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Abstract 22 

Erosional processes (natural or anthropogenic) may partly destroy the relatively 23 

small-sized volcanic edifices characteristic of monogenetic volcanic zones, leaving their 24 

internal structure well exposed. Nevertheless, the study of these outcrops may be 25 

extremely challenging due to restricted accessibility or safety issues. Digital 26 

representations of the outcrop surface have been lately used to overcome such 27 

difficulties. Data acquired with Terrestrial Laser Scanning instruments using Light 28 

Detection And Ranging technology enables the construction of such digital outcrops. 29 

The obtained high-precision 3D terrain models are of greater coverage and accuracy 30 

than conventional methods and when taken at different times allow description of 31 

geological processes in time and space. Despite its intrinsic advantages and the proven 32 

satisfactory results, this technique has been little applied in volcanology-related studies. 33 

Here, we want to introduce it to the volcanological community together with a new and 34 

user-friendly digital outcrop analysis methodology for inexperienced users. This tool 35 

may be useful, not only for volcano monitoring purposes, but also to describe the 36 

internal structure of exposed volcanic edifices or to estimate outcrop erosion rates that 37 

may be helpful in terms of hazard assessment or preservation of volcanic landscapes. 38 

We apply it to the Croscat volcano, a monogenetic cone in the La Garrotxa Volcanic 39 

Field (Catalan Volcanic Zone, NE Spain), quarrying of which leads to a perfect view of 40 

its interior but restricts access to its uppermost parts. Croscat is additionally one of the 41 

most emblematic symbols of the La Garrotxa Volcanic Field Natural Park, and its 42 

preservation is a main target of the park administration. 43 

 44 
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1. Introduction 49 

 50 

The specific eruption style of a monogenetic volcano is related to changes in 51 

magma composition (e.g. volatile content), magma supply rate and local tectonics. In 52 

addition, external environmental conditions at the moment of the eruption such as host 53 

rock geology, distribution and characteristics of the underlying aquifers also play a 54 

decisive role (e.g. Kokelaar 1986; Sohn and Chough 1989; Sohn 1996; White 1996; 55 

Walker 2000; White and Houghton 2000; Martí et al. 2011; Németh et al. 2011; White 56 

and Ross 2011; Pedrazzi et al. 2014). Therefore, a correct interpretation of the deposits 57 

and consequently, the reconstruction and characterization of the eruptive sequence is 58 

crucial to evaluate its potential hazard in the case of active areas (Fisher and Waters 59 

1970; Heiken 1971; Lorenz 1973, 1986, 1987; Wohletz 1986). 60 

Erosional processes (natural and/or anthropogenic) in a variety of settings may 61 

partly destroy these relatively small-sized volcanic edifices and expose their interiors 62 

(Fig. 1). For example, on volcanic islands, monogenetic volcanoes may occur in coastal 63 

plains where marine erosion may lead to an efficient demolishment of the constructed 64 

edifice (e.g. Volcano Capelinhos, Faial Island; Orakei Maar, Auckland Volcanic Field; 65 

El Golfo, Lanzarote Island) (Waters and Fisher 1971; Németh et al. 2012a; Pedrazzi et 66 

al. 2013) (Fig. 1a and b). Other natural mechanisms include river incision as in the case, 67 

for example, of Los Loros volcano (Mendoza, Argentina) (Németh et al. 2012b). 68 

Furthermore, monogenetic volcanic edifices close to populated areas tend to be a 69 

common target for quarrying since the extracted material is often used for construction 70 

and decoration purposes, as has occurred with the Croscat volcano (Garrotxa Volcanic 71 

Field, Spain) (Fig. 1c). Thus, when working on monogenetic volcanic areas it is usual to 72 

find outcrops where the internal structure of the edifices is, for one or other reason, well 73 
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exposed. However, their study may be sometimes extremely difficult (or even 74 

impossible) due the lack of accessibility or safety issues.   75 

In the few last years, digital (or virtual) outcrops have made possible the study of 76 

those areas with natural access limitations or safety issues (e.g. Dueholm and Olsen 77 

1993; Xu et al. 2000; Adams et al. 2005; McCaffrey et al. 2005; Jones et al. 2009). 78 

Furthermore, these digital representations of the outcrop surface may facilitate 79 

visualization of the interesting structures, as long as they can be analysed while 80 

navigated in real-time, with optional displays for perspective, scale distortions, and 81 

attribute filtering, etc. (cf. García-Sellés et al. 2011). 82 

 In particular, Terrestrial Laser Scanning (TLS) instruments using Light Detection 83 

And Ranging technology (LIDAR) are capable of capturing topographic details and 84 

achieve modelling accuracy within a few centimetres. The data obtained, called a Point 85 

Cloud, enables the creation of detailed 3-D terrain models of greater coverage and 86 

accuracy than conventional methods and with almost complete safety of the operators 87 

(Jones 2006). 88 

 Recently, such high-precision digital surface models have played an important 89 

role in the study of glacier evolution (Conforti et al. 2005), gravitational instabilities 90 

(Abellan et al. 2010), landslides (Jones 2006; Jaboyedoff et al. 2012), and tectonic 91 

deformation (Nissen et al. 2012). High-precision digital surface models captured at 92 

different times may be compared, allowing description of geological processes in time 93 

and space. In some cases, this enables their detection and spatial prediction of 94 

occurrence in the future (Abellan et al. 2010; Jaboyedoff et al. 2012). It can also be used 95 

to estimate deformation patterns, displacements, surface variations, volumes involved in 96 

mass movements, and other physical features (e.g. Kaab and Funk 1999; Baldi et al. 97 
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2000; Mora et al. 2003; van Westen and Lulie Getahun 2003; Pesci et al. 2004; Nissen 98 

et al. 2012). 99 

 Airborne LIDAR technology has already been extensively applied in 100 

volcanology for precise mapping, accurate morphometric and volumetric measurement 101 

of surface features such as lava flows and domes, and estimating differential erosion in 102 

river valleys (e.g. Crow et al. 2008; Ventura and Vilardo 2008; Favalli et al. 2009, 2010; 103 

Procter et al. 2010). Nonetheless, despite its intrinsic advantages for studying 104 

inaccessible outcrops and the proven satisfactory results, the TLS technique has just 105 

been applied in a few volcanology-related studies. To the authors’ knowledge it has 106 

been mainly used for volcano monitoring and hazard assessment purposes on Mt. Etna 107 

(Hunter et al. 2003; James et al. 2009; Marsella et al. 2011) and Soufriere Hills (Jones 108 

2007); to accurately map the inaccessible surfaces of Vesuvius (Conforti et al. 2006; 109 

Pesci et al. 2007) and Mt. Ruapehu craters (Massey et al. 2010) and to reconstruct flood 110 

basalt lava flows from outcrop data in the Faroe Islands and the Isle of Skye (Nelson et 111 

al. 2011). 112 

The aim of the present paper is to introduce TLS and the potential use of the 113 

obtained data to the volcanological community. We show here how the acquired and 114 

processed data may be useful, not only for volcano monitoring purposes, but also to 115 

describe the exposed internal structure of volcanic edifices or to estimate erosion rates 116 

that may be helpful in terms of hazard assessment or preservation of volcanic 117 

landscapes. We also present a new and user-friendly methodology to extract geological 118 

data from digital outcrops, specifically aimed at inexperienced TLS users. This new 119 

technique works in a simple environment and is mainly based on digitized images, a 120 

tool well known by geoscientists. The main advantage of this new method is that the 121 

digitized outcrop images are converted to realistic 3D images in a referenced coordinate 122 
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system, where measurements and other analyses can be performed.  123 

We use as an example of application the Croscat volcano, a monogenetic 124 

volcanic cone of La Garrotxa Volcanic Field (Spain) (Fig.1c). Commercial quarrying 125 

until 1991 exposed the internal part of the volcano but made access difficult to the 126 

uppermost parts. Croscat volcano is in addition a symbol of the La Garrotxa Volcanic 127 

Field Natural Park; its preservation is a main target of the park administration. Thus, 128 

studying and evaluating its degradation due to external processes such as heavy rains or 129 

snowfalls is an indispensable task for ensuring its correct preservation. 130 

 131 

2. Terrestrial Laser Scanner 132 

 133 

2.1 Terrestrial Laser Scanner: An overview 134 

 135 

The TLS is an efficient topographical survey instrumentation used to acquire a 136 

redundant number of points distributed over a physical surface (Fig. 2a). The operating 137 

methodology of this technique consists of measuring the time it takes a laser pulse to 138 

travel from the transmitter to the remote target be reflected and return to the system 139 

receiver (Fig. 2a). A high-speed counter measures the time of flight t from the start pulse 140 

to the return pulse, which is converted to a distance d as follows (Petrie and Toth 2008a, 141 

2008b): 142 

                                        𝑑 =
(𝑐 × 𝑡 )

2
                                                                                [1] 143 

where c is the speed of light. 144 

The relative coordinates of each measurement point i with respect to the location 145 

of the TLS device are obtained from the orientation angles of each pulse and the 146 

distance di. TLS devices are able to collect, with high accuracy, millions of points in a 147 
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few minutes. Most outdoor geological applications of TLS use the time-of-flight 148 

technique, due to the scale and the range of the objects to be captured (from tens to 149 

hundreds of meters). For example, the TLS used here reaches a point accuracy of 0.8 cm 150 

at a range of 90 m for 70% of the captured points (technical specifications supplied by 151 

Optech Company). Discussion of TLS principles and other technical details is beyond 152 

the scope of this paper, but it can be found in Teza et al. (2007), while Buckley et al. 153 

(2008) present a useful discussion on the accuracy of TLS and related outputs.  154 

 155 

2.2 TLS Equipment 156 

 157 

The TLS (ground-based LIDAR) used here is the ILRIS 3D model from the 158 

Optech Inc. Company. It consists of a transmitter/receiver of infrared laser pulses (1,535 159 

nm wavelength) and a scanning device. For the present work, the TLS is programmed to 160 

record the first pulse return since it minimise the ambiguities when classifying the 161 

nature of the reflected object. In most cases, recording the last pulse does not guarantee 162 

that this comes directly reflected from the ground. In ideal conditions, depending on the 163 

scanned surface reflectivity and visibility, this scanner can register pulses from objects 164 

at distances up to 1,000 m. The most satisfactory density of returned pulses is obtained 165 

for objects ≤ 500 m from the receiver. 166 

The TLS is equipped with a laptop or palm computer, which acts as the 167 

interface, and a power supply (e.g. batteries or generator). The TLS used here was also 168 

set up with a differential GPS and an external Single Lens Reflex digital camera (Fig. 169 

2b). The equipment package has to be kept light for portability and to enable rapid field 170 

deployment. 171 

 172 
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2.3 Data acquisition and processing 173 

 174 

To minimise errors and ensure good outcrop coverage, it is necessary to scan 175 

from different view-points, also called stations. The resultant point clouds are 176 

subsequently aligned and merged into a single reference system by specific TLS 177 

software like PolyWorks (http://www.innovmetric.com) or RiScanPro 178 

(http://www.riegl.com). Alignment is based on the supervised identification of 179 

overlapping zones and their successive merging by algorithms using least-squares 180 

surfaces matching or iterative closest points (Besl and McKay 1992; Gruen and Akca 181 

2005). In this work, in order to construct a final 3D model, obtained data has been 182 

processed with the PolyWorks IMAlign Module. The mean point spacing of the acquired 183 

datasets ranges from 3 to 5 cm up to a maximum range of 290 m. The IMAlign Module 184 

constructs a surface model for image scans with cells of 5 cm to match the different 185 

scans.  186 

 Once the individual point clouds have been aligned into the same reference 187 

system, the diverse TLS stations are also incorporated. Since we have also captured 188 

GPS data of the latter individual view-points during the field survey, we are able to 189 

georeference the final point cloud and orientate it towards the geographic North. This 190 

procedure provides the TLS positioning with sub-decimetric error. In this case study we 191 

use the Universal Transverse Mercator (UTM) coordinate system (Datum ED50).  192 

Finally, we convert the georeferenced 3D point cloud into a photo-realistic 193 

model of the entire outcrop by overlying the digital images taken simultaneously with 194 

the scans on the terrain surface (Fig. 2c). Since the digital camera moves with the TLS, 195 

the perspective of the captured image is almost perpendicular in all cases, i.e. distortion 196 

is reduced.  197 
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  198 

2.4 Studying geological outcrops with TLS 199 

 200 

 Traditionally, the most common practice in geological outcrop studies starting 201 

from an outcrop point cloud or photo-textured surfaces has been the following (García-202 

Sellés et al. 2011): (1) interpretation of geological surfaces by visual inspection of the 203 

point cloud or the photo-textured surface, completed by manual digitisation (Trinks et 204 

al. 2006; Fabuel-Perez et al. 2009), (2) interpolation or extrapolation of the geological 205 

surfaces by using the digitized contacts as input constraints (Xu et al. 2000); and (3) 206 

reconstruction of the surfaces from the outcrop to use them as a framework to build and 207 

populate 3D geocellular models (Hodgetts et al. 2004; Pringle et al. 2004; Bellian et al. 208 

2005; Enge et al. 2007; Fabuel-Perez et al. 2009). 209 

Here, we present a new methodology to enable inexperienced TLS users to 210 

extract data from the obtained 3D point cloud. For this, we exploit the broad experience 211 

of geoscientists in working with 2D digitized images. The newly developed DigiStruc-212 

3D software is an easy to use technique that projects a geologic feature detected in the 213 

2D digital (or digitized) images onto the point cloud and extracts the objects in 3D (Fig. 214 

2c). DigiStruc-3D software is available from GEOMODELS Research Institute 215 

(http://www.ub.edu/geomodels/index.html) upon request. 216 

For this, we use the well known methodology applied in photogrammetric 217 

studies, which relates reference systems of the image and the point cloud captured by 218 

the Single Lens Reflex digital camera and TLS, respectively (Wong 1980). Since our 219 

camera is coupled to the TLS device, required parameters such as position, orientation, 220 

focal length, and lens distortion are constant or easy to calculate. Thus, for each point 221 

digitized on the 2D image, we are able to assign a 3D point cloud coordinate.  Applying 222 
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the collinearity equation (i.e. property of a set of point of lying on a single line), from 223 

digitized lineations recognized in the 2D images (Figs. 2c and 3 label I), which are the 224 

geometric result of the intersection between the surface outcrop and diverse geological 225 

planes, we are able to extract parameters like the orientation and trace length from this 226 

surface (Fig. 3 label II).  227 

In a second step, for each pair of nodes digitized over the 2D image and 228 

projected over the point cloud, the algorithm interpolates points between the two nodes 229 

to increment the number of data points. This allows better accuracy in the geometric 230 

measurements associated with the object. As soon as the user ends digitizing a line or 231 

polygon our algorithm calculates a planar regression with the selected 3D points and 232 

calculates the normal vector.  233 

 The above described methodology allows us to obtain a set of 3D digital objects 234 

whose position, length and orientation can be measured, allowing the spatial relation 235 

between objects to be more efficiently studied. Furthermore, it is possible to use the 236 

obtained 3D structures that may represent stratigraphic bodies, faults, joints, bedding, 237 

etc., as input data for detailed numerical models. 238 

 239 

3. Application to Croscat volcano 240 

 241 

3.1 Background 242 

 243 

Croscat volcano is located in La Garrotxa Volcanic Field, part of the Catalan 244 

Volcanic Zone (CVZ) in the NE Iberian Peninsula (Fig. 4a) (Martí et al. 2011; Pedrazzi 245 

et al. 2014). The CVZ hosts the greatest concentration of Middle Miocene to recent 246 
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volcanism in the region and is related to the period of extensional tectonics and mafic 247 

alkaline volcanism of the Neogene Valencia Trough (Martí et al. 1992) (Fig. 4a). 248 

Croscat volcano is one of the most representative edifices of the northern sector 249 

of La Garrotxa Volcanic Field and was constructed during the same fissure-fed eruption 250 

that formed the Santa Margarida and La Pomareda volcanoes, all lying on a 3 km long 251 

eruption fissure oriented NNW–SSE (Fig. 5) (Martí et al 2011).  252 

The Croscat succession has been studied by Di Traglia et al. (2009), Cimarelli et 253 

al., (2010), Martí et al. (2011) and Bolós et al. (2014) and the reader is referred to these 254 

works for further details on its stratigraphy and eruptive sequence. Construction of the 255 

Croscat scoria cone started immediately after a phreatomagmatic explosive episode that 256 

formed the Santa Margarida crater (PS1 in Fig. 6). The first cone-building deposits of 257 

Croscat and La Pomareda comprise massive basaltic spatter and welded scoria 258 

agglomerates deposited as the eruption progressed along the fissure (SS in Fig. 6). Later 259 

on, the eruption concentrated in the central part of the fissure, changing from fissural to 260 

a central conduit (Strombolian phase), completing construction of the Croscat scoria 261 

cone (Martí et al. 2011). This Strombolian activity generated two main scoria fallout 262 

units. The lower one is a thick, poorly stratified coarse lapilli size scoria deposit with 263 

several scoria bomb beds (SLB in Fig. 6). The upper unit consists of more than ten 264 

meters of well stratified to thinly laminated, medium to fine lapilli size scoria, which 265 

contains sparse scoria bombs and blocks (SL in Fig. 6). At the top of the pyroclastic 266 

succession, the eruption changed from Strombolian to phreatomagmatic generating a 267 

widespread pyroclastic surge deposit (PS2 in Fig. 6) (Martí et al. 2011). The last 268 

eruptive phase of Croscat corresponded to a lava flow, whose emplacement caused the 269 

breaching of the western flank of the cone (Fig. 5b).  270 

 271 
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3.2 Studying Croscat volcano with TLS 272 

 273 

 The studied outcrop (Fig. 6) is the result of the commercial quarrying of Croscat 274 

volcano carried out until 1991, making the place unique for studying and admiring the 275 

internal parts of the volcanic edifice but also highly vulnerable to erosion processes. On 276 

March 2012, we carried out a TLS survey consisting of eight, partially overlapped, 277 

single scans totalling up to 14.5 million georeferenced points. These scans were 278 

acquired from three different positions (Fig. 7a, S1-S3) and subsequently merged into a 279 

single reference system (Fig. 7b). The collected information is used to: i) evaluate the 280 

degradation of the outcrop in the last few years due to natural erosional processes; and 281 

ii) to study the internal structure of the volcanic cone. 282 

 283 

3.2.1 Estimating outcrop erosion 284 

 285 

One direct result obtained after processing TLS acquired data is a high resolution 286 

Digital Elevation Model (DEM) of the scanned area. For example, in the case of Pesci 287 

et al. (2007), they generated a triangulated model of the Vesuvius volcano crater with a 288 

mean cell size of 5 cm. Such high-resolution DEMs are useful for both individual 289 

surface analysis or, by comparing with previous DEMs, estimating morphological 290 

variations, physical surface changes and mass movement.  In our case, with the data 291 

acquired in the March 2012 TLS survey we developed a DEM of the Croscat outcrop 292 

with a resolution of up to 1 point each 4-5 cm, covering an area of 300  150 meters. 293 

This DEM, quickly obtained with a single TLS survey, allowed a first order 294 

estimate of the outcrop erosion due to continuous and, in most cases, heavy rainfalls 295 

that occurred during 2010 and 2011. As illustrated in Figure 8, during this time period 296 
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the area experienced the wettest months and the heaviest rainfalls of the last 9 years 297 

(Fig. 8).  The total amount of accumulated rain during these years was also considerably 298 

higher compared with previous years or the mean total annual rain for the period 2003-299 

2012 (Fig. 8b). Additionally, field observations revealed some morphological variation 300 

at the upper part of the outcrop, indicating that natural erosion could be accelerated due 301 

to these periods of anomalous heavy rainfalls.  302 

In order to evaluate the amount of erosion that occurred, we compared the DEM 303 

obtained with the TLS survey (DEMTLS) with the previous 2 2m resolution model 304 

provided by the Institut Cartográfic i Geològic de Catalunya ICGC (Catalan 305 

Cartographic and Geologic Institute, http://www.icc.cat) (DEMICGC). The data source of 306 

the DEMICGC corresponds to the points obtained during an airborne LiDAR survey 307 

conducted in early 2010, which recorded signal from multiple returns, canopy, branches 308 

and ground. According to the technical notes of the ICGC, the mean square error of the 309 

obtained data is 0.15m. In order to elaborate the DEMICGC we use either the last 310 

recorded signal or, if this is of bad quality, the canopy signal subtracting a mean tree 311 

height. In this second case, the mean value chosen would not affect the DEMICGC values 312 

along the talus. Results obtained are illustrated in Figure 9. Note that we calculated 313 

DEMTLS- DEMICGC, i.e. negative difference values indicate a decrease in topographic 314 

height (erosion) during the period 2010-2012. From the general differences map hardly 315 

any changes are observable on the talus area (Fig. 9a). The maximum positive and 316 

negative values are concentrated at the uppermost outcrop wall (Fig. 9a label I) and 317 

around the outcrop (Fig. 9a label II), respectively. The latter are due to the presence of 318 

vegetation (e.g. trees and bushes). Whereas the DEMICGC is filtered (i.e. vegetation is 319 

removed from the obtained elevation data), our DEMTLS includes them. Therefore, the 320 

“increase” in topography in these areas reflects the inclusion of vegetation, with the 321 

http://www.icc.cat/
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greatest differences corresponding to the highest trees. The negative values along the 322 

uppermost southeast wall (Fig. 9a label II), i.e. topography “decrease” between 2010 323 

and 2012, may partly represent erosion of the outcrop wall during this time period.  324 

Focusing on the talus area (Fig. 9b), we observe at the upper parts negative 325 

differences indicating significant erosion (up to 0.5 m). Material eroded from the 326 

outcrop walls (Fig. 9b label III) would have accumulated parallel to the maximum slope 327 

lines of the talus indicated by the positive DEMTLS- DEMICGC values (Fig. 9b label IV). 328 

A total volume of c. 450 m
3 

of material has been eroded from the uppermost parts of the 329 

outcrop and vertical cliffs and accumulated in the talus area during the period 2010-330 

early March 2012.  331 

In order to minimize the error implicit in using two digital elevation models of 332 

different resolution, we resampled and aligned both DEMs. Nevertheless, problems 333 

appear in cliffs and abrupt slopes, where DEMTLS and DEMICGC approximate the 334 

topography at a centimetre or metre scale, respectively. A detailed study of the erosional 335 

processes occurring at the outcrop is beyond the scope of this paper, and thus only a first 336 

order estimate is provided here. In the future, if this becomes the main objective, a more 337 

accurate analysis of erosion and accumulation rates and general degradation patterns 338 

should consider repeated detailed TLS surveys of the outcrop.  339 

 340 

3.2.2 Analysis of the Croscat internal structure  341 

 342 

A further application of the TLS data is in studying the internal structure of the 343 

volcanic edifice and determining, for example, the slope angle of the edifice during the 344 

different eruptive stages. This is especially useful when dealing with inaccessible 345 

outcrops, as is the case for the upper parts of the outcrop under study. For this, we 346 
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applied the methodology described in section 2.4. We used our 3D photo-realistic model 347 

of the outcrop and previous knowledge of the volcano stratigraphy (if available) to 348 

identify the most visible contacts between the different depositional units and individual 349 

layers (Fig. 10). Once the structures were marked, the DigiStruc-3D program allows us 350 

to extract information concerning the strike and dip of the marked planes (Fig. 3) and 351 

hence the 3D reconstruction of the identified structures  (Fig. 11).  352 

The morphology of cinder cones is mainly governed by the eruption rate, the 353 

accumulation rate around the vent, and the grain-size distribution of ejected pyroclasts. 354 

The resultant slope angles range between 10 and 35° and are mainly controlled by the 355 

angle of repose of the scoria. The latter vary slightly with grain size, shape, rheology 356 

and wetness, as well as climatic factors (Barabási et al. 1999; Robinson and Friedman 357 

2002; Riedel et al. 2003; Bemis et al. 2011). Results obtained here indicate how the 358 

slope angle of the cone changes from around 17° in the lower units to up to ~30° in 359 

the upper parts. These values provide a first order estimate of the growth rate of the 360 

edifice, which is strongly dependent on the eruption mechanisms observed for 361 

Strombolian-type eruptions  (e.g. McGetchin et al. 1974; Settle 1979) or column-362 

forming eruptions similar to Plinian eruptions (e.g. Riedel et al. 2003). These different 363 

mechanisms may have a strong influence on grain size and fragmentation, affecting the 364 

proportion of the magma that ends up on the cinder cone since the size and growth of a 365 

cone are the result of the amount of magma erupted less the amount transported  into the 366 

buoyant volcanic plume. 367 

 368 

5. Discussion and conclusions 369 

 370 
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TLS has been repeatedly applied in the last years for the study of natural 371 

processes such as landslides, rock mass movements, glacier retreat, etc. Since high-372 

resolution measurements can be taken from distances up to hundreds of meters, it has 373 

become a useful tool for characterization and monitoring of inaccessible outcrops or 374 

those with unstable slopes or in cliffs. It has also been considered an innovative and 375 

promising instrument for panoramic view surveys.  376 

TLS allowed us to determine the volume of material eroded from the Croscat 377 

volcano quarry in nearly two years. The major factor likely responsible for erosion in 378 

our case-study outcrop are anomalous heavy rainfalls that occurred between acquisition 379 

of the two DEMs (Fig. 8c and d). Nevertheless, additional erosion factors may be 380 

involved here and in other contexts (e.g. wind, cryofracturing, seismic events, etc.). 381 

Only surveys repeated several times in a year or, ideally, real-time monitoring could 382 

help quantify the relative roles of episodic/catastrophic events versus sustained erosive 383 

processes in the total erosion rate. 384 

The advantages of obtaining digital outcrops are not only restricted to solving 385 

accessibility issues. The study of digital outcrops may facilitate visualization of the 386 

features of interest over the entire outcrop, as long as the digital outcrop can be analysed 387 

and navigated in real- time, with optional displays for perspective, scale distortions, and 388 

attribute filtering. The main advantages of the technique are the acquisition of real 3D 389 

information, fast data capture accurate measurement of distance, offset between layers 390 

or angles and dips, easy set up and portability and its high resolution, at least for the 391 

ground-based instrument. Conversely, the main limitations of the ground-based 392 

technique are the existence of shadow areas caused by rugged topography, the huge 393 

quantity of acquired information and the need for post-processing to filter and align data 394 

sets, i.e. when a large area is scanned, several data sets must be merged and due to error 395 
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propagation the alignment starts to be more complicated and time-consuming to obtain 396 

reliable results. 397 

TLS and Digistruc-3D software allowed us to reconstruct stratigraphic planes, 398 

and in particular those corresponding to the transition from one eruptive phase to 399 

another. Acquisition of TLS data at several outcrops around a volcanic edifice may thus 400 

contribute to stratigraphic studies that allow estimates of the volumes of magma erupted 401 

during each eruptive phase that was not dispersed beyond the cone perimeter. We were 402 

not able to test this idea for Croscat because of the vegetation covering the rest of the 403 

cone but this would theoretically enable reconstruction of a 3D view of the interior of a 404 

volcano. The more complex the eruptive history of a volcano the less accurate will be 405 

volume estimation. Monogenetic volcanoes would therefore be better candidates for 406 

such studies than larger edifices. 407 

Despite its evident advantages and ability to construct high-resolution digital 408 

outcrops, the application of the TLS technique to volcanology–related processes or 409 

studies has been quite restricted. The outstanding results by Pesci et al. (2007) 410 

confirmed that this laser scanner methodology is perfectly suitable for applications in 411 

volcanic areas. In their work, they completely scanned the crater of Vesuvius in few 412 

hours; data processing producing a DEM model with a mean grid size of 5 cm. 413 

Furthermore, by comparing high-resolution models from different surveys, it is possible 414 

to rapidly estimate morphological variations, surface changes and mass movement, 415 

making this technique a quite efficient system for volcano monitoring. 416 

Indeed, TLS portability and ability to operate remotely without accessing 417 

dangerous areas is a crucial feature and an advantage for work in remote areas or in 418 

volcanically active zones. The short data acquisition time reduces the exposure time of 419 
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the operators in potentially dangerous areas such as active volcanic craters (Jones 2006; 420 

Massey et al. 2010).  421 

Here, we have shown how Terrestrial Laser Scanning surveys currently represent 422 

one of the most powerful tools to accurately map inaccessible surfaces with very short 423 

survey time. The obtained georeferenced point cloud can be used for multiple purposes 424 

including the generation of high-resolution digital elevation models. The latter may be 425 

useful to determine and evaluate erosion patterns, or combined with the digital images 426 

to extract 3D information of the stratigraphic units.  427 

 428 
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Figure captions 654 

 655 

Fig. 1:  Example of three monogenetic volcanic edifices with their internal structure 656 

exposed by natural and/or anthropogenic (i.e. quarrying) erosional processes. a) Volcano 657 

Capelinhos (Faial Island, Azores, Portugal), b) El Golfo volcano (Lanzarote Island, 658 

Canary Islands, Spain), c) Croscat volcano (La Garrotxa volcanic field, Spain) (image 659 

source: Documentation Centre La Garrotxa Volcanic Field Natural Park, Author: 660 

P.Callís). 661 

 662 

Fig. 2: a) Principles of laser scanner data acquisition. b) Image of the Terrestrial Laser 663 

Scanner equipment used for this study. Additional components such as power supply, 664 

GPS and the digital camera are also indicated. c) Sketch of the steps followed to acquire 665 

a 3D photo-realistic digital outcrop. 666 

 667 

Fig. 3: Screenshot of DigiStruc-3D software during the analysis of the digital outcrop. 668 

 669 

Fig. 4:  a) Location map of the Catalan Volcanic Zone in the context of European rift 670 

systems (modified from Martí et al. 2011). b) Simplified geological map of the Catalan 671 

Volcanic Zone and its surroundings (modified from Guérin et al. 1985).  672 

 673 

Fig. 5: a) Digital Elevation Model of La Garrotxa Volcanic Field with volcanic cones 674 

labelled. b) (top left) Oblique aerial photograph of Croscat volcano showing the location 675 

of the study area in the former quarry. (top right) Digital Elevation Model of Santa 676 

Margarida, Croscat and La Pomareda volcanoes. (bottom) Oblique aerial photograph of 677 
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the Croscat volcano crater and lava flow with the Santa Margarida volcano in the 678 

background. 679 

 680 

Fig. 6: Image of the southeast-facing scarp of the outcrop under study. A synthetic 681 

stratigraphic section of the Croscat volcano is also included (modified from Martí et al. 682 

2011).  683 

 684 

Fig. 7: a) Aerial Google Earth image of the Croscat volcano. The extension of the 685 

studied outcrop (yellow dashed line) and the position of the three TLS scan points (S1-686 

S3) are indicated. b) Image of the final TLS point cloud once all scans have been 687 

merged. 688 

 689 

Fig. 8: Rainfall graphs of the La Garrotxa Volcanic Field Natural Park for the individual 690 

months during the period 2003-2012 (a) and the total annual accumulated rain (b). Red 691 

dashed horizontal line in b) corresponds to the mean value of annual precipitation for 692 

the period 2003-2012. Maximum rain during a 24 hours (c) and 30 minutes (d) time 693 

period.  Data obtained from the Servei Meteorològic Català (http://www.meteo.cat). In 694 

case of c) and d) plots, there is no data available for the years 2004-2006. 695 

 696 

Fig. 9: Results obtained for difference between DEM TLS - DEM ICGC (in m) for the 697 

whole outcrop (a) and specifically for the slope area (b). Pink dashed line in a) indicates 698 

the area covered by b). Black background represents those areas where the difference 699 

DEM TLS - DEM ICGC  could not be estimated due to the lack of information in one or 700 

both DEMs. 701 

 702 
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Fig. 10: Images of the scans where visible stratigraphic layers (green) and contacts 703 

(yellow) have been identified. Details of the southeast-facing (a) and northwest-facing 704 

(b) sides of the outcrop.  705 

 706 
Fig. 11: Images of 3D planes of the southeast-facing (a) and northwest-facing (b) sides 707 

of the outcrop extracted with DigiStruc-3D. Visible single stratigraphic layers (green) 708 

and contacts (yellow) have been identified. Dip angle for some of the planes are also 709 

indicated.  710 
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