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ABSTRACT

Unmanned aerial vehicles (UAVSs) or drones have become widely available for use in a broad
range of disciplines. Despite the decreased cost and technological developments of platforms,
sensors and software, the use of drones in carbonate geology has yet to be exploited.
Nevertheless, drones offer multiple advantages over traditional field work or high-altitude
remote sensing techniques, in that they enable the reconstruction of three dimensional models
of inaccessible or unsafe outcrops, and can bridge the spatial scale gap in mapping between
manual field techniques and airborne, high-altitude remote sensing methods. In this
contribution, we present our methodology of structure from motion photogrammetry on drone-
captured images and highlight opportunities and challenges of using drones in carbonate
geological studies. Moreover, we apply this method to document the spatial distribution and
dimensions of diagenetic dolomite geobodies in Carboniferous limestone host rock of the
Picos de Europa, northern Spain. The results of our study indicate that dolomite geobodies
occur preferentially near to strike-slip faults, rather than thrust faults or specific types of
limestone host rock lithology, in the study area. The geobody dimensions appear to be related
to the strain magnitude of the strike-slip faults. We propose that these identified links and
controls are applicable to structurally-controlled dolomitization on a more general basis. Our
study has demonstrated the potential for using drones in carbonate geological studies.



1. Introduction

In the last decade, unmanned aerial vehicles (UAVS) or drones have become widely available
for use in a broad range of disciplines (Watts et al., 2012). The success and popularity of these
platforms have significantly decreased their market cost, and have driven technological
developments of the platforms themselves, their sensors and software systems. The
widespread presence of tried-and-tested rotary and fixed-wing platforms in the market place,
allied to the speed of miniaturisation and development of novel sensors, enable innovative
applications. Important advantages over traditional remote sensing systems include greater
cost effectiveness, higher resolution small budget platforms, and the flexibility to acquire data
while in the field when conditions are appropriate. There are various forms of commercially-
available drones encompassing rotary and fixed-wing, each with associated flight
characteristics and limitations such as the ability for vertical take-off and landing (VTOL) and
the requirement for various sizes of landing zones. Drones are revolutionizing scientific
research in multiple fields including archaeology (De Reu et al., 2016), natural hazards (Jordan
and Napier, 2016; Mateos et al., 2017; Serban et al., 2016; Tamminga et al., 2015), ecology
(Anderson and Gaston, 2013; Faye et al., 2016; Flynn and Chapra, 2014; Ouedraogo et al.,
2014; Ventura et al., 2016; Yang et al., 2014), forestry (Masek et al., 2015; Padua et al., 2017;
Paneque-Galvez et al., 2014, Puliti et al., 2015; Sankey et al., 2017; Tang and Shao, 2015),
sedimentary geology (Chesley et al.,, 2017; Nieminski and Graham, 2017), glaciology
(Bhardwaj et al., 2016; De Michele et al., 2016; Westoby et al., 2015), geothermal research
(Nishar et al., 2016), atmospheric chemistry (Caturegli et al., 2016; Schrod et al., 2017),
hydrology (Bandini et al., 2017; Spence and Mengistu, 2016), mining (Jakob et al., 2017; Tong
etal., 2015), environmental science (Hird et al., 2017; Mlambo et al., 2017; Sanders and Masti,
2016), and structural geology (Bemis et al., 2014).

Although drones can play an important and innovative role in numerous applications, the use
of drones in carbonate geology has not yet been exploited much. As far as the authors are
aware of, there are at the time of writing this contribution, only two publications that focus on
the application of drones in sedimentological studies, both documenting siliciclastic systems
(Chesley et al., 2017; Nieminski and Graham, 2017). Most carbonate geological studies rely
on detailed description of sedimentological strata and characteristics, diagenetic features
and/or structural phenomena. Essential in these studies is mapping and documenting
continuous sections, or correlating (with a high degree of confidence) strata in different
outcrops. Accessibility to outcrops is thus critical. However, ancient carbonate platforms are
often exposed in the field in very steep cliff faces, such as the Natih Formation at Jebel Shams
in Oman (Arndt et al., 2014; Homewood et al., 2008), the Guadalupe Mountains in West Texas
and New Mexico (Budd et al., 2013; Kerans et al., 2017), the Jurassic Amellago cliffs in
Morocco (Bodin et al., 2010; Merino-Tome et al., 2017). The use of drones can overcome
much of this challenge of accessibility to outcrops (Nieminski and Graham, 2017). Although
sampling rock material from cliff faces is not feasible yet with the use of drones, important
sedimentological, diagenetic and structural information can be collected through close-range
aerial photography or more advanced imaging techniques. Importantly, this detailed data
collection from inaccessible outcrops enables the possibility of more quantitative geoscientific
studies, as illustrated in this paper. Applying drones in sedimentary geological studies provides
a low-cost, easy method that helps in the documentation and interpretation of small to
intermediate scale features in sedimentary rocks (Chesley et al., 2017). Compared to
traditional remote sensing systems based on satellite and aerial photography,
photogrammetry and ground based laser scanning systems, drones offer the opportunity to fill
the gap in effective spatial range and resolution of low-altitude flights with the flexibility of
documenting horizontal, inclined and vertical surfaces.

Here, we have applied drone remote sensing to document the spatial distribution of diagenetic
dolomite geobodies. The particular importance of mapping diagenetic geobodies in carbonate
rocks lies in the critical aspect of characterising heterogeneity, which can be sedimentological,
structural and diagenetic in origin, and is key to understand and predict reservoir quality and



performance in subsurface reservoirs. Diagenetic alteration in carbonate reservoirs is
generally more extensive than in siliciclastic reservoirs, since carbonate minerals are more
reactive than quartz (Ehrenberg and Nadeau, 2005). Since diagenetic heterogeneities are
often subseismic in scale, gathering information from outcrop analogues provides important
information at a critical spatial scale (Vandeginste et al., 2015b). The use of drones in addition
to manual sampling fills crucial gaps in continuity of documenting exposed sections by
covering inaccessible parts and in high-resolution mapping of subseismic-scale
heterogeneities by comparatively brief field surveys. The Carboniferous carbonate outcrops
of the Picos de Europa National Park in northern Spain (Figure 1) are well studied and are
considered reference outcrops for the Carboniferous (Bahamonde et al.,, 2000; Gomez-
Fernandez et al., 2000; Merino-Tome et al., 2009). The outcrop conditions of the carbonates
in the Picos de Europa make them an ideal candidate to evaluate the use of drone technology.
We captured photographic images using a small drone to create a high resolution three-
dimensional (3D) digital outcrop model by integrating the digital surface model (DSM) with an
assemblage of rectified aerial photographs (orthomosaic, which is a two-dimensional planar
image containing coordinate position and colour information at each pixel, that has been
corrected in terms of different camera perspectives). We explain this methodology for field
mapping, discuss the opportunities and challenges of using drones in carbonate geological
applications and interpret the results of our study in the framework of carbonate diagenesis
and its implications for hydrocarbon reservoirs. This study illustrates the quantitative approach
that can be achieved in geosciences using an inexpensive method.

2. Geological setting

The Picos de Europa tectonic unit is situated in the Cantabrian Zone (Figure 2) which is part
of the Iberian Massif. This Massif is the Western European part of the Variscan orogenic belt,
which was generated due to the continental collision of Gondwana, Laurentia, and peri-
Gondwana microplates during the late Paleozoic. The shape of the Cantabrian zone depicts
typical features of a foreland basin developed via a thin-skinned deformation mechanism and
fold-and-thrust imbrication of a thick sequence of Paleozoic strata (Merino-Tome et al., 2009).
The Cantabrian zone is divided into ten tectonic units based on the integration of stratigraphic
and structural characteristics (Weil et al., 2013).

From Late Paleozoic to present day, the Cantabrian zone has undergone several tectonic
episodes. The main tectonic events include: 1) Compression in the Late Carboniferous with
the emplacement of east-west thrusts of the Picos de Europa Province over the Palentine
Zone or Pisuerga-Carrion province (Gomez-Fernandez et al., 2000); 2) Extension in the late
Carboniferous-Permian along sub-vertical faults that are oriented N 105° to 120° E, and in the
north of the Picos de Europa province, along some of the east-west sub-vertical thrusts
(Gomez-Fernandez et al., 2000), Merino-Tome et al. (2009) attributed this extensional episode
to the formation of wrench and normal faults that cut previous structures due to North Atlantic
rifting; 3) The Late Eocene Alpine Orogeny with uplift and emergence of the Paleozoic Asturian
Massif and overlying Mesozoic sediments (Gomez-Fernandez et al., 2000).

The Carboniferous stratigraphy in the Picos de Europa unit is characterized by pre-orogenic
stratigraphic sequences that consist of dolomitized limestone overlain by syn-orogenic
stratigraphic sequences that consist of predominantly shale (Gomez-Fernandez et al., 2000)
(Figure 3). This study focuses on the upper part of pre-orogenic sequences which are known
as the Caliza de Montafia Group (Montafia Beds) and Picos de Europa Formation. The
Montafia Beds consist of two formations, namely the Barcaliente Formation and the Valdeteja
Formation. The Barcaliente Formation is characterized by basinal sequences of well-bedded,
dark, microlaminated and non-fossiliferous lime mudstones, whereas the Valdeteja Formation
consists of 300 m of thick-bedded carbonate breccias of micritic lithoclasts and microlaminated
mudstones separated by thin, well-bedded graded grainstones with spiculitic alternations
(Bahamonde et al., 2000). The Picos de Europa Formation is characterized by interbedded



limestones and shales in the lower part and massive bioclastic limestone in the upper part
(Gomez-Fernandez et al., 2000).

3. Methodology

Fieldwork was conducted in the Picos de Europa national park, Northern Spain, where we
deployed a drone to capture overlapping aerial photographs in order to document the spatial
distribution of dolomite geobodies. Detailed outcrop observation of selected geobodies was
also carried out on the ground, to collect additional information on dolomite geobody texture,
colour, and dolomite-limestone contacts which served as validation for the drone mapping of
spatial dolomite distribution.

In this study, we used a DJI Phantom Il Professional drone (quadcopter) with a mounted 12
Mega Pixel digital camera that can tilt 0 to 90°. Before conducting drone mapping, we selected
flight paths and areas for each flight mission. Before take off, calibrations were made to ensure
the platform was orientated prior to take-off. For each flight mission, we selected the drone
take-off area generally at the top of a hill and in the centre of the survey area in order to cover
the area effectively. For most missions, the drone was set to take aerial photographs using
“autopilot mode” with a camera facing directly downwards for a hilly terrain. A few surveys
were conducted with the camera mounted 45° sideways to enable high-quality capture of data
from steep cliff faces. We selected 70 to 90% forward and sideways overlap of images. We
carried out more than 80 flight missions, capturing a total of 4,606 pictures, and mapped in
total an area of about 3.7 km? in seven and a half days of drone field work with a capacity of
six drone batteries.

There are several software packages available, both free and paid versions, that can be used
to create digital surface models and orthomosaic from the drone captured photographs. In this
study, we used Pix4DMapper Pro software which applies Structure from Motion (SfM)
photogrammetry to process raw images from the drone.

SfM photogrammetry identifies a key feature (key-point) from overlapping images
automatically and reconstructs it within 3D space as a single point without knowing the camera
position and scene geometry (Westoby et al., 2012). The camera position and scene geometry
are reconstructed by the automatic identification of the identical key-points in multiple images
(Westoby et al., 2012). These key-points are traced in every individual image which are then
processed iteratively using non-linear least squares minimisation (Snavely et al., 2008) so that
the original camera positions and object coordinates (tie-point) can be estimated (Westoby et
al., 2012) (Figure 4). In addition, we selected a few ground control points for each flight
mission. Subsequently, 3D models (e.g. point clouds) are created from the images by using
multi-view-stereo algorithms (Chesley et al., 2017; Seitz et al., 2006; Westoby et al., 2012).

A standard SfM workflow (Chesley et al., 2017; Westoby et al., 2012) has typically five steps:
1) Identification of key-points and creating feature descriptors using Scale Invariant Feature
Transform (SFIT) object recognition system (Snavely et al., 2008); 2) Matching of all identical
key-points between images; 3) Estimating camera position, reconstruction of scene geometry
and 3D position using triangulation methods to create 3D low-density (sparse) point clouds;
4) Point cloud densification; 5) DSM and orthomosaic generation. In our study, due to a huge
number of raw images, processing was divided into two levels based on coverage area, such
as a full study area and seven smaller areas with higher resolution. The processing quality of
each model is documented in Table 1.

The distinction of dolomite bodies was made primarily based on colour difference, as
discussed in the results section below. The bodies were then mapped manually on the
orthomosaic using ArcGIS software. Dolomite mapping was carefully conducted particularly
close to areas that were extensively covered by vegetation, snow patches, and abandoned
mine pits. Subsequently, three-dimensional geometrical characteristics of dolomite bodies



such as length, width and height were calculated from mapped dolomite polygons in ArcGIS
software. The texture and 3D characteristics of the DSM were mainly of importance in the
calculation of the dimensions of the bodies, whereas the distinction between dolomite and
limestone was made from the orthomosaic, primarily based on colour. Length and width
estimates of dolomite bodies were generated using the “minimum bounding geometry”
toolbox, with the smallest box width as the boundary. This method creates a rectangular
geometry covering the true irregular dolomite shape and generates length and width values
automatically, as well as the orientation of the long axis of the rectangle. The height of dolomite
bodies was derived from the integration of mapped dolomite polygons with the DSM. All
dolomite polygons were assigned to the DSM using the “interpolate shape” toolbox, and a
height value was created by subtracting the difference between minimum and maximum
elevations (Z value) of the bodies.

4. Results

4.1. Models

Two levels of models were generated with different resolutions, to enable smooth handling
with consumer-grade computers. A DSM and orthomosaic of the full study area was created
at a resolution of 25 cm (Figure 5), whereas seven smaller DSMs and orthomosaic models
were created for parts of the study area at a higher resolution of approximately 10 cm. The
high-resolution models were used to identify small-scale dolomite bodies that are challenging
to distinguish in the lower resolution model, and this information was then transferred to the
model of the full study area. The geological map of the Carefia-Cabrales area (Garcia et al.,
1977) and the DSM were used as a base for identification and interpretation of stratigraphic
and structural features in our model. Two stratigraphic units, three strike-slip faults, and two
thrust faults are identified in the study area. Furthermore, we created a fault proximity map in
the ArcGIS software to assess abundance and size of dolomite bodies in the proximity of faults
in the study area, in the context of our investigation of the potential structural control on
dolomitization (Figure 6).

4.2. Mapping of Dolomite Bodies

Dolomite geobodies can be distinguished from the limestone host rock by their texture and
colour contrast. Dolomite appears more brownish and blackish in colour, is highly fractured,
and has an irregular shape with sharp and discordant contacts with limestone host rock. In
contrast, limestone is commonly characterized by light grey colour, less fractured appearance
and more massive texture (Figure 7). The dolomite cuts through limestone beds, and there
are a few remnants of pre-existing limestone host rocks enclosed by dolomite bodies. The
dolomite - limestone contacts are sharp and irregular (Figure 7). The brown dolomite colour
versus grey limestone colour (on the pictures taken by drone) is the surface or weathering
colour in the outcrop, which can be slightly different than fresh rock surfaces. A colour contrast
between limestone and dolomite has been described also in study areas in Iran (Lapponi et
al., 2011; Sharp et al., 2010), Italy (Bistacchi et al., 2015; Jacquemyn et al., 2015), Oman
(Beckert et al., 2015; Vandeginste et al., 2015a), Spain (Dewit et al., 2012; Vandeginste et al.,
2015b), United Arab Emirates (Fontana et al., 2010), and elsewhere. The weathering colour
is linked to: 1) the chemistry of the rocks, for example, iron-rich rocks show a rusty brown
weathering colour (Beckert et al., 2018; Vandeginste and John, 2012; Vandeginste et al.,
2015a), and 2) the rock texture and mineralogy, fine grained limestone with some clay
impurities or organic material is generally grey, whereas coarse crystalline dolomite has a light
or brownish colour (Vandeginste et al., 2005). The limestone host rock in the Picos de Europa
Formation consists of bioclastic packstones and grainstones with a fine grained muddy matrix
and fragments of sponges, ooids, foraminifera, coralline algae, microbial mats, crinoids and
gastropods, whereas the dolomite bodies have a fabric-destructive coarse-crystalline texture
with dolomite crystals from 0.4 to 3 mm that have growth zones identified using
cathodoluminescence microscopy (Racine, 2017). The dolomite has higher concentrations of
iron, manganese and barium compared to the limestone (Racine, 2017), which influences the
weathering colour. The microscopic features of the host limestone and dolomite in the studied



formations have also been described and illustrated by Bahamonde et al. (2000) and Gomez-
Fernandez et al. (2000). Fluid inclusion data demonstrate that the dolomitizing fluids were
highly saline, 20-23 wt% NacCl eq., and relatively warm, 100-170°C (Racine, 2017). Similarly,
Gomez-Fernandez et al. (2000) reports temperatures of 170-200°C and salinities of around
15 wt% NaCl eq. for dolomite in the Picos de Europa area.

In addition to mapping on the 3D models, we conducted checks in the field by direct
observation of dolomite bodies in the outcrops matched to the locations in the models. In our
analysis, we grouped the dolomite bodies based on the stratigraphic unit they are hosted in.
In total, more than 400 dolomite bodies were mapped in the study area, with a predominant
occurrence of the bodies in the Montafia Beds. The percentage surface area of dolomite
bodies within the Montafia Beds is around 3%, whereas in the Picos de Europa Formation it
is around 1%, with the total surface area of the bodies being around 0.07 km? (Figure 8).
Dolomite bodies cannot be determined in some areas that are extensively covered by
vegetation, scree, and abandoned mine pits. The total surface area of the undetermined zone
is around 0.40 km?2.

4.3. Spatial Distribution of Dolomite Geobodies

The two lithostratigraphic units in the study area contain several limestone host rock
lithologies, including microlaminated lime mudstones and inter-bedded carbonate breccias
and grainstones in the Montafia Beds (Bahamonde et al., 2000), and massive limestones and
interbedded limestones and shales in the Picos de Europa Formation (Gomez-Fernandez et
al., 2000). There is little apparent difference in the distribution of dolomite bodies between the
Montafia Beds and the Picos de Europa Formation (Figure 8), although dolomite bodies form
a greater proportion of the surface area of the Montafia Beds (3%) than of the Picos de Europa
Formation (1%). Although the primary fabrics of the limestone host rock lithologies have been
extensively modified locally by dolomitization, the distribution of dolomite bodies does not pick
out stratigraphic units or conform to stratigraphic contacts (e.g. the boundary between the
Montafia Beds and the Picos de Europa Formation in Figure 8, as mapped by Garcia et al.,
1977). Instead, dolomite bodies appear to occur in clusters that tend to be aligned along and
lie in close proximity to the surface traces of strike-slip faults, as described below. This
dominant link of dolomite bodies with strike-slip faults is clear on the larger (> meter) scale. At
the smaller (decimeter) scale, the discordant dolomite-limestone contact is to some extent
affected by bed-scale lithological difference, as the irregular contact line may show small
extensions in certain beds, similar to structures discussed in Vandeginste et al. (2013).

The distribution of the dolomite bodies is slightly more concentrated close to strike-slip faults
in the study area (Figure 9). Most of the Montafia Beds hosted dolomites are located near the
San Carlos Fault, whereas almost all Picos de Europa hosted dolomites are located near
either the Middle Fault or the Northern Fault. The number and the total surface area of dolomite
bodies both exhibit an overall decrease away from the San Carlos Fault in a 600 m wide zone.
A total of 185 bodies are concentrated within 100 m of the fault. The total surface area of the
dolomite is more than 31,000 m2.

For the dolomite bodies that are located near the Middle Fault, the number and the total
surface area of dolomite bodies also generally decrease away from the fault. Within a distance
of 100 m from the fault, there are 54 dolomite bodies with a total surface area of more than
3,700 m?. ltis interesting to note that there is a large dolomite body located about 270 m away
from the fault with a surface area of more than 800 m?, whereas the total surface area of
surrounding bodies does not exceed 300 m?.

In the area of the Northern Fault, the number of dolomite bodies also generally decreases with
distance from the fault. Although a similar trend of decreasing dolomite total surface area with
distance from the fault is observed, the trend is different within a 30 m range of the fault. A
total of 45 dolomite bodies with a total surface area of more than 4,700 m? occur within 50 m
distance of the fault.



Compared to the presence of dolomite bodies close to strike-slip faults, there seems to be a
much smaller number of bodies located close to thrust faults. The distribution of the number
of dolomite bodies in the area around the Northern Thrust is quite irregular, whereas the total
surface area of the geobodies generally increases away from the thrust fault. There are only
two dolomite geobodies of area 162 m? within 150 m of the Southern Thrust, which represents
a population that is too small to analyse quantitatively.

4.4, Dimensions of Dolomite Bodies

The width of dolomite bodies within both the Montafia Beds and Picos de Europa Formation
show lognormal distributions (validated by chi-squared test at 95% confidence level) with
mean values of 9 m and 8 m for dolomites within the Montafia Beds and Picos de Europa
Formation, respectively (Figure 10). About 90% of the dolomite bodies within the Montafia
Beds are less than 20 m wide, whereas 90% of the dolomite bodies in the Picos de Europa
Formation are less than 15 m wide. The majority of dolomite bodies both within the Montafia
Beds (about 83%) and the Picos de Europa Formation (about 88%) are 0 to 30 m long. The
dolomite body length data show lognormal distributions (validated by chi-squared test at 95%
confidence level) with mean values of 20 m and 18 m for the bodies within the Montafia Beds
and Picos de Europa Formation, respectively (Figure 10). Similarly, the dolomite body height
data also have a lognormal distribution (validated by chi-squared test at 95% confidence level)
with mean values of 14 m and 6 m in the Montafia Beds and Picos de Europa Formation,
respectively. About 95% of the body height values within the Montafia Beds are less than 40
m, whereas they are less than 15 m in the Picos de Europa Formation (Figure 10).

We identified a weak positive correlation between width and length of the dolomite bodies
based on a coefficient of determination of 0.62 and 0.41 for the geobodies in the Montafa
beds and the Picos de Europa Formation, respectively (Figure 10). The correlation indicates
that dolomite body width is about one third of the dolomite body height in both stratigraphic
units (Figure 10). In terms of height-length relationship, the body height within the Montafa
Beds is about 70% of the length (correlation with coefficient of determination of 0.74), whereas
in the Picos de Europa Formation, the body height is 33% of the length (correlation with
coefficient of determination of 0.48) (Figure 10).

The length axis orientations of dolomite bodies were used for structural analysis and plotted
on a rose diagram, separately for the two stratigraphic units (Figure 11). The orientation of
dolomite bodies hosted within the Montafia Beds show a wider distribution than those in Picos
de Europa Formation. The dominant orientation of the dolomite bodies is N 110 E in the
Montafia Beds, and N 130 E in the Picos de Europa Formation.

5. Discussion

5.1. Types of drones and their application in carbonate geology

There are two main types of drones of interest in carbonate geological studies, hamely fixed-
wing and multi-rotor systems. Both types are available at a range of prices, models, and
flexibilities in terms of compatible sensor systems. However, there are certain aspects that
make them in general more or less suitable for the type of geological work intended. Decision
on the type of system to use should align with the research question to be answered and the
terrain that is being analysed. Fixed-wing drones are more suitable to map relatively large
areas (3 km? per day), they generally achieve longer flight times (about 50 minutes) and are
more expensive (£10,000 or more) compared to consumer-grade multi-rotor systems. Fixed-
wing drones achieve typically a resolution of about 5 cm per pixel for a flight at about 150 m
height (Campana, 2017) and they are generally capable of flying in higher winds than rotary
systems. The most common consumer-grade drone systems are quadcopters (i.e. equipped
with four propellers), and cost about £2,000 to £5,000. Larger rotary systems are available
that can carry heavier payloads, such as LIiDAR (Light Detection and Ranging), but these can
cost up to £250,000. Compared to fixed-wing systems, the multi-rotor drones need a much



smaller area for take off and landing, which significantly enhances their flexibility in the field,
as they can take off from very irregular rocky surfaces. Their flight time is generally limited to
no more than 20 minutes due to battery capacity. The multi-rotor drones have accurate
positioning, a good level of automation and a high geometric resolution of data acquisition
(Campana, 2017) similar to fixed-wing systems. In contrast to fixed-wing drones, they can be
used for imaging vertical cliff faces in great detail (Nieminski and Graham, 2017), a critical
advantage for carbonate geological field work. Hence, such drones could be used to map
world class cliff outcrops such as the Guadalupe Mountains, the Miocene carbonate cliffs in
Mallorca, the Amellago cliffs in Morocco, etc.

5.2. Drones and imaging sensors in carbonate geology

Alongside the type of platform (drone), also the type of sensor and data processing are remote
sensing components that should be aligned with the research objectives. Moreover, the type
of platform and sensor are interlinked, since for example heavy SLR digital cameras cannot
be carried by a small, lightweight, consumer-grade drone. In our study, we used a
panchromatic optical sensor, capturing the visible portion of the electromagnetic spectrum, in
a 12 Mega Pixel digital camera. There are also commercially-available multispectral and
hyperspectral sensors that can capture shortwave to thermal infrared and near-ultraviolet
portions of the electromagnetic spectrum (Verhoeven, 2012; Verhoeven and Schmitt, 2010).
In contrast, advances in active source sensors for high resolution 3D data collection mainly
focus on laser scanning technologies such as LIDAR, which measures the distance to a target
based on the travel time of reflected light (Bemis et al., 2014; Hodgetts, 2013). Although
airborne LIDAR is possible using drones, they are currently expensive, and further
developments on these systems are needed to miniaturise them as suitable payloads for low-
cost platforms.

5.3. Practicality of using drones in geological surveys

Obtaining detailed maps of 3D models from surveys of sedimentological, diagenetic and
structural study sites can be a key component in carbonate geological research, and provide
the fundament for further analysis. In the past, such research focused mainly on selected sites,
documenting features manually, and was labour intensive. Developments in GPS-based
surveys and subsequently laser scanning methods have greatly improved accuracy, precision,
and extent of mapping. Laser scanning techniques are, however, still time consuming,
expensive, and restricted by environmental and field conditions (visibility, morphology, etc).
The advance of extraordinarily fast, cost-effective and high geometric resolution aerial
photogrammetry using small drones is revolutionary compared to the traditional methods.
Quantitative measurements on 3D models constructed from drone surveys have greater
repeatability than those from outcrops, are collected in only a fraction of the time, and enable
volumetric measurements (Chesley et al., 2017). Moreover, using the drones for field surveys
is very flexible and practical. The small drone that we used in our study is lightweight and can
be easily carried by one person in the field, which makes it ideal in terms of mobility for
mapping areas in mountainous regions, such as the Picos de Europa, which require long daily
hikes to gain access. Furthermore, one can deploy a drone at short notice, and at a wide range
of times and localities, which presents major advantages over the hire of a traditional light
aircraft or helicopter. Legislation on drone use, however, is evolving, and needs some
investigation when flying the drone, especially as local rules may differ by country or district.
Restrictions generally apply in terms of flight height, no-fly zones, and permission from air
traffic control. Drone regulations in Spain are strict and prohibit flying a drone more than 100
m high or above stadiums, streets, concerts, any political building, beaches, cathedrals, etc.
One needs a license to use the drone and has to be at least 18 years old to be legally able to
fly it. To give an example from another country, the Civil Aviation Authority UK Dronecode
involves the following: 1) always keep your drone in sight, 2) keep your drone below 120m
height, 3) follow the manufacturer's instructions, 4) keep 50 m distance from people and
properties and 150 m distance from crowds and built up areas, 5) legal responsibility lies with
the drone operator, and 6) stay well away from aircrafts, airports and airfields. If one wishes



to fly the drone closer to buildings and crowds, then permission from the CAA needs to be
obtained, similar to that required by drone operators who conduct commercial flights. Finally,
drone aerial photogrammetry fills a real gap in effective spatial scale and resolution between
that of manual field mapping or ground-based LIDAR and that of traditional airborne higher-
altitude methods.

5.4. Applying drone aerial photogrammetry for mapping of dolomite geobodies

The application of drone based remote sensing is an innovative way to map diagenetic
geobodies. In only seven days of survey, we mapped a total area of 3.7 km? by drone remote
sensing in mountainous terrain. One could achieve larger areal coverage depending on
greater availability of batteries, selection of a less mountainous area requiring less daily hiking,
or the use of a different type of drone (although heavier platforms would be less practical when
significant hiking is needed). Also the extent of the coverage is linked to the targeted
resolution. However, in mountainous regions, the maximum resolution will depend on the
topography and extent of area to be captured in one flight. In our study, we acquired models
with a resolution of 5 cm to 25 cm, which is comparable to the resolution of airborne LiDAR-
based models, with typical accuracy of up to 20 cm (Jones et al., 2010). Processing time
depends strongly on the number of photos, coverage area of study, the user-defined
processing quality, and the performance of computers that will be used for creating the DSMs
and orthomosaic (i.e. a standard consumer-grade laptop took about 24 hours to process the
full model).

Besides the highlighted advantages and opportunities of using a small drone for mapping
geological features, the following two aspects are more challenging. First, the presence of
vegetation on the surface may compromise slightly the accuracy of the data collected.
Depending on the type of vegetation, information on the rock underneath can still be collected
by manual survey or by the use of a laser scanning technique. Also, point cloud processing
software of greater sophistication than used in our study (such as CloudCompare) allows
manual editing and rendering of 3D point clouds and triangular meshes with advanced
processing algorithms, which may be helpful in taking account of vegetation cover. LiDAR
collects a 3D point location with a single pulse of light that collects ground surface points as
long as the pulse of light can pass through the vegetation (Bemis et al., 2014). LiDAR derived
3D models have been used in previous studies to characterize dolomite bodies, for example
in the Latemar Platform, Italy (Jacquemyn et al., 2015), and the Zagros Mountains, Iran
(Lapponi et al., 2011). However, LIDAR systems are at this time still too heavy and too costly
to be used on small drones. In our study, uncertainty in dolomite presence in a small part of
the model is predominantly caused by the occurrence of snow patches or vegetation cover.
Nevertheless, the extreme high definition is rarely necessary, and therefore, the real need for
LiDAR is fairly limited. Second, although volumetric measurements can be made directly from
the model and are helpful for estimating resources in analogue subsurface reservoir models
(Chesley et al., 2017), the drone based 3D model represents what we observe at the surface,
but does not provide subsurface information that could be derived from seismic imaging, for
example. In many cases, geoscientists, and in particular sedimentary geologists, aim for an
understanding of the 3D geometry of the geobodies that extend into the subsurface. The fact
that we can only delineate the rims of the dolomite bodies at the surface remains a limitation
and represents uncertainty in the reconstruction of dolomite body dimensions, even though
the irregularity of the topography presents an advantage in determining 3D dimensions. As a
consequence, the reported data on dolomite body dimensions should be interpreted as
minimum dimensions.

Despite these challenges, drone based remote sensing has proven to be very effective for the
mapping of dolomite geobodies, and this method could offer many other opportunities for
geological research. Further improvement in our method could develop semi-automated
dolomite body mapping, similar to semi-automatic interpretation developed for mapping other
geological structures (Vasuki et al., 2014). In addition, further developments could focus on



the application of other types of sensors such as hyperspectral imaging and the use of texture
mapping (Beckert et al., 2017; Kurz et al., 2012). Moreover, the DSM from drone mapping
could also be integrated with data from other sources, potentially using near-surface
geophysical surveys such as ground-penetrating radar (GPR). GPR offers 3D geometrical
representations of subsurface geological horizons (Fernandes et al., 2015), such as those at
the contact of boundaries of dolomite bodies. Combination of the DSM and a 3D GPR dataset
may allow identification of the 3D geometry of dolomite bodies and their degree of connectivity.
A previous study of GPR gave promising results, where the method generated images of
stratabound dolomite bodies (Tsoflias and Becker, 2008).

5.5. Spatial distribution and dimensions of dolomite geobodies controlled by strike-slip faults
The detailed map of the distribution of the dolomite bodies in the study area shows that the
these geobodies are not regularly or randomly distributed, but rather occur in a clustering
pattern, in particular those hosted in the Montafia Beds. An analysis of dolomite body proximity
to faults reveals that there is a strong structural control on the spatial distribution of dolomite
bodies. Despite the lack of correlation between the thrust faults and dolomite bodies, the
geobodies are generally more abundant close to the nearby strike-slip faults. This link reveals,
importantly, the predominant control of strike-slip faults on dolomitization, rather than thrust
faults in the study area, and is in agreement with interpretations of the common association of
hydrothermal dolomite with extensional or strike-slip faults by Davies and Smith (2006).

The results indicate that the geometry of dolomite bodies is probably not strongly controlled
by the limestone host rock lithology (except for minor control on the irregular dolomite
boundary at decimeter scale), since the dolomite bodies cut through limestone beds. This
interpretation is consistent with other dolomite body geometry studies in which it was
demonstrated that there is no distinct link between the host rock limestone texture and the
extent of the fault-related dolomite body away from the fault into the host rock (Vandeginste
et al., 2013). Analysis of comparison between dolomite bodies across regions indicates that
the general dolomite body dimensions probably relate to the permeability of the host rock
limestone at the time of dolomitization, or to the source and fluid flow driving mechanisms for
dolomitizing fluids (Vandeginste et al., 2014; Wilson et al., 2007). The dimensions (width,
length, and height) of dolomite bodies in the study area range from a few meters to about 200
m. The length/width ratio of the dolomite bodies is on average about 3, similar to that for
dolomite bodies documented in the southern part of the Picos de Europa unit (Vandeginste et
al., 2015b). The length orientation of the dolomite bodies seems to be strongly controlled by
structural features. In the study area, the dominant orientation of the dolomite body length axis
is sub-parallel to the orientation of strike-slip faults (NNW-SSE to NW-SE), reinforcing the
identified link between the distribution of dolomite bodies and strike-slip faults (preferentially
over thrust faults).

Generally, the dolomite bodies located near the San Carlos fault are larger than those located
near the Middle and Northern Fault (Figure 9). The difference in length and width of dolomite
bodies can be interpreted as the difference in the strain magnitude of nearby strike-slip fault
zones. Fault zones commonly consist of a fault core and an associated damage zone that is
mechanically related to the growth of the fault zone (Billi et al., 2003; Caine et al., 1996; Putz-
Perrier and Sanderson, 2008). The damage zone is composed of a volume of rock affected
by fault-related fracturing (Billi et al., 2003). The fact that, according to the geological map of
the study area, the length of San Carlos Fault is significantly larger or has a higher strain
magnitude than the Middle Fault and the Northern Fault, suggests that the San Carlos Fault
may have generated an associated fracture network within its damage zone with a higher
fracture density, and a larger aperture of fractures, compared to the other faults in the study
area. Fault damage zones with higher fracture density or larger aperture of fractures probably
acted as preferential conduits for dolomitizing fluids and, as a consequence, generated larger
dolomite bodies. Further evidence of fluid flow along fault zones is derived from the
microscopic and fluid inclusion data indicating that relatively warm, highly saline fluids formed



discordant bodies of fabric-destructive coarse dolomite (Gomez-Fernandez et al., 2000;
Racine, 2017; Vandeginste et al., 2015b). Hydrothermal dolomitization has also been
documented in Carboniferous host limestone in the Bodon unit of Cantabria (Gasparrini et al.,
2006; Lapponi et al., 2014), southwest of the study area.

5.6. Future developments in drone based remote sensing

Despite the major advances in drone based remote sensing capabilities and flexibility, there
is still ample room for improvement. Technical developments are still needed to extend flight
times of the small platforms, increase their lifting capacity and improve flexibility of the
software. The most recent small platforms have seen major improvement in advanced collision
detection already. Another challenge is that the small drones are affected by strong winds,
which makes them significantly weather dependent. In current systems, terrestrial laser
scanning still provides higher resolution data and more consistency compared to the drone-
SfM method (Wilkinson et al., 2016). Greater diversity and more revolutionary opportunities
will result from further advances in lightweight sensors that can measure and analyse non-
visible portions of the electromagnetic spectrum, such as infrared and hyperspectral imaging,
and lightweight, cost-effective LIDAR systems.

6. Conclusions

The use of drones with SfM photogrammetry offers the opportunity to build 3D models from
geometrically complex or critical rock exposures. The method is particularly powerful to collect
data from outcrops that are inaccessible or unsafe to access by foot, providing the possibility
to build large quantitative data sets. The limited infrastructure requirements and resulting
greater portability and decreased cost enable the reconstruction of photo-based high
resolution 3D geospatial data at relatively low cost and expertise, and relatively quickly. Drone
aerial photogrammetry is especially useful to bridge a real gap in effective spatial scale and
resolution between that of manual field mapping or terrestrial laser scanning and that of
traditional airborne higher-altitude methods.

The method explained in this paper illustrates how we can characterize diagenetic geobodies
in an effective way at subseismic scale with appropriate accuracy using high resolution drone
captured images in carbonate geological studies. The results of our study indicate that the
dolomite geobodies preferentially occur near to strike-slip faults, rather than thrust faults or
types of host rock limestone lithology in the study area. Importantly, the dolomite geobody
distribution and orientation can be plausibly related to the strain magnitude of the strike-slip
faults. We propose that these links and controls may be applicable more generally to
structurally-controlled dolomitization.

Further developments in drone based remote sensing are still needed to improve flight time,
lifting capacity, software flexibility and greater range of lightweight sensors. Advances on these
fronts will enable further revolutionary opportunities not only in geological research, but also
in a wide range of other disciplines.
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Figure 1. Location of the study area as indicated by the red polygon. Google Earth maps.
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Figure 2. Simplified tectonic unit map of the Cantabrian zone. The study area is location within
the Picos de Europa unit as highlighted by the red rectangle in the figure (modified after Weil
et al., 2013).



QUATERNARY  [Z=—7
o o = — T
=== 9]
== <
Zz C===C 3'-“
Z | KASIMOVIAN P LEBENA FM. o
I o o w
i Fssers o=
" = €9
(Vo ¥yl
PICOS DE
S| .| moscovian EUROPA FM.
O| =
oc -
w <
| £ T >
Z| 2 hs Y
Q| 3 I =
- Q
< w
U VALDETEA | =§ &
FM. £l u
BASHKIRIAN zl =
o
- s w
wj O
z or O
< ﬁ o
5 ._ BARCA- 3| ©
= o) LIENTE FM. S| &
Z | SERPUKHOVIAN g
o
(=]
VISEAN - N ~
TOURNAISIAN = PORTILLAS FM. l
Conglomerate, breccia I Dolostone
Lime conglomerate Shale
fF==] Limestone Jl Ore deposits

Figure 3. Stratigraphic sequence of the Picos de Europa province. This study focuses on the
Caliza de Montafia (Montafia Beds) and the Picos de Europa Formation as highlighted on the
figure (modified after Gomez-Fernandez et al., 2000).
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Figure 4. Schematic illustration of SfM photogrammetry for the creation of a 3D model from
overlapping aerial photographs. (A) SfM photogrammetry workflow diagram. (B) Identical key-
points are observed in four overlapping images captured by the drone's camera and are
subsequently used for reconstructing camera position and an object coordinate (tie-point). The
background image is an aggregate of dense point clouds, whereas the four front pictures are
thumbnails of drone captured images. Note that although thumbnails are presented next to
each other and much smaller than the background image, they show overlapping pictures of
the area presented.
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Figure 6. (A) Fault proximity map showing various distance intervals (values in m) to
investigate the distribution of dolomite bodies as a function of distance from the nearest faults.
(B) The geological map of the study area based on the Carefia-Cabrales map by Garcia et al.

(1977).
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Figure 7. Distinction of dolomite bodies from limestone at different observation scales.
Contacts between dolomite and limestone are marked in yellow. (A) Uninterpreted and (B)
interpreted outcrop photograph of dolomite body and host limestone, with field compass for
scale. The limestone bedding is indicated by a red dashed line, whereas dolomite bodies are
delineated by a yellow line. The picture also illustrates the colour difference and the more
fractured texture of the brown dolomite versus the more massive nature of the grey limestone.
(C) Uninterpreted and (D) interpreted aerial photograph consisting of irregularly-shaped
dolomite bodies (delineated by a yellow line) and host limestone.
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Figure 8. Detailed interpreted map of dolomite bodies in the study area. The uninterpreted
model is presented in Figure 5B, and an example of uninterpreted and interpreted aerial
photograph is presented in Figure 7C-D. The northwestern limit of the study area is mainly
covered by grass, whereas the southeastern part of the study area contains regions covered
by scree and abandoned mine pits. The dolomite bodies cover a slightly larger surface area
in the Montafia Beds than in the Picos de Europa Formation, and they are slightly more
concentrated close to strike-slip faults. The majority of the bodies are less than 30 m long and

less than 15 m wide.
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Figure 9. The number and total surface area of dolomite bodies as a function of distance from
(A) the San Carlos Fault, (B) the Middle Fault, (C) the Northern Fault, and (D) the Northern
Thrust. There are only two dolomite bodies of area 162 m? within 150 m of the Southern Thrust
in the Picos de Europa Formation in the study area.
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Figure 10. Histograms of (A) length, (B) height, and (C) width of the dolomite body's
dimensions, and cross plots of dolomite body (D) width versus length and (E) height versus
length.
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Figure 11. Rose diagrams of the orientation of the dolomite body long axes, showing a
dominant NNW-ESE to NW-SE orientation.



Table 1. Processing quality report of all models

Absolute
Total Average | Median of | Median of laOve;: DSM and Geolocation RMS
Ground Key-points Matches . Pping ortho- Errors
Model area . images .
No. Sampling (per (per mosaic
name | covered . . . (per .
Distance | calibrated | calibrated resolution X Y z
(km2) . . each
(cm) image) image) . (cm) (m) | (m) | (m)
pixel)
full
1 | model 3.7 6 3147 1058 >5 25 4 4 23
2 | day2 0.77 6 45653 25843 >5 6 3 4 5
3 | day3 0.99 5 3059 992 >5 20 2 3 2
4 | day 4 1 6.5 3556 1350 >5 13 3 4 3
5 | day6 0.56 10 3321 1658 >5 10 6 2 3
6 | day 8 0.78 5.5 3014 1154 >5 5 4 2 1
7 | day9 1.5 9 3126 1116 >5 9 3 3 7
8 | day 10 0.91 6 3287 1329 >5 6 2 2 4




