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A B S T R A C T   

The first steps to study natural structures are data collection, their representation and their geological inter
pretation. There is no doubt that the development of digital techniques in recent times has facilitated these tasks. 
Here we present an inventory of virtual outcrop models from the Cantabrian Zone and Asturian Basin, North- 
Northwest Iberian Peninsula, and the procedure employed to obtain the data, construct the models and inter
pret them geologically. These models correspond to contractional folds and faults of Palaeozoic age, and to 
Mesozoic extensional structures affected by Cenozoic tectonic inversion in the form of folds and thrusts. The 
digital techniques and data employed are fieldwork, as well as Google Earth images, orthophotographs, ster
eoscopical pairs of photographs and virtual outcrop models, constructed using Structure from Motion photo
grammetry based on images extracted from Google Earth or from photographs taken in the field using a tripod or 
unmanned aerial vehicles. The analysis of these models has provided us with geological information that would 
have been difficult to obtain using traditional techniques. Apart from their scientific interest, the examples shown 
may be helpful for structural geologists who wish to obtain 3D geological models, maps and sections, and 
additional structural information from field examples, as well as elements to prepare a virtual fieldtrip and/or for 
educational purposes.   

1. Introduction 

Structural Geology may be defined as the branch of Geology that 
deals with the study of structures from the geometrical, kinematical and 
mechanical point of view, as well as with the causes, processes and 
conditions of their formation. Collecting structural data, as well as the 
graphical representation of the structures and their interpretation, using 
geological mapping techniques, remote sensing, etc., are the first steps 
to be taken when studying natural structures in the field, especially 
mesoscopic- and macroscopic-scale structures, the ones that concern us 
here. Similarly to the rest of scientific disciplines, these geological 
techniques have not been alien to technical advances in society, but have 
benefited from them and this has allowed a remarkable scientific 
improvement of Structural Geology over time. Advances have taken 
place on many fronts. Thus, in the early days of Structural Geology, for 
instance, only field data collected in situ were available, which were 

reflected in drawings made manually in a field notebook. The advances 
in the Earth visualization gave a great impulse to Structural Geology 
both in terms of representing structural data and to obtain additional 
data; thus, nowadays extremely accurate topographic maps, aerial 
photographs, orthophotographs, satellite images, digital elevation 
models (DEM), and Google Earth and Street View images are available. 
The instruments that structural geologists use to carry out fieldwork 
have also undergone an enormous change from analog compasses to 
compasses capable of storing data, Global Positioning Systems (GPS), 
Personal Digital Assistants (PDA), mobile phones and tablets, and from 
conventional photographic cameras to digital cameras and laser scan
ners. It goes without saying that computers have been a huge leap for 
society. In the field of Structural Geology, they initially allowed 
graphical representations of structures using drawing software packages 
with the advantages that this entailed, but later, powerful hardware and 
specific software have been available for the representation and 
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interpretation of structures, as well as for the management and pro
cessing of large amounts of structural data, such as Geographical In
formation Systems (GIS), numerical modelling software, etc. This 
continuous process of improvement over time has undergone significant 
leaps at certain times. Deciding which have been the most notable im
provements is probably subjective and surely depends on the personal 
view of each one influenced by his research lines. As an example, we can 
mention an important step forward for Structural Geology in the sixties 
due to the quantification of parameters derived from the analysis of 
photogeological interpretations and geological sections across natural 
structures lead by the work of John G. Ramsay in 1967. From our point 
of view, the most important leap in the last decades has been the move 
from the 2D study of structures to have 3D data accompanied by digital 
support. Computer-assisted, three-dimensional techniques have become 
enormously popular in recent times. 

The rise of these techniques has led to the creation of virtual outcrop 
models (VOM) all over the world (e.g., Xu et al., 2000). See for instance 
the open-access online repositories of VOMs called eRock (https://www. 
e-rock.co.uk) (Cawood and Bond, 2019) or Virtual 3D Geoscience 
(https://v3geo.com) (Buckley et al., 2021). Some regions of the planet 
have a large number of VOMs, while others are quite the opposite 
despite the growing expansion of these techniques. The north-northwest 
of the Iberian Peninsula corresponds to the latter case, although the 
creation of VOMs would be especially useful because it is a mountainous 
region with difficult access areas and where some outcrops are difficult 
to visualize because they are located in steep slopes (Fig. 1). The rainfall 
index recorded in the north-northwest of the Iberian Peninsula makes 
that many rock outcrops are covered by vegetation and soils, however, 
there are two sectors within this region where spectacular outcrops 
occur. The first of these areas is the coast, where high cliffs adjacent to 
the beaches occur because the submarine abrasion platform was raised 
in relatively recent times revealing spectacular outcrops (e.g., Flor, 
1983; Mary, 1983). The second area is the Cantabrian Mountains (e.g., 
Alonso et al., 1996), that are roughly parallel to the coast and whose 
southern slope, adjacent to the central Spanish Plateau, exhibits an 
appropriate climate to preserve the outcrops. The tectonics suffered by 
this region gave rise to two main structural units (Fig. 1): the Cantabrian 
Zone, which is the foreland fold and thrust belt of the Variscan orogen of 
Palaeozoic age (Lotze, 1945; Julivert et al., 1972), and the Asturian 
Basin, a Permian-Mesozoic extensional basin inverted during the Alpine 

orogeny of Cenozoic age (e.g., García-Ramos and Gutiérrez-Claverol, 
1995) that gave rise to the Cantabrian Mountains and the Pyrenees. 
Thus, this complex structural history makes the north-northwest portion 
of the Iberian Peninsula an exceptional natural laboratory made up of 
very different types of structures. We will show here an inventory of 
available VOMs of structures in this region (Fig. 1); they correspond to 
different examples of Variscan contractional structures and also to 
different types of Mesozoic extensional structures reactivated as reverse 
structures during the Alpine event. All the outcrops shown correspond to 
regions located on steep slopes prone to rock fall, inaccessible areas or 
regions only visible during low tide periods. Some of these models are 
shown and described here for the first time, while new descriptions are 
offered for others previously presented. Since these models were created 
employing different digital techniques, such as photogrammetry, VOMs, 
orthophotographs and stereoscopical pairs of photographs, together 
with conventional and digital mapping, we will explain the general 
guidelines used and the results obtained. We would like to make it clear 
that this work is not intended to be an exhaustive review of all the digital 
techniques, but rather to present the models available up to now, 
describe them and explain the various procedures employed to build 
them introducing a few technical innovations. 

2. Methodology employed 

2.1. Digital and “traditional” fieldwork 

Nowadays, there are two different ways to collect data from 
outcropping structures: digital techniques and traditional methods. 
From our point of view, digital fieldwork has got some advantages over 
traditional fieldwork, however, it has also got some disadvantages. The 
strong points are: a) faster data acquisition; b) easier positioning of the 
collected data (at least in areas with good GPS coverage); c) ability to 
carry multiple types of supports such as maps, orthophotographs, etc.; 
and d) seamless transfer of field data to software back in the laboratory 
to backup and update older versions of maps. The most remarkable 
drawbacks are: a) some electronic devices provide good orientation and 
location measurements while others do not, b) excessive light on sunny 
days makes the screen of many mobile phones or tablets difficult to read, 
c) the electronic devices must be adequately waterproof protected in the 
event of heavy rains and/or fall into the water, d) the breakage of the 

Fig. 1. Structural sketch of the north-northwest portion of the Iberian Peninsula showing the two main structural units (Cantabrian Zone and Asturian Basin) as well 
as the location of the virtual outcrops illustrated in the following figures. 
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mobile phone or tablet may cause the loss of the collected data, e) sat
ellite coverage is poor in lush forests and in the lower part of steep slopes 
so that the location data provided by the mobile phones or tablets are 
not reliable, f) electronic devices must be periodically calibrated using 
an analog compass to ensure that the measurements are correct, and g) 
electronic devices are strongly conditioned by the duration of the 
batteries. 

Irrespective of the types, features and scales of the studied structures, 
we carried out traditional fieldwork to collect new data as input data for 
the virtual models presented below. Fieldwork was also helpful to refine 
and improve the accuracy of the elements mapped in the laboratory and 
to check the results obtained from the digital techniques described in the 
following sections. 

To improve the data collection procedure, as well as the process of 
integrating field data with data obtained in the laboratory, we collected 
field data using mobile phones and tablets (e.g., Allmendinger et al., 
2017; Novakova and Pavlis, 2017, 2019) running a field-oriented 
application such as FieldMove (https://www.petex.com/products/mo 
ve-suite/digital-field-mapping/), which can be downloaded for free, 
and ArcPad (https://www.esri.com/content/dam/esrisites/sitec 
ore-archive/Files/Pdfs/library/brochures/pdfs/arcpadbro.pdf). These 
devices were used in combination with a high precision GPS when we 
thought the location data provided by our mobile phones or tablets were 
not sufficiently accurate. FieldMove and ArcPad allowed us to store in 
the mobile phones and tablets all sorts of information such as 
geographical coordinates, as well as dips and strikes, of stratigraphic 
contacts, faults, fold elements, etc. The collected data were imported 
into different types of supports such as aerial photographs, Google Earth 

images, VOMs, etc., using general software such as GIS, and more spe
cific software such as an academic license of Move (https://www.petex. 
com/products/move-suite/), although other software with similar 
functionalities such as Andino 3D (https://www.andino3d.com.ar) may 
be used. 

2.2. Google Earth 

Two digital methods used to map large-scale structures are: the 
stereoscopic visualization of pairs of aerial and/or satellite photographs 
and their photogeological interpretation using specific software (e.g., 
Berger et al., 1992; Dueholm et al., 1993), and remote geological 
mapping from orthophotographs draped over DEM’s managed using GIS 
software (e.g., Banerjee and Mitra 2004; Dhont et al., 2005). These two 
methods provide excellent results but do not seem to be the most widely 
used methods today. Anyway, these methods can be used in a comple
mentary way to the most popular method nowadays which is Google 
Earth (https://www.google.com/earth/) (e.g., Lisle, 2006; Blenkinsop, 
2012; Tavani et al., 2014; Martín et al., 2019; Wellmann et al., 2019). 
The main advantages of Google Earth with respect to the methods 
mentioned above are: a) Google Earth does not require the use of specific 
software for image visualization and/or interpretation because it pro
vides its own free software; b) Google Earth has images of the entire 
planet for free, and therefore, there is no need to search for aerial 
photographs, orthophotographs, satellite images or DEM’s of the region 
to be studied, difficult and/or expensive to get in some places; c) there is 
no need to worry about the scale of the photographs, orthophotographs, 
satellite images or DEM’s as Google Earth allows zooming in and out the 

Fig. 2. Cacabillo outcrop. a) Geological map of the 
region where the virtual outcrops illustrated in 
figures b) and 3a are located showing the Cacabillo/ 
Puerto de Somiedo anticline and the Vega de Los 
Viejos syncline (modified from Bastida et al., 1984), 
b) geological interpretation of a point cloud con
structed using images from Google Earth (Martín 
et al., 2019), and c) geological cross-section ob
tained from the projection of the geological inter
pretation onto a plane (modified from Martín et al., 
2019). See Fig. 1 for location. The latitude and 
longitude values of an approximately central point 
within the VOM are 42.9941◦N and 6.1945◦W 
respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article).   

H. Uzkeda et al.                                                                                                                                                                                                                                 

https://www.petex.com/products/move-suite/digital-field-mapping/
https://www.petex.com/products/move-suite/digital-field-mapping/
https://www.esri.com/content/dam/esrisites/sitecore-archive/Files/Pdfs/library/brochures/pdfs/arcpadbro.pdf
https://www.esri.com/content/dam/esrisites/sitecore-archive/Files/Pdfs/library/brochures/pdfs/arcpadbro.pdf
https://www.petex.com/products/move-suite/
https://www.petex.com/products/move-suite/
https://www.andino3d.com.ar
https://www.google.com/earth/


Journal of Structural Geology 157 (2022) 104568

4

images without quality loss unless detailed images of small outcrops are 
needed; and d) Google Earth allows sharing the information easily. Thus, 
this set of reasons led us to use Google Earth. 

The interpretation of geological structures using Google Earth was 
carried out employing elements implemented in this software such as 
linear features (e.g., intersection of lithological contacts with the topo
graphic surface, fold and fault traces, lineaments), polygons (e.g., re
gions where a particular rock unit crops out, fault-damage zones) and 
points (e.g., dip/strike data, position of geological sketches and photo
graphs) (Fig. 2b). All these elements were exported as kml files and 
loaded in a GIS software to create geological maps. One drawback 
derived from the geological interpretations carried out using Google 
Earth was that they lack altitude information, which was not a problem 
for generating maps, but limited its use, for instance, to calculate dips 
and strikes of bedding, faults, etc. This problem was overcome using 
auxiliary tools such as the free, online applications GPS Visualizer 
(https://www.gpsvisualizer.com) and KML Altitude Filler (http 
s://www.nearby.org.uk/elevation-kml.php) that, amongst other as
pects, allowed calculating altitudes for kml files exported from Google 
Earth. Another solution we carried out was building a VOM using images 
and points of known coordinates extracted from Google Earth (e.g., 
Martín et al., 2019). The procedure of constructing and interpreting a 
VOM derived from Google Earth images is described below. 

The use of Google Earth is an excellent technique, however, we 
needed better resolutions, better points of view and more powerful zoom 
in/out factors than the ones provided by Google Earth to study meso
scopic geological structures developed in inaccessible areas. Due to 
these reasons, we used the additional digital techniques described 
below. 

2.3. VOMs 

Nowadays, 3D photorealistic VOMs are probably the most commonly 
used approaches to analyse outcrops from the geological point of view 
(e.g., Xu et al., 2000, 2001; Buckley et al., 2008; Hodgetts, 2013). The 
acquisition of the required data can be made by employing Light 
Detection and Ranging (LIDAR)/terrestrial laser scanners (TLS) (e.g., 
Pringle et al., 2004; Bellian et al., 2005; Trinks et al., 2005; McCaffrey 

et al., 2010) or, alternatively, using photogrammetry (e.g., Bemis et al., 
2014; Svennevig et al., 2015; Corradetti et al., 2017; Sørensen and 
Dueholm, 2018; Sørensen and Guarnieri, 2018; Martín et al., 2019). We 
used the latter technique to create our VOMs because it is cheaper. Thus, 
the first method requires sophisticated devices, whereas the second can 
be carried out with commonly available devices such as photographic 
cameras and computers amongst others. Below we describe the practices 
we carried out for collecting the necessary data, as well as building and 
interpreting the VOMs. 

2.3.1. Photogrammetry data collection 
To generate our VOMs we used the structure from motion (Sfm) 

photogrammetry (Carrivick et al., 2016 and references therein), which is 
a relatively quick and unexpensive technique, and one of the most 
widely used. In the case of large-scale structures, we saved in our 
computer different Google Earth images to cover the area of interest 
(Fig. 2b). On the contrary, in the case of smaller-scale structures, we 
took several photographs using photographic cameras mounted on tri
pods for ground-based studies (Figs. 3a, 4b, 5b, 6a, 7c and 8b) and/or 
attached to unmanned aerial vehicles (UAV, drones) (Fig. 9a). UAVs 
were used when the outcrop met certain particularities such as: a) 
relatively large area to cover, as flying was faster than walking and, in 
some cases, recording a video at high frames per second (fps) rates and 
extracting selected frames was good enough for building a VOM (Li 
et al., 2018); b) outcrops whose geometry could only be properly 
captured from the air, such as vertical or steeply inclined cliffs and 
slopes whose height did not allow correct coverage photographing from 
ground level, or studies that required a top-down view of the terrain 
because the plunge of the structures was oblique to the topographic 
surface; and/or c) areas with environmental hazards, such as falling of 
rocks, slippery floor, etc., where getting close to the outcrop was not 
safe. Ground-based studies were used when: a) the outcrop to be simu
lated was relatively small; b) minor structures such as small veins, joints, 
cracks, etc. needed to be captured and handheld cameras yielded better 
pictures of these minor structures in terms of sharpness, resolution and 
contrast than cameras mounted on UAV’s; c) the outcrop had relatively 
low relief, it was accessible and hiking was easy and safe, and therefore, 
it was easier to get close enough to the outcrop walking than piloting an 

Fig. 3. Las Palomas outcrop. a) Triangular textured mesh showing the outcrop obtained using a photographic camera mounted on a tripod, and b) geological cross- 
section derived from the geological interpretation of an orthophotograph of the outcrop. See Figs. 1 and 2a for location. The latitude and longitude values of an 
approximately central point within the VOM are 42.9513◦N and 6.2147◦W respectively. 
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Fig. 4. San Emiliano outcrop. a) Geological map of 
the region where the virtual outcrop illustrated in 
figure b) is located showing the Huergas- 
Valgrande/Villasecino anticline (modified from 
Suárez-Rodríguez et al., 1991), b) triangular 
textured mesh showing the outcrop obtained using 
a photographic camera mounted on a tripod, and c) 
geological cross-section obtained from the projec
tion of the geological interpretation onto a plane. 
See Fig. 1 for location. The latitude and longitude 
values of an approximately central point within the 
VOM are 42.9548◦N and 6.0025◦W respectively. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article).   

Fig. 5. La Ballota outcrop. a) Geological map 
showing the Cue anticline (modified from De Ana, 
2015) and the region where the virtual outcrops 
illustrated in figures b) and 6a are located, b) point 
cloud showing the outcrop obtained using a 
photographic camera mounted on a tripod, and c) 
geological cross-section obtained from the projec
tion of the geological interpretation onto a plane. 
See Fig. 1 for location. The latitude and longitude 
values of an approximately central point within the 
VOM are 43.4138◦N and 4.7147◦W respectively. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article).   
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UAV; and/or d) the outcrop was located in an area where flying was 
prohibited or fly permits were hard to get, such as restricted flying 
zones, or especially difficult because of climatological and/or topo
graphical conditions. 

The first and most important step was to cover the whole area of 
interest with enough images. The main issues we took into account when 
taking images from Google Earth or photographing the outcrop in the 
field using UAVs or tripods were: a) overlapping between pictures and b) 
minimizing shadowed areas. As a rule of thumb, the more overlapping 
the better accuracy, but also the longer computing time. Consequently, a 
compromise was reached between these two factors (Torres-Sánchez 
et al., 2017). To ensure an appropriate coverage, we took photographs of 
the outcrops along “scanlines” varying the distance and orientation of 
the scanlines with respect to the outcrop. Another successful practice 

was to take several pictures facing different directions from each 
shooting point. 

2.3.2. VOM creation 
All the photographs gathered in the field were prepared before 

creating the VOM. 
Regarding the photograph selection, not all the photographs taken 

were necessary to create the VOM. Thus, some photographs, that were 
redundant, were discarded to make the computing process faster. Later 
on, more photographs were added to improve the VOM when the initial 
result was not satisfactory or blank areas arose. 

Regarding the photograph enhancement, we applied photographic 
filters implemented in the software Adobe Photoshop (https://www.ado 
be.com/es/products/photoshop.html) to increment the contrast, 

Fig. 6. Andrín outcrop. a) Point cloud showing the 
outcrop obtained using a photographic camera 
mounted on a tripod (Martín et al., 2019), and b) 
geological cross-section obtained from the projec
tion of the geological interpretation onto a plane. 
See Figs. 1 and 5a for location. The latitude and 
longitude values of an approximately central point 
within the VOM are 43.4123◦N and 4.7096◦W 
respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article).   

Fig. 7. Cervigón outcrop. a) Structural sketch 
showing the regional-scale structure where the vir
tual outcrops illustrated in figures c) and 9 are 
located (modified from Beroiz et al., 1972b), b) 
geological interpretation of an orthophotograph of 
the region where the virtual outcrop shown in 
figure c) is located (modified from Uzkeda et al., 
2018), c) point cloud showing the outcrop obtained 
using a photographic camera mounted on a tripod 
(Uzkeda et al., 2018), and d) geological 
cross-section obtained from the intersection of 3D 
geological surfaces with a plane (modified from 
Uzkeda et al., 2018). The small red circles next to 
the fault surfaces in figure c) indicate strike-slip 
motion along the faults. See Fig. 1 for location. 
The latitude and longitude values of an approxi
mately central point within the VOM are 43.5501◦N 
and 5.6296◦W respectively. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article).   
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brightness, colour balance and/or saturation to improve the photograph 
quality, homogenize the pictures and to speed up the process. Other 
techniques, such as High Dynamic Range (HDR) imaging, were used to 
improve photographs including very lightened areas entwined with 
shaded zones, which usually happened when the photographs included 
both outcrop and sky. When the camera was not equipped with HDR as 
standard, we used the free software Photomatix (https://www.hdrsoft. 
com) to combine a number of shots for each image (typically between 
three and five) taken with different shutter values. This was an issue 
when many pictures were required to create the VOM and also when we 
used an UAV under windy conditions that affected its stability. 

Today there are many personal applications and online applications 
capable of building 3D models from 2D photographs, some of which 
work fully automatically. However, we employed an academic license of 
the software Pix4DMapper (https://www.pix4d.com/product/pix4dm 
apper-photogrammetry-software) and the free software VisualSfM 
(http://ccwu.me/vsfm) (Wu, 2013) to create the VOMs using the data 
collected in the field and pre-processed in the laboratory. Regarding 
VisualSfM, this software follows the Sfm system developed by Wu et al. 
(2011) (see Carrivick et al., 2016 for a compendium of some applications 
of Sfm in Earth Sciences), and sorts out both the intrinsic (camera cali
bration: calculations of focal length, projection centre and radial 
distortion) and the extrinsic (resection: determining the camera posi
tions for each photograph) calibrations. To carry out these corrections, 
the software uses the bundle adjustment method (Triggs et al., 2000; Wu 
et al., 2011), with automatic detection of matching points using the 
Scale Invariant Feature Transform (SIFT) algorithm. VisualSfM is also 
able to load the corresponding parameters and set a fixed calibration if 
the camera had been calibrated before, which we did for some outcrops. 
In order to create the point cloud, we ran sparse reconstruction first, so 
that the bundle adjustment step used multicore bundle adjustment 
automatically. Subsequently, we carried out a dense reconstruction by 

using the Patch-based Multi-view Stereo Software (PMVS2) (http:// 
www.di.ens.fr/pmvs/), which is included in the Clustering Views for 
Multiview Stereo Software package (CMVS) (https://www.di.ens.fr/ 
cmvs/), developed by Y. Furukawa and J. Ponce. This free software 
grouped the images into manageable packages to make a more 
exhaustive search, instead of working with all of them at the same time 
which would be much more expensive from the computational point of 
view. The package image grouping is based on the previous recon
struction using the bundle adjustment. When working with relatively 
heavy models we carried out one or more of the following actions: a) 
down-sample the point cloud for large-scale interpretation when not so 
much detail was needed using the software Move, b) divide the point 
cloud into smaller portions to be analysed independently using the 
software Move, and c) delete areas without interest using initially the 
software VisualSfm for larger-scale regions and later the software Move 
for more detailed deleting. From the dense point cloud, the software was 
also able to generate a triangular textured mesh (Figs. 3a, 4b and 8a). 
Triangulated textured meshes helped to visualize outcrops, especially 
when the resulting point clouds were not dense enough. However, in 
some cases they induced to errors, for instance, when trying to calculate 
plane orientations by selecting points on the cloud as they simplified the 
topography or created incorrect connections between the nodes (Höfle 
et al., 2009; Lindberg et al., 2013; Cawood et al., 2017). Thus, we always 
saved the original point cloud as a source since interpolated models may 
lead to wrong results (Otepka et al., 2013). 

2.3.3. VOM georeferencing 
In the case of VOMs derived from UAV’s, the images were geore

ferenced using their internal GPS. Although the x and y coordinates were 
accurate, some UAV’s yielded errors in the z coordinate. These errors 
were corrected because the altitude of known points in the studied re
gion was available. 

Fig. 8. Buerres outcrop. a) Geological map of the 
region where the virtual outcrop illustrated in 
figure b) is located showing the Lastres fault 
(modified from Uzkeda, 2013), b) point cloud of the 
outcrop obtained using a photographic camera 
mounted on a tripod (Uzkeda et al., 2018), and c) 
geological cross-section obtained from the inter
section of 3D geological surfaces with a plane 
(modified from Uzkeda et al., 2018). See Fig. 1 for 
location. The latitude and longitude values of an 
approximately central point within the VOM are 
43.4997◦N and 5.2429◦W respectively. (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article).   
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In the case of VOMs constructed using photographic cameras 
mounted on a tripod, if the camera has an integrated GPS, then the VOM 
is automatically georeferenced. However, our cameras did not have an 
integrated GPS. Thus, both the VOMs constructed from photographs 
taken with cameras in the field and from Google Earth images, required 
georeferencing to perform quantitative geological analyses because 
their orientation and size were somewhat arbitrary, i.e., they were not 
correctly positioned, oriented and scaled. The key issue in this case was 
the acquisition of georeferenced points in the field and on the Google 
Earth images that were divided in: a) ground control points (GCP), used 
to georeference the VOM; and b) check points, left out of the VOM 
building procedure and employed to assess the accuracy and reliability 
of the model. Georeferencing a point cloud/mesh requires a minimum of 
3 non-linear points, however, in the case of some models that required a 
lot of detail and/or the mean error was too high, more points were 
needed (Harwin and Lucieer, 2012; Agüera-Vega et al., 2016; Gindraux 
et al., 2017; Oniga et al., 2018). The software VisualSfM informed when 
enough points had been introduced to calculate the required rotation, 
translation and scaling. Regarding the check points, they were arranged 
more or less uniformly throughout the whole area of interest and at 
different depths of view, although zones with less photograph cover
age/overlapping were prioritized. Georeferenced points were obtained 
using a total station and a high precision GPS which were rented for a 
low cost. A simpler and cheaper solution to acquire georeferenced points 
consists of using a laser rangefinder, a compass and a laser level (Tavani 
et al., 2016), however we did not use this solution because it is slightly 
less accurate. The point-to-point comparison, done manually, was the 
method employed to assess the accuracy of the resulting VOMs and es
timate their error (Fonstad et al., 2013). 

In those cases where global coordinates were not necessary, for 
instance, when the study was focused on a single outcrop and its position 

with respect to adjacent outcrops was not required, an alternative 
method was used to extract quantitative information. First of all, we 
found out surfaces easily identifiable in the field and in the VOM such as 
bedding, fractures and/or other surfaces. After that, the orientations of 
these surfaces were measured in the field using a compass and the 
orientation of the same elements was measured in the “raw” VOM. By 
calculating the transformation matrix that converts the orientation of 
the VOM planes into planes with the same orientation than the actual 
ones and applying it to the point cloud we reorientated the model. To 
rescale the model, lengths of different elements such as bed thicknesses, 
fracture spacing and/or distances between other elements were 
measured in the field using a tape measure and their values compared to 
the same distances in the VOM to estimate a scale factor to correct the 
VOM size. In order to obtain good results, we measured dips and strikes 
of surfaces with different orientations located at different points within 
the outcrop, and we measured lengths of different magnitudes along 
different orientations. The reorientation and rescaling of the VOM was 
carried out using an in-house software but it may be done using the 
software Move. 

2.3.4. VOM interpretation 
The resulting VOM, either as a point cloud or as a textured triangular 

mesh, can be interpreted from the geological point of view using a 
Computer Assisted Virtual Environment (CAVE) and shutting glasses or 
using a PC/Workstation with optional devices such as virtual reality 
headsets (Figs. 2c, 3b and 4c, 5c, 6b, 7d, 8c, 9b and 10c). To do so, we 
employed the in-house software 3D Stereo VDT (Martín et al., 2019) for 
CAVE, as well as Move and VGRS (http://www.vgeoscience.com) that 
run in a PC. The abundant tools to draw lines, polygons and points of 
different colours, to zoom in and out and to rotate the VOMs, and even to 
carry out measurements such as distances, make all these software 

Fig. 9. Peñarrubia outcrop. a) Triangular textured 
mesh showing the outcrop obtained using a photo
graphic camera mounted on an UAV, and b) 
geological map derived from the interpretation of a 
3D geological model overlapped onto an ortho
photograph of the outcrop. See Figs. 1 and 7a for 
location. The latitude and longitude values of an 
approximately central point within the VOM are 
43.5514◦ N and 5.6239◦ W respectively. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article).   
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powerful tools, which allowed us to carry out complete geological in
terpretations. We first interpreted faults and then horizons in different 
parts of the outcrop and extended the interpretations until they reached 
each other to tie the geological interpretation, and we also used data, 
diagrams and photographs taken in the field to constrain the VOMs 
interpretation. 

2.4. Additional photogrammetric techniques 

2.4.1. Orthophotogeological interpretations 
From the original photographs taken in the field to construct some of 

the VOMs and/or from some of the resulting VOMs, we created ortho
mosaics that were rectified to build orthophotographs (Tavani et al., 
2016) with any desired orientation. This was done employing the soft
ware Pix4DMapper, which produced good quality orthophotographs 
(Figs. 3b and 9b). 

When the orthophotographs were generated from field photographs, 
they were interpreted from the geological point of view using drawing 
packages such as Adobe Illustrator (https://www.adobe.com/es/produc 
ts/illustrator.html) and the free software Inkscape (https://inkscape. 
org/es/). This allowed us to obtain orthophotogeological in
terpretations, i.e., intersections of geological contacts between strati
graphic units, faults, etc. with the topographic surface in which all the 
elements have the same scale, and therefore, they are free of errors and 
deformations. 

When VOMs interpreted from the geological point of view were 
available, the process of obtaining orthophotogeological interpretations 
was carried out as follows. The VOM-derived orthophotographs ob
tained using Pix4DMapper were scaled, but not georeferenced, except 
for the zenith orthophotographs that were georeferenced. In the case of 
orthophotographs not georeferenced, first, we managed to georeference 
the orthophotographs using the software Move and points of known 
coordinates. Then the geological interpretations of the VOMs were 

projected using the same direction employed to construct the ortho
photographs and to the same plane using the software Move. Eventually 
they were overlapped onto the orthophotographs using in-house soft
ware to create orthophotogeological interpretations. 

2.4.2. Geological interpretation of stereoscopical pairs of photographs 
The employment of this technique required five basic steps: a) 

photograph acquisition, b) control points acquisition, c) intrinsic and 
extrinsic calibration, d) photograph rectification, and e) geological 
interpretation. 

To photograph the outcrop, we followed some basic rules in order to 
ensure good quality pictures (Fig. 10b). For instance, we used cameras 
with fixed-focus lens, whose calibration tends to remain more stable 
during the whole project and have less optical deformation. Moreover, 
the pictures were taken with large depths of field to ensure a sharp vision 
of all the image and, preferably, as HDR images to avoid strong illumi
nation contrasts, i.e., dark and bright areas coexisting. The camera was 
mounted on a tripod to prevent blurry results. Each stereopair was taken 
independently, trying to keep the camera looking at the same direction, 
perpendicular to the outcrop, and moving the camera as parallel as 
possible to the outcrop face. In general, as it could be expected, the 
width and height resolutions, i.e., the pixel size of the outcrop, depended 
on the camera resolution as well as on the distance to the outcrop from 
the shooting point. The larger the distance, the lower the resolution. The 
resolution in depth, i.e., parallel to the shooting direction, depended on 
the two parameters mentioned above, but it was also controlled by the 
baseline, which is the distance between the two positions of the camera. 
In general, the larger the displacement, the smaller the uncertainty and, 
as a consequence, the better the resolution. However, large displace
ments implied less overlapping between photographs, which meant 
more stereoscopical pairs of photographs for each area. We tried to find 
a balance between the voxel size, i.e., the resolution in xyz, and the 
number of stereoscopical pairs needed. 

Fig. 10. La Conejera outcrop. a) Geological map of 
the region where the virtual outcrop illustrated in 
figure b) is located showing the Villaviciosa fault 
(modified from Uzkeda, 2013), b) several stereo
scopical pairs of photographs of the outcrop ob
tained using a photographic camera mounted on a 
tripod, and c) geological cross-section obtained 
from the projection of the geological interpretation 
onto two planes (modified from Uzkeda et al., 
2013). See Fig. 1 for location. The latitude and 
longitude values of an approximately central point 
within the VOM are 43.5324◦N and 5.3640◦W 
respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article).   
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As is the case of other techniques described above, georeferencing 
the stereopairs required capturing control points in the field. Theoreti
cally three control points per pair were enough, however, we took about 
eight points. The reader is referred to a section above to find out how 
these points were acquired. 

Two calibrations were needed to work with stereopairs of photo
graphs: intrinsic and extrinsic. The former consists of getting the actual 
focal, centre of projection and distortion coefficients of the camera. This 
required taking a series of photographs from different positions of a 
rectangular chessboard pattern and loading them in Stereo Rectification, 
an in-house software based on the OpenCV library (Bradski and Kaehler, 
2008). The latter, also called resection, allowed knowing the relative 
position of the camera at the shooting moments. To do this, the controls 
points were used in combination with the same in-house software 
mentioned above. Before interpreting the stereopairs, the images were 
rectified by reprojecting the image planes of the two camera positions, 
so that they fell in the exact same plane, i.e., epipolar configuration. 

The visualization of the stereo pairs of photographs and their 
geological interpretation were carried out using Visage, an in-house 
software for personal computers (Martín et al., 2007) based on the 
open-source library GLSVe (Martín et al., 2011). This software required 
the use shutter glasses and allowed drawing polylines to represent 
different geological elements. 

2.5. Deliverables 

Different types of information were extracted from the VOMs, 
orthophotographs and stereoscopical pairs of photographs, which are 
briefly described below. 

2.5.1. Stratigraphic data 
In this section we briefly describe different procedures used to obtain 

stratigraphic data (Fig. 9b) necessary to create the structural models. 
First, we selected points on bedding surfaces of different layers from 

base to top in the VOM and obtained their x, y and z coordinates, using 
the tools implemented in the software 3D Stereo VDT, Move or VGRS. 
Then we estimated the dip and strike of the layers in the VOM (the 
procedure to estimate these values is explained below) or used the 
values measured in the field. Finally, we calculated orthogonal true 
thicknesses using a script for Python developed by ourselves or manu
ally. This relatively easy method helped to create stratigraphic logs for 
inaccessible areas as it only required picking points on the bedding 
surfaces and estimating their dips. The thickness measurements per
formed in different parts of the outcrop were compared to decipher 
whether the stratigraphic thickness was constant or variable. 

The orthophotographs were used as auxiliary tools to help estab
lishing stratigraphic correlations from one edge to the other of several 
outcrops and refine the structural models. Thus, using the software 
Adobe Photoshop, portions of orthophotographs showing characteristic 
strata sequences were cropped, moved and overlaid on images from 
other areas and/or fault blocks to compare both stratigraphic sequences. 

2.5.2. Structural data 
The different types of measurements from the structural point of 

view that we carried out are: orientations, number of times an element 
was repeated and distances. The orientation of planar elements, such as 
bedding, unconformities, faults and joints, fold limbs and fold axial 
surfaces, and that of linear elements, such as fold axes and intersection 
between beds and unconformities, were obtained by identifying points 
along these elements in the VOMs, obtaining their x, y and z coordinates 
using the software 3D Stereo VDT, Move or VGRS, and fitting the points 
to a plane or line employing the software Move (Banerjee and Mitra, 
2004; Fernández, 2005 amongst others). A minimum of three points are 
necessary in the case of planes, while a line can be defined using only 
two points. 

The interpretation of the VOMs also allowed making a fast 

assessment of parameters such as fracture density as it was relatively 
simple and quick to draw fractures in the model, draw a scanline across 
the fractures, count the fractures that intersect the scanline and divide 
the resulting number by the scanline length. 

In addition, measurement of distances such as fault displacement, 
width of faulted zones, structural relief of a fold and fold wavelength 
were easily carried out using the tools for length measurements imple
mented in the software 3D Stereo VDT, Move and VGRS. Alternatively, 
these measurements were used to evaluate the accuracy and reliability 
of the VOMs because once these values were obtained, they were 
manually compared to values measured directly in the field. See Martín 
et al. (2013, 2019) and Uzkeda et al. (2013, 2018) for further infor
mation on structural results obtained from some of the VOMs shown 
here. 

2.5.3. 3D geological models 
Once the most important geological elements on a VOM, such as 

bedding, unconformities, faults and fold axial surfaces were mapped, we 
built 3D geological models using the software Move. The procedure 
employed is briefly described below. We usually started by creating the 
fault framework and work in each fault block independently. Thus, close 
points belonging to each horizon were fit to a surface and its dip and 
strike were calculated, and each portion of surface was extended along 
strike according to the dip and strike calculated. After that, different 3D 
dip domains (Fernández et al., 2004), in which the dip of the layers was 
approximately constant, were defined by drawing the axial surfaces 
corresponding to the boundaries between dip domains. Finally, we 
interpolated and extrapolated portions of mapped stratigraphic horizons 
within each dip domain honouring the bedding orientation and the bed 
thickness. Once the 3D geological model was built, the axial surfaces 
that bounded the dip domains were erased. We refer the readers to 
Martín et al. (2019) and Uzkeda et al. (2018) for 3D geological models 
derived from some of the VOMs shown here. 

2.5.4. Geological maps and cross-sections 
Other useful results derived from the use of digital techniques are 

geological maps (Fig. 9b) and cross-sections (Figs. 2c, 4c, 5c, 6b, 7d, 8c 
and 10c). We used two different ways to generate them briefly described 
below. 

If a 3D geological model had been built, geological maps were con
structed by intersecting the interpreted geological surfaces with the 
topography (Fig. 9b). When outcrops had cantilevers, i.e., overhanging 
rocks, there were portions of the outcrop that had the same x and y 
coordinates but different z coordinates. Only those portions of the 
outcrop closest to the horizontal plane used to construct the map were 
considered. Geological cross-sections were generated by intersecting the 
interpreted geological surfaces with a vertical, or inclined plane of a 
chosen orientation (Figs. 7d and 8c). Both geological maps and cross- 
sections were easily constructed using the tools implemented in the 
software Move. 

Another option consists of projecting the geological interpretation 
carried out on a VOM, orthophotograph or stereoscopical pairs of pho
tographs onto a horizontal plane following a vertical direction in the 
case of geological maps, or onto a vertical or inclined plane following 
geologically meaningful directions such as fold axes, strikes of beds, etc. 
in the case of geological cross-sections (Figs. 2c, 4c, 5c, 6b and 10c). In 
the case of maps, we removed the z coordinate from the lines repre
senting geological features. In the case of cross sections, this operation 
was carried out using Microsoft Excel spreadsheets (https://www. 
microsoft.com/en-us/microsoft-365/excel), specific scripts developed 
for Phyton and the software Move. This procedure consisted of applying 
a trigonometric formula to the known x, y and z coordinates of each 
point belonging to each of the interpreted surfaces (bedding, un
conformities, fractures, etc.) in order to obtain the new coordinates on 
the chosen cross section plane. 

The second option revealed to be faster, as it does not require to build 
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surfaces to construct a 3D geological model, and more suitable for 
essentially “flat” outcrops such as cliff faces or road trenches, while the 
first method resulted to be more efficient in the case of outcrops with 
salients and recesses. 

3. Geological setting 

The virtual outcrops presented here involve carbonate rocks of 
Devonian and Carboniferous age, and of Jurassic age. The Palaeozoic 
rocks, affected mainly by folds and thrusts, belong to the Cantabrian 
Zone, the foreland fold and thrust belt of the Variscan orogen in 
northwest Iberia developed in Carboniferous times (Fig. 1). This orogen 
displays an arcuate orocline shape known as Ibero-Armorican or 
Asturian Arch (Lotze, 1945). The contractional mountain range devel
oped during the Variscan orogeny was dismantled by an erosive episode. 
After that, a Permian-Triassic rift responsible for normal faults, in some 
cases resulting from reactivation of previous Variscan structures 
(Lepvrier and Martínez-García, 1990), propitiated the Asturian basin 
origin (Fig. 1). The subsequent thermal subsidence event during Late 
Triassic and Early Jurassic, was followed by an extensional stage that 
lasted from the end of Early Jurassic until the beginning of Late Jurassic 
and consisted of development of normal faults, reactivation of previous 
ones, heating and uplift (Uzkeda et al., 2016). From the Late Jurassic to 
the lower part of the Early Cretaceous (pre-Barremian) another exten
sional event caused the reactivation of previous normal faults (Alonso 
et al., 2018). This episode was related to the rift responsible for the Bay 
of Biscay opening. From middle Early Cretaceous to Late Cretaceous, a 
thermal subsidence episode occurred. Convergence between the Iberian 
and Eurasian tectonic plates during the middle-late part of the Eocene to 
the beginning of the Miocene (Álvarez-Marrón et al., 1997; Gallastegui, 
2000) caused the Alpine orogeny. This contractional event, responsible 
for the Cantabrian Mountains formation, involved selective reactivation 
of previous structures, generation of new thrusts and uplift (Lepvrier and 
Martínez-García, 1990; Pulgar et al., 1999; Alonso et al., 2009; Uzkeda 
et al., 2016). The structural framework constructed during this 
contractional event was exhumed during the late part of the Eocene to 
the beginning of the Oligocene (Fillon et al., 2016), making visible the 
outcrops in the southern slope of the mountains presented here. During 
Early Pleistocene or before (Álvarez-Marrón et al., 2008) a narrow 
coastal strip of Palaeozoic and Mesozoic rocks were eroded, uncon
formably covered by Quaternary sediments and uplifted above the 
present-day sea level (e.g., Flor, 1983; Mary, 1983). The emergence of 
the coastal area, from which various VOMs presented here have been 
obtained, was accompanied by neotectonic activity such as faulting (e. 
g., Gutiérrez-Claverol et al., 2006; Álvarez-Marrón et al., 2008) and 
small magnitude earthquakes (e.g., López-Fernández et al., 2004). 

4. North-Northwest Iberia VOMs 

4.1. Cantabrian Zone 

The Cantabrian Zone is the foreland fold-and-thrust belt of the 
Northwest-Iberia Variscan Orogen developed during Carboniferous 
times (Lotze, 1945; Julivert et al., 1972) (Fig. 1). The Cantabrian Zone 
involves a Palaeozoic stratigraphic succession from Cambrian to 
Carboniferous, made up of both siliciclastic (slates, sandstones and 
microconglomerates) and carbonate (marls, limestones and dolomites) 
sedimentary rocks with sporadic coal beds and volcanic rocks. This zone 
developed under diagenetic conditions although some localities reached 
very low or low-grade metamorphism. It is a typical thin-skinned belt, 
constituted by different types of thrust systems and folds, where tectonic 
foliations are lacking except for small areas (e.g., Julivert, 1971, 1983; 
Savage, 1979, 1981; Pérez-Estaún et al., 1988; Pérez-Estaún and Bastida, 
1990; Aller et al., 2004). In cross section, the Cantabrian Zone exhibits a 
wedge geometry thinning eastwards, i.e., towards the foreland. In map 
view, it displays a curved trend around an approximately E–W axial 

surface with the core to the east, known as Ibero-Armorican or Asturian 
Arc. 

4.1.1. Cacabillo 
The Cacabillo outcrop is located in the almost inaccessible slope of a 

valley near the Cacabillo village, in the southwestern portion of the 
Cantabrian Zone close to the core of the Ibero-Armorican or Asturian 
Arc, where NW–SE trending structures predominate (Fig. 1). The 
outcrop is located in the hinge zone of the several kilometres long 
Cacabillo anticline (Navarro-Vázquez and Rodríguez-Fernández, 1978), 
also known as Puerto de Somiedo anticline (Bastida et al., 1984) 
(Fig. 2a). This anticline is a NW–SE trending, tight fold with a sub
vertical axial surface. A subvertical, NW–SE trending fault of small 
displacement in the core of the Cacabillo/Puerto de Somiedo anticline 
separates the southwest limb from the hinge and the northeast limb. This 
anticline, mapped in Navarro-Vázquez and Rodríguez-Fernández 
(1978), Bastida et al. (1984), Alonso et al. (1989) and Merino-Tomé 
et al. (2014), involves an Ordovician-Carboniferous succession (Fig. 2a) 
and was developed during the Variscan orogeny. 

A VOM was created using georeferenced Google Earth images 
(Fig. 2b), and an undistorted geological cross-section was constructed by 
projecting the geological interpretation of the VOM onto a selected 
plane (Fig. 2c). Below is a description of the outcrop derived from the 
VOM geological interpretation and from the cross section. 

The rocks shown in the virtual outcrop belong to two Devonian 
stratigraphic units according to the available geological maps and sec
tions (Navarro-Vázquez et al., 1982). The upper unit, the Santa Lucía 
Fm., is a limestone unit with sparse marls and slates, whereas the lower 
unit, La Vid Gr., is mainly made up of dolostones, slates, limestones and 
marls. The grey layers that stand out in the relief correspond to the 
limestones of the Santa Lucia Fm., while the lower regions where layers 
are hardly recognized correspond to La Vid Gr. (Fig. 2b and c). The 
outcrop consists of a fold train formed by two anticlines and two syn
clines whose dimensions reach hundreds of meters. The limbs of each 
fold dip towards opposite senses and the axial surfaces are subvertical. 
Several planar faults, whose displacement can reach a hundred meters, 
cut and offset the folds; in particular, they are well developed in the 
southwest limbs of the folds and dip in opposite sense to that of the 
limbs. Folded thrusts, responsible for the repetition of some beds within 
the Santa Lucia Fm., have also been identified. These thrusts develop 
flats in most of their trajectory, although some ramps are recognized, 
especially near the hinge of the anticline located to the northeast. These 
folds and faults are second-order structures developed in the hinge of the 
larger-scale Cacabillo/Puerto de Somiedo anticline, which contribute to 
its thickening. We refer the reader to Martín et al. (2019) for more in
formation on the features of this virtual outcrop. 

4.1.2. Las Palomas 
This outcrop, located on the steep slope of a local road near Las 

Palomas bridge, belongs to the southwestern portion of the Cantabrian 
Zone close to the Ibero-Armorican or Asturian Arc core, where NW–SE 
trending structures are common (Fig. 1). The outcrop is located in the 
southwest limb of the kilometre-scale Vega de Los Viejos syncline 
(Navarro-Vázquez et al., 1982), a tight, NW-SE trending syncline whose 
axial surface is subvertical (Fig. 2a). This large syncline, developed 
during the Variscan orogeny, involves an Ordovician-Carboniferous 
succession, and its southwestern limb is unconformable covered by 
Uppermost Carboniferous deposits as shown in the geological maps and 
sections by Navarro-Vázquez and Rodríguez-Fernández (1978), Bastida 
et al. (1984), Alonso et al. (1989) and Merino-Tomé et al. (2014) 
(Fig. 2a). 

A VOM was created from pictures taken in the field with a photo
graphic camera mounted on a tripod (Fig. 3a). Subsequently, an ortho
photograph derived from the VOM was geologically interpreted in order 
to obtain a geological cross section (Fig. 3c). A description of the 
outcrop, based on the visualization and geological interpretation of the 
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VOM, orthophotograph and cross section, is presented in the next 
paragraph. 

The rocks displayed in the virtual outcrop are limestones that belong 
to the Barcaliente Fm. of Carboniferous age according to Nav
arro-Vázquez et al. (1982) (Fig. 3a and b). The outcrop is formed by a 
train of metre-scale folds. In general, the axial surfaces of the folds dip 
steeply to the NE and the limbs of most folds dip towards opposite di
rections. There is a thick, competent limestone layer the middle part of 
the stratigraphic succession. Below this layer, the limestones are thinly 
bedded, while above it they have an intermediate thickness in between 
that of the thinly bedded layers and that of the thick layer. This 
competent layer behaves differently from the over- and underlying 
layers and in turn it is the boundary between mechanically different 
behaviours. Thus, this layer gives rise to a box syncline and a box 
anticline in the central part of the outcrop. The beds above this lime
stone layer exhibit hinge collapses in the anticline illustrated on the left 
side of the image, while the beds below this limestone layer are folded by 
many minor folds on the right side of the image. The anticlines and 
synclines illustrated in this VOM are second-order folds that have 
contributed to thicken the southwest limb of the larger-scale Vega de Los 
Viejos syncline. The syncline shown in the central part of the outcrop has 
been described in Poblet et al. (2022). 

4.1.3. San Emiliano 
This outcrop is located on the steep slope of a road near the San 

Emiliano village, in the southwest portion of the Cantabrian Zone and in 
the southern branch of the Ibero-Armorican Arc, where E-W trending 
structures dominate (Fig. 1). The outcrop is located in the north limb of 
the kilometre-scale Huergas-Valgrande anticline (Marcos, 1968), also 
known as Villasecino anticline (De Sitter and Van den Bosch, 1969) 
(Fig. 4a). This anticline is a tight and approximately upright fold that 
strikes E–W. A subvertical, E-W trending fault runs along the core of the 
anticline. This regional-scale anticline, interpreted as a Variscan fold 
that involves a Cambrian to Carboniferous stratigraphic succession, has 
been displayed in several geological maps and cross sections (De Sitter, 
1962; Marcos, 1968; Martínez-Álvarez et al., 1968; Alonso et al., 1989; 
Suárez-Rodríguez et al., 1991; Merino-Tomé et al., 2014) (Fig. 4a). 

A VOM was created using a photographic camera mounted on a 
tripod (Fig. 4b), and a cross section was obtained from the projection of 
the VOM geological interpretation onto a selected plane (Fig. 4c). The 
description of the outcrop below comes from the visualization and 
geological interpretation of the VOM and the cross section. 

The rocks shown in the virtual outcrop belong to the Carboniferous 
Alba (or Genicera) Fm., colloquially known as “Carboniferous griotte 
limestone”, according to the available geological maps (Rodrí
guez-Fernández et al., 1991) (Fig. 4b and c). In outline, this outcrop 
consists of a homoclinal set of layers that dip steeply to the NNW. Taking 
into account the behaviour of the layers regarding deformation, they 
may be divided into three mechanical units. The lower mechanical unit, 
located to the south-southeast, is mainly made up of red limestones 
(“griotte” facies) affected by large folds and faults, and the faults dip 
steeply. The intermediate mechanical unit, located in the central part of 
the outcrop, is formed by alternations of radiolarites and slates, and both 
folds and faults are more abundant than in the lower unit, they are 
smaller, and the faults display a wide range of dips. In the upper me
chanical unit, located to the north-northwest and constituted by grey 
limestones with some reddish shale interbeds, the faults are scarce. 
According to Masini et al. (2010a) this outcrop was tilted in a counter 
clockwise sense around an ENE-WSW subhorizontal axis. The structures 
make sense from the geological point of view when removing this 
rotation until the layers reach a sub-horizontal position. Thus, the lower 
mechanical unit corresponds to a thrust ramp anticline located in the 
hangingwall of a series of thrusts that dip to the N in the rotated image. 
This lower unit is detached from the underlying units (south-southeast 
main fault in Fig. 4c). A detachment located at the top of the lower unit 
separates this unit from the intermediate unit (central main fault in 

Fig. 4c). The intermediate mechanical unit displays several detachment 
folds with abundant minor thrusts. Another detachment separates the 
intermediate from the upper unit. The upper mechanical unit is almost 
undeformed. These structures are responsible for thickening the north 
limb of the larger-scale Huergas-Valgrande/Villasecino anticline. This 
virtual outcrop is presented here for the very first time, however, the 
reader can consult Masini et al. (2010b) and Bulnes et al. (2019) for 
further information on this outcrop. 

4.1.4. La Ballota 
This outcrop is a coastal cliff located in La Ballota Beach, in the 

northeastern part of the Cantabrian Zone and in the north branch of the 
Ibero-Armorican or Asturian Arc, where E–W trending structures are the 
most common ones (Fig. 1). La Ballota outcrop is only accessible during 
periods of low tide. The outcrop is located in the north limb of a 
hundred-metres long anticline located to the north of the Cue anticline 
(Fig. 5a). This anticline is a tight, E-W striking fold, whose axial surface 
dips steeply to the N. This anticline is interpreted as a ramp fold located 
in the hangingwall of an E–W, S-directed thrust that dips steeply to the 
N. This anticline is supposed to be a Variscan structure that involves an 
Ordovician, Devonian and Carboniferous succession according to the 
geological maps and sections constructed by Martínez-Álvarez (1965), 
Martínez-García (1980), Marquínez (1989), Merino-Tomé et al. (2014), 
De Ana (2015) and Bulnes et al. (2016) (Fig. 5a). 

A VOM was constructed using a photographic camera mounted on a 
tripod (Fig. 5b), and a cross section was obtained from the projection of 
the geological interpretation onto a selected plane (Fig. 5c). The main 
features of the outcrop are described below based on the geological 
interpretation of the VOM and on the cross section. 

According to Martínez-García et al. (1981) this outcrop is composed 
of limestones with slates that belong to the Carboniferous Alba Fm., also 
known as Genicera Fm. (Fig. 5b and c). This outcrop includes a very tight 
anticline in the north-northwest part and a closed syncline that occupies 
the central and south-southeast part of the outcrop. The hinge of the 
anticline shows extraordinary thickening at some incompetent strati
graphic levels. Both folds are a few metres wide and tall, and their axial 
surfaces are subvertical. The layers are cut and offset by abundant 
metre-scale, SSE directed thrusts whose dip varies from horizontal to 
subvertical since they are folded by the anticline and the syncline. In 
most of the trajectory of these thrusts, hangingwall flats over footwall 
flats occur, although some hangingwall and footwall ramps occur as 
well, specially near the anticline hinge and towards the south-southeast 
portion of the outcrop. Thus, this outcrop is basically a stack of folded 
thrust sheets. The axial surface of the folds, and in particular that of the 
syncline, do not exhibit a rectilinear path in cross-sectional view from 
the upper layers to the lower ones, but display “jumps” from one thrust 
sheet to the underlying one. The reason is that bedding surfaces were not 
parallel before folding because they had been cut and offset by thrusts. 
All these structures contributed to thicken the north limb of the 
larger-scale anticline located to the north of the Cue anticline. 

4.1.5. Andrín 
This outcrop is a coastal cliff located in the Andrín Beach, in the 

northeastern part of the Cantabrian Zone and in the north branch of the 
Ibero-Armorican or Asturian Arc, where the structures trend E–W 
(Fig. 1). The outcrop can only be visited during low tide periods. The 
outcrop belongs to the north limb (backlimb) of the kilometre-scale Cue 
anticline (Martínez-García et al., 1981), a closed, E–W striking fold, 
whose axial surface dips steeply to the N (Fig. 5a). The Cue anticline is 
interpreted as a ramp fold located in the hangingwall of an E–W thrust 
that dips steeply to the N and whose hangingwall exhibits a southwards 
sense of motion. The Cue anticline, developed during the Variscan 
orogeny, involves an Ordovician, Devonian and Carboniferous succes
sion as shown in the available geological maps and sections (Martí
nez-Álvarez, 1965; Martínez-García, 1980; Marquínez, 1989; 
Merino-Tomé et al., 2014; De Ana, 2015; Bulnes et al., 2016) (Fig. 5a). 
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A VOM was constructed using a photographic camera mounted on a 
tripod (Fig. 6a) and its geological interpretation was projected onto a 
selected plane to construct an undistorted geological cross-section 
(Fig. 6b). An outcrop description derived from the VOM interpretation 
and from the geological cross-section is presented below. 

The studied virtual outcrop consists of red limestones that belong to 
the Carboniferous Alba (or Genicera) Fm. according to the available 
geological maps (Martínez-García et al., 1981) (Fig. 6a and b). In the 
southeastern part of the outcrop, several metre-scale, tight anticlines 
and synclines, whose hinges exhibit thickening with respect to the limbs 
and whose limbs dip to the same direction, appear. The axial surfaces of 
these folds are curve; thus, they dip moderately upsection but progres
sively become gently dipping to the SE until they are subhorizontal 
downsection because they have subsequently been refolded by another 
set of folds, giving rise to type 3 fold interference patterns (Ramsay, 
1967). All these structures are located in the hangingwall of a 
decametre-scale, NW-directed reverse fault that dips steeply to the S and 
appears in the central part of the outcrop. In the footwall of this fault, i. 
e., in the northwestern part of the outcrop, a large syncline and a smaller 
anticline with thickened hinges, NW-dipping limbs and SW-dipping 
axial surfaces crop out. This virtual outcrop was presented in Martín 
et al. (2019), however, its structural features are described here for the 
very first time. 

4.2. Asturian Basin 

The Asturian Basin is an inverted extensional basin that crops out 
along the North Iberian Margin and extends northwards under the 
Cantabrian Sea (Fig. 1). This basin is filled in with a Permian-Triassic 
siliciclastic succession including some volcanoclastic, carbonate and 
evaporitic deposits, a Lower-Middle Jurassic succession composed of 
marls and limestones, an Upper Jurassic succession formed by marls, 
shales and sandstones with some limestones, and Cretaceous alterna
tions of siliciclastic and carbonate rocks (García-Ramos and Gutiér
rez-Claverol, 1995). The two most important angular unconformities 
within the basin are located in between the Permian-Triassic succession 
and the Variscan basement of the Cantabrian Zone, and between the 
Lower Jurassic marine successions and the continental/transitional 
Upper Jurassic rocks (Valenzuela et al., 1986). The internal structure of 
the basin mainly consists of Mesozoic normal faults of different orien
tations, some of them reactivated as reverse, oblique or strike-slip faults 
during a Cenozoic contractional episode, responsible for different modes 
of inversion tectonics from pure fault reactivation to buttressing struc
tures (e.g., Lepvrier and Martínez-García, 1990; Uzkeda et al., 2016). 

4.2.1. Cervigón 
This outcrop is a small part of a coastal cliff located in the Peñarrubia 

Beach, near the Cervigón viewpoint, in the north-northwest part of the 
emerged portion of the Asturian Basin (Fig. 1). Stones may fall from the 
top of the high cliff where the outcrop is located and the outcrop can 
only be visited during low tide periods. According to the available 
geological maps, the outcrop is located in the southwest limb of a 
kilometre-scale, very open syncline whose trend is NW-SE and involves a 
Jurassic succession (Fig. 7a and b). The portion of the basin where this 
outcrop is located was mapped in Beroiz et al. (1972b), Suárez-Vega 
(1974), Gutiérrez-Claverol et al. (2002), Merino-Tomé et al. (2014) and 
Odriozola (2016). 

The VOM constructed using images taken with a photographic 
camera mounted on a tripod (Fig. 7c) was the basis for a 3D geological 
model. A geological cross-section was obtained from the intersection of 
3D geological surfaces with a selected plane (Fig. 7d). An outcrop 
description, derived from the geological interpretation of the VOM, and 
from the 3D model and geological cross-section, is presented below. 

The studied virtual outcrop consists of marls and limestones that 
belong to the Rodiles Fm. of lower Early Jurassic age in this region 
(Suárez-Vega, 1974) (Fig. 7c and d). The most striking structures in this 

outcrop are a metre-scale monoclinal anticline and a monoclinal syn
cline; these open folds are asymmetric and their axial surfaces dip 
moderately to the E. Two metre-scale, W-directed reverse faults with 
small displacement are developed in the hinge zone of the folds. The 
asymmetry of the folds, the sense of motion of the reverse faults and the 
cross-cutting relationships with other structures, which will be discussed 
below, suggest that these folds and faults have a genetic relationship. 
The tip of the lower reverse fault ends up against the syncline axial 
surface, while the other reverse fault involves upper stratigraphic ho
rizons, runs through the common limb between the two folds and ends 
upsection as a hangingwall flat over a footwall flat. This suggests that 
the structure could be a fault-propagation fold related to the lower fault, 
while the other reverse fault would correspond to a breakthrough fault. 
An E-directed detachment, folded and offset by a reverse fault, occurs in 
the middle part of the stratigraphic succession. This detachment, in turn, 
cuts and offsets a metre-scale, E-directed normal fault with small 
displacement located in between the anticline and syncline hinges. The 
outcrop also includes a series of subvertical strike-slip faults; although 
these faults cut and offset the detachment, their temporal relationship 
with the folds, and the reverse and normal faults, are difficult to define 
since they develop in regions where the layers are flat-lying. Thus, apart 
from the strike-slip faults, the chronology of the structures would start 
with a normal fault, followed by a detachment, and finally the folds and 
reverse faults. The geometry of these structures suggests that the whole 
structure resulted from positive inversion tectonics so that the anticline 
hinge would nucleate in the normal fault hangingwall while the syncline 
in the footwall. The reader is referred to Uzkeda et al. (2018) for more 
information regarding this virtual outcrop. 

4.2.2. Buerres 
This outcrop is a coastal cliff located near the Huerres village, also 

called Buerres, in the north-northeast portion of the emerged portion of 
the Asturian Basin (Fig. 1). The cliff where the outcrop is located is high, 
so that stones can fall, and the outcrop can only be visited during low 
tide periods. The studied outcrop is located in the downthrown block of 
the Lastres fault, very close to the fault surface (Fig. 8a). This kilometre- 
scale, normal fault exhibits a NW-SE strike, dips steeply to the SW and 
involves Jurassic rocks (Uzkeda, 2013). The region around the studied 
outcrop was mapped by Beroiz et al. (1972a), Suárez-Vega (1974), 
Merino-Tomé et al. (2014) and Uzkeda et al. (2016) (Fig. 8a). 

A VOM was obtained using a photographic camera mounted on a 
tripod (Fig. 8b). Its geological interpretation was used to construct a 3D 
geological model and the intersection of 3D geological surfaces with a 
plane allowed us to construct a geological cross-section (Fig. 8c). Below 
is a description of the outcrop derived from the visualization and 
geological interpretation of the VOM and from the geological cross- 
section. 

The virtual outcrop analysed here involves marls and limestones that 
belong to the Rodiles Fm., whose age in this region ranges from Early to 
Middle Jurassic (Suárez-Vega, 1974) (Fig. 8b and c). One of the most 
important structures in this outcrop is a metre-scale, SSE-directed fault, 
that currently exhibits normal motion, dips steeply to the SSE, and is 
located in the north-northwest edge of the outcrop. In the fault hang
inwall, the layers are affected by a metre-scale, smooth 
anticline-syncline pair. The axial surfaces of these folds are subvertical, 
but the folds are slightly asymmetric since the south-southeast limb of 
the anticline is somewhat shorter and its dip is steeper than that of the 
north-northwest limb. The folded layers are cut and offset by a set of 
metre-scale, reverse faults with small displacements and gently dips to 
both the SSE and the NNW. They are thrusts and backthrusts. The 
cross-cutting relationships between the SSE-dipping and the 
NNW-dipping thrusts are complex, as some SSE-dipping thrusts cut and 
offset some NNW-dipping thrusts, but the opposite situation also occurs. 
This indicates that thrusts and backthrusts are approximately synchro
nous. Both the anticline-syncline pair and the thrusts and backthrusts 
are probably simultaneous structures. Since all these structures are only 
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developed in the hangingwall of the normal fault very close to it, they 
are interpreted as buttressing structures. This hypothesis is corroborated 
by the fact that the hangingwall succession includes more marls and 
shales than that in the fault footwall, i.e., the hangingwall rocks are less 
competent than the footwall ones. Thus, the initially normal fault was 
responsible for a buttressing effect and was reactivated as a reverse fault 
giving rise to a positive tectonic inversion structure. The reader is 
addressed to Uzkeda et al. (2018) for further information on this virtual 
outcrop. 

4.2.3. Peñarrubia 
This outcrop covers part of the coastal cliff, part of the beach and part 

of the platform located in the Peñarrubia Beach, in the north-northwest 
part of the emerged portion of the Asturian Basin (Fig. 1). Stones may 
fall from the upper parts of the high cliff and the platform can only be 
accessed during low tide periods. The outcrop comprises the hinge zone 
and both limbs of a kilometre-scale, NW-SE trending syncline. This 
smooth fold involves a Jurassic succession (Fig. 7a). Several geological 
maps illustrate the portion of the basin where this outcrop is located 
(Beroiz et al., 1972b; Suárez-Vega, 1974; Gutiérrez-Claverol et al., 2002; 
Merino-Tomé et al., 2014; Odriozola, 2016). 

A VOM created using a photographic camera mounted on an UAV 
(Fig. 9a) was used to construct a 3D geological model. A geological map 
was obtained from the interpretation of the 3D geological model over
lapped onto an orthophotograph of the outcrop (Fig. 9b). The geological 
description presented below is derived from the VOM geological inter
pretation, as well as from the 3D geological model and the geological 
map. 

This virtual outcrop is made up of alternations of marls and lime
stones that belong to the Rodiles Fm., which in this region has a lower 
Early Jurassic age, as well as of conglomerates, sandstones and shales of 
La Ñora Fm., whose age is Upper Jurassic according to Suárez-Vega 
(1974) (Fig. 9a and b). From a stratigraphic point of view, the map 
clearly shows an angular unconformity in between La Ñora Fm. and the 
Rodiles Fm., so that in the southwestern part of the outcrop La Ñora Fm. 
lays on older Rodiles Fm. beds (stratigraphic log C1 in Fig. 9b) than in 
the northeast part of the outcrop (stratigraphic log C2 in Fig. 9b). 
Regarding the structure, several NE-SW trending anticlines and syn
clines of hectometre lengths are recognized. Various faults have been 
also mapped. Most of these faults strike from ENE-WSW to NE-SW, reach 
a few hundred meters length, and cut and offset the traces of the 
aforementioned folds pointing out that they are younger. 

4.2.4. La Conejera 
This outcrop is a coastal cliff located in La Conejera Inlet, in the 

north-northeast part of the emerged portion of the Asturian Basin 
(Fig. 1). Stones may fall from the high cliff where the outcrop is located 
and part of the outcrop can only be visited during low tide periods. 
According to Uzkeda et al. (2013), this outcrop is supposed to show part 
of the kilometre-scale Villaviciosa fault (Fig. 10a). This fault is a NE-SW 
striking structure with vertical or steep dip to the SE that involves 
Mesozoic rocks in both fault blocks. The outcrop and surrounding re
gions were mapped by Pignatelli et al. (1972), Suárez-Vega (1974), 
Merino-Tomé et al. (2014), Uzkeda et al. (2016) and Granado et al. 
(2018) (Fig. 10a). 

Stereoscopical pairs of photographs of the outcrop were obtained 
using a photographic camera mounted on a tripod (Fig. 10b), and a 
geological cross-section was obtained from the projection of the 
geological interpretation onto two selected planes (Fig. 10c). We 
describe the outcrop below according to our geological interpretation of 
the stereoscopical pairs and to the geological cross-section. 

The marls and limestones that make up the studied virtual outcrop 
belong to the Rodiles Fm., with an age of Early Jurassic in this area 
(Suárez-Vega, 1974) (Fig. 10b and c). Two are the most important 
structures in this outcrop and both are located in the centre-northwest 
part of the outcrop. The first structure is a decametre-scale, normal 

fault that dips steeply to the SE and causes a notable layer displacement. 
The second one is a decametre-scale, open monoclinal anticline, whose 
southeast limb is subhorizontal whereas its northwest limb dips 
moderately to the NW against the fault mentioned above. The geometry 
of this monocline and its development in the hangingwall of the 
mentioned fault suggest that it could be interpreted as a rollover anti
cline related to the normal fault motion. On a metre-scale, there are 
abundant normal and reverse faults as well as folds. Reverse faults and 
folds postdate normal faults, are only developed in the hangingwall of 
the main fault and their density increases from the southeast towards the 
mentioned fault, while the interlimb angle of the folds decreases from 
the southeast towards the mentioned fault. The variation in the char
acteristics of these smaller-scale structures and their structural position 
suggest that they resulted from a buttressing phenomenon against the 
main normal fault causing its reactivation as a reverse fault. The fact that 
the rocks located in the footwall of the normal fault exhibit higher 
limestone and lesser marl contents than those located in the hangingwall 
is in agreement with this hypothesis. Thus, the overall structure of this 
outcrop resulted from positive inversion tectonics. We refer the reader to 
Uzkeda et al. (2013) for further information about the features of this 
virtual outcrop. 

5. Final considerations 

There is no doubt that the application of digital techniques to the 
study of natural geological structures is a significant advance in Struc
tural Geology, facilitating the process of collecting and processing field 
data and, in some situations, supplying additional information that 
would have been hard to obtain using traditional techniques solely. 
Once the images of the structures, their geological interpretation, as well 
as additional data, are “inside” our computer, a world of possibilities 
opens up to extract the information as geological maps and sections in 
any direction of space, as well as 3D geological models, which makes 
understanding them much faster and easier. 

Given their benefits, we encourage all the structural geologists to use 
digital techniques and create more VOMs all over the world. In this 
sense, this work might help all those structural geologists who would 
like to use digital techniques to construct 3D geological models, 
geological cross-sections and maps, and obtain additional structural 
data, from outcrops of natural structures. 

All the north-northwest Iberia outcrops studied here involve steep 
slopes (valley slopes, road slopes, coastal cliffs). On the one hand, the 
analysis of the VOMs has allowed obtaining dips, strikes and dip di
rections of layers, unconformities, faults, joints, fold limbs, fold axial 
surfaces, fold axes and intersection lines between beds and un
conformities, located in the inaccessible parts of the outcrops. On the 
other hand, outcrops such as Cacabillo, La Ballota, Andrín, Cervigón and 
La Conejera exhibit abundant inlets and outlets that make it difficult to 
correctly visualize and graphically represent the structures. However, 
the construction of VOMs has made it possible to visualize the 3D 
structural complexity and project the interpretations onto undistorted 
2D geological sections, which has greatly facilitated their understand
ing. In the case of large outcrops such as Cacabillo, Peñarrubia and La 
Conejera, the geological interpretation of the VOMs has permitted 
establishing local stratigraphic columns at outcrop scale, which has 
allowed the layers to be correlated from one edge to the other edge of the 
outcrop, and hence better understand the structures that affect them. 

The most obvious use of the VOMs of the north-northwest Iberian 
Peninsula presented here is related to research and involves deciphering 
their main structural features. However, they also represent a contri
bution as a virtual fieldtrip across this part of the world, and are inter
esting from the teaching point of view as well, especially if they are 
incorporated into platforms specifically designed for these purposes, 
such as 3DGaia (https://www.imagedreality.com/3d-gaia-vr-app). 
Regarding virtual fieldtrips and teaching, these VOMs could help Earth 
Science professionals and students to figure out the structural styles of 
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the Cantabrian Zone and the Asturian Basin, as well as to learn about 
contractional and inversion tectonics structures. Thus, they can 
remotely visualize the VOMs from different perspectives, interpret them 
and understand these outcrops located in regions of difficult access 
(steep slopes, cliffs by the sea, intertidal regions) at any time, but 
specially during times when carrying out fieldwork is not possible 
because of travel restrictions caused by pandemics or similar situations. 
In addition, these VOMs allow costs to be reduced because the virtual 
fieldtrips can be repeated as many times as desired and involve less 
travel, which in turn reduces the carbon footprint, while increasing the 
visibility of the geology of this part of the world as well as equality, since 
the outcrops are accessible to people with disabilities. 

The digital techniques have led to a sort of “revolution” within the 
Structural Geology, that advances day by day, and to which we should 
be aware, however, we believe we must continue combining both 
traditional and digital techniques because we found all of them useful 
and complimentary. 
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Mazzoli, S., 2014. Building a virtual outcrop, extracting geological information from 
it, and sharing the results in Google Earth via OpenPlot and Photoscan: an example 
from the Khaviz Anticline (Iran). Comput. Geosci. 63, 44–53. 
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