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Abstract: In this paper, we have adopted a modern, cutting-edge methodology to make geoheritage
sites (geosites) available and explorable worldwide, through both immersive and non-immersive
virtual reality, particularly suitable also in COVID-19 times. In doing this, we have focused our
attention on five different outcroppings, shallow magma bodies in Iceland: such geological objects,
although being often underestimated, are, on the contrary, very suitable for geoheritage populariza-
tion purposes. These outstanding outcrops have been transformed in virtual outcrops (VOs) through
UAV-based photogrammetry 3D modelling, and have been uploaded on a brand-new, dedicated
online resource (GeoVires Virtual Reality Lab for Earth Sciences) which is accessible worldwide for
Earth Science teaching and communication. As already stressed above, the choice of these Icelandic
shallow magma bodies has been suggested by the fact that such geological objects, although extraor-
dinarily challenging both in terms of geotourism and teaching, are seldom the object of attention
from the international scientific community. The five VOs are defined here as virtual geosites (VGs)
because they are, indeed, geosites that are fully accessible with a smartphone, a tablet, or a PC;
moreover, each is provided with a detailed description and notes available during 3D exploration.
Our work could represent a model for future, similar efforts aimed at popularizing Earth Sciences
and making geoheritage available to a broad public through VGs.

Keywords: Iceland; photogrammetry; geoheritage; geosite; geomorphosite

1. Introduction

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2, the pathogen
responsible for the COVID-19 pandemic) has been reported in each of the world’s countries.
As of 26 January 2021, there were 98,925,221 confirmed cases and the death toll totaled
2,127,294 worldwide (https:/ /www.who.int/publications/m /item /weekly, operational-
update-on-COVID-19—26-january-2021 (accessed on 29 January 2021). To prevent the
spread of COVID-19, most countries have implemented unprecedented restrictions, such
as border shutdowns, domestic travel restrictions, limitations to public gatherings, and the
closure of schools, shops, and restaurants. The lockdown of schools and universities across
the world has particularly affected Earth Science teaching and communication, which
usually entails field activity with the involvement of large student groups, field survey to
foreign countries, and participation in face-to-face meetings, workshops, and congresses.
In order to cope with these circumstances, sharing teaching and research materials online
has become of paramount importance and also may be a key option when the present
health crisis is over. A special role can be played by virtual reality techniques can be
aimed at 3D visualization in geoinformation and geological sciences [1,2], where the virtual
scenario (or landscape) can be based on open or ad hoc created geospatial datasets [3],
including digital terrain/surface models and bathymetric data [4]. In the present work,
we focused our attention on key parts of virtual landscapes, the so-called virtual outcrops
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(VOs), or 3D digital outcrop models (DOMs), which can be defined as 3D representations
of surface geology [5,6] and are suitable for: (i) popularizing geoheritage for a general
audience by explaining ongoing, active geological and environmental processes; and (ii)
engaging the younger generation, usually particularly attracted to interactive forms of
communication [7]. VOs may be regarded as being part of the geological heritage, better
known as geoheritage, of a certain area. Geoheritage, illustrated and reviewed in a series of
papers over the last two decades [8-14], involves elements of geological and geomorpho-
logical diversity having cultural, educational, scientific value, which can be popularized
through institutions such as geoscience museums [15-17] and geoparks [18-20], as well as,
of course, geotourism, also related to the so-called “geomorphosites” [21-25]. VOs may
also be considered the virtual counterpart of “geosites”, the most thorough classification of
which was reported in a key paper [26], in which the following categories of geosites were
identified: geological, structural, tectonic, geomorphological, mineralogical, petrographic,
sedimentological, stratigraphic, paleontological and others. Regarding volcanic geoher-
itage and geosites, a number of recent papers have described them thoroughly [27-36]. It
is worth noting that complex geosites also exist, which represent a combination of two or
more of the categories listed above. Geosites may be represented by outcrops, quarries,
caves, mines, volcanic landforms and products, subvolcanic structures as well as tectonic
structures [36]. Their relevance can be global, national, regional, or local [37], and they may
also be further classified [38] regarding their appearance (spatially limited sites such as out-
crops, linear features such as dykes and faults, aerially extended features such as mountain
peaks) and dynamic state (inactive processes as opposed to active ones). When it comes
to geosites, it is worth attempting to qualitatively assess their quality (whenever possible,
also quantitatively). A number of studies have tried to make such assessment efforts, in
terms of the scientific value [39] of geosites, which is composed of four sub-criteria, namely,
representativeness, rarity, integrity [11,27,40] as well as the current scientific knowledge
about the geosite, reflected by the number of published scientific studies [7]. Represen-
tativeness reflects how a geosite is representative of the geological process that formed
it. On the other hand, the rarity of a geosite reflects its uncommonness at the regional or
global level [40]. Moreover, there are other values, defined as “additional” [41,42], which
can be identified and assessed, namely, the cultural, aesthetic, economic and educational
aspects. All are very important in terms of geoheritage and geotourism, but the educational
value is especially important with regard to geosites, which can be considered particularly
suitable for explaining geological processes, both active and non-active, to the general
public. The virtual outcrops featured in the present work, which can be regarded as “virtual
geosites”, are all related to specific processes taking place in the shallow Earth’s crust,
which give rise to particular geological features known as “subvolcanic bodies”. These
have been described in a series of general papers [43-45], and others, specifically dedicated
to Iceland [46-48] and elsewhere [49,50]. Our focus on subvolcanic bodies is justified by
the fact that they are generally poorly known outside the limited number of specialists that
deal with these spectacular magmatic features. Therefore, we wish to popularize them
as valuable geosites, possibly worthy of geotouristic interest. In the present paper, we
showcase a few virtual geosites from eastern Iceland, and show a methodology to make
them available to the general public thanks to cutting-edge methodologies comprising the
use of drones and Structure for Motion (SfM) techniques. Moreover, we attempt a brief
and qualitative assessment of the geosites, according to the methods applied by a number
of seminal papers focused on the topic of geosite evaluation.

2. Geological Background

The arrangement and distribution of volcanic activity in Iceland results from the
combination of magmatism derived from the Iceland mantle plume and plate separation
processes. The main results of this interaction are so-called neovolcanic zones, 15-50 km
wide areas of volcanism and active faulting [51-56]. These zones cover about one-third of
Iceland and are composed of volcanic systems, which are the main structures characterizing
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such volcanic zones (Figure 1). There are 30 of such active systems in Iceland, composed of
a fissure swarm or a central volcano, or both [56].
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Figure 1. The main volcano-tectonic rift zones of Iceland (black lines); the distribution and age of the
main geological formation is also highlighted (redrawn from Thordarson and Larsen [57]). Yellow
circles locate the outcrops illustrated in this work, all belonging to the Tertiary basalt formation.

Apart from active, neovolcanic zones, there are plenty of extinct volcanic areas in
Iceland, the most spectacular of which are the inactive systems that can be observed along
the western and eastern coasts. For instance, along the eastern coastline, a series of thick
lava successions of Miocene age are cut by dyke swarms (e.g., Figure 2a [58]). A series of
papers [59-63] have focused on the dyke swarms of eastern Iceland. In this area, the lava
flow succession is tilted towards the WSW, with several angular unconformities.
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Figure 2. (a) Example of typical dykes cutting the Tertiary basalt formation in the Berufjordur valley,
car for scale. (b) Detailed map of a portion of eastern Iceland, showing 4 out of 5 sites presented in
this study, which belong to the Alftarfjordur ancient volcanic system; lava tilting is shown by black
arrows; the figure is adapted from Paquet et al. [58].

According to Bourgeois et al. [64], the observed tilt is the result of a major roll-over
produced by an eastward-dipping, normal listric fault located to the west. The study area
is mainly characterized by basaltic lava flows with alternating intermediate to felsic lavas,
cropping out near the volcanic centers. The deeper sections of the volcanic centers are
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mainly made of mafic (but also felsic) subvolcanic rocks which were emplaced in various
shapes and sizes: they include sills, dykes, cone-sheets, and laccoliths [60,65]. Previous
authors have interpreted the mafic and felsic, subvolcanic intrusions as magma reservoirs,
which became feeders for surface eruptions and from which other sheet-like intrusions
were ejected. The exhumation of the subvolcanic features in the area, which has made it
possible to observe and study them, was produced from both recent uplift and erosion from
glaciers. The depth of erosion in southeast Iceland can be as much as 2 km [65,66]. The
study area is characterized by evidence of glacial erosion, especially in the form of fjords
formed by glacial tongues during the last Ice Age. In Iceland, there are a great deal of these
stunning geomorphological features, both in the west of the country, and in the east, such as
in the study area. With regard to climate, the Icelandic climate is of the maritime type, with
precipitation rates of more than 7000 mm per year in the south and east, which decrease
towards the north-west of the country [67]. In our study area, we could observe only sparse
evidence of “pingos”, which are widespread in the north of Iceland, such as in the North
Volcanic Zone: they are periglacial morphologies covering the underlying basaltic lava
flows, formed owing to the growth of ice lenses within the soil. Further details on the
geology of eastern Iceland can be found in Walker [68], Gudmundsson [69], Johannesson
and Seemundsson [70] and Gudmundsson [44]. The sites we present are located in ancient
volcanic system (Figures 1 and 2b)

3. Virtual Outcrops Building

In order to accomplish the goals of the present work, we have extensively used the
Structure from Motion photogrammetry technique for constructing 3D models in vol-
canic areas [71-73]. The SfM photogrammetry technique is widely used in Earth and
Environmental Sciences, because it provides high-resolution photo-realistic 3D models
as final products, by estimating three-dimensional structures from two-dimensional im-
age sequences [74,75]. The overall workflow we have used can be subdivided into two
main steps: (i) drone-based image collection; and (ii) photogrammetry processing and 3D
model building.

3.1. Drone-Based Image Collection

The first step is devoted to collecting pictures, a task that, regarding our models, has
been accomplished by means of unmanned aerial vehicles (UAVs). We chose the multi-
rotor vehicle DJI Spark (www.dji.com, accessed on 12 February 2021), a 0.300 kg vehicle
(Figure 3a) equipped with a 1/2.3 inch CMOS sensor capable of capturing 12 megapixel
pictures, including EXIF information (Exchangeable Image file Format) and GPS geographic
coordinates (DATUM WGSB84); its flight time is approximately 16 min and it can be remotely
controlled. It is characterized by very stable hovering, can be easily carried in the field, and
can fly at a very low height, thus enabling greater field resolution, and proving very useful
for VO reconstruction [76].
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Figure 3. (a) The 0.300 kg unmanned aerial vehicle (UAV) used in the present work, equipped with
propeller guards; person for scale. (b) Example of UAV-collected pictures with both nadir and oblique
camera orientation.

Generally speaking, pictures collected using drones, or cameras, need to have a high
overlap ratio, usually greater than 75-80% with the next pictures, and must be orthogonally
oriented to the target [77]. For the goals of the present work, pictures were collected with
the camera always orthogonal to the selected targets, the ground, and the vertical cliffs,
with the camera in nadir and oblique orientations, respectively [73,77]. Drones were always
flown manually at low speed (2-3 m/s) mostly at a flight heigh of 25 m above the ground,
and at about a 15 m distance from vertical targets (e.g., Figure 3b), capturing images every
2 s (equal time interval mode), always in optical light condition. The limited velocity has
been helpful in minimizing motion blur, avoiding the rolling shutter effect, and achieving
well-balanced camera settings (exposure time, ISO, aperture), thus ensuring the collection
of sharp and correctly exposed images [78]. Moreover, to reduce shadows around elevated
features, drones were flown with the sun straight overhead (zenith). The overlap ratio
obtained by means of the above methodology was always greater than 90%.

3.2. Photogrammetry Processing for VOs Building

The collected images have been processed through Agisoft Metashape (http://www.
agisoft.com/, (accessed on 20 January 2021), which is commercial Structure from Motion
software. This application has been increasingly used for both UAV and field-based SfM
reconstructions, owing to its user-friendly interface, intuitive workflow, and high quality
of point clouds [79]. Here, we illustrate the steps we followed to produce our VOs. The
first step was to import and prepare the pictures, to make sure that all the areas external
to the target were masked (e.g., sky and clouds) (Figure 4a,b), to run a better alignment
and to obtain a greater sparse and dense cloud [73]. Subsequently, we ran an initial low-
quality picture alignment considering both Generic and Reference preselection settings;
thereafter, by visual inspection, we excluded photos with quality value <0.8 or out of focus.
Afterwards, the remaining pictures were aligned with high quality settings (both Generic
and Reference preselection), obtaining the sparse cloud (Figure 5a). The following phase
consisted of reconstructing the dense point cloud (Figure 5b) from the sparse point cloud,
using a mild depth filtering and medium quality settings. On the resulting dense cloud, the
“Filter by confidence” tool was firstly applied to remove incorrect points, selecting those
with a value equal to 1. Then, possibly persisting incorrect points were removed by visual
inspection. Finally, even though this is not an essential task for visualization purposes, it
was possible to reference and scale the resulting dense cloud [75,80,81]. It is suggested to
add at least four artificial referenced markers near every corner of the area; an additional
one has to be fixed in the central part, with the purpose of reducing any “doming” effects
resulting from SfM processing.
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Masked aféa

Figure 4. Example of UAV-collected picture with nadir camera orientation (a), and where a mask to
exclude the sky from processing has been applied (b).

(b)

Figure 5. (a) Example of sparse and (b) dense cloud obtained by applying the above-mentioned
workflow, including a “Filter by confidence” tool.

Finally, we created the VOs from the dense cloud, in the form of 3D models with the
following settings: 2,100,000 faces for the mesh, and two separated files for the texture;
then, we exported the 3D model in Collada file format [82]. The output was composed
of three files (Figure 6a); one for the mesh (DAE file extension), and two for the texture
(JPG file extension) (Figure 6b). Such settings allow for the uploading of the 3D model
on Sketchfab (www.sketchfab.com, accessed on 13 February 2021) within the 200 MB size
limit imposed by the educational license, still providing an excellent quality, as shown in
Figure 6b. The texture resolution in our models was always of 1 cm/pixel.
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3D Model.dae

3D Modeljpg

3D Model1.jpg East 7

Figure 6. (a) Output regarding the 3D model: DAE file for the mesh and the two JPG files of the
texture feature. (b) Final version of the 3D model.

4. Strategy for Worldwide Sharing of the VOs

Each VO has been shared online and is accessible worldwide through the internet;
moreover, each is provided with a dedicated webpage, a full text explanation, and an inter-
active 3D visualization on https://geovires.unimib.it/shallow-magma-bodies/ (accessed
on 11 February 2021). In each dedicated web page, we added the hyperlink to the model,
uploaded on the Sketchfab platform—educational license, which enables visualization
through immersive virtual reality (VR) [1,2,83] as well as 3D visualization on a computer
workstation [5], tablet or a smartphone—defined as non-immersive VR; augmented reality
(AR) contents can be added as scientific annotations [84]. Following the definition from
Choi et al. [85], the material we uploaded can be used for a non-immersive VR experience
by displaying the model on a PC screen or a mobile device without any head-mounted
displays; alternatively, it can be used for a fully immersive VR experience, enabling greater
interactivity, by way of head-mounted displays such as VR headsets and goggles (e.g.,
Figure 7a,b). In order to allow for the 3D visualization, each VO has been uploaded on the
Sketchfab platform through a straightforward drag-and-drop procedure; the platform au-
tomatically builds up the 3D scene, which is almost ready for non-immersive visualization;
and a series of settings can be adjusted, regarding the initial view, the model orientation,
the field of view, light/shadow settings, etc. Furthermore, using the Sketchfab platform,
each model can be explored using the embedded immersive virtual reality (VR) tool; VR
contents were made available for several devices: Google Cardboard and more generic
VR goggles for mobile phones (Figure 8a), HTC Vive, Oculus Rift (Figure 8b) and others
(further details at https:/ /sketchfab.com/virtual-reality) (accessed on 9 February 2021).
For the best immersive VR experience, the viewer’s starting point and the height need to
be set up, as well as the direction of observation (e.g., Figure 8c). The user can observe the
model using the immersive VR and move across the scene by selecting the annotations
to explore the most relevant features in each model, annotation by annotation. Finally,
considering the importance of such sites, their worldwide accessibility and the information
provided for each site, we hereby define them as virtual geosites (VGs).
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Basaltic vertical dyke

N10°-striking, 4-m-thick basaltic
vertical dyke, made prominent
by the erosion of the
surrounding country rocks, in
which it had originally been
intruded

Dyke

1.5-m-thick vertical dyke striking
about NE-SW.

Figure 7. Example of an annotated virtual outcrop (VO) made available to the public showing
shallow magma bodies (a,b) in eastern Iceland.

Figure 8. (a) The virtual geosite (VG) can be viewed through specially dedicated goggles and (b)
navigated with the aid of joysticks. (c) Example of an annotated 3D model where the viewer’s starting
point and the height have been set up, as well as the direction of observation.

5. Description of the Selected VGs and Related “Scientific Virtual Geotours”

In the following section, we describe each of the VGs, the locations of which are shown
in Figures 1 and 2b, from north to south, highlighting the most relevant features to be
explored in each model, in a sort of “scientific virtual geotour”.

Before describing the VGs, we highlight the main characteristics of the subvolcanic
bodies illustrated in this work: dykes, inclined sheets, sills, and laccoliths, which occur in
Iceland and according to the definitions provided by Gudmundsson et al. [45]. Dykes in
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Iceland are observed almost always in elongated, parallel swarms outside central volcanoes.
They have a roughly vertical attitude, and their strike is the same as that of all the other
dykes within a swarm. Their strike, in the southern half of Iceland, is generally north-east,
whereas in the northern part of the country they generally trend north-north-east. Their
thickness varies from a few cm to about 60 m, although most commonly it ranges between
1 and 2 m. Regarding inclined sheets, these are subvolcanic bodies that are always related
to central volcanoes (stratovolcanoes, calderas). Most sheets are injected in the surrounding
host rocks from shallow magma chambers and occur in swarms of up to hundreds and
thousands; such swarms are circular to slightly elliptical in plan view and, in Iceland, have
a maximum diameter of about 18 km. Their average thickness in Iceland is <1 m, and their
dip is between 30° and 60°. Sills are very common in Iceland’s Tertiary lava successions,
as well as in the Upper Pleistocene Formation and recent, active volcanic systems. Their
attitude is horizontal to sub-horizontal; many of them are formed from the deflection of
vertical dykes (or inclined sheets) propagating towards the surface through the host rock;
these abruptly change their attitude, turning it horizontal, as they encounter discontinuities
such as contacts between smoother hyaloclastite layers and stiffer lava flows. The thickness
of sills in Iceland is between a few centimeters to 120 m. Some extend for several kilometers
laterally. Finally, laccoliths are complex, sub-volcanic intrusions that are rather common all
across Iceland, both felsic and mafic. The idea for their formation is that they were intruded
at shallow depths as a combination of sills stacked atop each other. It is most likely that
laccoliths, especially those with thicknesses of several hundred meters, acted as short-lived
magma chambers. Moreover, we would like to clarify that, in Iceland and also in Scotland,
for example, there are other areas where dykes, sheets, sills, and laccoliths can be observed.
In Iceland, especially interesting are the subvolcanic bodies in the Esja Peninsula [46] and
in the Snaefellsnes Peninsula [48]. In Scotland, the Isle of Skye is a major example of the
coexistence of such volcanic bodies in a stunning subvolcanic environment [50]. However,
the above locations are too remote to be experienced by potential geotourists.

5.1. VG1: A Laccolith Intruded within a Basaltic Lava Flow Succession

Virtual Geosite 1 (VG1) is available at https:/ /geovires.unimib.it/shallow-magma-
bodies/smb_002/ (accessed on 12 February 2021), and shows a 250 m x 120 m wide area
located in eastern Iceland, within Tertiary age units. To the right-hand side of the model
(Figure 9, annotation 1), a horizontal lava succession crops out. Moving to the left, we
can observe a textbook example of an 18 m-thick, doleritic laccolith (e.g., Pasquare and
Tibaldi [86]; Tibaldi et al. [46]) which was emplaced within the lava succession, and which is
characterized by thick columnar joints that form during cooling of the subvolcanic intrusion
(annotation 2). Most of the columns are vertical, but on the right-hand side of the model,
they bend and attain a gentler dip. This very peculiar process, which can hardly ever be
observed with such clarity in the field; it has been observed and thoroughly documented
in western Iceland by Pasquaré and Tibaldi [86], and Tibaldi and Pasquaré [47]). On the
right-hand side (SE) of the area, the lava succession is intruded by a vertical, N 10°-trending,
7 m-thick dyke (annotation 5), and to the extreme right-hand side of the model the remnant
of another, thinner dyke (annotation 7), is standing isolated in the foreground. This model is
very helpful for the viewer to understand processes related to laccoliths, the emplacement
of which occurs in preferentially horizontal direction within the host rocks (in Iceland, they
are most often lavas or hyaloclasistes); as opposed to this, the two subvolcanic bodies on
the right-hand side of the model are emplaced with a steep inclination, a mechanism of
intrusion that is typical of dykes, the most common subvolcanic bodies in Iceland.
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cal, N10°-trending, 7-m-
thick dyke.

Figure 9. (a) Overall view of the 3D model; the group of country houses is for scale. Numbers are
interactive annotations that can be clicked online, providing the viewer with explanations about
particularly relevant features; (b) detail of the laccolith, with the thick columnar joints well visible; (c)
a 7 m-thick dyke cutting through the lava succession; (d) close-up view of the columnar joints that
bend to attain a shallower dip.

5.2. VG2: Inclined Sheet Emplaced along a Normal Fault

Virtual Geosite 2 (VG2) is available at https://geovires.unimib.it/shallow-magma-
bodies/smb_004/ (accessed on 13 February 2021), and encompasses an area of about
250 m x 380 m; the 160 m-high cliff is made of a succession of Tertiary basaltic lava flows
gently dipping to the left (west). The virtual geotour starts from Figure 10, annotation 1,
showing the gently dipping succession of lava beds. The succession is crosscut (anno-
tation 2) by a 6.5 m-thick inclined sheet dipping about 55° to the right (east). Looking
with attention at the geometry of the lava succession on either side of the inclined sheet,
it is possible to notice that each single lava bed is vertically offset by about 5 m, with a
downthrow of the hanging-wall block. This evidence suggests that the inclined sheet was
emplaced along a normal fault. The dip and kinematics of the fault is coherent with the
tilting of the lava succession to the left (annotation 3).
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Figure 10. (a) Overall view of the 3D model. Numbers are interactive annotations that can be clicked
online, providing the viewer with explanations about particularly relevant features. (b) Detail of the
inclined sheet, which has intruded along a dip-slip (normal) fault that has produced a downthrow of
about 5 m of the lava succession to the right-hand side of the model.

5.3. VG3: Outstanding Vertical Dykes and Inclined Sheets

Virtual Geosite 3 (VG3) is available at https:/ /geovires.unimib.it/shallow-magma-
bodies/smb_001/ (accessed on 12 February 2021), and covers an aerial extent of
135m x 115 m. The area is located in eastern Iceland, within Tertiary age units. The
virtual geotour starts with Figure 11, annotation 1, describing a towering, N 10°-striking,
4 m-thick basaltic vertical dyke in the foreground, made prominent by the erosion of the
surrounding country rocks, in which it had originally been intruded. In the background,
a cliff can be noticed, made of a succession of basaltic lavas (annotation 2) dipping at a
shallow angle to the west (left). Annotations 3, 5, 6 and 7 point to a number of vertical
dykes cutting through the lava succession. Annotation 4 highlights an inclined sheet
cutting through the lava succession, with a different attitude from the surrounding dykes.
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Figure 11. (a) Overall view of the 3D model. Numbers are interactive annotations that can be clicked
online, providing the viewer with explanations about particularly relevant features; (b) detail of the
towering dyke (house for scale); (c) focus on the inclined sheet (annotation 4) and the subvertical dyke
(annotation 5); (d) the lava succession that represents the host rock, within which all the subvolcanic
bodies have been emplaced (annotation 2), cut by a vertical dyke (annotation 6).

5.4. VG4: Dykes and Inclined Sheets

Virtual Geosite 4 (VG4), available at https://geovires.unimib.it/shallow-magma-
bodies/smb_006/ (accessed on 14 February 2021), has an extent of 150 m x 180 m and
the displayed area is located in eastern Iceland. The virtual geotour starts in the part
of VG4 nearer to the stream, where a rectilinear, N 10°-striking, 1 m-thick dyke is made
prominent by erosion (Figure 12, annotation 1). The dyke can be followed as far as a
point (annotation 2) where it crosscuts a NW-SE-striking inclined sheet, as thick as 0.65 m
(annotation 3). Moving across the trail, another dyke can be spotted, with a different
strike from the previous one (trending NE-SW), and as thick as 1 m (annotation 4). This
second dyke terminates in correspondence of a larger outcrop, made of a succession of
gently inclined sills (annotation 5), stacked atop each other, and forming a half-flower
intrusive structure [47]. The sills are affected by widespread columnar jointing. Based on
the geometry of the columnar joints and on the discontinuities that separate each single
sill (columns are perpendicular to the basal and upper surface of an originally planar
intrusion), it is possible to infer an inclination of the sills of about 10°; the succession of
sills would originally have been horizontal and was tilted later on by tectonic processes.
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Figure 12. (a) Overall view of the 3D model. Numbers are interactive annotations that can be
clicked online, providing the viewer with explanations about particularly relevant features; (b) detail
of the cross-cutting relationship (annotation 2) between a dyke and an inclined sheet; (c) a dyke
(annotation 4) abruptly turning into a succession of sills, stacked atop each other; (d) focus on the
sills (annotation 5), featuring an outstanding columnar jointing.

5.5. VG5: Cross-Cutting Relationships between Sills and Dykes

Virtual Geosite 5 (VG5), available at https://geovires.unimib.it/shallow-magma-
bodies/smb_005/ (accessed on 14 February 2021), covers a roughly 100 m x 80 m-wide area;
the cliff is composed of a succession of horizontal, Tertiary basaltic lava flows (Figure 13,
annotation 1), intruded by five, 1.5 m-thick vertical dykes striking generally NE-SW, as
well as by a horizontal, 1.3 m-thick sill, which is parallel to the lava flows. Zooming in, in
correspondence of the cross-cutting contact between the sill and the dykes (annotation 3),
it is possible to observe that the sill interrupts the continuity of the dykes. This clearly
suggests that the former is more recent than the dyke intrusions.
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Figure 13. (a) Overall view of the 3D model. Numbers are interactive annotations that can be clicked
online, providing the viewer with explanations about particularly relevant features; (b) detail of the
vertical cliff, showing the horizontal lava bedding on top, as well as a number of dykes (examples
at annotations 4 and 5). The crosscutting relationship (annotation 3) between the sill and the dyke
clearly shows that the sill was emplaced later than the dyke.

6. Qualitative Assessment of the Selected Virtual Geosites (VGs)

All the VGs considered and described in the present work are related to the volcanic
type, because they were produced in an ancient volcanic system. Moreover, they are
circumscribed landforms, and this makes it easier to carry out observations and assess their
overall value. Their relevance is local, because they are typical products of the Icelandic
volcanism, although the processes that can be observed in the VGs are the same as those
that can be observed in many other volcanic areas in the world, such as the Isle of Skye in
Scotland [49,50]. All the considered VGs are representative of inactive processes, because
they are located within an extinct volcanic system in eastern Iceland. Regarding their
representativeness, all five VGs are fully representative of a number of subvolcanic and
tectonic processes; however, there is no current scientific knowledge about all these geosites,
because no study has addressed them up to the present work. Regarding rarity, we wish to
emphasize that VG2 and VG4 host very uncommon features: at VG2, the intrusion of an
inclined sheet along a normal fault can be observed, which is a process that can hardly ever
be seen in the field. At VG4, the deflection of a dyke into a stack of sills is representative of
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an extremely rare process in Iceland and worldwide, namely, the formation of a half-flower
intrusive structure, a feature that, up to now, was observed only in south-western Iceland.
Concerning one of the so-called “additional values”, i.e., the educational value, all the
selected VGs can be used to effectively explain and popularize peculiar processes that
are typical of the subvolcanic environment. Finally, our approach is aimed at targeting
a large number of end-users, of different ages, with the simplest way possible, because
all VGs are made accessible through all classical devices, including mobile phones and
tablets. This is different from other approaches, mainly based on stand-alone immersive
VR PC-based systems [2,4,5], which are more expensive and where an ad hoc designed
software is required; incidentally, the latter approach can offer a better experience in terms
of immersivity and user interaction.

7. Conclusions

In this work, we have illustrated an approach for making geological features available
to the general public at the worldwide level. We have shown the methodology for building
up VOs and have introduced here, for the first time, the concept of “Virtual Geosites”, that
can be key to popularizing and explaining geological processes to viewers who can remotely
access and navigate through outcrops, as if they were physically in the field. To show
the peculiarity and usefulness of this approach, we have chosen VGs belonging to extinct
volcanic systems in eastern Iceland. Such VGs belong to the category of subvolcanic bodies,
which are hardly ever considered as suitable for popularization. We have thoroughly
described the five VGs, in a “virtual geotour mode” and made them available online,
so as to enable the readers to access them and, based on our description, gain a deeper
knowledge of subvolcanic bodies and processes. Finally, we have made a brief assessment
of the five VGs and emphasized their major educational value. We do believe that our work
could represent a model for future, similar efforts aimed at popularizing Earth Sciences
and making geoheritage available to a broad public through VGs. Finally, we wish to stress
that we could not investigate the possible outcomes of our methodology in terms of its
educational impact, because this is outside the scope of the present paper. However, this
is a topic worth exploring, through future work dedicated to looking into the potential
educational impact of VGs and similar research efforts on the general public.
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