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Abstract La Garrotxa Volcanic Field (GVF) in the NE Iberian Peninsula is one of the

Quaternary alkaline volcanic provinces that form part of the European Cenozoic Rift System.

Active over the last 0.7 Ma, the most recent dated eruption in this volcanic zone took place in

the early Holocene (11–13 ka). Its volcanic activity has varied from Hawaiian to violent

Strombolian, with numerous episodes of phreatomagmatic activity, and is controlled by the

main regional normal faults generated during the Neogene extension that affected the area.

Despite the potential for future eruptions and the fact that this is a densely populated industrial

area, no volcanic hazard assessment of the field has ever been conducted. In this work, we

present the first comprehensive evaluation of the volcanic hazard in the GVF via (1) an

evaluation of its volcanic susceptibility, (2) a temporal recurrence rate analysis, (3) a

simulation of different eruptive scenarios, such as lava flows, pyroclastic density currents and

ashfall, and (4) the elaboration of a qualitative hazard map. The final hazard map shows that

the GVF can be subdivided into five different hazard levels, knowledge that will be useful for

land-use management and the drawing up of emergency plans.

Keywords Garrotxa Volcanic Field � Volcanic hazard � Volcanic susceptibility �
Recurrence rate � European Cenozoic Rifts System

1 Introduction

The impact of a natural event such as a volcanic eruption can significantly disrupt human

life. The long periods of quiescence that are quite common in many volcanic areas often

lead to a fall in vigilance whose consequences may include a lack of preparation for
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dealing with a volcanic crisis. In some cases in which the volcanic area is considered as

non-active due to the lack of historic eruptions, hazard may be completely ignored, as in

the case of Tatun volcanic group in northern Taiwan (Belousov et al. 2010) and Romania

(Szakács and Seghedi 2013). Thus, it is important to evaluate the possible hazards that

could affect a volcanic area and develop appropriate hazard and risk maps. Volcanic

hazard assessment is one of the scientific tasks that should be conducted in any active

volcanic area where the human population could be placed at risk by an eruptive episode.

Possible future volcanic activity can be understood and predicted via the analysis of past

eruptive behaviour and the study of the geological record.

Most of the hazard assessment studies conducted in recent years correspond to composite

or stratovolcanoes located near populated areas where the volcanic threat is always present:

Somma-Vesuvio, Italy (Lirer et al. 2001); Campi Flegrei and Somma-Vesuvio (Alberico

et al. 2011); Teide-Pico Viejo, Canary Islands (Martı́ et al. 2008, 2012); Popocatépetl,

Mexico (Siebe and Macı́as 2006); Mt. Cameroon, Africa (Favalli et al. 2012); and Etna, Italy

(Cappello et al. 2011). By contrast, monogenetic volcanic fields are commonly not regarded

as potentially dangerous and only a few studies of the hazard assessment of such fields have

ever been carried out. This is probably due to the relatively small size of their eruptions

characterised by intense periods of volcanism lasting 103–105 years and the long inter-

eruptive periods that can last for 105–106 years (Kereszturi et al. 2011, 2013), as observed in

the Auckland Volcanic Field in New Zealand (Kereszturi et al. 2014) and Bakony–Balaton

Highland Volcanic Field in western Hungary (Kereszturi et al. 2011). Basaltic volcanic fields

are characterised by explosive and effusive eruption styles with each new eruption breaking

out in a distinct location (Valentine and Gregg 2008; Guilbaud et al. 2009; Kereszturi and

Németh 2012; Németh et al. 2012). The eruption styles will depend on the regional tectonic

settings, near-surface geology and hydrology and the magma source with generally low

magma volumes (\1km3), but can be complex with many different phases and styles of

activity (Kereszturi et al. 2013). Recent studies have focused their attention on the evaluation

of volcanic hazard in monogenetic volcanic fields contributing to identify a methodology to

evaluate volcanic hazard and how important is. Methodologies presented aim to characterise

the past volcanism assuming that its future behaviour will be similar in magnitude, nature

and frequency to that exhibited in the past, and this geologic evidence is then used to assess

the volcanic hazards. The necessity to consider the hazard assessment varies depending on

the area: El Hierro Island in the Canary Islands (Becerril et al. 2014), Auckland Volcanic

Field in New Zealand (Bebbington and Cronin 2011) and Taveuni in Fiji Islands (Cronin and

Neall 2001) are populated areas in active volcanic region; Deception Island in Antarctica

(Bartolini et al. 2014) is a tourism destination and there are two scientific bases; Tohoku

volcanic arc in Japan (Martin et al. 2004) and Armenia (Connor et al. 2012) are nuclear

power plant sites. In fact, numerous Quaternary monogenetic volcanic fields exist around the

world that have periods of activity covering from several millions years ago to the present,

and a high likelihood of an eruption in the near future (Wood 1980; Cas and Wright 1987;

Kereszturi and Németh 2012). Recent examples of monogenetic eruptions occurring after

long periods of quiescence are not uncommon, as Jorullo (Guilbaud et al. 2011) and Paricutin

in Mexico (Scandone 1979), and the reactivation after *4500 years of quiescence in El

Hierro in the Canary Islands (Becerril et al. 2014). Consequently, even if no signals of

volcanic activity (e.g. fumarolic activity, thermal anomalies, seismicity) are currently pre-

sent, undertaking hazard assessment in Quaternary monogenetic fields is a necessary action

as a precautionary measure aimed at reducing volcanic risk. The GVF was active from

0.7 Ma to the early Holocene (Ar/Ar isotopic dating) (Araña et al. 1983; Bolós et al. 2014a).

Nevertheless, along with other Spanish volcanic zones such as the Canary Islands, this
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volcanic field has not been officially considered as an active volcanic area until 2013 [see the

Official Bulletin of the Spanish State (B.O.E) of 11 February 2013]. Furthermore, this area is

densely populated and contains important urban, agricultural and communication infras-

tructures, as well as a productive industrial network. This area is also a famous tourist

destination and, in the last year, there were about 500,000 visitors in La Garrotxa Volcanic

Zone Natural Park. In addition, this area hosts an international airport, located close to the

Costa Brava, the Pyrenees and the cities of Girona and Barcelona. Due to its important

position in both the touristic and commercial sectors, this airport has experienced a con-

siderable growth in number of passengers rising up to 2,160,646 and 20,629 flight operations

during 2014 (www.aena.es). However, no studies have ever assessed volcanic hazard and

risk in the area; this essential task will enable local authorities to apply more rational

territorial planning and to design more adequate emergency plans that will help to minimise

risk in case of future volcanic crises.

The aim of this study was to obtain a qualitative long-term volcanic hazard map of the

GVF, taking into account the fact that the city of Olot (almost 40,000 inhabitants)

(Fig. 1a), a highly industrialised and built-up area covering about 30 km2, occupies an

important part of this zone. Recent studies (Bolós et al. 2014a, b, 2015) have generated a

more detailed picture of the stratigraphic evolution and structural controls of this volcanic

zone, poorly known from previous studies (geological 1:25,000 scale maps of the Catalan

Geological Survey (IGC, Institut Geològic de Catalunya), 2003, 2007; Di Traglia et al.

Fig. 1 a Simplified geological map of the GVF modified from Bolós et al. (2015). The sites of the historical
volcanic vents are divided into Holocene–Upper Pleistocene and Middle Pleistocene, fissures, normal and
transtensional Neogen faults, inferred faults and reverse Alpine faults. b Location of the study area
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2009; Cimarelli et al. 2013) due to the urban and industrial growth and the dense carpet of

vegetation that covers most of the volcanic deposits.

Taking advantage of the new geological and volcanological knowledge of the area, we

conducted a hazard assessment that assumes that any future eruptive behaviour will be

similar to the most recent eruptive activity. The main reference for a potential future

eruption is, thus, the eruption of Croscat volcano, the most recently dated (11–13 ka)

volcanic event in the GVF (Guérin and Valladas 1980; Guérin et al. 1985; Martı́ et al.

2011; Puiguriguer et al. 2012; Bolós et al. 2014a) (Figs. 1a, 2). Here, we first describe the

main geological, stratigraphic, structural and volcanological features of the area and then

compute its volcanic susceptibility by identifying those areas with the greatest probability

of hosting a new vent. This information is used to compute simulations of different

eruptive scenarios. Finally, we generate a qualitative hazard map that identifies different

levels of hazard for the study area.

2 General features of the GVF

The GVF lies in the NE Iberian Peninsula (Fig. 1b) and is the youngest part of the Catalan

Volcanic Zone (CVZ). This basaltic monogenetic field is one of the Quaternary alkaline

volcanic provinces that form part of the European Cenozoic Rift System (Martı́ et al. 1992;

Fig. 2 Croscat volcano: 3D view showing the main volcanic deposits (modified from Bolós et al. (2014a)
and a panoramic view of an outcrop showing the main deposits
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Dèzes et al. 2004). The CVZ ranges in age from [12 Ma to the early Holocene, and its

deposits mainly consist of alkaline basalts and basanites (Martı́ et al. 1992; Cebriá et al. 2000).

The GVF is characterised by small cinder cones that formed along widely dispersed fissure

zones during short-lived monogenetic eruptions. Phreatomagmatic events were also com-

mon. Each eruption was caused by an individual batch of magma, transported rapidly from the

source region, that represents the products of an individual partial melting event (Martı́ et al.

1992; Bolós et al. 2015). Bolós et al. (2015) have estimated the magma ascent rates using the

method of Spera (1980, 1984), obtaining ascent velocities of 0.2 m/s that indicate that only a

relatively short time was required for the magma to reach the surface. The intermittent

character of this volcanism (Martı́ et al. 1992) indicates that each eruptive episode corre-

sponds to an intermittent reactivation of the main fault system every 5,000–20,000 years.

These tectonic reactivations allow for the ascent of deep magma and the opening up of

subordinate fractures in the uppermost crust, which ensures that the surface eruption occurs

each time in a different location in the volcanic field (Bolós et al. 2015).

The GVF embraces two geographically distinct zones, a larger area located in the north

of La Garrotxa and a more southerly area that contains fewer—but larger and more

complex—volcanic edifices (Martı́ et al. 2011; Bolós et al. 2014a) (Fig. 1a). Although both

correspond to tectonically controlled depressions, the northern sector has a substrate of

thick layers of Tertiary strata affected by Alpine reverse faults and Quaternary sediments.

Geophysical data and volcano-structural analysis show that the previous Alpine tectonic

structures played no apparent role in controlling the loci of this volcanism (Bolós et al.

2015). The southern sector is underlain by unconsolidated Quaternary sediments in com-

bination with the Palaeozoic basement.

The GVF consists of over 50 well-preserved monogenetic volcanic cones distributed

along a NNW-SSE-running fracture system (Barde-Cabusson et al. 2014) corresponding to

the Neogene extensional fault system, which is associated with the main transtensional

faults that constrain this volcanic field (Bolós et al. 2015).

The total volume of extruded magma in each eruption is typical of monogenetic vol-

canism as evaluated in Bolós et al. (2014a) taking into account the spatial distribution and

thickness variations of eruption products [0.01–0.2-km3 dense-rock equivalent (DRE)]

(Connor et al. 2000; Németh 2010; Cimarelli et al. 2013; Bolós et al. 2014a), suggesting

that only a very limited amount of magma was available to feed each eruption (Connor and

Conway 2000; Németh 2010). Strombolian and phreatomagmatic episodes alternated

during most of the eruptions and gave rise to complex stratigraphic successions composed

of a wide range of pyroclastic deposits (Martı́ and Mallarach 1987; Martı́ et al. 2011).

Most GVF volcanoes reveal the existence of different phases during the same eruptive

event. Activity varies from Hawaiian to violent Strombolian, and deposits alternate be-

tween phreatic phases produced by vapour explosions (that only ejected lithic clasts from

the substrate), typical phreatomagmatic phases that generated a wide diversity of pyro-

clastic density currents (PDCs) and fallout deposits, and typically Strombolian phases that

include explosive and effusive episodes (Martı́ et al. 2011).

3 Methods

Long-term volcanic hazard assessment is defined as the evaluation of the eruption recur-

rence and the possible nature of a forthcoming eruption based on the past history of the

volcano and information from the geological record (Marzocchi et al. 2006; Becerril et al.
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2014; Bartolini et al. 2014). To evaluate the long-term volcanic hazard, it is necessary to

compute sequential steps (Fig. 3) in order to obtain a final volcanic hazard map (Alcorn

et al. 2013; Becerril et al. 2014; Bartolini et al. 2014). In this study, we carried out both

temporal and spatial analyses: the former evaluates the recurrence rate of the volcanic

activity in the study area, while the latter uses simulation models to predict the most

probable eruptive scenarios and which areas could be affected by a future eruptive event.

Since the results from these temporal and spatial analyses are highly dependent on the data

used, the selection of the data source is one of the most important steps to be undertaken

during any hazard evaluation.

The susceptibility analysis is the first step in the spatial analysis (Fig. 3) and enables us to

identify which areas are most likely to host new vents (Martı́ and Felpeto 2010). Once the

susceptibility analysis has been conducted, the next step consists of computing several

eruptive scenarios as a means of evaluating the potential extent of the main expected vol-

canic and associated hazards. The evaluation of volcanic susceptibility and eruptive sce-

narios is based on the use of simulations and geographical information systems (GIS) that

can be used to model volcanic hazards. Volcanic susceptibility was calculated using the

QVAST tool (Bartolini et al. 2013), while the modelling of eruptive scenarios—including

lava flows, PDCs and fallout—used the VORIS 2.0.1 tool (Felpeto et al. 2007). For more

detailed information regarding each specific tool, readers are referred to the original papers.

3.1 Characterisation of past eruptive activity

To forecast the future behaviour of the volcanic area under study, we needed to know its

past eruptive history. We characterised its past volcanic activity through the determination

Fig. 3 Flow chart for the long-term volcanic hazard assessment. Tools used in this study are also indicated
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of eruptive parameters derived from the study of erupted products. The last dated and best-

studied eruptive episode in the GVF was the eruption of the Croscat volcano. For that

reason and also because it is a good example for several types of eruptive dynamics, such

as Strombolian, phreatomagmatic and effusive activity, this is one of the most represen-

tative edifices in the northern sector of the study area (Figs. 1a, 2). So, we took it as the

eruption example to be used to define future eruptive scenarios. This volcano is ap-

proximately 160 m high, has a basal diameter of 950 m and has been dated at

11,500 ± 1,500 years, using the thermoluminescence dating of volcanic plagioclases and

K/Ar isotopic dating (Guérin and Valladas 1980; Guérin et al. 1985; Puiguriguer et al.

2012).

Recent studies have shown that Croscat had a complicated eruptive sequence (Martı́

et al. 2011; Bolós et al. 2014a). It corresponds to the cone-building phase of a more

complex eruption that occurred along the longest eruptive fissure that has to date been

identified in this volcanic field (Fig. 2). This same eruption also created the Santa Mar-

garida and La Pomareda vent sites at either end of the fissure (with Croscat in the middle).

For the purposes of this study, we only consider the cone-building phase of Croscat.

Croscat’s activity generated three main scoria fallout units (Di Traglia et al. 2009; Martı́

et al. 2011) (Fig. 2). The lower unit corresponds to a spatter deposit formed during a

Hawaiian phase that also generated the spatter deposit of La Pomareda at the northern end

of the eruptive fissure (Martı́ et al. 2011; Bolós et al. 2014a). The middle unit conformably

overlies the basal spatter and is formed by a several-metres-thick, poorly stratified, coarse,

lapilli-sized Strombolian scoria deposit with several scoria bomb beds. The upper unit

constitutes the main volume of the cone and is formed by a well-stratified-to-thinly

laminated, medium-to-fine lapilli-sized scoria deposit, over ten metres thick, which con-

tains a few scoria bombs and blocks and forms most of the intermediate-to-distal outcrops

on the eastern side of the volcano (identified over 5 km away). It also covers the Pomareda

spatter and the phreatomagmatic deposits and the explosion crater of Santa Margarida

(Fig. 1a). The topmost unit of the Croscat pyroclastic succession corresponds to a few-

metres-thick, lithic-rich, thinly laminated pyroclastic surge deposit, thus indicating the

return to phreatomagmatic activity towards the end of the eruption. This deposit extends

for several kilometres to the east, covering an area of 8.4 km2.

The final eruptive phase of Croscat consisted of a lava flow that ruptured the western

flank of the cone and flowed westwards for more than 10 km with an average thickness of

10 m. The lava flow covered an area of 5 km2, and the total volume of magma (DRE)

emitted during the eruption was in the order of 0.2 km3 (Bolós et al. 2014a).

3.2 Volcanic susceptibility

An important step in any hazard assessment is the susceptibility analysis, that is, the

determination of the location of possible new eruptive vents (Felpeto et al. 2007; Martı́ and

Felpeto 2010). In monogenetic volcanism, volcanic susceptibility contains a high degree of

randomness due to the changes occurring in regional and/or local stress fields originating

from tectonic or lithological contrasts (Martı́ et al. 2013) and because forecasting the

location of a monogenetic volcanic event can be based on many types of input data

available on field and/or edifice scales (Kereszturi et al. 2014). Thus, to reduce the

uncertainty in spatial forecasting, the calculation of the probability of the opening of new

emission centres should take into account all available volcano-structural parameters

(fractures, faults, location of vents, eruptive fissures, etc.). In the case of the GVF, the input

parameters used were (a) the location of past recognisable eruptive vents and fissures and
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(b) the structural elements related to this volcanism such as fractures and faults identified

by previous geological and geophysical studies (Barde-Cabusson et al. 2014; Bolós et al.

2014b, 2015).

Once all the input parameters have been obtained, the following step is to apply dif-

ferent statistical methods to obtain the corresponding probability density functions (PDFs)

required for drawing the final susceptibility map (Martin et al. 2004; Felpeto et al. 2007;

Connor and Connor 2009; Martı́ and Felpeto 2010; Cappello et al. 2012; Becerril et al.

2014; Bartolini et al. 2013). The PDFs for the GVF were obtained by applying the QVAST

tool (Bartolini et al. 2013, http://www.gvb-csic.es/GVB_english/software–database/index.

html). This tool, developed for Quantum GIS (http://www.qgis.org), allows to calculate the

volcanic susceptibility of the area, i.e. the probability of new vent opening, using direct and

indirect structural data. Furthermore, QVAST allows the selection of an appropriate

method for evaluating the bandwidth for the kernel function and the evaluation of the PDF,

such as the least square cross-validation method (Cappello et al. 2012). In fact, the most

important factor is the smoothing coefficient h that represents the degree of randomness in

the distribution of past events and determines the shape of the Gaussian kernel and,

consequently, the resulting PDF. It depends on a combination of different factors such as

the size of the volcanic field, the degree of clustering and the density of the volcano-

structural data (Cappello et al. 2012; Becerril et al. 2014; Bartolini et al. 2013). The

smoothing factor values used were (a) 1568 m for Holocene and Upper Pleistocene vol-

canism vents and fissures, (b) 1900 m for Middle Pleistocene volcanism vents and fissures,

(c) 363 m for normal and transtensional Neogen faults and (d) 5856 m for inferred faults.

The PDFs obtained are shown in Fig. 4.

Once the PDFs were obtained for each type of structural data, they were combined in a

non-homogeneous Poisson process (NHPP) to obtain the final susceptibility map. These

weights were assigned using an expert judgment elicitation (see Aspinall 2006; Neri et al.

2008) carried out by members of the Barcelona Volcanology Group on the basis of

structural criteria (see Martı́ and Felpeto 2010), which provided initial indicative prob-

ability distributions associated with each PDF. We assigned the following values: 0.5 for

the Holocene and Upper Pleistocene volcanism (vents and alignments), 0.25 for the Middle

Pleistocene craters and lineaments, 0.15 for normal and transtensional Neogen faults and

0.07 for inferred faults.

The final susceptibility map obtained is shown in Fig. 5. The map represents those areas

with greater or lesser probability of hosting a new vent and is important as an input

parameter in the simulation of the eruptive scenario aimed at localising the starting point of

lava flows, PDCs and ashfall.

3.3 Temporal recurrence rate

Temporal analysis to determine the recurrence rate of volcanic activity is an important

issue in hazard assessment (Fig. 3) since it permits the calculation of the temporal prob-

ability of the occurrence of a new event.

The approach used to calculate the temporal recurrence rate kt is based on the repose-

time method (Ho et al. 1991; Connor and Conway 2000). In this method, the average

recurrence rates of volcanic events depend only on the degree of relative activity in the

GVF (for details of volcanic events in the GVF, see Table 2 in Bolós et al. 2014a). The

average recurrence rates of volcanic events are a simple measure of the relative activity of

volcanic fields, which are defined using a maximum likelihood estimator that averages

events over a specific period of volcanic activity (Connor and Conway 2000):
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kt ¼
N � 1

to � ty
ð1Þ

where N is the total number of eruptions or vents, to is the age of the oldest event, and ty is

the age of most recent event. For the GVF, we obtained a long-term average recurrence rate

of 7.7 9 10-5 volcanic events per year (v/yr).

3.4 Eruptive scenarios

Eruptive scenarios were computed using the VORIS 2.0.1 tool (Felpeto et al. 2007;

available at http://www.gvb-csic.es/GVB/VORIS/VORIS.htm), developed in a GIS

framework (ArcGis�), which aids the generation of volcanic hazard maps and eruptive

Fig. 4 PDFs of the five different layers (a–d) considered in the susceptibility analysis: (a) Holocene and
Upper Pleistocene volcanism vents (dots) and fissures (lines); (b) Middle Pleistocene volcanism vents (dots)
and fissures (lines); (c) Normal and transtensional Neogen faults; and (d) inferred faults
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scenarios based on past geological information. The VORIS 2.0.1 tool generates quanti-

tative hazard maps for lava flows and PDCs and simulates fallout deposits for a single vent.

A 50 9 50 m cell size resolution of the digital elevation model (DEM) was used for

topography during the lava flow and PDC simulations to obtain a good balance between

calculation time and degree of detail. The DEM was generated by the Cartographical and

Geological Institute of Catalonia (ICGC, http://www.icc.cat).

The following sections contain the input parameters for the models based on the

eruptive behaviour of the Croscat volcano described above.

Fig. 5 Susceptibility map of future eruptions in the GVF calculated with QVAST tool (Bartolini et al.
2013)
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3.4.1 Lava flow

Lava flow scenario was computed using the probabilistic model VORIS 2.0.1, based on the

assumption that both topography and flow thickness play major roles in determining the

path followed by a lava flow (Felpeto et al. 2007 and references therein). The input data for

this simulation are the DEM, the maximum flow length and the height correction (i.e.

average thickness of the flow). The Croscat lava flow ran for over 10 km, which is similar

to other lava flows in the same area (Martı́ et al. 2011). Thus, we assumed maximum flow

lengths of around 12 km. The thickness used as input data for the models was 10 m,

corresponding to the average value of individual flows (Croscat and other volcanoes)

measured in the field. The simulations were run for all cells in the DEM, and the sum of the

5000 iterations provided a map with the probability for any particular cell of being covered

by a lava flow.

The result of the simulation in the GVF is shown in Fig. 6. It consists of a lava flow

simulation probability map, which shows that there is a moderate-to-high probability that

the municipalities of Olot and Girona, two populated areas, will be affected by lava flows.

3.4.2 Pyroclastic density current

Numerical simulation for PDCs is based on the concept of the energy cone model (Malin

and Sheridan 1982; Felpeto et al. 2007; Toyos et al. 2007), constrained by the topography,

the equivalent collapse height of the column and the friction parameter (known as the

collapse equivalent angle). The output of the model is the maximum potential area that

could be affected by the PDC.

The eruptive constraints of the PDC simulation were estimated using the scope of

Croscat’s eruption, one of the best examples of a PDC in the GVF. The run-out length was

taken to be equivalent to the most distal exposure of Croscat’s uppermost phreatomagmatic

PDC deposit, which lies about 5 km to the south-east from the volcano’s crater. To

reproduce a PDC deposit such as Croscat’s, collapse equivalent heights of 400 m above the

vent were chosen, together with an angle of 6�. These values are chosen considering the

morphometric characteristics of the volcanoes of the GVF and the longitudinal and areal

extent of PDC deposits derived from phreatomagmatic eruptions (Martı́ et al. 2011). The

result shows that a PDC is likely to cover a large area (about 8 km in diameter) of the

municipality of Olot (Fig. 7).

3.4.3 Ashfall

The numerical model for the simulation of ashfall is an advection–diffusion model in

which the vertical distribution of the mass is calculated using the Suzuki approach (Suzuki

1983; Felpeto et al. 2007). The main input parameters are the volume emitted during the

eruption, the height of the column, the grain-size characteristics of the particles and wind

data. The result of the ashfall simulation is the thickness of the ash deposit in the area

analysed.

The eruptive style considered in this study was a violent Strombolian eruption, which

coincides with the main magmatic phase of Croscat’s eruption. The corresponding input

data were obtained from the distribution of the fallout deposits and the total volume of

magma (DRE) emitted during the eruption (in the order of 0.2 km3) (Martı́ et al. 2011). We

assumed a volume of about 0.05 km3 for the fallout phase and an around-8-km high
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eruptive column since tephra deposits from Croscat reached Lake Banyoles (Fig. 1a)

25 km to the east (Höbig et al. 2012). Westerly and south-westerly winds prevail, in

general, throughout the year at intervals of about 1500 m up to an altitude of 9000 m

(Farnell and Llasat 2013). Up to five different wind directions, inputs and intensities at

different vertical heights can be used with the VORIS 2.0.1 tool. Data on particle size were

obtained from field studies and a grain-size analysis of selected samples sieved in the

laboratory.

In the light of the ash deposits found in Lake Banyoles (Höbig et al. 2012) and given

W-SW predominant winds, fallout with the above-described characteristics could affect a

large area in the north-west of the GVF around the municipality of Olot (Fig. 8).

Fig. 6 Lava flow simulation probability map
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4 Discussion and conclusions

Even if eruptive activity has not been recorded in recent (historical or prehistorical) times,

long-term hazard assessment is a task that should be undertaken in Quaternary mono-

genetic volcanic fields. Most of these volcanic regions have very long recurrence periods

and as such are frequently regarded as non-active. The fact that (a) volcanic activity has

occurred over a long period of time—normally for several millions of years—and that

(b) the geodynamic conditions that gave rise to these volcanisms in most cases still prevail

are, nevertheless, sufficient evidence to suggest that the probability of future eruptive

events is low but not zero. The demographic expansion occurring in most of these volcanic

Fig. 7 PDC simulation probability map
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areas is further reason for undertaking hazard assessment as a precautionary measure

aimed at reducing the potential risk posed by volcanic events.

The GVF is a typical monogenetic field in which the lack of data and absence of recent

eruptions have given rise to a false sense of security and foster the belief that the volcanic

hazard—and, consequently, the risk—is inexistent. By contrast, all geological indicators

suggest that the area is subject to the same geodynamic conditions that favoured the

initiation and continuation of its volcanism and so we must consider this volcanic area to

be potentially active. In this sense, the important socio-economic development of the area

and the large number of infrastructures, including an international airport, make it nec-

essary to evaluate the potential hazard of the zone and to identify those areas that could be

affected by an eruption of the same type as those that have occurred most recently.

Fig. 8 Ash fallout simulations with an 8-km column height and volume of 0.05 km3
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Based on a susceptibility analysis, temporal recurrence rate analysis, and the identifi-

cation of the most common eruptive types and products in the geological record, we

applied available free tools such as QVAST (Bartolini et al. 2013) and VORIS 2.0.1

(Felpeto et al. 2007) to evaluate the volcanic hazard. QVAST is built on a Quantum GIS

platform and allows to determine the probability of new vent opening. QVAST considers

different ways for the evaluation of the bandwidth parameter taking into account volcano-

structural elements. VORIS 2.0.1 is a GIS tool for the simulation of eruptive scenarios of

different kind of hazards such as lava flows, PDCs and ashfall. The volcanic hazard map of

the GVF (Fig. 9) was obtained using a combination of simulations of lava flow, PDC and

fallout eruptive scenarios and represents how the area could be affected by future eruptive

events. This first hazard map also takes into account the results of ashfall simulations that

are strictly dependent on the average wind directions and velocities, which will be updated

if new data become available from meteorological predictions. We considered five dif-

ferent hazard levels (from very low to very high) that indicate the relative probability of

being affected by any of the scenarios considered in this work. The probabilistic long-term

volcanic hazard assessment developed in this study includes dynamic scenarios and a final

qualitative hazard map (Fig. 9), which will help to minimise the impact of future volcanic

Fig. 9 Qualitative hazard map for the GVF
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eruptions in this area by providing local authorities with a reference tool for being used in

territorial planning and in the drawing up of emergency plans. The methodology applied in

this study has been designed to undertake volcanic hazard assessment and to update results

whenever new information becomes available. Previous works focused on the evaluation

of the potential hazards in volcanic areas, such as Auckland in New Zealand (Bebbington

and Cronin 2011; Sandri et al. 2012), Etna in Sicily (Cappello et al. 2010), Tenerife in

Spain (Martı́ et al. 2012) and Campi Flegrei in Italy (Lirer et al. 2001), could take the

advantages of our methodology and implement it in an easy and successful way for future

and completeness of volcanic hazard evaluation.

All the steps presented in this work should be undertaken to evaluate the potential

volcanic hazards of any active volcanic area around the world, allowing to determine how,

where and when the next eruption could be, based on the history of the volcano or the

volcanic area deduced from the geological record.
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