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Abstract 17 

Lava flow simulations are valuable tools for forecasting and assessing the areas 18 

potentially affected by new eruptions, interpreting past volcanic events, and 19 

understanding the lava flow behaviour's controls. Q-LavHA (v 2.0) plugin of Mossoux 20 

et al. (2016) combines and improves existing deterministic (FLOWGO) and 21 

probabilistic ("Maximum Length" and "Decreasing Probability") codes which allow 22 

calculating the probability of lava flow spatial propagation and terminal length. We 23 

investigate the Q-LavHA algorithm's effectiveness in twenty Holocene ʻaʻā lava flows 24 

of Gran Canaria (Canary Islands). Pre-eruptive and updated digital elevation models 25 

(DEMs) (25 m of resolution) and associated topographic and morphometric parameters 26 

have been used as essential input data to simulate the lava flows.  Besides, thermo-27 

rheological properties of the studied Holocene lavas have also been provided in the 28 

deterministic approach. The probabilistic lava flow maps produced by Q-LavHA and 29 

the fitness indexes calculated for assessing the simulated lava flow' accuracy indicate 30 

that the probabilistic "Maximum Length" constraint provides the best simulations. By 31 
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using this method, many of the simulations in Gran Canaria almost overlap the real lava 32 

flow entirely even if overestimated areas are, in some cases, relatively high. By contrast, 33 

underestimated areas are generally low. The best results are those in which the highest 34 

inundation probability is observed within the main channel where the actual lava flow is 35 

emplaced, and even if overestimated areas are high, they are associated with low pixel 36 

inundation.  37 

Keywords: Lava flow; Simulation; Q-LavHA; Gran Canaria; Holocene 38 
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1 Introduction 40 

Lava flows do not usually represent a direct hazard for humans (loss of life, injury, or 41 

other health impacts), but they can have catastrophic impacts on infrastructure and 42 

economy. Impact on communities (e.g., property damage, social and economic 43 

disruption or environmental degradation) is especially notable with long-lived lava 44 

flows which may be active for months as the 2000 eruption at Mt. Cameroon (eruption 45 

duration: 3.5 months), the 2002-2003 eruption at Etna volcano (3 months), the 2014-46 

2015 eruption at Fogo Volcano (2.5 months) or the 2018 eruption at Piton de la 47 

Fournaise (7 months), among others (Tsang and Lindsay, 2020). What makes them 48 

hazardous is their extreme heat and ability to border, bury, and force structural failures 49 

(Harris 2015). Recent volcanic crises associated with lava flows have been very present 50 

in the media, and their capacity for destruction has become noticeable worldwide (e.g., 51 

Callis 2018 June 21, Hawaii Tribune-Herald; France info 2019 October 26; BBC News 52 

Europe 2019 May; CNN Newsroom 2018 May). The 2014-2015 eruptions of Fogo 53 

Volcano in Cape Verde and Bárðarbunga in Iceland, and the 2018 Kilauea eruption in 54 

Hawaii destroyed properties, land, and livelihoods, and in some cases, displacement of 55 
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hundreds of people occurred (Cappello et al. 2016; Jenkins et al. 2017; Poland et al. 56 

2016; Richter et al. 2016). The 2018 flank eruption and summit collapse of the Kilauea 57 

volcano, which is considered one of the largest and most destructive volcanic events in 58 

Hawaii for the last 200 years, led to the emission of lava flows for three months 59 

destroying residential subdivisions and burying roads (Neal et al. 2019; Patrick et al. 60 

2019). These examples highlight the need to focus the studies of effusive eruptions and 61 

associated lava flows on establishing the lava flow emplacement mechanisms over time, 62 

assessing lava flow hazard, constructing lava flow hazard maps, and proposing risk 63 

mitigation strategies in inhabited volcanic environments (Neal et al. 2019). In this 64 

context, lava flow simulation is becoming a powerful tool on assessing and forecasting 65 

the areas that may be potentially affected by new eruptions (Favalli et al. 2009; 66 

Cordonnier et al. 2015; Cappello et al. 2016; Richter et al. 2016; Dietterich et al. 2017; 67 

de' Michieli Vitturi and Tarquini 2018; Tarquini et al. 2018). Simulations can also be 68 

used to understand the role played by palaeotopography during the eruption. Existing 69 

numerical codes for the simulation of lava flow emplacement are classified as 70 

deterministic and probabilistic models (Costa and Macedonio 2005). Deterministic 71 

models contain no random components or properties and are based on the resolution of 72 

physicochemical transport equations. Instead, probabilistic models, which include some 73 

sort of random forcing, assume that topography plays the significant role in determining 74 

lava flow path (Costa and Macedonio 2005; Wantim et al. 2013; Mossoux et al. 2016)., 75 

The Digital Elevation Model (DEM) of pre-flow topography and the vent location are 76 

required for all approaches. All simulations are majorly influenced by DEM spatial 77 

resolution: high spatial resolution DEMs contain more geometric detail and path 78 

possibilities (Tarquini et al. 2012; Mossoux et al. 2016), even though the increase of 79 

detail goes along with an increase of computation time (Connor et al. 2012).  80 
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At present, the numerical model' major challenge to simulate lava flows is making real-81 

time flow simulation (Bernabeu et al. 2016). Several factors of the eruption and the lava 82 

itself control the behaviour of the lava flow. Among the most important, we have the 83 

effusion rate, the duration of the eruption, the terrain topography (e.g., slope), and the 84 

viscosity of lava, which in turn is controlled by its chemical composition, crystal and 85 

gas content and temperature (Harris 2013; Harris and Rowland 2015b; Kilburn 2015).  86 

Deterministic models, which consider lavas' physical properties, produce detailed 87 

outputs of the lava flow emplacement over time, including the velocity of the 88 

advancement of the front and the overall shape and thickness of the final flow field 89 

(Costa and Macedonio 2005; de' Michieli Vitturi and Tarquini 2018).  However, they 90 

require many input parameters (e.g., temperature, viscosity and elasticity, crystal 91 

parameters), that in real-time situations are challenging to define and vary over time 92 

(Felpeto et al. 2001; Damiani et al. 2006; Crisci et al. 2008; Máximo and López 2018). 93 

Some of the most used deterministic codes include those of Barca et al. (1993), Costa 94 

and Macedonio (2005), Harris and Rowland (2001), Hidaka et al. (2005), Miyamoto 95 

and Sasaki (1997), Richardson and Karlstrom (2019), Vicari et al. (2007), Young and 96 

Wadge (1990). On the other hand, probabilistic models depend on the simplest set of 97 

parameters (they only account for the topographic effects and the own lava flow 98 

movement governed by gravity). Although they do not describe a lava flow evolution, 99 

they provide information about the most likely zones to being inundated by a lava flow, 100 

which is essential for short and long-term planning. Probabilistic simulations consider 101 

the lava flow to be a viscous fluid that presents a limit of elasticity. For this reason, it 102 

not only follows the steepest path but can spread laterally, fill depressions and 103 

overcome obstacles (Sigurdsson et al. 2015). The most used probabilistic models 104 
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include those of Connor et al. (2012), Damiani et al. (2006), Favalli et al. (2005), 105 

Felpeto et al. (2007) or Tarquini et al. (2018).  106 

Mossoux et al. (2016) developed a new QGIS (Quantum Geographic Information 107 

System) freeware plugin, Q-LavHA (Quantum-Lava Hazard Assessment), which 108 

simulates the probability of inundation by ʻaʻā lava flows from one or more eruptive 109 

vents on a DEM. The plugin's singularity is the combination and improvement of 110 

existing deterministic and probabilistic models (Felpeto et al. 2001; Harris and Rowland 111 

2001), allowing calculating the probability of lava flow spatial propagation and terminal 112 

length. In this work, we apply and evaluate the Q-LavHA plugin's effectiveness 113 

(Mossoux et al. 2016) on twenty Holocene ʻaʻā lava flows of Gran Canaria (Canary 114 

Islands), using high-resolution pre-, post-eruption, and present-day DEMs for each 115 

studied eruption.  The results will highlight the link between the algorithm and the real 116 

lava flows' emplacement dynamics, allowing validate the simulations.  117 

2 Geological setting 118 

The Canary Islands (Spain) are located off the NW African coast (Fig. 1). They are 119 

considered part of the Macaronesia's ecoregion, which also includes Azores, Madeira, 120 

Cape Verde and Selvagem islands, all located in the NE Atlantic Ocean between 14 and 121 

40° latitude north and bordering the African coast (Carracedo et al. 2007; Carracedo and 122 

Troll 2016). The Canarian archipelago comprises seven major islands (Fuerteventura, 123 

Lanzarote, Gran Canaria, Tenerife, la Gomera, la Palma and El Hierro) and smaller 124 

islets located north of Lanzarote (e.g. Alegranza and La Graciosa) (Fig. 1). The total 125 

emerged surface is 7,501 km2, but the Canarian Chain also include a group of 126 

seamounts located northeast of the archipelago being Lars/Essaouria, Anyka/Rybin, 127 

Dacia, Selvagem and Conception bank the largest ones. Altogether constitute the 128 
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Canarian Volcanic Province (CVP), which volcanic activity started circa 68 Ma at 129 

Lars/Essaouria seamount and migrated towards the SW till forming the youngest island, 130 

El Hierro (1.12 Ma) (see Fig. 1). The east to west age progression for the CVP is related 131 

to the ENE movement of the African plate above an anomalous or pulsating mantle 132 

plume (Hoernle and Schmincke 1993; Carracedo et al. 1999, 2002; Zaczek et al. 2015).  133 

Gran Canaria, a nearly circular island, is located at the centre of the Canarian 134 

archipelago. It is the third largest island in surface area (1532 km2), with a diameter of 135 

45 km and a maximum elevation of 1950 m above sea level at the centre of the island 136 

(Pico de las Nieves). The subaerial construction of this island occurred in two main 137 

phases: (1) a juvenile or shield stage (about 14.5 – 7.3 Ma), which includes basaltic 138 

shield volcano growth on the submarine seamount, a vertical caldera collapse (Caldera 139 

de Tejeda) and a post-caldera resurgence characterised by syenitic cone-sheet 140 

intrusions; (2) a rejuvenated or post-erosive stage (about 5.5 Ma to present) which 141 

generated the Roque Nublo stratovolcano and the Post-Roque Nublo volcanism with a 142 

rift zone aligned NW-SE (Fig. 2). The two phases are separated by a period of volcanic 143 

inactivity of about 3 Ma which led to the formation of the most prominent sedimentary 144 

deposits in the island (Las Palmas Detritic Formation) (Perez-Torrado et al. 1995; 145 

Carracedo et al. 2002; Guillou et al. 2004; Aulinas et al. 2010; Rodriguez-Gonzalez et 146 

al. 2018). 147 

Holocene volcanic activity in Gran Canaria is geographically restricted to the northern 148 

half of the island. A total of 24 Holocene monogenetic basaltic eruptions exposed 149 

offshore have been reported to date (Rodriguez-Gonzalez 2009; Rodriguez-Gonzalez et 150 

al. 2009, 2011, 2012). The most distinctive feature of the Holocene eruptions is the 151 

emplacement of lava flows flowing along ravine beds (barrancos according to the local 152 

toponymy). They consist of small strombolian scoria cones mainly of types 1 to 4 153 
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(Martin and Németh 2006; Rodriguez-Gonzalez et al. 2011, 2012) with associated 154 

relatively long ʻaʻā lava flows (Rodriguez-Gonzalez et al. 2009).  155 

The Holocene ʻaʻā lava flows of Gran Canaria, with lengths from 100 m to 10 km, can 156 

cover large areas and, in some cases (e.g., Fagajesto lava flow), reach de coast, 157 

(Rodriguez-Gonzalez et al. 2012; 2018). The average thickness of these flows varies 158 

from 1 to 20 m, with medium widths ranging from 50 to 400 m (Rodriguez-Gonzalez et 159 

al., 2012). Much ʻaʻā lava flows form channels or tubes, and levees formed by 160 

numerous flow events are common. Also, there are many erratic blocks in the lava 161 

flows' surface (see Rodriguez-Gonzalez et al. 2018). Most of the morphometric 162 

parameters used to characterise lava flows are directly associated with the respective 163 

gully morphology. The gullies' width and slope data, which are critical for the lava flow 164 

progress, are included in Table 1. Holocene volcanic edifices' erosional history is in the 165 

early stages of degradation (Davidson and Silva 2000; Rodriguez-Gonzalez et al. 2009, 166 

2011), with a geomorphic signature characterised by a fresh, young cone with a sharp 167 

profile and pristine lava flow. The erosion affected the volcanic materials erupted 168 

during Holocene times and their substratum dissimilarly. Lava flows (the most resistant 169 

material) are very well preserved, while pyroclastic deposits have experienced 170 

considerable erosion.  171 

3 Methods 172 

3.1 Q-LavHA 173 

The Q-LavHA plugin (v 2.0) of Mossoux et al. (2016) integrates three alternatives to 174 

determine a simulated lava flow path: (1) probabilistic model of maximum length 175 

(Lmax), (2) decreasing probability model (Lnormal), and (3) FLOWGO deterministic model 176 

(Lflowgo). In all cases, corrective factors (Hc: minimum thickness and Hp: maximum 177 
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thickness) are included to allow the flow simulation to overcome small topographical 178 

obstacles, such as topographic roughness or previous non-eroded lava flows, and to fill 179 

depressions. At the same time, it is essential to define the number of iterations necessary 180 

to get a good fit between simulations and the real flow (Mossoux et al. 2016). For the 181 

probabilistic simulations (1) and (2), the propagation of a channelled ʻaʻā lava front is 182 

determined based on the probabilistic model VORIS (Felpeto et al. 2001).  183 

The first probabilistic option available in Q-LavHA is the maximum length (Lmax), 184 

defined as the travelled distance covered by the lava flow line. This distance (m) can be 185 

easily estimated by studying the maximum length reached by historical lava flows of the 186 

studied volcano, as it is the case of the Holocene volcanoes of Gran Canaria. At each 187 

step in the lava flow path simulation, the distance covered by the lava flow line is 188 

calculated. Once the lava flow line reaches the maximum length defined by the user, the 189 

iteration stops.  190 

The decreasing probability model (Lnormal) assumes that the probability of reaching a 191 

certain length can be expressed as a cumulative density function following a normal 192 

distribution (φ; see equation 9 in Mossoux et al. (2016)). This equation allows 193 

weighting the probability of lava inundation of each pixel along a lava flow line. To use 194 

it, the average length and standard deviation of previous lava flows (in our case those 195 

occurred in the Holocene epoch) must be defined.  196 

The FLOWGO deterministic constraint is based on the unidimensional model of Harris 197 

and Rowland (2001) (Lflowgo). This method requires the input of many physical and 198 

rheological parameters that control the lava flow's evolution over the topography. 199 

Among the main parameters, the effusion rate (which can vary throughout the eruption), 200 

the lava's initial viscosity, the phenocryst content and the proportion of vesicles are 201 

considered in such simulation type. The lava flow stops when at least one of the 202 
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following conditions is reached: (1) lava velocity is zero, (2) the temperature of the lava 203 

core reaches the solidus or, (3) the yield strength at the base of the channel is greater 204 

than the downhill stress. In the FLOWGO constraint, the slope is of great importance, 205 

since it influences the speed of the lava flow and the cooling speed, which are key 206 

parameters that control length reached by the lava before it stops. Besides, the problem 207 

arises on the importance of determining accurately what portion of minerals crystallised 208 

while the flow was in movement (Mossoux et al. 2016).  209 

Fitness indexes (FItruepositive, FIfalsepositive and FIfalsenegative) are calculated to assess the 210 

simulated lava flow accuracy. Those indexes, which sum is equal to one, allow 211 

comparing the lava flow simulated with the real lava flow (Favalli et al. 2009; Mossoux 212 

et al. 2016). The true positive index (FItruepositive) corresponds to the overlapped area 213 

between the simulated and the real lava flow. Overestimated lava flow areas are 214 

represented by the false positive index (FIfalsepositive), whereas the false negative index 215 

(FIfalsenegative) corresponds to underestimated areas. The overlapping area between the 216 

real flow and the simulated lava flow is divided by the total area covered by both flows. 217 

The adequacy of the FItruepositive value varies between 0 and 1, the closer it is to 1, more 218 

accurate is the overlap and better is the correspondence between simulated and real lava 219 

flow. However, for correctly interpreting the result of the simulation and for practical 220 

use in the management of risks, it is important to assess whether the divergence between 221 

the simulated flow and the real flow is owing to an overestimation or underestimation of 222 

the inundated area by the simulation (Mossoux et al. 2016). 223 

3.2 Selected eruptions for simulation purposes 224 

A total of 24 Holocene monogenetic basaltic eruptions were identified by Rodriguez-225 

Gonzalez et al. (2009, 2010). Depending on the emission rate, lava flows can cover 226 
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large areas, reaching lengths up to 10 km. Only some smaller centres show meagre 227 

emission rates, with short-length lavas which do not inundate the ravine beds (Montaña 228 

Pelada, Montaña Rajada, Montaña Negra de Jinámar and Caldera de Bandama) 229 

(Rodriguez‐ Gonzalez et al. (2009). Consequently, these eruptions are not included in 230 

this work. The 20 eruptions considered for simulation with Q-LavHA are reported in 231 

Fig. 3 and Table 1.  232 

The temporal distribution of the Holocene volcanism in Gran Canaria allows 233 

distinguishing three main periods of volcanic activity: 1900–3200, 5700–6000 14C a BP; 234 

and an older period represented by only El Draguillo eruption, dated at 10610 ± 190 14C 235 

a BP (Rodriguez-Gonzalez et al. 2009, 2018). Pico de Bandama eruption (1970 ± 70 14C 236 

a BP) (Alberto-Barroso and Hansen 2008) is considered the last volcanic event in Gran 237 

Canaria. The Holocene volcanism's temporal distribution does not correlate with its 238 

spatial distribution, mainly concentrated in two areas (west and east) on the northern 239 

half of the island (Rodriguez-Gonzalez et al. 2009).  240 

3.3 Reconstruction of palaeogeomorphology and topography 241 

3.3.1 Modelling and topographic reconstruction 242 

We carried out a careful geomorphological and topographic reconstruction of each 243 

studied eruption from intensive fieldwork, to obtain the pre- and post-eruption 244 

topography. The fieldwork consisted of mapping the main volcanic units that form these 245 

monogenetic effusive eruptions (volcanic cone and lava flow), and the recognition of 246 

surface characteristics where the eruption emerged, a key feature to obtain accurate 247 

simulation results for lava flows. These units were mapped at 1/5,000 scale and, 248 

sometimes, at 1/1,000 scale to obtain greater accuracy in the delimitation of the volcanic 249 

units (Rodriguez-Gonzalez et al. 2010). 250 
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To update the current geological map is the first step to reconstruct each eruption and 251 

obtain the pre- and post-eruption palaeotopography and the corresponding Digital 252 

Elevation Models (DEMs) (see Fig. 3). Subsequently, we realise a three-dimensional 253 

geomorphological reconstruction of the volcanic cone and the lava flow through 254 

multiple detailed geological sections for each of these units obtained in the field. For 255 

this work, we mainly highlight the reconstructions of the area affected by the lava flow 256 

considering the current topography. This information is used to modify the present-day 257 

contour maps to obtain the pre- and post-eruption topographic surfaces. The data source 258 

of these maps was the digital contour map at scale 1/5,000 (contour line equidistance 259 

was 5 m) (Lentiscal eruption as an example, Fig. 4), since it is essential to reconstruct 260 

the surface: (1) before the eruption modifies the landscape (pre-eruption); (2) just at the 261 

end of the eruption, therefore, without being affected by erosion (post-eruption); and (3) 262 

the present day, which reflects the action of erosive agents. Details of these 263 

interpretations should be appropriate to the accuracy required to validate the lava flows' 264 

simulations (Rodriguez-Gonzalez et al. 2010, 2011).  265 

We know that a lava flow is usually mapped as a single polygonal unit in the 266 

corresponding GIS layer. Lava flow length is determined with the polyline measuring 267 

geotool of the GIS software. Lava flow width usually varies during magma 268 

emplacement due to rheological properties and pre-existing topography (e.g., providing 269 

a channel to drive the magma downslope). Therefore, a single width estimate does not 270 

adequately represent this morphometric feature. It is much better to work with cross-271 

sections perpendicular along the flow to statistically analyse its variability (Mazzarini et 272 

al. 2005), using a separation distance of approximately 100 m. The intersections of 273 

these profiles with the longitudinal axis are used to obtain the elevation and slope pre-274 

eruption data (Harris et al. 2004). The lava flow area will be conditioned by the 275 
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morphology of the original lava flow area without the effects of erosion (Rodriguez-276 

Gonzalez et al. 2010) (Fig. 4B). Lava flow thickness can be estimated by the difference 277 

between the pre- and post-eruption DEMs (Rowland et al. 2003) and checked by field 278 

observations (pre- and post-eruptions DEMs reconstruction methods are detailed in 279 

Rodriguez-Gonzalez et al. 2010). We consider an average value of height or thickness 280 

along the lava flow. In the case of volume, it is calculated by the differences in elevation 281 

between the DEMs of the surfaces before and after the eruption. These results are 282 

processed to determine and analyse the basic statistical parameters. 283 

3.3.2 Optimisation of Digital Elevation Models (DEMs) 284 

Topography plays an important role determining the emplacement of the simulated lava 285 

flow (Mossoux et al. 2016), so it is recommended to correct possible artefacts of DEMs 286 

to avoid errors in calculations, not only where the flow stops in the simulation, but also 287 

those morphometric errors related to surface distortions (Rodriguez-Gonzalez et al. 288 

2010). 289 

Without the need to process a considerable amount of data, the recommended method to 290 

determine the raster's resolution is mainly based on the scale of work, either to obtain 291 

the morphometric parameters or simulate a lava flow. DEM resolutions greatly 292 

influence the results of lava flow simulations. Generally, high-resolution DEM leads to 293 

poor simulation results. In our case, simulating a lava flow by entering the same 294 

parameters but on DEMs with resolutions of 5, 15 and 25 meters (Fig. 5), the 295 

probability increases with a lower DEM resolution (25 m) when the number of paths 296 

possibilities decreases. The exception is Doramas eruption, where a 10 m resolution 297 

DEM was used due to the narrowing ravine where the lava flow was emplaced. 298 

3.3.3 Petrology and Geochemistry 299 
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Holocene lavas of Gran Canaria show holocrystalline, aphanitic and porphyritic textures 300 

with phenocryst contents of 15 vol.% on average. Euhedral to subhedral olivine and 301 

clinopyroxene phenocrysts are immersed in a micro-to cryptocrystalline groundmass, 302 

mainly formed by clinopyroxene, plagioclase and Fe-Ti oxides (Aulinas et al. 2010) 303 

(Fig. 6). Vesicles are also present in all samples with percentages ranging from 3 to 20 304 

vol.%. In few lavas, vesicles are partially refilled by secondary minerals like calcites or 305 

zeolites.  306 

Based on whole-rock geochemistry, Holocene lavas classify as basanites and minor 307 

foidites and alkaline basalts in the Total Alkali Silica (TAS) diagram (Fig. 7) of Le Bas 308 

et al. (1986) (SiO2 ranging from 38.23 to 45.36 wt%). All these lavas are undersaturated 309 

in SiO2 and nepheline normative (Aulinas et al. 2010).  310 

4 Results 311 

For each of the twenty selected volcanic eruptions, the probabilistic constraints 312 

"Maximum Length" and "Decreasing probability" and the deterministic model 313 

"FLOWGO" were used. All simulations were done using fine (25 m) resolution DEMs 314 

obtained for this work. For all methods, corrective factors (Hc, Hp and H16 parameters) 315 

were applied to simulate lava's emplacement realistically. According to Mossoux et al. 316 

(2016), Hc and Hp parameters are represented by the minimum and maximum lava 317 

thickness, respectively, whereas H16 considers the next 16 surrounding pixels in those 318 

cases where the Hc and Hp corrective factors are not enough (e.g., lava flow line reaches 319 

a deep pit). In our simulations, Hp corresponds to the average thickness of lavas 320 

(measured in multiple profiles) due to the presence of erratic blocks which overstated 321 

the maximum thickness of lava flows. In addition to the corrective factors, other lava 322 

flow parameters related to propagation (i.e., activation of the probability to the square), 323 

the number of iterations (n = 1500), and the threshold representing the minimum 324 
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probability considered in the simulation results (a value of 0% for fine to high-325 

resolution DEMs) were fixed in our simulations, following the recommendations of 326 

Mossoux et al. (2016). Finally, in four of the twenty simulated eruptions (Pico de 327 

Bandama, Lentiscal, Montaña de El Gallego and Fagajesto), the maximum length (Lmax) 328 

was increased between ~1.13 and ~1.84 times. According to Mossoux et al. (2016), 329 

assuming the length reached by historical lava flows as the Lmax induces an 330 

underestimation of the simulated lava flows' maximum length, especially in the case of 331 

fine to high-resolution DEMs. Indeed, with fine to high spatial resolution DEMs the 332 

number of path possibilities increases, and it is recommended to increase the maximum 333 

length according to the flow line terminations alternatives included in the plugin.  334 

The parameters used to run the three methods are presented in Table 2 (Lmax and Lnormal 335 

constraints) and Tables 3 and 4 (Lflowgo constraint). The obtained fitness indexes 336 

(FItruepositive, FIfalsepositive, FIfalsenegative) between the simulated and real lava flows of the 337 

twenty Holocene eruptions of Gran Canaria are reported in Table 5. In addition to the 338 

numerical results, we illustrate (Figures 9 to 11) the simulations of three selected 339 

eruptions (Lentiscal, Pinos de Gáldar and El Melosal) based on the topographic and 340 

morphological characteristics of their pre- and post-eruption DEMs.  Lentiscal eruption 341 

consists of a unique vent from which a single lava flow inundated Guiniguada ravine's 342 

head and propagated to some 4,000 meters northwards with an average slope of 3° 343 

throughout the path. By contrast, Pinos de Gáldar eruption is characterised by two lava 344 

flows emerging from the volcanic edifice base and merging at the Brezal ravine, 345 

characterised by an average slope of 10º. The lava flow headed up to 7,500 meters 346 

towards the north, reaching the main Tilo ravine. Finally, two lava lobes from El 347 

Melosal eruption were emitted from the central crater and a fissure at the cone base. 348 

These two lavas flowed over gentle slope terrains, sometimes forming fan-like 349 
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morphologies, merging in the Cazorla ravine forming a lava flow of circa 2,900 meters 350 

in length with an average slope of 9°. 351 

4.1 Maximum Length constraint (Lmax) 352 

Using the maximum length approach, the overlapping area (FItruepositive) between the real 353 

lava flow extent and the simulated ones ranges between 0.25 and 0.77, with an average 354 

value of 0.51. Some of these low values are explained by the simulation of new lava 355 

flow branches mostly related to low probabilities. These overestimated areas 356 

(FIfalsepositive) vary between 0.12 and 0.70 (average ~0.32). Moreover, some simulations 357 

could not correctly simulate the extent of the lava flow of reference and were missing 358 

some sections (from 0.01 to 0.33 of the lava flow extent, average ~0.17). In most cases, 359 

the fitness index (FI) for the overlapped areas is higher than those representing 360 

overestimation and underestimation (Fig. 8A and Table 5).  361 

The simulation of the Lentiscal lava flow (Fig. 9A) shows an overlapping FI of 0.77, 362 

evidencing that the flow pattern is well represented with the highest probabilities in the 363 

main channel of the flow. While underestimated areas are only observed in the lava 364 

flow front (FIfalsenegative ~0.07), overestimation (FIfalsepositive ~0.16) is detected in a 365 

tributary ravine, in the lava flow head, and in a plain area close to the eruptive vent, 366 

which represents the head of the Guiniguada ravine. Pinos de Gáldar lava flow 367 

simulation (Fig. 9B) reaches an overlapping fitness index of 0.66 indicating that the 368 

flow pattern is well represented, and the highest probability of inundation are observed 369 

in the main channel. Overestimated probabilities (FIfalsepositive ~0.18) are mainly detected 370 

close to the volcanic cone, at the western lava lobe. The underestimated probabilities 371 

(FIfalsenegative ~0.16) are observed in small sectors along the lava flow path. By contrast 372 

to the previous eruptions, overestimated areas by El Melosal lava flows simulation show 373 

the highest fitness index (FIfalsepositive ~0.70), whereas overlapped areas display a 374 
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FItruepositive of only 0.26, and the underestimated areas a FIfalsenegative of 0.04. These results 375 

indicate that the highest inundation probabilities of El Melosal lava flows are not 376 

detected in the main channel even though the flow pattern is quite well represented. 377 

Overestimated areas are detected in the two lava lobes and the Cazorla ravine (in which 378 

the real lava was emplaced) and the Draguillo ravine located southwards. This 379 

overestimation is the consequence of the flat terrain where the Melosal volcanic edifice 380 

was emplaced (Fig. 9C).  381 

4.2 Decreasing probability constraint (Lnormal) 382 

The obtained results using the decreasing probability simulation diverge from those 383 

obtained by Lmax. The overlapped fitness index (FItruepositive) varies from 0.01 to 0.61 384 

(average of 0.24), representing only 24% of the total area covered by the simulation. 385 

Instead, overestimation is higher, ranging from 0.13 to 0.98, with an average value of 386 

0.68. Finally, underestimated areas are minimal with a FI oscillating between 0.01 and 387 

0.39 (0.08 on average). In most cases, the FI for the overlapped areas is lower than 388 

those representing the inundated areas' overestimation by the simulation (Fig. 8B and 389 

see Table 5). Consequently, the decreasing probability method contributes to simulating 390 

larger overestimated areas when compared to the Lmax approach. However, 391 

overestimation is in general related to low inundation probabilities. 392 

Simulation of Lentiscal and Pinos de Gáldar (Fig. 10A and B) eruptions display similar 393 

results. Both show the highest probabilities of overlapping between real and simulated 394 

lava flows (FItruepositive for Lentiscal is 0.61 and Pinos de Gáldar 0.54). Underestimations 395 

(FIfalsenegative) are almost imperceptible (0.02 and 0.12, respectively) and overestimated 396 

areas (FIfalsepositive) are quite significant (0.37 for Lentiscal and 0.34 for Pinos de Gáldar). 397 

In both cases, the highest probabilities of inundation are observed in the main channel 398 

of the flow, which, in turn, are well represented. However, the simulation results 399 
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notably exceed the real lava flow front. According to the considerable stopping 400 

constraint (average length and standard deviation of Holocene lava flows), these results 401 

are expected in this method.  402 

Overestimation of the inundated area by the simulation of El Melosal (Fig. 10C) 403 

eruption displays a false positive fitness index of 0.94, whereas the overlapped 404 

(FItruepositive ~0.05) and underestimated (FIfalsenegative ~0.01) areas only represent the 6% 405 

of the total area covered by the simulation. Overestimated areas are mainly detected in 406 

the Cazorla and Draguillo ravines, where simulated lava flow fronts reach the coastline.   407 

4.3 FLOWGO constraint (Lflowgo) 408 

Results of Lflowgo simulations are widely variable (Fig. 8C and see Table 5). While in 409 

some eruptions the overlapped areas are dominant, underestimation or overestimation 410 

are prevalent in others. This fact is evidenced by the similar average fitness indexes 411 

displayed by the simulations (FItruepositive ~0.38, FIfalsepositive ~0.37 and FIfalsenegative ~0.26). 412 

The overlapped areas vary from 9 to 76% depending on the eruption, whereas 413 

overestimated and underestimated areas range from 4% to 94% and from 0% to 60%, 414 

respectively.  415 

Lflowgo simulation for Lentiscal eruption (Fig. 11A) shows similar results to those 416 

obtained using the Lmax approach: the flow pattern is well represented, and the highest 417 

probabilities of inundation are observed in the main channel of the lava flow (FItruepositive 418 

~0.76). While overestimated areas (FIfalsepositive ~0.13) are detected in the tributary 419 

ravine, in the lava flow head, and the Guiniguada ravine's head, underestimated areas 420 

are only detected in the lava flow front (FIfalsenegative ~0.11, slightly higher than the one 421 

obtained with Lmax). The overlapped area for the Pinos de Gáldar simulation (Fig. 11B) 422 

(FItruepositive ~0.54) is the lowest of the three methods. In this case, the highest 423 
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probabilities of inundation are not observed in the main channel of the lava flow, and 424 

the pattern of the flow is not quite well represented. Instead, underestimating the 425 

inundated areas reaches a fitness index of 0.32, which practically triplicates the obtained 426 

values using Lmax and Lnormal. Underestimated areas are mostly observed in the lava flow 427 

front.  Overestimated probabilities (FIfalsepositive ~0.15) are mainly detected close to the 428 

volcanic cone, at the western lava lobe and are very similar to those detected with Lmax 429 

approach. The results obtained for the El Melosal lava flow simulation (Fig. 11C) are 430 

very similar to those displayed with the maximum length constraint. Overestimated 431 

areas show the highest fitness index (FIfalsepositive ~0.77), whereas overlapped areas 432 

display a FItruepositive of only 0.20 and underestimated areas a FIfalsenegative of 0.03. These 433 

results indicate that the highest inundation probabilities of El Melosal lava flows are not 434 

detected in the main channel even though the flow pattern is quite well represented. 435 

Overestimated areas are detected in the two lava lobes, in the Cazorla ravine (in which 436 

the real lava was emplaced) and in the Draguillo ravine.  437 

5 Discussion  438 

Q-LavHA plugin has allowed testing the effectiveness of the two probabilistic models 439 

"Maximum Length", based on Felpeto et al. (2001) and Mossoux et al. (2016) and 440 

"Decreasing Probability", based on Bonne et al. (2008), and the FLOWGO deterministic 441 

model, based on Harris and Rowland (2001), on twenty Holocene eruptions of Gran 442 

Canaria.  443 

It is noteworthy that when summing the three FI (which sum is equal to one), the 444 

FItruepositive can be artificially lowered due to some overestimations even if there is a 445 

perfect match between the simulation and reality. Many Gran Canaria simulations 446 

almost overlap the real lava flow entirely even if the true positive index is relatively 447 

low. At this point, the false negative index (representing part of the real lava that the 448 
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simulation has not covered) can be a powerful tool for evaluating the simulation results. 449 

A low FIfalsenegative indicates that most of the real lava flow has been covered by the 450 

simulation, although the overestimated area is high. In addition to these indexes, the 451 

lava inundation probability provides valuable information about the simulation's 452 

success. In many cases, the highest probability is observed within the main channel 453 

where the real lava flow is emplaced, and even if the overestimated areas are high, they 454 

are usually associated with low pixel inundation.    455 

In order to compare more easily the results of the different simulations obtained with Q-456 

LavHA 2.0, a new fitness index parameter (composite score, CS, Table 6) developed 457 

and included in the last version of this plugin (Q-LavHA 3.0, updated 2020, 458 

http://we.vub.ac.be/en/q-lavha) has been calculated following the equation:  459 

𝐶𝑆 = FItruepositive ∗ (( 1 − FIfalsepositive)1/2) ∗ ((1 − FIfalsenegative)2) ∗ 100 460 

The CS, which combines the three previous indexes (based on the data presented in 461 

Table 5), emphasises the presence of high true positive (correctly defined area) and very 462 

low false negative (underestimated area) indexes. When the area simulated perfectly 463 

matches the real lava flow, the composite score approximates to 100. Instead, a 464 

complete mismatch between the real and simulated lava flow results in a composite 465 

score approaching 0. However, all these indexes must be interpreted carefully in terms 466 

of volcanic hazard assessment and risk management.  467 

Combinations of all these factors (true positive, false positive, true negative and 468 

composite score indexes together with inundation probability), which must be 469 

considered equally important when evaluating lava flow simulation results, are 470 

exemplified in the Holocene lava flows of Gran Canaria simulated in this work. The 471 

results evidence that the best simulations are obtained when using the probabilistic 472 

http://we.vub.ac.be/en/q-lavha


20 
 

Maximum Length constraint. With this method, Lentiscal eruption is the best simulated 473 

lava flow with a high FItruepositive index (0.77), low FIfalsepositive (0.16) and FIfalsenegative 474 

(0.07) indexes, a CS of circa 61% (which is an optimum value considering the equation 475 

from which it is calculated) and a maximum inundation probability within the main 476 

channel shadowing the real lava flow (see Fig. 9A).  477 

Pico Bandama, Pinos de Gáldar (see Fig. 9B) and Montaña de El Gallego eruptions (see 478 

Table 6) are next in the ranking of best simulations using the Lmax constraint.  They 479 

share similar indexes and pixel inundation probabilities (in all cases occupying the main 480 

channel). Compared to the Lentiscal eruption the overestimated and underestimated 481 

areas are relatively higher (fitness indexes 0.15-0.16, 0.17-0.23, respectively), thus 482 

overlapping between the simulation and the real lava flow is lower (0.61-0.68). The 483 

composite scores are also clearly lower (38 to 45%). The similar results obtained in this 484 

group of eruptions are not related to a common topographic and morphometric pattern. 485 

While Pico de Bandama and Montaña de El Gallego lava flows run through "U"-shaped 486 

ravines with smooth slopes, Pinos de Gáldar long lava flow (7472 m in length) advances 487 

through a "V"-shaped ravine with maximum slopes of 33º. 488 

A second group of simulated eruptions (e.g., Cuesta de las Gallinas, El Garañón, Sima 489 

de Jinámar and Berrazales, see Table 6) is characterised by similar values for 490 

overlapped and overestimated areas (fitness indexes 0.44 to 0.52), whereas 491 

underestimation is below 0.09. The composite score of such eruptions is low (29 to 492 

33%) and not all (e.g., Cuesta de las Gallinas or Sima de Jinámar) show the highest 493 

inundation probability within the main channel. In this group, the obtained results could 494 

be related to the short length of the simulated lava flows (<1400 m), a common feature 495 

of all these eruptions. However, other eruptions with similar lava flow lengths (e.g., 496 

Jabalobos and Montañon Negro) show different simulation results, and cannot be 497 
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included in this group. This fact highlights that besides lava flow length, other 498 

topographic and morphometric parameters determine the simulation results.  499 

A third group of simulated eruptions (e.g., Caldereta de Valleseco, San Mateo, Montaña 500 

de Santidad, El Draguillo and Montañón Negro) show relatively high overlapping 501 

between simulated and real lava flows (fitness index, 0.49-0.60) and similar over- and 502 

underestimated areas (fitness indexes 0.17-0.33 and 0.18-0.28, respectively) which give 503 

composite scores of 27 to 31%. Similarly, to the previous groups, the topography and 504 

the morphometric disparity between these eruptions is significant. Whereas San Mateo 505 

and El Draguillo erupted from a central vent forming a unique lava flow, the Caldereta 506 

de Valleseco, Montaña de Santidad and Montañón Negro eruptions are associated to 507 

fissural eruptions which formed two or more lava flows/lobes. Only in Montaña de 508 

Santidad the three lava flows merged and advanced through the main channel.  509 

Jabalobos, Montaña Pelada II, Fagajesto and El Hoyo (see Fig. 3) share similar 510 

accuracy indexes and pixel inundation probabilities. Simulation of all these eruptions 511 

shows the low composite score (15 to 26%) and large underestimations (fitness index 512 

0.24-0.41). Although the highest inundation probability coincides with the real lava 513 

emplacement in most of these eruptions, the high underestimated areas are too high to 514 

consider the simulations good enough. On the other hand, El Melosal (see Fig. 9C) and 515 

Montaña de Barros II simulations show the worst accuracy indexes. In both cases, 516 

overestimation represents over 65% of the covered areas, whereas overlapped and 517 

underestimated areas are low (fitness indexes 0.25-0.26, and 0.04-0.10, respectively). 518 

The highest inundation probabilities do not largely match with real lava flow, and the 519 

composite score value is very low (~12%). These poor results might be related to the 520 

gentle slope terrain where both fissure eruptions took place, favouring spreading 521 

(forming fan-like morphologies) of the erupted lavas during the simulation.  522 
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From what has been stated so far, it is clear that the accuracy of simulations is not 523 

associated with a specific topographic or morphometric parameter but to an optimal 524 

combination of different relief factors including the length of the lava flow, shape, 525 

width and sinuosity of the channel/s, and the location of the eruptive vent (i.e., along the 526 

ravine bed, in steep-sided ravine divides, or in smooth-sided ravine divides). 527 

5.1 Which constraint should I use? 528 

The obtained simulation results using the "Decreasing Probability" and "FLOWGO" 529 

constraints are not as good as the simulations with "Maximum Length" approach. In the 530 

decreasing probability model, the true positive index of more than half of the simulated 531 

eruptions is less than 0.15 (and a composite score below 6%), whereas overestimated 532 

areas reach the 98% of the total covered area. Although underestimation is in general 533 

low (false negative index below 0.10 for most of the eruptions), high inundation 534 

probabilities are also detected outside the main channel (see Fig. 10). The high 535 

overestimation values and the lowest composite scores are related to the average length 536 

(µ), and standard deviation (σ) of the Holocene lava flows considered in this work. 537 

Even if it is not a general rule, those eruptions with shorter real lava flow lengths show 538 

the highest overestimated areas and the maximum inundation probabilities also located 539 

beyond the real lava flow. These results are consistent with the decreasing probability 540 

constraint principle, which considers that the probability of lava flow inundation of a 541 

specific site is inversely related to the distance between the site and the eruption vent. 542 

Hence, it is proportional to the probability that a lava flow surpasses a certain length L 543 

(in our case, LHolocene) (Bonne et al. 2008). Such an approach is not enough to 544 

understand factors controlling how far the flows can reach, but it is usually enough to 545 

empirically constraint the probability that certain lengths will be reached (Bonne et al. 546 

2008). Therefore, the decreasing probability constraint (Lnormal) is maybe not the most 547 
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suitable method for simulating existing lava flows, but it can be suitable in real time 548 

simulations giving information about the length of the lava flow. Surely, the obtained 549 

simulation results with Lnormal are probably the most extreme (and less probable) 550 

scenario when assessing and forecasting volcanic hazard.  551 

Although it will seem that the more parameters considered the better the simulation, it 552 

has become clear that in the case of the Holocene lavas from Gran Canaria the 553 

probabilistic models (in particular the Maximum Length constraint, which are based on 554 

simple assumptions, allow to simulate the location of the lava realistically. 555 

All the studied eruptions are channelled through well-defined ravines. However, in El 556 

Melosal and El Draguillo lava flows, in which their ravines are connected with 557 

sedimentary deltas with very flat slopes, the simulations show how in these flat areas 558 

the lava flows expand forming lava fan-deltas (see figure 10C). Similar simulation 559 

results in gentle terrains are observed in Karezturi et al. (2016). 560 

The results also show that, in general, the best simulations with the three methods are 561 

obtained when combining long lava flow lengths, "U"-shaped ravines with smooth 562 

slopes (with very low variation between maximum and minimum slope) and lava flows 563 

directly channelled to the ravine from the eruptive vent. Lentiscal eruption, which 564 

encompasses all these morphologic characteristics, is the best simulated lava flow in the 565 

three methods (see Figs. 9, 10 and 11). However, useful simulations have also been 566 

obtained for long merged lava flow lengths running through "V"-shaped ravines with 567 

moderate slopes and two or more lava lobes emerging from the volcanic edifice base 568 

(e.g., Pinos de Gáldar). By contrast, lava flows emerging from volcanic cones formed in 569 

plateau areas display the worst results (e.g., Melosal). 570 
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The deterministic FLOWGO constraint requires the knowledge of the lava flow's 571 

thermal, textural and rheological conditions to assess whether the lava is still capable of 572 

forwarding motion (Harris and Rowland 2015b). Viscosity, density, crystal content, 573 

temperature, bulk effusion rate, or mean velocity of the lava flow are input parameters 574 

in the FLOWGO simulation. These parameters are frequently not available, difficult to 575 

predict and may vary depending on the eruption (Damiani et al. 2006; Mossoux et al. 576 

2016). Therefore, simulations with FLOWGO must be done when the user has enough 577 

knowledge of the lava flows' physical and chemical characteristics to be modelled. In 578 

the case of the simulated lava flows in this work, several parameters have been 579 

calculated (e.g., crystal content, bulk density, vesicularity or viscosity) while others 580 

have been collected from different authors (Dragoni 1989; Harris and Rowland 2001, 581 

2015a; Cordonnier et al. 2015; Mossoux et al. 2016). The obtained results show the 582 

highest underestimation values (0.26 on average) of the three methods, and similar true 583 

and false positive indexes (0.38 and 0.37 in average, respectively). The composite score 584 

is highly variable (from 3 to 56%), but half of the simulated eruptions show CS values 585 

below 16%. In addition to the low CS, high pixel probabilities are also detected beyond 586 

the real lava flow. These results can be explained by incomplete knowledge of the lava 587 

flow parameters needed for the simulation and by not considering changing rheological, 588 

textural and thermal conditions as the lava flows advances through the channel (i.e., 589 

most of the input parameters are fixed values).  590 

The results obtained in this study have revealed that structure and surface morphology 591 

are the main features governing simulations of inundation of lava flows. In the case of 592 

intraplate oceanic islands (OIB), rift structures control the eruptive vent distributions. 593 

Rift zones constitute the most pronounced and persistent structures in developing 594 

mature oceanic volcanic islands, as known from, for example, Gran Canaria with a 595 
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predominant NW-SE rift. Rift zones control the volcanic edifices' construction, form the 596 

primary relief, concentrate eruptive activity, and frequently play a key role in generating 597 

flank collapses. Rifts form by magma supplied through fissures (dykes) (Carracedo et 598 

al. 2015). In less-evolved islands, the rifts are less developed, and the large 599 

morphological features governing the island will determine the distribution of volcanic 600 

vents and lava flow paths. For example, the morphology of the island of Miyakejima, 601 

located in the Izu-Bonin volcanic arc (Japan), is dominated by the homonymous 602 

volcano. This stratovolcano is a conical edifice with a summit area characterised by 603 

double calderas (Cappello et al., 2015). In this case, the lava flows from multiple flank 604 

fissures are conditioned by the island's conical morphology and radiate from its summit.  605 

5.2 Implications on volcanic hazard assessment  606 

Numerical simulations of lava flow emplacement are valuable for assessing lava flow 607 

hazards, forecasting active flows, designing flow mitigation measures, interpreting past 608 

eruptions, and understanding lava flow behaviour (Dietterich et al. 2017). Hazard 609 

associated with lava flows is often assessed by modelling the probability of lava flow 610 

inundation into affected areas. The simulation results are used to map the susceptibility 611 

of different areas to lava flow invasion (Felpeto et al. 2001; Favalli et al. 2009; Crisci et 612 

al. 2010; Cashman et al. 2013). Most of the simulation methods are used in longer-term 613 

hazard assessment and are based on lava flow geometry statistics (length, width, 614 

thickness), previous eruptions and (in the deterministic models) thermal and rheological 615 

lava flow properties. Concerning the reliability of predictions, the deterministic models 616 

are sometimes quite challenging to apply for hazard assessment because they require the 617 

detailed specification of numerous physical parameters, which are not often available. 618 

Instead, probabilistic models' application seems more viable since they rely on a simple 619 

set of parameters (Damiani et al. 2006). The probabilistic approaches provide a global 620 
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but clear numerical view of lava flow hazard based on knowledge of the volcano. A 621 

simple set of parameters (topography effects and lava flow movement) on simulating 622 

lava flows inundation, favours their application to real emergencies. Despite being 623 

much less accurate, probabilistic models offer a rapid approach to lava flow inundation 624 

and fulfil the main need required in lava flow hazard analysis, with a much less 625 

computational demand, consequently offering much broader applicability (Martí et al. 626 

2017). Deterministic models provide a final coverage and thickness of lava flow field as 627 

well as detailed information of the lava flow emplacement over time, including the 628 

velocity of the advancement of the front and the overall shape and thickness of the final 629 

flow field (Vicari et al. 2011). The need for a long list of physical input parameters, 630 

which are not always available, and the high computing time needed to run simulations 631 

make the deterministic models less useful for short-term hazard assessment.  632 

The Q-LavHA plugin of Mossoux et al. (2016) deals with both types of models. 633 

Regardless of the method used, the results' interpretation must be made according to the 634 

simulation's purpose. When the purpose of the simulation is to determine the likelihood 635 

of hazard and risk scenarios applied to long-term (land-use planning) or short term 636 

(decision-making on evacuations) assessment, overestimated areas in the simulation 637 

should not be ignored. In many cases, overestimations are usually associated with low 638 

pixel inundation probability. Nevertheless, the combination of low true positive index 639 

(FItruepositive) values with high false positive (FIfalsepositive) values can be considered a 640 

useful simulation in terms of prevention, preparedness or emergency to avoid 641 

evacuation of the population, dislocation of village and infrastructures, location of 642 

critical infrastructure or mitigation measures for transportation, among others.  643 

Lava flow simulation is, undoubtedly, a useful tool for assessing lava flow hazard, 644 

developing risk mitigation strategies and emergency plans, and constructing lava flow 645 
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hazard maps. However, optimal simulations cannot be done without previous 646 

knowledge on the field geology of the studied zone. Recognition and reconstruction of 647 

past volcanic eruptions are crucial to achieving a good lava flow simulation. Accurate 648 

information we have from the past lava flows as good the base for testing the model. In 649 

our case, the obtained (and validated) simulations on the twenty Holocene lavas of Gran 650 

Canaria are robust data available for administrations with competencies in (short- and 651 

long-term) volcanic risk management.  652 

6 Conclusions 653 

The Q-LavHA plugin for the simulation of lava flows has been tested in 20 Holocene 654 

eruptions of Gran Canaria. It is a free, easy-to-use, and versatile plugin that includes 655 

deterministic and probabilistic lava flow simulation methods. The results indicate that, 656 

in Gran Canaria, the best accuracy parameters are obtained when using the Maximum 657 

Length constraint. While there would seem that the more input parameters considered 658 

the better the simulation, it has been evidenced that the probabilistic models, based on 659 

simplest assumptions, allow simulating the emplacement of the lava flow realistically. 660 

This is a consequence of two main factors: (1) the prominent role that topography plays 661 

in all the simulations, and (2) the difficulty to obtain or predict thermo-rheological 662 

parameters required in the deterministic method. We have detected that proper 663 

simulations do not follow any common topographic and morphometric pattern. The 664 

accuracy of a lava flow simulation depends on the best combination of all the factors 665 

considered (i.e., length of the lava flow, shape, width and sinuosity of the channel/s, and 666 

the location of the eruptive vent).  667 

Interpretation of the obtained results must be made with caution and according to the 668 

purpose of the simulation. In volcanic hazard forecasting and risk mitigation, 669 
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underestimated areas are the main handicap for designing accurate prevention, 670 

preparedness, and emergency measures. Instead, overestimated areas usually 671 

accompanied by low probability pixel inundation, should not represent an obstacle. The 672 

methodological results of lava flow simulations tested in Gran Canaria are of general 673 

application and can be extrapolated to other OIB islands, even with different 674 

evolutionary stages and morphological characteristics.  675 
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FIGURE CAPTIONS 911 

Fig. 1 A) Geographic setting of the Canary Islands in the group of islands of 912 

Macaronesia. B) The Canary Volcanic Province, including the main islands and the 913 

associated seamounts. The age increase toward the NE, from El Hierro (1.12 Ma) to 914 

Lars/Essaouira Seamount (68 Ma) (Geldmacher et al. 2001; Guillou et al. 2004; Zaczek 915 

et al. 2015) 916 

Fig. 2 Simplified geological map showing the main volcanic features of Gran Canaria 917 

after Rodriguez-Gonzalez et al. (2009, 2018) 918 

Fig. 3 A) Sketch map showing the distribution of Holocene eruptions on Gran Canaria 919 

selected to Q-LavHA (see Table 1 for eruption numbering) (after Rodriguez-Gonzalez 920 

et al. (2018)). B) Pinos de Gáldar eruption selected to present Q-LavHA simulation 921 
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results. C) El Melosal eruption selected to present Q-LavHA simulation results. D) El922 

Lentiscal eruption selected to present Q-LavHA simulation results 923 

Fig. 4 Geomorphological reconstruction of an area affected by the lava flow of the El 924 

Lentiscal eruption (modified from Rodriguez-Gonzalez et al., 2010). A) Modified actual 925 

contour map to represent the topography before the eruption, showing the ravine's axis 926 

and direction and a representative topographic profile. B) Modified actual contour map 927 

to represent the relief just after the eruption ended, no ravine axis is shown because it is 928 

filled by the lava flow and a representative topographic profile. C) Present-day contour 929 

map and topographic profile showing a bifurcation in two ravines, and the erosion at the 930 

edges of the lava flow (dashed red line) and the erosion in the substrate (dashed black 931 

line) 932 

Fig. 5 Inundation probability on DEMs with different resolution, using the 4 meters to 933 

Hc and 13 meters to Hp values of the El Lentiscal eruption example shown in Fig. 4. A) 934 

DEM with 5 meters pixel size. B) DEM with 15 meters pixel size. C) DEM with 25 935 

meters pixel size 936 

Fig. 6 Plane-polarised light microscopy images of the main petrographic characteristics 937 

of the Holocene lavas of Gran Canaria. A) Porphyritic lava with low (olivine) 938 

phenocryst contents. B) Porphyritic lava with olivine and clinopyroxene phenocrysts. 939 

Note the reverse zoning (green core and beige to brown rim) of clinopyroxenes. C) 940 

Highly vesiculated lava. D) Porphyritic and vesicular lava with high phenocryst 941 

contents 942 

Fig. 7 Total Alkali vs silica diagram (TAS) of Le Bas et al. (1986) for the studied 943 

Holocene lavas. Major elements normalised to 100% in a water-free basis and with Fe 944 

distributed between FeO and Fe2O3 following Middlemost et al. (1989) 945 
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Fig. 8 Fitness indexes (True Positive; False Positive and False Negative) for the 946 

simulated Holocene lava flows obtained using the probabilistic Maximum Length (A) 947 

and Decreasing probability (B) constraints, and the deterministic FLOWGO (C) 948 

approach 949 

Fig. 9 Illustration of the simulations realised with Lmax constraint. A) Pinos de Galdar 950 

eruption; B) El Lentiscal eruption and C) El Melosal eruption 951 

Fig. 10 Illustration of the simulations realised with Lnormal constraint. A) Pinos de Galdar 952 

eruption; B) El Lentiscal eruption and C) El Melosal eruption 953 

Fig. 11 Illustration of the simulations realised with Lflowgo constraint. A) Pinos de Galdar 954 

eruption; B) El Lentiscal eruption and C) El Melosal eruption 955 

956 

TABLES CAPTIONS 957 

Table 1 Main features of the studied Holocene eruptions of Gran Canaria island and 958 

measured sections of the gullies affected by the Holocene lava flows  959 

Table 2 Standard parameters used for Lmax simulations. The length parameters used for 960 

Lnormal is the Mean and Standard Deviation. All the methods use DEMs with 25 m pixel, 961 

1500 iterations and 0 value to Threshold 962 

Table 3 Constant standard parameters used for the Lflowgo simulation (Mossoux et al. 963 

2016) 964 

Table 4 Calculated standard parameters used for the Lflowgo simulation 965 

Table 5 Fitness Indexes (FI) calculations to Lmax, Lnormal and Lflowgo simulations 966 

Table 6 Composite Score (CS) calculations for Lmax, Lnormal and Lflowgo simulations 967 
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Table 1 Main features of the studied Holocene eruptions of Gran Canaria island and measured sections of the gullies affected by the Holocene lava 
flows 

Volcanic edifice Barranco 

No. Eruption name 
Sample 

Name 
Vent type 

WGS84 (UTM-28N) 

EPSG: 32628 

Age (14C) 

(a BP±1σ 
error) 

Composition 

(TAS 
classification) 

Mean down-

valley slope (°) 

Mean width 

(m) 

U- or V-

shaped
Sinuosity 

X Y 

1 Pico de Bandama GCR-13 central vent 454614 3101837 1970 ± 70 Basanite 6 334 U 1.2 
2 El Garañón GCR-20 central vent 448130 3092170 1990 ± 40 Foidite 18 48 V 1.1 
3 Doramas GCR-23 central vent 442676 3106599 2420 ± 40 Basanite 9 29 V 1.2 
4 El Lentiscal GCR-36 central vent 453296 3103698 2450 ± 60 Basanite 3 257 U 1.1 

5 Montaña de El 
Gallego GCR-38 central vent 458694 3099552 - Basanite 2 136 U 1.2 

6 Cuesta de Las 
Gallinas GCR-44 central vent 458389 3099760 - Basanite 8 124 U 1.1 

7 Sima de Jinámar GCR-45 linear fissure 457225 
457321 

3099743 
3099646 2470 ± 50 Basanite 5 102 U 1.0 

8 Montaña Pelada 
II GCR-47 central vent 456872 3100952 - Basanite 3 97 U 1.1 

9 Berrazales GCR-59 central vent 435649 3105043 - Basanite 16 71 U 1.2 
10 Jabalobos GCR-6 central vent 435497 3105903 2760 ± 60 Basanite 14 93 U 1.1 

11 Pinos de Gáldar GCR-60 linear fissure 439186 
439816 

3102211 
3101865 2830 ± 60 Basanite 10 81 U 1.2 

12 Montañon Negro GCR-62 linear fissure 440091 
439724 

3100855 
3101114 2970 ± 70 Basanite 10 131 U 1.2 

13 Fagajesto GCR-63 central vent 437193 3103155 3030 ± 90 Basanite 9 131 U 1.1 

14 Caldereta 
Valleseco GCR-64 linear fissure 442585 

442785 
3101243 
3101155 - Basalt 9 108 U 1.3 

15 San Mateo GCR-65 central vent 447758 3098699 5790 ± 70 Basanite 13 61 U 1.2 

16 Montaña de 
Santidad GCR-66 linear fissure 454457 

454588 
3093810 
3093587 - Basanite 8 116 U 1.4 

17 El Melosal GCR-68 linear fissure 455837 
455889 

3092851 
3092709 - Basanite 9 75 U 1.3 

18 El Hoyo GCR-70 linear fissure 453896 
453954 

3095506 
3095333 5830 ± 100 Basanite 8 89 U 1.3 

19 Montaña de 
Barros II GCR-71 linear fissure 453968 

454059 
3094235 
3094043 - Basanite 17 34 V 1.1 

20 El Draguillo GCR-73 central vent 456143 3091447 10610 ± 190 Basanite 17 39 V 1.3 

Table 1
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Table 2 Standard parameters used for Lmax simulations. The length parameters used for 

Lnormal is the Mean and Standard Deviation. All the methods use DEMs with 25 m pixel, 

1500 iterations and 0 value to Threshold  

Eruption Length (m) Hc (m) Hp (m) 

Pico de Bandama 2585a *1.24 = 3205 2 14 

El Garañón 1318 1 5 

El Lentiscal 3972a *1.84 = 7300 4 13 

Montaña de El Gallego 3201a *1.25 = 4001 1 2 

Cuesta de Las Gallinas 1194 1 2 

Sima de Jinámar 1290 1 2 

Montaña Pelada II 2016 1 3 

Berrazales 1188 2 7 

Jabalobos 1441 1 3 

Pinos de Gáldar 7472 1 3 

Montañon Negro 7730 1 5 

Fagajesto 10352a *1.13 = 11697 1 6 

Caldereta Valleseco 6955 1 3 

San Mateo 3423 1 5 

Montaña de Santidad 4974 2 4 

El Melosal 2893 1 3 

El Hoyo 3561 1 4 

Montaña de Barros II 2069 1 4 

El Draguillo 1408 1 7 

a real length of lava flow 

Table 2
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Table 3 Constant standard parameters used for the Lflowgo simulation (Mossoux et al. 

2016) 

FLOWGO fixed parameters Symbol Unit values Sources 

Effusion rate Er m3 s-1 100 estimated from bibliography 

THERMAL PARAMETERES 

Eruption temperature Terupt °C 1250 estimated from bibliography 

Crust temperature Tcrust °C 600 estimated from bibliography 

Offset Toffset °C 150 estimated from bibliography 

d constant d -0.16 (Mossoux et al., 2016) 

VISCOSITY AND ELASTICITY 

a (1/K) a K-1 0.04 Dragoni (1989) 

b (Pa) b Pa 0.01 Dragoni (1989) 

c (1/K) c K-1 0.08 Dragoni (1989) 

VELOCITY CONSTANT 

Gravity (m/s2) g m s-2 9.81 constant for Earth 

CONVENTION PARAMETERS 

Wind speed  U m s-1 5 

Ch Ch 0.0036 constant for Earth 

Air temperature Tair °C 25 

Air density  ρair kg m-3 0.4412 constant for Earth 

Air specific heat capacity (J/kg.K) cρair J kg-1 K-1 1099 constant for Earth 

CRYSTAL PARAMETERES 

Rate of crytallization df/dT 0,004 estimated from bibliography 

Latent heat of crystallization L J kg-1 3.50E+05 constant for Earth 
Inverse of maximum crystal 
concentration R 1.51 estimated from bibliography 

CONDUCTION PARAMETERS 

Thickness of lava crust  Hb % 10 estimated from bibliography 

T (base of the lava crust) Tcrust °C 600 estimated from bibliography 

Lava thermal conductivity Klava W m-1 K-1 2.05 estimated from bibliography 

RADIATION PARAMETERS 

Stephan Boltzamnn constant σ W m-2 K-4 5.67E-08 constant for Earth 

emissivity of basalt ε 0.95 constant for Earth 

Table 3
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Table 4 Calculated standard parameters used for the Lflowgo simulation 

Eruption 

FLOWGO 
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parameters Symbol Unit Sources P
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Channel ratio 
(width/depth) w/r 

Rodriguez-
González et al. 
(2009) 

23.9 9.6 14.5 19.8 68 62 51 32.3 10.1 31 27 26.2 21.8 36 12.2 72.5 25 22.3 8.5 5.6 

VISCOSITY AND 

ELASTICITY 

melt viscosity ƞm Pa s-1 
Shaw (1972) 
equation 1.85 1.96 1.45 1.88 1.18 1.4 1.41 1.37 1.71 1.34 2.71 1.13 1.59 3.13 1.78 1.39 1.29 1.41 1.82 0.998 

relative viscosity ƞr Pa s-1 

Einstein-
Roscoe 
equation 
(Einstein. 
1906; Roscoe. 
1952) 

3.05 2.95 3.04 3.57 2.24 2.66 3.12 2.16 2.82 6.06 4.08 2.15 5.89 5.95 5.17 2.29 2.45 1.95 3.46 1.81 

LAVA DENSITY 

AND 

VESICULARITY 

Bulk density 
ρbulk kg m-3 

Bottinga and 
Weill (1970) 
euqation  

2790 2790 2790 2790 2810 2800 2780 2800 2770 2810 2740 2770 2790 2740 2750 2800 2790 2780 2780 2810 

Dense-rock equivalent 
density ρDRE kg m-3 

DRE density = 
bulk density/ 
(1-vesicularity) 

2906 2876 3488 2880 2897 2979 2957 2917 3148 3054 3114 2860 2937 2884 3056 2979 2937 2957 2866 2927 

Vesicularity Φb % Estimated from 
thin sections 0.04 0.03 0.2 0.03 0.03 0.06 0.06 0.04 0.12 0.08 0.12 0.03 0.05 0.05 0.1 0.06 0.05 0.06 0.03 0.04 

CRYSTAL 

PARAMETERES 

Initial phenocryst 
mass fraction Φphen % Estimated from 

thin sections 0.12 0.1 0.17 0.15 0.15 0.15 0.18 0.11 0.12 0.3 0.1 0.15 0.27 0.15 0.23 0.12 0.15 0.08 0.15 0.14 

Table 4
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Table 5 Fitness Indexes (FI) calculations to Lmax, Lnormal and Lflowgo simulations 

Maximum Length 

(Lmax) 

Decreasing Probability 

(Lnormal) 

FLOWGO 

(Lflowgo) 

Eruption FItruepositive FIfalsepositive FIfalsenegative FItruepositive FIfalsepositive FIfalsenegative FItruepositive FIfalsepositive FIfalsenegative 

Pico de Bandama 0.68 0.17 0.15 0.29 0.64 0.07 0.57 0.22 0.21 

El Garañón 0.47 0.52 0.01 0.08 0.92 0.00 0.09 0.91 0.00 

El Lentiscal 0.77 0.16 0.07 0.61 0.37 0.02 0.76 0.13 0.11 
Montaña de El 
Gallego 0.61 0.23 0.16 0.40 0.53 0.07 0.57 0.24 0.19 

Cuesta de Las 
Gallinas 0.49 0.48 0.03 0.15 0.84 0.01 0.38 0.55 0.07 

Sima de Jinámar 0.47 0.45 0.08 0.11 0.87 0.02 0.42 0.47 0.11 

Montaña Pelada II 0.48 0.21 0.31 0.10 0.85 0.05 0.31 0.16 0.53 

Berrazales 0.47 0.44 0.09 0.04 0.95 0.01 0.15 0.84 0.01 

Jabalobos 0.52 0.24 0.24 0.13 0.83 0.04 0.38 0.50 0.12 

Pinos de Gáldar 0.66 0.18 0.16 0.54 0.34 0.12 0.46 0.15 0.39 

Montañon Negro 0.49 0.33 0.18 0.40 0.47 0.13 0.36 0.16 0.48 

Fagajesto 0.47 0.12 0.41 0.48 0.13 0.39 0.33 0.08 0.59 

Caldereta Valleseco 0.60 0.17 0.23 0.52 0.29 0.19 0.36 0.04 0.60 

San Mateo 0.55 0.25 0.20 0.14 0.80 0.06 0.50 0.24 0.26 

Montaña de Santidad 0.54 0.28 0.18 0.40 0.47 0.13 0.46 0.26 0.28 

El Melosal 0.26 0.70 0.04 0.05 0.94 0.01 0.20 0.77 0.03 

El Hoyo 0.40 0.27 0.33 0.14 0.74 0.12 0.32 0.24 0.44 

Montaña de Barros II 0.25 0.65 0.10 0.04 0.94 0.02 0.11 0.84 0.05 

El Draguillo 0.55 0.25 0.20 0.01 0.98 0.01 0.46 0.16 0.38 

Table 5
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Table 6 Composite Score (CS) calculations for Lmax, Lnormal and Lflowgo simulations 

Composite score (CS) 

Eruption Lmax Lnormal Lflowgo 

Pico de Bandama 0.68 0.17 0.15 

El Garañón 0.47 0.52 0.01 

El Lentiscal 0.77 0.16 0.07 

Montaña de El Gallego 0.61 0.23 0.16 

Cuesta de Las Gallinas 0.49 0.48 0.03 

Sima de Jinámar 0.47 0.45 0.08 

Montaña Pelada II 0.48 0.21 0.31 

Berrazales 0.47 0.44 0.09 

Jabalobos 0.52 0.24 0.24 

Pinos de Gáldar 0.66 0.18 0.16 

Montañon Negro 0.49 0.33 0.18 

Fagajesto 0.47 0.12 0.41 

Caldereta Valleseco 0.60 0.17 0.23 

San Mateo 0.55 0.25 0.20 

Montaña de Santidad 0.54 0.28 0.18 

El Melosal 0.26 0.70 0.04 

El Hoyo 0.40 0.27 0.33 

Montaña de Barros II 0.25 0.65 0.10 

El Draguillo 0.55 0.25 0.20 

Table 6
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