jenatsch along the fossil Adriatic margin (model 

11) shown in Figure 5. Similar structures are imaged along the present-day southern passive margin of the South China Sea 

where hyper-extended basins controlled by normal faults formed and were active at low angle (Legeay et al., 2024).  

 

Figure 6: A. Seismic cross-section across a hyper-extended basin in the Southern margin of the South China Sea, modified from 470 
Legeay et al., (2024). B. Zoom on the model 11 (Figure 5), where Jurassic rift related extensional structures are observed. 
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This comparison highlights the development of LANFs during rifting leading to the formation of allochthonous blocks of pre-

rift sediments. In both cases, the LANFs are interpreted to develop sequentially and transport pre-rift sedimentary blocks that 

lie on the active fault surface. LANFs are increasingly imaged in seismic reflection data triggering new questions regarding 

their development and implication in controlling the formation of hyper-extended basins (Sapin et al., 2021) as discussed by 475 

Lymer et al. (2019) for the Galicia margin or Lymer et al. (2023) for West of Ireland. As a result, an iterative approach between 

observations in present-day hyper-extended basins and fossil analogues will be one of the keys for a better understanding of 

LANF systems and associated sedimentary basins. 

5.3.3 Use in geomorphology: monitoring deglaciation 

Models that include glaciers, such as the Vadret Traunter Ovas glacier in model 2 of 2023 (Piz Surgonda and Corn margun) 480 

and the Vadret d’Err glacier in the model 7 (Jenatsch south 1) of 2024, can serve as valuable tools to evaluate glacier evolution 

(Figure 7). By comparing the 2022 Swisstopo reference datasets with the FATDOM DEMs and orthomosaics, we can assess 

glacier changes over this period. It is also possible to incorporate older datasets from Swisstopo’s national coverage, as DEMs 

are available upon request since 2008 (Swisstopo, 2022a), and orthomosaics since 1998 (Swisstopo, 2022b), with the added 

benefit that the FATDOM dataset resolution is up to an order of magnitude higher. 485 
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Figure 7: A. Swisstopo orthomosaic of the Vadret d’Err glacier (2022), including its location in the model 7. B. Zoom-in of model 7 

showing the orthomosaic covering the Vadret d’Err glacier (2024). C. DEM comparison map of the Vadret d’Err glacier between 

the model 7 DEM and the Swisstopo DEM, and the histogram deviation showing the repartition of the differences. D. Swisstopo 490 
orthomosaic of the Vadret Traunter Ovas glacier (2022), including its location in model 2.  E. Zoom-in of model 2 showing the 

orthomosaic covering of the Vadret Traunter Ovas glacier (2023). F. DEM comparison map of the Vadret Traunter Ovas glacier 

between the model 2 DEM and the Swisstopo DEM, and the histogram deviation showing the repartition of the differences. 

 

Examination of the DEM comparison map in the Vadret d’Err glacier area (Figure 7C) shows significant variations between 495 

the Swisstopo DEM and model 7 DEM. These negative deviations around -4.5 m correspond to the glacier’s location. After 

delineating the surface of the Vadret d'Err glacier from the orthomosaics (Figure 5A et 5B), we estimated a volume loss of 

approximately -918 918.46 m3 across the entire surface of the glacier between 2022 and 2024. Similarly, we observed a 

significant variation on the DEM comparison map (Figure 7F) with negative deviation around -2m where the Vardet Traunter 

Ovas glacier is located. The comparison of the data (Figure 7D et 7E) allows us to outline the glacier and calculate a volume 500 

loss of -301 971.59 m3 for this glacier between 2022 and 2023. 
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Thus, the photogrammetric approach remains relevant and can be applied to future acquisitions, using the FATDOM dataset 

as a reference. As such, it provides a dated baseline model to evaluate glacier changes in the coming years within the context 

of climate change. The comparison also allows us to comment on surface characteristics, and to observe crevasses (Figure 7A 505 

et 7D), accumulation zones and ablation zones, as well as the presence of debris, all of which may have a major influence on 

glacier dynamics and melting.  

6 Data availability 

The full FATDOM dataset, including input images, metashape projects and processing reports; DEMs, DOMs, orthomosaics 

and tiled models, can be freely downloaded from the Zenodo data repository under FAIR conditions : 510 

https://doi.org/10.5281/zenodo.18940068 (Morzelle et al., 2026). Visualization and interpretation are possible through 

opensource, freeware (e.g. Agisoft’s Viewer, QGIS (Dawson et al., 2026)) and commercial software like LIME (Buckley et 

al., 2019) and VRGS (Hodgetts et al., 2015; Buckley et al., 2022).  

 

The full dataset consists of 12 individual data packages, each includes the following files and zipped archives for a given 515 

model:  

- data.zip: archive containing input UAV imagery, including disabled photos, and input differential GNSS data. 

- export.zip: archive containing DOM, DEM, orthomosaic and tiled model in CH1903+/LV95 (EPSG:2056) projection 

system. For model 11 we added the measurements presented in Figure 5 and extracted from VRGS (folder 

measurements).  520 

- metashape.zip: archive containing the Agisoft Metashape project featuring sparse and dense point clouds, mesh-

including textures, tiled model, DOM, DEM and orthomosaics  

- processing reports: in pdf and in html 

- Readme 

- Overview image 525 

Individual models can be accessed at the following DOIs (Table 5) : model 1 https://doi.org/10.5281/zenodo.18999037 

(Morzelle et al., 2026d); model 2 https://doi.org/10.5281/zenodo.18313841 (Morzelle et al., 2026e); model 3 

https://doi.org/10.5281/zenodo.18313845 (Morzelle et al., 2026f); model 4 https://doi.org/10.5281/zenodo.18313853 

(Morzelle et al., 2026g); model 5 https://doi.org/10.5281/zenodo.18313864 (Morzelle et al., 2026h); model 6 

https://doi.org/10.5281/zenodo.18313874 (Morzelle et al., 2026i); model 7 https://doi.org/10.5281/zenodo.18313880 530 

(Morzelle et al., 2026j); model 8 https://doi.org/10.5281/zenodo.18313886 (Morzelle et al., 2026k); model 9 

https://doi.org/10.5281/zenodo.18313891 (Morzelle et al., 2026l); model 10 https://doi.org/10.5281/zenodo.18313898 
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(Morzelle et al., 2026m); model 11 https://doi.org/10.5281/zenodo.18313900 (Morzelle et al., 2026b); model 12 

https://doi.org/10.5281/zenodo.18313906 (Morzelle et al., 2026c). 

Table 5: DOIs of the models stored on Zenodo and size of the files.  535 

Digital outcrop 

model 
Orthomosaic DOI 

Size of the 

data (GB) 

Piz Bardella 

 

https://doi.org/10.5281/zenodo.18999037 23.34 

Piz Surgonda 

and Corn 

Margun  

https://doi.org/10.5281/zenodo.18313841 47.61 

Piz d’Err and 

Piz Calderas 
 

https://doi.org/10.5281/zenodo.18313845 58.17 

Piz d’Alp Val 

and Piz Bial 
 

https://doi.org/10.5281/zenodo.18313853 15.36 

Fuorcla d’Agnel 

south 
 

https://doi.org/10.5281/zenodo.18313864 20.47 

Fuorcla d’Agnel 

north 
 

https://doi.org/10.5281/zenodo.18313874 19.76 

Piz Jenatsch 

south 1 
 

https://doi.org/10.5281/zenodo.18313880 19.76 

Piz Jenatsch 

south 2 
 

https://doi.org/10.5281/zenodo.18313886 4.46 

Corn Alv 

 

https://doi.org/10.5281/zenodo.18313891 11.78 
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7 Code availability 

The processing pages (supplementary materiel) have been uploaded to the Zenodo data repository under this DOI: 

https://doi.org/10.5281/zenodo.18417132 (Morzelle et al., 2026a).  

8 Conclusion 545 

This paper presents the new acquisition of photogrammetric data, processing methodology, and quality control of 12 DOMs 

capturing the remnants of former distal rifted margin located in Swiss Alps. These DOMs represent a first step towards the 

digitalization of key geological structures, such as LANFs that have been described over decades of detailed geological studies. 

The following conclusions are drawn: 

• The FATDOM dataset covers 43 km² of the Err and Bernina units, belonging to the Lower Austroalpine nappes, and 550 

is composed of 12 DOMs, georeferenced with metric positioning errors constrained using Swisstopo datasets as a 

reference. 

• All data are openly available to the geoscience community under FAIR (Findable, Accessible, Interoperable, and 

Reusable) conditions. 

• Accurate georeferencing of the 12 models was achieved through a combined use of PPK data, GCPs and CPs. 555 

Comparison with the Swisstopo reference dataset only shows local discrepancies, mainly related to differences in 

acquisition procedures, particularly in steep cliffs and areas affected by seasonal or landscape variability (e.g., glaciers 

and scree slopes). 

• With a centimeter- to decimeter-scale resolution, the dataset provides detailed observations on some previously 

inaccessible outcrops showing former rift-related structures such as LANFs. This dataset offers new perspectives for 560 

addressing first order geological problems such as the 3D evolution of LANFs accommodating the final thinning of 

Piz Neir 

 

https://doi.org/10.5281/zenodo.18313898 33.03 

Laviner and 

Jenatsch area 
 

https://doi.org/10.5281/zenodo.18313900 146.31 

Val da Fain 

 

https://doi.org/10.5281/zenodo.18313906 88.93 
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the continental lithosphere. It paves the way for dedicated follow-up work on the characterization of LANFs and for 

the testing of new rifting models involving allochthonous block formation. 

• This dataset enables 3D geological interpretations and quantitative study of outcrop-scale structures using both open 

and proprietary softwares. It can also be used to compare and complement observations of LANFs from present-day 565 

seismic data across multiple rifted margins. 

• Finally, it plays a key role in preserving and safeguarding critical geological heritage in a setting heavily affected by 

ongoing climate change. 

In closing, we hope that this collection of data will be useful both to the structural geology community, by improving the 

understanding of extensional processes, oceanic opening, and subsequent Alpine collision responsible for the present-day 570 

mountain belt, and to the geomorphology community interested in landscape evolution driven by climate-related processes 

such as glaciation and erosion. 
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Appendix A 745 

 

Figure A1: Detailed data overview of Piz Bardella DOM (model 1). A. Camera locations (yellow dots) and image overlap indicate 

good coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 10.7 cm/pix. C. The 

density of the dense cloud is ranging from 0 to ≥75 points/m², lower in the periphery and highest in the geological interest outcrops. 

D. The confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The DEM presents elevation 750 
values ranging from 2 040 m to 2 850 m, has a spatial resolution of 21.5 cm/pixels. F. The DEM comparison map based on the 

reference SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the differences are 

close to 0, and between -2 and 2.5 m. 
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Figure A2: Detailed data overview of Piz Surgonda and Corn Margun DOM (model 2). A. Camera locations (yellow dots) and image 755 
overlap indicate good coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 10.9 

cm/pix. C. The density of the dense is ranging from 0 to ≥75 points/m², lower in the periphery and highest in the geological interest 

outcrops. D. The confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The DEM presents 

elevation values ranging from 2 050 m to 3 200 m, has a spatial resolution of 21.7 cm/pixels. F. The DEM comparison map based on 

the reference SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the differences 760 
are close to 0, and between -4 and 2 m. 
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Figure A3: Detailed data overview of Piz d’Err and Piz Calderas DOM (model 3). A. Camera locations (yellow dots) and image 

overlap indicate good coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 15.4 

cm/pix. C. The density of the dense cloud is ranging from 1 to ≥50 points/m², lower in the periphery and highest in the geological 765 
interest outcrops. D. The confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The DEM 

presents elevation values ranging from 2 200 m to 3 400 m, has a spatial resolution of 30.9 cm/pixels. F. The DEM comparison map 

based on the reference SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the 

differences are close to 0, and between -6.5 and 5 m. 
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 770 

Figure A4: Detailed data overview of Piz d’Alp Val and Piz Bial DOM (model 4). A. Camera locations (yellow dots) and image 

overlap indicate good coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 6.85 

cm/pix. C. The density of the dense cloud is ranging from 0 to ≥150 points/m², lower in the periphery and of highest in the geological 

interest outcrops. D. The confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The DEM 

presents elevation values ranging from 2 630 m to 3 070 m, has a spatial resolution of 13.7 cm/pixels. F. The DEM comparison map 775 
based on the reference SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the 

differences are close to 0, and between -2.5 and 2 m. 
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Figure A5: Detailed data overview of Fuorcla d’Agnel south DOM (model 5). A. Camera locations (yellow dots) and image overlap 

indicate good coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 5.98 cm/pix. C. 780 
The density of the dense cloud is ranging from 0 to ≥400 points/m², lower in the periphery and highest in the geological interest 

outcrops. D. The confidence, average of all points over a square meter, of the dense cloud ranges from 1 to ≥50. E. The DEM presents 

elevation values ranging from 2 640 m to 3 210 m, has a spatial resolution of 12 cm/pixels. F. The DEM comparison map based on 

the reference SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the differences 

are close to 0, and between -1.75 and 1.75 m. 785 
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Figure A6: Detailed data overview of Fuorcla d’Agnel north DOM (model 6). A. Camera locations (yellow dots) and image overlap 

indicate good coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 6.44 cm/pix. C. 

The density of the dense cloud is ranging from 0 to ≥200 points/m², lower in the periphery and highest in the geological interest 

outcrops. D. The confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The DEM presents 790 
elevation values ranging from 2 760 m to 3 340 m, has a spatial resolution of 12.9 cm/pixels. F. The DEM comparison map based on 

the reference SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the differences 

are close to 0, and between -5 and 7 m. 
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Figure A7: Detailed data overview of Piz Jenatsch south 1 DOM (model 7). A. Camera locations (yellow dots) and image overlap 795 
indicate good coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 8.67 cm/pix. C. 

The density of the dense cloud is ranging from 1 to ≥200 points/m², lower in the periphery and highest in the geological interest 

outcrops. D. The confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The DEM presents 

elevation values ranging from 2 580 m to 3 400 m, has a spatial resolution of 17.3 cm/pixels. F. The DEM comparison map based on 

the reference SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the differences 800 
are close to 0, and between -7 and 4 m. 
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Figure A8: Detailed data overview of Piz Jenatsch south 2 DOM (model 8). A. Camera locations (yellow dots) and image overlap 

indicate good coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 6.5 cm/pix. C. 

The density of the dense cloud is ranging from 0 to ≥200 points/m², lower in the periphery and highest in the geological interest 805 
outcrops. D. The confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The DEM presents 

elevation values ranging from 2 710 m to 3 040 m, has a spatial resolution of 13 cm/pixels. F. The DEM comparison map based on 

the reference SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the differences 

are close to 0, and between -3 and 2.5 m. 
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 810 

Figure A9: Detailed data overview of Corn Alv DOM (model 9). A. Camera locations (yellow dots) and image overlap indicate good 

coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 9 cm/pix. C. The density of the 

dense cloud is ranging from 0 to ≥100 points/m², lower in the periphery and highest in the geological interest outcrops. D. The 

confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The DEM presents elevation values 

ranging from 2 510 m to 3 010 m, has a spatial resolution of 18 cm/pixels. F. The DEM comparison map based on the reference 815 
SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the differences are close to 0, 

and between -2.6 and 2.3 m. 
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Figure A10: Detailed data overview of Piz Neir DOM (model 10). A. Camera locations (yellow dots) and image overlap indicate good 

coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 7.13 cm/pix. C. The density of 820 
the dense cloud is ranging from 0 to ≥150 points/m², lower in the periphery and highest in the geological interest outcrops. D. The 

confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The DEM presents elevation values 

ranging from 2 330 m to 2 910 m, has a spatial resolution of 14.3 cm/pixels. F. The DEM comparison map based on the reference 

SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the differences are close to 0, 

and between -1.5 and 1.5 m. 825 
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Figure A11: Detailed data overview of Val da Fain DOM (model 12). A. Camera locations (yellow dots) and image overlap indicate 

good coverage with a majority covered by at least 9 images. B. The Orthomosaic has a spatial resolution of 8.36 cm/pix. C. The 

density of the dense cloud is ranging from 0 to ≥100 points/m², lower in the periphery and highest in the geological interest outcrops. 

D. The confidence, average of all points over a square meter, of the dense cloud ranges from 0 to ≥50. E. The DEM presents elevation 830 
values ranging from 2 130 m to 3 030 m, has a spatial resolution of 16.7 cm/pixels. F. The DEM comparison map based on the 

reference SwissALTI3D DEM and the histogram of deviation distribution shows that across most of the model, the differences are 

close to 0, and between -2.3 and 2.5. 
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Appendix B 

Table B1: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Piz Bardella DOM 835 
(model 1). Easting and northing given in the EPSG:2056 reference system. 

 

 

Table B2: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Piz Surgonda and 

Corn Margun DOM (model 2). Easting and northing given in the EPSG:2056 reference system.  840 

 

 

 

 

 845 
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 850 

Table B3: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Piz d’Err and 

Calderas DOM (model 3). Easting and northing given in the EPSG:2056 reference system.  

 

 

Table B4: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Piz d’Alp Val and 855 
Piz Bial DOM (model 4). Easting and northing given in the EPSG:2056 reference system.  
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 865 
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Table B5: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Fuorcla d’Agnel 

south DOM (model 5). Easting and northing given in the EPSG:2056 reference system.  

 

 870 

Table B6: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Fuorcla d’Agnel 

south north DOM (model 6). Easting and northing given in the EPSG:2056 reference system.  
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Table B7: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Piz Jenatsch south 

1 DOM (model 7). Easting and northing given in the EPSG:2056 reference system.  

 885 

 

Table B8: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Piz Jenatsch south 

2 DOM (model 8). Easting and northing given in the EPSG:2056 reference system.  
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 900 

Table B9: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Corn Alv DOM 

(model 9). Easting and northing given in the EPSG:2056 reference system.  

 

 

Table B10: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Pir Neir DOM 905 
(model 10). Easting and northing given in the EPSG:2056 reference system.  

 

 

 

 910 
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Table B11: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Laviner and 

Jenatsch area DOM (model 11). Easting and northing given in the EPSG:2056 reference system.  

 

 920 

Table B12: Ground control points (GCPs) and check points (CPs) used for high-resolution georeferencing of the Val da Fain DOM 

(model 12). Easting and northing given in the EPSG:2056 reference system.  
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