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20 Abstract
21 An in-house software for Computer Assisted Virtual Environments (CAVE™), called 3D Stereo Virtual
22 Drawing Tool (3D Stereo VDT), is presented through the interpretation of bedding and structural elements in
23 two virtual outcrops. The main purpose of this software is to perform geological interpretations of point clouds
24 through a friendly interface. 3D trackers allow the drawing of points and lines. Such elements may represent
25 all sorts of geological features: bedding, unconformities, fractures, fold axial surfaces, axes, etc. One of the
26 outcrops is a small, close-range point cloud constructed using field photographs of a beach cliff, whereas the
27 other is a bigger, aerial point cloud built with Google Earth images of a valley slope. Both irregular and partly
28 inaccessible outcrops consist of folded and faulted Palaeozoic rocks in the northwest portion of the Iberian
29 Peninsula. The 3D analysis of these outcrops allowed us to supply new orientation data as well as ideas
22 regarding the characteristics, origin and evolution of the mapped structures in relation to their setting.
gg Keywords: 3D geological dataset, aerial point cloud, close-range point cloud, Computer Assisted Virtual
34 Environment (CAVE™), geological interpretation, virtual outcrop
gg 1 Introduction
37 The technological advances developed in recent times have made easier to obtain 3D data in the field of Earth
38 Sciences. This has occurred both in the case of subsurface geology, with the introduction of 3D seismic volumes
39 (Biondi 2006 and references therein), and in the case of surface geology, with various techniques such as stereoscopic
40 visualization/interpretation of outcrop, aerial or satellite photographs using specific software (e.g., Berger et al. 1992;
41 Dueholm et al. 1993; Martin et al. 2013), obtaining data in the field using laser rangefinders or total stations (e.g., Xu
42 et al. 2001; Uzkeda et al. 2010), remote mapping from orthophotographs and geological maps draped over digital
43 elevation models managed using Geographical Information Systems (GIS) (e.g., Banerjee and Mitra 2004; Dhont et
44 al. 2005), and visualization/interpretation of virtual outcrops (e.g., Xu et al. 2000; Buckley et al. 2008; Hodgetts 2013)
45 amongst others. Nowadays, one of the most common methods employed to acquire 3D geological datasets from rock
46 outcrops is the creation of photorealistic virtual outcrops in the form of georeferenced point clouds or textured
a7 triangular meshes. The two most used strategies to generate these 3D digital models of outcrops are: Light Detection
48 and Ranging (LIDAR) / terrestrial laser scanner (TLS) (Pringle et al. 2004; Bellian et al. 2005; Trinks et al. 2005;
49 McCaffrey et al. 2010), and photogrammetry (Bemis et al. 2014; Svennevig et al. 2015; Corradetti 2017; Serensen
50 and Dueholm 2018; Serensen and Guarnieri 2018) along with the use of Global Positioning Systems (GPS) (Xu et al.
51 2000; Olariu et al. 2011; Minisini et al. 2014). However, extracting meaningful geological elements from virtual
52 outcrops is still a challenging task. The extraction of fractures from 3D digital outcrops has been the focus of a lot of
53 research. The main reason would be the wide range of applications fracture datasets have (e.g., structural geology,
54 hydrogeology, petroleum geology, engineering geology). Also, because fractures are, in some cases, relatively easy to
25 recognize from photorealistic images of outcrops and their geometry is relatively “predictable” to a certain extent.
o6 Semi-automatic and automatic methods have been developed in recent years to identify such fractures and related
o7 elements (e.g., Micklethwaite et al. 2012; Vasuki et al. 2014; Casini et al. 2016; Wang et al. 2017). On the contrary,
o8 interpretation of other geological elements (bedding, faults, folds, etc.) in a more classical sense from virtual outcrops
28 has received less attention (e.g., Trinks et al. 2005; Minisini et al. 2014; Tavani et al., 2014; Pavlis and Mason 2017).
61 One of the reasons why this type of interpretation is not so developed is that, for instance, bedding may be extremely
62
63 1
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difficult to identify in some photorealistic virtual outcrops, and in addition, its geometry may be almost unpredictable.

Taking into account the issues above, an in-house software, called 3D Stereo Virtual Drawing Tool (3D Stereo
VDT), specifically designed to visualize and carry out geological interpretations of virtual outcrops in the form of
point clouds is presented here. This software runs in a commercial Computer Assisted Virtual Environment (CAVE),
which offers a more immersive and intuitive manner to carry out the interpretation than other methods.

To demonstrate the full potential of the 3D Stereo VDT software, the geological interpretation of two outcrops of
Devonian and Carboniferous sedimentary rocks from the Cantabrian Zone, a foreland fold-and-thrust belt in the NW
Iberian Peninsula have been carried out. These rocks were intensely folded and faulted during the Variscan orogeny of
Carboniferous age, and therefore, bedding does not consist of simple planes but of complex geometric surfaces.
Furthermore, the sources from which the two point clouds were obtained are different: the point cloud of the first
outcrop (Andrin beach) came from photographs taken with a conventional camera in the field, whereas the point cloud
of the second outcrop (Cacabillo) was constructed using images extracted from Google Earth. The interpretation of
these outcrops, together with the measurement of some geological elements, allowed us to suggest some new
considerations about the geology of these areas.

2  Rationale for using a CAVE and 3D Stereo VDT

2.1 3D visualization: depth cues

One of the main issues a geologist faces when attempting to analyse a geological outcrop through a point cloud
is the lack of depth cues, which is a key factor for the easy interpretation of 2D images (Swanston and Wade 2001).
When a point cloud is shown on the screen, there is not almost any depth cue. Therefore, the geologist has to make a
large effort to imagine the actual 3D representation of what is depicted on the computer screen. There are two types of
cues to perceive depth: monocular, which only need one observer eye; and binocular (convergences and parallax or
retinal disparity), which require both eyes. The resultant depth seen is a compromise between all of them.

2.1.1 Monocular cues

As a rule, the monocular cues found in a flat image are considered psychological rather than physiological. The
only physiological cue is accommodation, i.e. the increase in optical power by an eye to remain focused on an object,
which is not applicable to such images. Some of the most common psychological monocular cues in flat images are:

1) Overlapping or interposition: the retinal image of one object partially obscures that of another making it
to appear closer to the observer.

2) Lighting and shading: colours change depending on their angle and distance from lights generating a
photorealistic effect.

3) Texture density: the greater the distance to the observer, the greater the density in the retinal pattern.

4) Perspective or conical projection: size and separation of objects decrease as the distance increases. This
is one of the most important monocular cues (Durand et al. 2003).

Unfortunately, none of these monocular cues is present in a point cloud, so depth perception must be based on
other cues.

2.1.2 Binocular cues

As previously stated, there are two binocular cues:

1) Convergence: it is a physiological cue, the eyes turn inward more when the observer is looking at a
nearby object than when observing distant ones. It is not applicable in a flat image.

2) Parallax: it is a basic cue of the sense of sight biologically linked to the brain. Each eye perceives a
slightly different relative position of the objects in the scene, and this difference is interpreted as a
measurement of depth. This is known also as retinal disparity or stereopsis (Howard and Rogers 1995;
Rogers and Bradshaw 1993). Regrettably, it is not available in most software tools used to deal with
point clouds.

Whereas it is necessary to view the world with two eyes in order to detect stereopsis, there is a functionally
similar cue to monocular vision based on the movement of the head from side to side called relative motion parallax.
It consists of relative motion between the retinal images of objects at different distances, as the observer’s head moves
laterally. The kinetic depth effect shows that relative motion may also act as a cue to depth even if seen by a stationary
observer (Dijkerman et al. 1999). This is the only depth cue available in most software tools used in analysis and
visualization of point clouds, and is the primary reason that geologists repeatedly move a point cloud dataset when
interpreting the data. As soon as the movement stops, the depth perception disappears.

2.2 Advantages of a CAVE

Considering the points above regarding depth cues, the use of a CAVE to visualize a point cloud is more than
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desirable. A CAVE is an immersive virtual reality environment invented at the University of Illinois in 1992
consisting of projectors, screens and mirrors within a room-sized cube. The users wear 3D glasses inside the CAVE to
see the 3D graphics generated and sensors track their movements. Computers control both the visual and the audio
aspect. In the virtual scene, user has both motion parallax and stereopsis cues available. He can navigate around the
point cloud walking within the CAVE (motion parallax), he can move the point cloud (motion parallax again), and he
perceives stereoscopically the depth at any moment (retinal disparity). The result is likely as “being there” but with
the advantage of being able to move freely around the object, applying any scale to the object (from metres to
hundreds of metres), dealing with any feature of interest directly in 3D, and being able to work with it even when
being far away from the real feature and without all the logistical and time limitations that arise when working in
certain environments. This capability is especially useful when working in areas of relatively complex geology,
where, for instance, there are features only visible at a certain scale or from a determined point of view or orientation.

The use of CAVE systems in Geosciences is not new since, at least, oil companies such as ARCO and Norsk
Hydro have installed immersive visualization rooms based on the CAVE, although they mainly employ them for
seismic data visualisation (http://wiki.aapg.org/3-D seismic_data: immersive visualization).

2.3 Peculiarities of 3D Stereo VDT

Software for 3D visualisation and interpretation of geological data, with similar functionalities, or even more
than those of 3D Stereo VDT, has been reported in the literature (Table 1). These software packages are aimed to
facilitate the work of Earth Science professionals, such as stratigraphers, geomorphologists, structural geologists,
engineering geologists, etc., who wish to obtain 3D geological datasets from rock outcrops.

Although they share a few features, some differences may make 3D Stereo VDT more suitable for these
scientists; these particularities are listed below.

1) All the previous software runs in personal computers/workstations, whereas 3D Stereo VDT runs in a
CAVE, which would result in better immersion, even when compared to those software that use virtual
reality headsets.

2) Apart from computer screens, some of the previous software support stereo views using different types
of shutter glasses and anaglyphs (Move, Lime, OpenPlot), however, these 3D systems are used only for
visualisation. By contrast, 3D Stereo VDT, as well as MOSIS and VRGS that support virtual reality
headsets, allow the user to perform geological interpretations directly in 3D on the point clouds by
using 3D trackers.

3) Previous available software uses the computer keyboard as an interface to introduce the different
commands, whereas 3D Stereo VDT and MOSIS employ specific controllers (Wii and HTC Vive
controllers, respectively).

3 Methodology

3.1  Software employed

The software 3D Stereo VDT allows users to perform geological interpretations over virtual outcrops created as
point clouds (Gargollo 2014; Moriano et al. in prep). This software was developed in-house by Santiago Martin. It
runs in WorldViz Vizard (version 4.0), is written in Python language and it occupies about 95 MB (including
examples). The software is to be used in a two-wall CAVE system (Fig. 1a). The screens, one horizontal and the other
vertical, have dimensions of 3 x 2.2 m and a resolution of 1400 x 1050 pixels each one. A single DELL workstation
(Intel © Xeon © CPU 2.60 GHz, 16 GB RAM, 64 bits), equipped with a single NVIDIA Quadro 5000, runs two
projectors Christie Mirage, S4k and S6k. NuVISION 60Gx shutter glasses were used, as well as an infrared optical
head tracker (ARTTRACK DTRACK 2 System, ART Inc.) with four cameras. The shutter glasses with the in-built
positioning system works in conjunction with a handheld device (Wii Remote, herein called Wiimote, + Nunchuk)
that operates as a controller to allow the geologist to identify and interpret geological features on the point cloud (Fig.
1b). The infrared cameras track the position of the user, to provide a correct view of the point cloud, and that of the
drawing tool. This allows digitizing the geological features at their accurate position. The user interface is a 3D
element linked to the handheld device position.

3D Stereo VDT can open two file types: OBJ Point Cloud (Wavefront 3D Object File) and VDT Project (Virtual
Drawing Tool). The point clouds, in ASCII format, may have colour and normal information for each point. To
convert a ply cloud (Polygon Model File) to OBJ format, the software MeshLab may be used. MeshLab is an open
source and portable software used to process and edit large meshes and point clouds that can be downloaded for free
from its official website: http://meshlab.sourceforge.net/. A VDT Project file is an internal file type, generated by 3D
Stereo VDT, used to save current work and continue editing later. This type of file stores all the lines created, as well
as the translation, rotation and scale modifications applied to the point cloud. The drawn elements, which may contain
colour information, can be exported to a DXF (Drawing Exchange Format) file in the original cloud’s coordinate
system (Fig. 2).
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With the data loaded, the user has a friendly interface, whose navigation diagram is presented in Fig. 3, to draw
points and polylines, and edit them using a controller whose colour, transparency and size may be changed. The
Nunchuk control stick and its trigger buttons (C and Z) are used primarily to move, rescale and rotate the point cloud.
The main tasks performed with the Wiimote (buttons 1, B, -, +, “Home”), whose position is continuously tracked by
infrared cameras, are the digitalization of geological elements of interest on the point cloud and controlling the
characteristics of the pointer and the features interpreted.

To facilitate geological interpretation, once created, lines can be extended, shortened and their shape changed by
adding points at the end of the line or within it, removing selected points, and moving points freely on the 3D space.
The whole line can be deleted as well. In addition, the line colours can be changed, by choosing within a palette of
available colours, their width can be broadened or thinned, and their length can be measured in cloud’s units (central-
left part of Fig. 3). The reason why the colour and widths of the lines can be changed is to use lines of different
colours and widths to distinguish different bed boundaries and unconformities, fractures and fault sets, fold axes and
axial surfaces, and other types of interesting geological elements. The purpose of measuring lines is, for example, to
measure thicknesses of certain layers in a particular area of the outcrop in order to help recognizing them in another
part of the outcrop by comparing their thicknesses amongst other features. The measurement of line lengths can also
be used from the structural point of view. For instance, it is possible to measure the displacement undergone by the
cut-off points of various horizons along a fault, and thus, determine whether the fault displacement remains constant
or it is variable. The variation of fault displacement in a certain direction is a diagnostic feature to distinguish different
types of fault-related folds in both contractional and extensional settings (e.g., McConnell et al. 1997). Moreover, 3D
Stereo VDT allows applying three different types of transformation options to the entire scene for visualization
purposes (upper-left part of Fig. 3). The scene may be scaled, translated on the XZ and XY axes and rotated along a
horizontal or vertical axis, with the centre of rotation located at the controller’s spatial position. As aforementioned,
all the operations are executed using the handheld device illustrated in Fig. 1b.

3.2 Point cloud generation

The point clouds with associated colour information from the corresponding images (x-y-z red-blue-green
[RGB] files), loaded into 3D Stereo VDT, may be created employing the free software VisualSFM
(http://ccwu.me/vsfm) (Wu 2013). This software follows the structure from motion system developed by Wu et al.
(2011) (see Carrivick et al. 2016 for a compendium of some applications of structure from motion in Earth Sciences),
and sorts out both the camera calibration problem (calculations of focal length, projection centre, radial distortion) and
the resection (determining the camera positions for each photograph). 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. In order to create the point cloud, sparse
reconstruction is run first, so that the bundle adjustment step uses multicore bundle adjustment automatically.
Subsequently, it comes the 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 Multi-view Stereo Software package
(CMVY) (https://www.di.ens.fr/cmvs/), developed by Y. Furukawa and J. Ponce. This software groups 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 reconstruction using the bundle adjustment. Four choices are possible in order to handle the point clouds
including millions of points with the objective of having better computer performance: a) down-sampling the point
cloud for large-scale interpretation when not so much detail is needed, b) dividing the point cloud into smaller
portions to be analysed independently, ¢) deleting areas without interest, and d) obtaining a textured triangulated
mesh. Since the chosen outcrops were of relatively manageable size, none of these procedures was necessary.

3.3 Advantages and disadvantages of the proposed method

The reason for developing this software for a fully immersive virtual environment, i.e. a CAVE, is that it has the
same advantages as working with virtual outcrops in standard computers (i.e. obtaining distortion-free 3D data, all of
the outcrop can be visualized including those portions hardly accessible in the field, data available at the laboratory to
be analysed and shared at any time), and, additionally, it offers two main further advantages.

1) Computer monitors simulate 3D views based on perspectives and contrasts between light and shadows
and different colours. In contrast, 3D geological interpretation of virtual outcrops in a fully-immersive,
virtual-reality environment, such as a CAVE, facilitates the interpreter task because it allows the user
to work “as being on the outcrop”.

2) In addition, virtual outcrop views in computer monitors require the interpreter to move, rotate and scale
(i.e. enlarge and reduce) the image, to properly interpret its geological features because views are
usually small. In contrast, geological interpretation in a CAVE requires much less operations because
of its larger size and because all the commands can be easily executed using the handheld device.
Unlike computer keyboards and conventional computer mice, the use of a Wiimote and a Nunchuk is

4
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more intuitive, facilitates the user's freedom of movement inside the CAVE in order to interpret the
point cloud and all the functionalities are concentrated in a few buttons.

Summarizing, a CAVE-based interpretation becomes more intuitive as it allows the user to focus on digitizing
and following the meaningful geological elements along the outcrop instead of searching for the best perspective, light
orientation, etc. This leads to a substantial time and effort saving. Of course, the main drawback is that a CAVE
infrastructure must be available which, in some cases, may be quite difficult because of its costs and room required.

Regarding the use of point clouds, they usually provide sufficient degree of detail for an optimal geological
interpretation of many outcrops. However, it is important to note that point clouds represent discrete data and in some
cases, such as very subtle texture changes in the rock face, this may become an obstacle for geological interpretation
when high level of detail is required. In these situations, visualizations using textured triangular meshes may be more
appropriate. Another obstacle derived from the use of point clouds is constructing point clouds from images with poor
texture, i.e. homogeneous rock faces. That is not always successful and large gaps of “no data” might occur because
the software is unable to match points in the different images.

4  Application to virtual outcrops

The two selected outcrops (Fig. 4) involve folded and faulted upper Palacozoic rocks from the foreland fold-and-
thrust belt of the Variscan Orogen at western Iberia, known as Cantabrian Zone (Lotze 1945; Julivert et al. 1972). In
the Cantabrian Zone a Palacozoic stratigraphic succession from Cambrian to Carboniferous crops out. It is made up of
both siliciclastic (shales, sandstones and conglomerates) and carbonate (marls, limestones and dolomites) sedimentary
rocks with sporadic volcanic and coal horizons. The Cantabrian Zone evolved mainly under diagenetic conditions and
only some particular regions underwent extremely low or low-grade metamorphism. This belt exhibits a thin-skinned
structural style, including different types of thrust systems and fault-related folds. Intense deformation and tectonic
foliation are lacking, except for specific, generally small areas (Julivert 1971, 1979, 1981, 1983; Savage 1979, 1981,
Pérez-Estatn et al. 1988; Pérez-Estaun and Bastida 1990; Alonso et al. 1992, 2009; Aller et al. 2004 amongst others).
The Cantabrian Zone has typical orogenic wedge morphology in section that thins toward the foreland (east). In map
view, the structures exhibit a curved trend around an approximately E-W axial surface, with the inner core to the east,
following an orocline called Asturian Arc (Fig. 4).

The seclected outcrops have irregular shapes with inlets and protrusions, as well as vertical, inclined and
horizontal outcrop faces. Thus, traditional geological interpretation of field photographs, and geological cross-sections
and structural sketches constructed directly in the field would produce distorted geometries of the structures. In
addition, both outcrops include inaccessible areas and bedding correlation along them is difficult because layers are
intensely folded and faulted. Due to these reasons, the methodology and workflow described above (Figs. 1, 2 and 3)
seemed to be the most appropriate strategy to obtain accurate geological data from these two examples.

4.1  Terrestrial, ground-based or close-range example: the Andrin outcrop

The first example consists of an approximately 40 m width, 30 m length and 40 m height outcrop in which rocks
are excellently exposed (Fig. 5). It is located in the cliff of the Andrin beach by the Cantabrian Sea (Asturias, Spain,
NW Iberian Peninsula).

4.1.1  Geological setting

From the geological point of view this outcrop is located in the northeastern part of the Cantabrian Zone
dominated by E-W trending structures (Fig. 4). This outcrop belongs to the north limb (backlimb) of the Cue anticline
(Martinez-Garcia et al. 1981) mapped by several authors (e.g., Martinez-Alvarez 1965; Martinez-Garcia 1980;
Marquinez 1989; Merino-Tomé et al. 2014; de Ana 2015; Bulnes et al. 2016) (Fig. 6a). The Cue anticline is a
kilometre-scale, close fold with E-W direction, whose axis plunges to the east and its axial plane dips steeply to the
north in the studied area. Both limbs of the Cue anticline dip to the north (Fig. 6b). The Cue anticline is interpreted as
a ramp fold located in the hangingwall of a kilometre-length, E-W thrust that dips steeply to the north and whose
hangingwall exhibits a southwards sense of motion.

The studied outcrop consists of red, nodular limestones, usually known as griotte facies (Fig. 5), that belong to
the upper part of the Alba Fm., Lower Carboniferous (Martinez-Garcia et al. 1981). The fact that these limestones
were well bedded allowed carrying out a detailed structural interpretation of the point cloud using the 3D Stereo VDT
software, estimate orientations of beds and structural elements, and measure bed thickness. The description of the
main structural features of this outcrop presented below is based on the geological interpretation carried out using the
3D Stereo VDT software.

4.1.2  Methodology and data collection

A set of 58 HDR (High Dynamic Range) photographs (Fig. 7a) (built using either five or three shots for each
image), taken in 2017 in the field using a conventional photographic camera, was used to construct the point cloud.
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The final point cloud consisted of 0.97 million points (Fig. 8). In order to obtain proper 3-D coordinates for the
geological features interpreted in the point cloud, as well as proper measurements of plane and line orientations and
lengths, the point cloud was referenced to its geographical position with its appropriate orientation and dimensions.
To georeference the point cloud, coordinates of three ground control points (GCP) along the studied area were taken
in the field using a combination of total station and differential GPS, and were subsequently processed using the
software VisualSFM. To estimate the error, the point to point comparison method (Fonstad et al. 2013) was used. This
consisted of using ten check points recorded in the field and left out of the point cloud generation procedure. Both the
control and check points used were natural points easy to recognize such as intersections between beds and joints,
changes in rock colour, significant topographic features, etc. These points were taken evenly spread along the outcrop
to cover the whole scene and distributed at different depths of view. The root mean square error (RMSE) estimated
was 24 cm and the mean deviation was 9 cm. This example illustrates that the CAVE version of 3D Stereo VDT
software allows the user to visualize and interpret point clouds obtained from traditional photographs of outcrops.
Point clouds constructed using data from LIDAR / TLS and Unmanned Aerial Vehicles (UAVs) (Bemis et al. 2014;
Fernandez-Lozano and Gutiérrez-Alonso 2016) can also be visualized and interpreted from the geological point of
view using 3D Stereo VDT.

4.1.3  Outcrop description from the point cloud interpretation

The main structural element of the outcrop is a decametre-scale anticline-syncline pair well exposed in the
northeast portion of the outcrop (Fig. 8). These folds are cut and offset by a decametre-scale fault that divides the
outcrop in two parts. The southeastern limb of the anticline dips about 25° to the southeast, whereas its northwestern
limb (inverted and common with the syncline) and the northwestern limb of the syncline dip around 60° also to the
southeast. The axial planes of these folds strike approximately ENE-WSW; the anticline axial surface dips about 80°
to the south-southeast, whereas the syncline axial surface dips around 55° also to the south-southeast. These strike and
dip values were estimated by obtaining coordinates of several points belonging to the axial surface traces of the folds,
mapped on the point cloud, and fitting planes through them using a method called moment of inertia analysis
(Fernandez 2005). This method was implemented in an in-house script, within Matlab environment, developed by one
of the authors of this paper (Hodei Uzkeda). The axes of both folds are subhorizontal, in general plunging less than
20° to the east, being NO70°E the mean direction. They are relatively close folds, although the syncline becomes
tighter towards the west-southwest, in the southern fault block. Second-order folds occur along the limbs of these
major folds. They are small, around 1 m wavelength, detachment folds. The fault mentioned above exhibits a NW-SE
strike (around NO60°W), is almost vertical (85° dip to the southwest) and it seems to sink the southwestern block a
few metres. Again, the fault orientation was estimated by obtaining coordinates of several points along the fault trace,
mapped on the point cloud, and fitting planes through them.

4.1.4  Discussion of the results obtained from the Andrin outcrop

The spatial and temporal relationships between the north-vergent folds mapped using the point cloud (Figs. 5 and
8) and the larger-scale, south-vergent Cue anticline (Fig. 6) have been previously discussed in Bulnes et al. (2016).
These authors propose three hypotheses based exclusively on field data.

1) The folds could have been developed before amplification of the Cue anticline, disconnected from it
and related to the two thrusts recognized in the vicinity of the outcrop, one directed towards the north
and another directed towards the south (Fig. 6b). The folds could have developed either in an
accommodation zone of intense ductile deformation at the upper tip of the south-directed thrust, or due
to the motion of the north-directed thrust.

2) The folds could also be the result of layer-parallel shortening in early stages prior to the Cue anticline
amplification. The present-day vergence of these folds would result from the tilting suffered by the
layers in the backlimb of the Cue anticline developed afterwards, so that these folds would have
originated with subvertical or steeply dipping axial planes.

3) The folds could have originated during the development of the Cue anticline in a relatively ductile
retro-vergence zone located on the backlimb of the Cue anticline. In this sense, the general structure
would be similar to some extent to some natural (e.g. Alonso and Teixell 1992) and experimental (e.g.
Huiqi et al. 1992) ramp folds developed in the hangingwall of thrusts, which include backthrusts or
shear zones in their backlimbs.

The construction of a point cloud covering a much wider region of the Cue anticline, especially in areas with a
large number of minor folds, would provide additional data from inaccessible areas that could be essential to check
the three hypothesis and decipher which one fits better the data.

In order to determine the possible errors made in the geological interpretation of the point cloud, strike and dip
measurements of beds, as well as measurements of bed thickness, taken on the point cloud were compared with field
measurements taken on the accessible portions of the outcrop (Fig. 9). The RMSE, expressed as the angle between the
bedding dip data measured in the field and on the cloud, is 7.5° and the average deviation is 1.7°. In relation to bed
thickness, the RMSE is 7.2 cm (8.2%) and the average deviation is 3.3 cm (3.5%). The dip discrepancies were similar
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to those obtained by Cawood et al. (2017) when comparing orientations measured in the field with those of fitted
surfaces extracted from point clouds created by photogrammetry in areas with an adequate coverage. Considering the
errors due to the irregularity of the bedding surfaces, those made when carrying out the geological interpretations and
measurements, those derived from the measurement instruments, and those derived from the point cloud construction,
it would be reasonable to conclude that the errors on the orientations and thickness of bedding surfaces support the
accuracy of the point cloud constructed for geological purposes and that of the 3D Stereo VDT software created for
geological interpretation.

A rigorous fold analysis requires the construction of profiles perpendicular to the fold axes. The construction of
fold profiles using graphical techniques has been carried out by hand for many decades and more recently with
specific software because it is a laborious task, particularly when a lot of detail is required. The use of a point cloud is
a clear advantage because allows a fast construction of fold profiles. A section across a metre-scale anticline obtained
from the interpretation of a field photograph, taken as much perpendicular as possible to the anticline axis (Fig. 10a),
is compared to an anticline profile extracted from the point cloud. The comparison is based on determining the fold
class using Ramsay (1967) diagram employing both cross sections (Figure 10b). To carry out the classification,
isogons have been drawn on the photogeological interpretation and on the point-cloud derived profile (Figs 10c and
10d). The results obtained from both sections were similar in the case of the southeast fold limb, which belonged to
class 1C (i.e., thickened hinge folds) tending to class 2 (i.c., similar folds) (Fig. 10b). However, this was not the case
for the northwest fold limb. The northwest fold limb in the geological profile derived from the point cloud was also
classified as class 1C tending to class 2. In contrast, the geological section derived from the photointerpretation
pointed to an approximately class 1B fold limb. Three different issues arose when comparing the results obtained
from the geological interpretation of a conventional field photograph with those from the 3D geological interpretation
of the point cloud.

1) Regarding the anticline sections, the southeast fold limb is thinner than the northwest one and the hinge
thickness is similar to that of the northwest limb in the geological section derived from the
photointerpretation (Fig. 10c). However, both limbs have a relatively similar thickness and the hinge is
thicker than the fold limbs in the geological profile derived from the point cloud interpretation (Fig.
10d).

2) Regarding the isogons, the anticline exhibits a convergent pattern towards the inner fold core in both
the photograph-derived cross section and in the point cloud-derived profile. However, the isogon
pattern on the photointerpretation (Fig. 10c) is more irregular than that on the point cloud interpretation
(Fig. 10d).

3) Regarding the fold class, the anticline limbs belong to different classes according to the analysis of the
geological section obtained from the photointerpretation, whereas both anticline limbs belong to the
same class according to the analysis of the geological profile obtained from the point cloud
interpretation (Fig. 10b).

The cross-sectional geometry of the anticline, the isogon pattern and the classification of the fold limbs obtained
from the point cloud make more sense from the geological point of view, and are more accurate and more reliable
than those obtained from the field photograph. This is an expected result because the section derived from the field
photograph is not strictly perpendicular to the anticline axis. In addition, other discrepancies between both are due to
the uneven erosion of the outcrop that gave rise to an irregular morphology and made it difficult to obtain suitable
views using conventional photographs.

4.2 Aerial example: the Cacabillo outcrop

The second example consists of an approximately 1.2 km? region, with very good outcrop quality (Fig. 11). It is
located to the north of a small locality called Cacabillo at the headwaters of the Sil river in the Cantabrian Mountains
(Ledn, Spain, NW Iberian Peninsula).

4.2.1  Geological setting

From the geological point of view the studied region belongs to the southwestern portion of the Cantabrian Zone
close to the arc core where NW-SE trending structures predominate (Fig. 4). The studied area, displayed in various
geological maps and cross sections (e.g., Navarro Vazquez and Rodriguez Fernandez 1979; Bastida et al. 1984;
Heredia, 1984; Bastida and Gutiérrez 1989; Merino-Tomé et al. 2014) (Fig. 12a), is located in the hinge zone of the
Cacabillo anticline (Navarro Vazquez and Rodriguez Fernandez 1979), also known as Puerto de Somiedo anticline
(Bastida et al. 1984). This anticline is a NW-SE trending, kilometre-scale, tight fold that exhibits several second-order
folds developed in its hinge. A subvertical, NW-SE trending fault of several kilometres length but small displacement
occurs in the core of the Cacabillo/Puerto de Somiedo anticline, separating the southwest-dipping limb from the hinge
and the northeast-dipping limb (Fig. 12b).

The rocks that crop out in the studied region belong to two Devonian stratigraphic units, which from bottom to
top are: La Vid Gr. and Santa Lucia Fm. (Figs. 11 and 12). La Vid Gr. (Lower Devonian) is mainly composed of
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interbedded dolostones, slates, limestones and marls, whereas the Santa Lucia Fm. (Lower to Middle Devonian) is a
limestone unit with sparse marls and slates (Navarro Vazquez et al. 1982). The distinct lithologies within these two
stratigraphic units exhibited a different response in the point cloud in terms of slope and outcrop quality, which
facilitated mapping their boundaries. In addition, the presence of well-stratified portions of the stratigraphic sequence
allowed a detailed interpretation of the virtual outcrop from the structural point of view using the 3D Stereo VDT
software (Fig. 13). Moreover, orientation of some beds and structural elements could be estimated accurately. Below
it is the description of the most important structural features of this outcrop on the basis of the geological
interpretation carried out using 3D Stereo VDT.

4.2.2  Methodology and data collection

Similarly to taking pictures using a photographic camera, a number of images (80) of the study region were
taken from different viewpoints using the “save as” option in Google Earth (Fig. 7b). They were subsequently
employed to build the point cloud. The Google Earth images of this region used to construct the point cloud were
acquired in 2017. The resulting point cloud had 6.02 million points (Fig. 13). To georeference the point cloud in its
correct geographical position taking into account its appropriate orientation and dimensions, coordinates of four GCP
were measured along the area. These points were extracted from Google Earth as some parts of the outcrop were
virtually inaccessible, which prevented taking them directly on the field. This was a vital issue as it allowed us an
approximate identification of 3D coordinates of interpreted geological features on the point cloud, as well as accurate
measurements of plane and line orientations and lengths. The software VisualSFM was used to carry out this step. The
coordinates of five check points, measured on the Google Earth images but not used during the point cloud generation
procedure, were used to estimate the error using the point to point comparison method (Fonstad et al. 2013). These
points were taken at even intervals along the outcrop to cover the whole scene and distributed at different depths of
view. The RMSE estimated was 4.0 m and the mean deviation was 1.5 m. This example shows how point clouds
derived from Google Earth may be loaded and interpreted in the CAVE using the 3D Stereo VDT software (Fig. 1a)
which is capable of dealing with point clouds derived from aerial or other type of long range photographs. The main
advantage of working with Google Earth images instead of using traditional aerial photographs is that the user has
control of the orientation, position and level of detail of the images. This flexibility allows, for example, creating point
clouds with high point density for areas of special interest, such as zones where small features (metre- to decametre-
scale, depending on the available image resolution) predominate. The employment of Google Earth images may also
be helpful when working in remote arecas where no aerial photographs, ortophotographs or digital elevation models
(DEM) are available or in inaccessible regions. In fact, the point cloud presented corresponds to a mountainous region
difficult to access except for experienced climbers.

4.2.3  Outcrop description from the point cloud interpretation

The main structural elements of the studied region are close to relatively open, hectometre-scale folds, in
particular two major anticlines and two synclines (Fig. 13). The axial surfaces of these major folds dip from 80° to
vertical either to the northeast or to the southwest, and strike approximately NW-SE, between N030°W and N040°W
(Fig. 14). With regard to bedding, we have only been able to measure the orientation of the stratification surfaces on
the northeast limbs of the folds due to the outcrop shape. The strike of these beds ranges from N045°W to NO15°E
with dips from 30° to 45° to the northeast. All these strike and dip values were calculated by fitting planes along
coordinates of points belonging to axial surface and bedding traces, mapped on the point cloud, using the moment of
inertia analysis (Fernandez 2005) implemented in an in-house script within Matlab environment. There are also
several eastward-directed major thrusts, whose strikes are approximately NNE-SSW. These thrust faults are deformed
by the folds described above and show staircase geometries with flats developed within the incompetent units and
ramps cutting across competent units. Additionally, some minor planar faults with apparent decametre-scale
displacements are particularly visible in the northeast limb of the easternmost anticline. These faults cut and offset the
major fold limbs and, in some cases, the thrusts. These minor faults strike around N-S (between NO10°W and
NO35°E) and their dip ranges from 40° to 80° to the west (Fig. 14). Apart from the faults described above, other minor
faults in terms of cartographic extent and displacement, cut and offset the hinge and southwest limb of the
westernmost major syncline. These minor faults exhibit NW-SE strikes (from N030°W to N050°W) and dips above
55° either to the northeast or to the southwest. Again, the orientation of these minor faults was determined through
fitting planes along coordinates of points belonging to the fault traces mapped on the point cloud.

4.2.4  Discussion of the results obtained from the Cacabillo outcrop

The geological structures mapped on the virtual outcrop analysed allowed us to provide some ideas on the main
features of the Cacabillo/Puerto de Somiedo anticline and on the structural history of the region. The folds recognized
in the point cloud might be interpreted as second order folds associated with the larger-scale Cacabillo/Puerto de
Somiedo anticline, since the strike and dip of their axial planes, and at least those of one of their limbs, is consistent
with the map-scale orientation of the Cacabillo/Puerto de Somiedo anticline. In addition, the asymmetry of these
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second order folds is consistent with its structural position on the northeast limb of the Cacabillo/Puerto de Somiedo
anticline. Thus, the Cacabillo/Puerto de Somiedo anticline is not a parallel fold but corresponds to a structure whose
core is thickened mainly by second order folds accompanied by thrusts. In relation to the structural history of the
region, the thrusts involve relatively small displacements, duplicate stratigraphic units, and occurred before the folds,
or perhaps simultaneously, but in any case the folds were active for longer so that they ended up folding the thrusts.
The minor faults, that cut and offset especially the limbs of the folds, developed after the thrusts although its structural
relationship with the traces of the minor folds is unclear.

The projection of the virtual outcrop interpretation onto different section planes was compared to a field cross-
section constructed by Bastida et al. (1984) (Fig. 15a). The strike of the section planes chosen is perpendicular to that
of the axial planes measured on the point cloud and plotted in Fig. 14; the orientation of these axial planes is
consistent with those presented in previous regional geological maps and sections across the area (Bastida et al. 1984;
Heredia, 1984). Section planes with different inclinations were tested as it was not possible to measure fold axes on
the point cloud, and in addition, Bastida et al. (1984) mentioned the occurrence of fold axes of variable plunge near
the study area. The overall geometry of the structures is similar, especially when comparing the field interpretation
(Fig. 15a) and the vertical section (Fig. 15b). In all the cross sections beds maintain approximately constant thickness,
except for a thick ductile layer located at the lower part of the Santa Lucia Fm. that exhibits a thickness increase in the
hinge zone of the folds located at the southwest part of the sections. Thus, folds are approximately parallel. The
apparent structural relief of the folds and the ductile layer thickness in the hinge zone decrease as the section plane
becomes more perpendicular to the fold axes, and therefore, they become closer to the actual values. The major
difference is the scale of the sections. Since the scale of the point cloud is correct as it was validated with check
points, the scale of the field interpretation would have been overestimated and might mislead to incorrect values if
used, for instance, to attempt to measure bed thicknesses, lengths, and/or dips, fault slips and/or cross-sectional areas.
Thus, the point cloud interpretation would be more reliable for taking these measurements.

Unfortunately, it was not possible to determine to what extent this point cloud and its geological interpretation
were correct or the degree of error they had. We could not compare the orientation of the structural elements of folds
and faults obtained from the point cloud with values measured directly in the field, since, as mentioned above, most of
the outcrop was inaccessible. However, the values of strikes and dips of axial surfaces of folds, bedding and faults
presented above, measured on the virtual outcrop, could hardly have been obtained in the field.

5 Conclusions

3D Stereo VDT, a new in-house software for CAVE platforms, proved to be a valuable tool for the interpretation
of virtual outcrops from the geological point of view. The full potential of this software was demonstrated through its
application to two examples of folded and faulted upper Palacozoic sedimentary rocks from the north and south
portion of the Cantabrian Zone (NW Iberian Peninsula). The two point clouds employed came from different sources.
One of them corresponded to a relatively small outcrop (metre-scale) located on a coastal cliff, whose point cloud was
constructed using close range terrestrial methods (i.e. field photographs). The other outcrop was a valley slope outcrop
(hectometre-scale) situated in a mountainous area, whose point cloud was constructed using Google Earth images (i.e.
an aerial example). The geological interpretations of the two virtual outcrops were carried out in a short time because
the 3D Stereo VDT commands are relatively intuitive and easy to use. 3D Stereo VDT software facilitated detailed
geological interpretations because it supplied correct views of the structures that eased the structural interpretation in
spite of the irregular morphology of the outcrops. In addition, 3D Stereo VDT allowed the correct correlation of the
different stratigraphic horizons along the outcrops even though beds are folded, repeated by thrusts, and cut and offset
by faults. The 3D geological interpretations were used to calculate dips and strikes of geological elements by fitting
planes to points belonging to their cartographic traces mapped on the point clouds. A measurement tool implemented
in 3D Stereo VDT permitted the calculation of bed thickness to compare beds in different portions of the outcrop. The
comparison of point cloud and field measurements supports the accuracy of the point cloud and their geological
interpretations.

The new 3D geological interpretations of the Andrin and Cacabillo outcrops made possible to better understand
the main characteristics of the mapped structures, as well as their spatial and temporal relationships with the larger-
scale anticlines to which the studied outcrops belong. The Andrin outcrop consists of an anticline-syncline pair offset
by a subvertical fault; the folds belong to class 1C, are close and north-vergent. The Cacabillo outcrop is made up of a
fold train including two anticlines and two synclines that bend thrust faults; the folds are approximately parallel, close
to open and exhibit subvertical axial surfaces. Bed boundaries, faults and fold axial surfaces interpreted on the point
clouds were the basis for the generation of geological cross-sections, but they can be also employed to construct 3D
geological models and/or geological maps.

Geological interpretation of virtual outcrops should be promoted amongst the scientific community because it
helps understanding them since they are visualized and interpreted in 3D and, in addition, it supplies 3D geological
datasets. This has the advantage of allowing data extraction and, in turn, quantitative analysis of even remote,
inaccessible portions of the structures. Moreover, it has applications in both academia and industry. For example, use
as geological field teaching aids, exploratory scientific interest and as 3D data sets used for hydrocarbon analogue
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analysis.
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Figure captions

Fig. 1 a Photograph of a user wearing shutter glasses with the in-built positioning system and interpreting the Cacabillo virtual outcrop shown in
Fig. 13 within the CAVE and employing the software 3D Stereo VDT. b Specific controller (Wiimote + Nunchuk) to carry out the geological
interpretation. Infrared cameras track the user movement.

Fig. 2 Simplified workflow for the creation and geological interpretation of photorealistic virtual outcrops in order to construct cross sections and
3D models using the CAVE version of the 3D Stereo VDT software

Fig. 3 Navigation diagram of the 3D Stereo VDT software for CAVE. The four main controls are displayed within circles at the upper portion of
the figure. The different square dark grey controls displayed on the central left part of the figure refer to the different transformations that can be
applied to lines. The square light grey controls on the central right part of the figure correspond to controller configuration

Fig. 4 Structural sketch of the Cantabrian Zone (Variscan foreland fold and thrust belt) in the core of the Ibero-Armorican or Asturian Arc showing
the location of the two selected outcrops: Andrin (close-range example, N43.41°, W4.71°) and Cacabillos (aerial example, N42.99°, W6.20°).
Simplified from Pérez-Estaun et al. (1988)

Fig. 5 Picture of the Andrin outcrop taken with a conventional photographic camera in 2017. The height of the most elevated point in the
foreground mountain with respect to the beach sand is approximately 9 m

Fig. 6 a Geological map and b geological section across the eastern portion of the Cue anticline showing the position of the Andrin outcrop. The
cross section line is indicated in a. Modified from de Ana (2015)

Fig. 7 a Andrin and b Cacabillo outcrops' sparse point clouds showing the camera position used for taking the images. The scale is approximate

Fig. 8 Horizontal views a to the SW, b to the WSW, ¢ to the W, and d to the SSW of the Andrin outcrop’s point cloud and interpretation of key
beds, main fold axial surfaces and faults carried out using the CAVE version of the software 3D Stereo VDT. The green planes indicate the position
of the data used to compare field and virtual orientation measurements. The white square in a indicates the position of Fig. 10. See Figs. 4 and 6 for

location of the outcrop

Fig. 9 a Equal area projection in the lower hemisphere using the software Stereonet of the poles of bedding measured directly in the field and on the
virtual outcrop of the Andrin example shown in Fig. 8. Lines connect dip data measured in the field and on the virtual outcrop at the same position.
b Bed thickness measured directly in the field and on the virtual outcrop of the Andrin example shown in Fig. 8. Adjacent bars correspond to
measurements taken at the same localities. Only those measurements taken in the accessible parts of the outcrop are shown

Fig. 10 a Photointerpretation of a small-scale anticline over a field picture taken with a conventional photographic camera. b Ramsay graph for fold
classification including data from the geological section derived from the photointerpretation depicted in ¢ and from the geological profile derived
from the 3D dataset depicted in d. Compare the different paths obtained. ¢ Isogon pattern of the anticline constructed on the geological section
resulting from the photointerpretation illustrated in a. d Isogon pattern of the anticline constructed on a geological profile obtained from projecting
the 3D geological interpretation of the point cloud using 3D Stereo VDT onto a plane striking NO58°W. See location of the anticline within the
Andrin outcrop in Fig. 8

Fig. 11 a Picture of the Cacabillo outcrop extracted from 2017 Google Earth images. The height difference between the bottom of the valley where
the Sil River is located (lower part of the picture) and the highest peaks (to the northwest of Cacabillo) is approximately 500 m. b Picture of the
Cacabillo outcrop taken with a conventional photographic camera

Fig. 12 a Geological map and b geological section across the Cacabillo/Puerto de Somiedo anticline and adjacent structures showing the position of
the Cacabillo outcrop. The cross section line is indicated in a. Simplified from Bastida et al. (1984)

Fig. 13 a Top, b inclined to the NW, and ¢ horizontal to the N views of the Cacabillo-outcrop point cloud including an interpretation of key beds,
main fold axial surfaces and faults carried out using the CAVE version of the software 3D Stereo VDT. See Figs. 4 and 12 for location of the
outcrop

Fig. 14 Equal area projection in the lower hemisphere using the software Stereonet of measurements of axial surfaces of major folds, bedding
measured in the northeast limb of the major folds and faults cutting and offsetting the limbs of the major folds in the Cacabillo example shown in
Fig. 13. All the measurements plotted have been obtained from the virtual outcrop shown in Fig. 13
Fig. 15 Comparison of three geological sections across the Cacabillo outcrop. a Cross section constructed in the field (modified from Bastida et al.

1984). b Cross section constructed by plotting the 3D geological interpretation of the point cloud onto the plane 145/90. ¢ Cross section constructed
by plotting the 3D geological interpretation of the point cloud onto the plane 145/80

Table captions

Table 1 List of available software for 3D visualization and/or geological interpretation.
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Software Developer Hardware 3D Visualization 3D trackers (interpretation)  Input tools Reference
3D Stereo Santiago Martin (Universidad de Wiimote + .
VDT Oviedo, Spain) CAVE Shutter glasses + CAVE Yes Nunchuk This paper
Uni Research CIPR Bergen Keyboard +
Lime (Norway) & University of Aberdeen  PC / Workstation  Shutter glasses / anaglyphs No Kdouse http://virtualoutcrop.com/lime
(UK)
L. Gonzaga Jr., M.R. Veronez, G.L.
Kannenberg, D. Nunes Alves, L.
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. / Mobile controller
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Cazarin
. . Keyboard + )
MOVE Midland Valley PC / Workstation ~ Shutter glasses / anaglyphs No Mouse http://www.mve.com/software
S. Tavani (Universita degli Studi di . Keyboard + . .
OpenPlot Napoli Federico I, Italy) PC/ Workstation  Shutter glasses / anaglyphs No Mouse http://www.openplot.altervista.org
G. Marx Bellina, F.M. Wohnrath
Outcrop Tognoli & M.R. Veronez . Keyboard + .
Explorer Wi o Wallo 1R Gl PC / Workstation No No Mouse Marx Bellina et al., 2016
Sinos, Brazil)
VGRS D. Hodgetts (The University of PC / Workstation VR headset Yes Kel\};})g)f;: - http://www.vrgeoscience.com
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Dear Editor,

We have modified both the text and figures according to all the comments (general
and minor comments) suggested by reviewer 1 and reviewer 2. Only one
suggestion has not been introduced: we have not been able to measure more dips
and strikes of bedding in the 3D model of the Cacabillo outcrop in order to
estimate the fold axis.

Yours sincerely,

Santiago Martin, Hodei Uzkeda, Josep Poblet and Mayte Bulnes
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