
1. Introduction
Extreme geohazards (super-eruptions, earthquakes, mega-landslides, and tsunamis) are low-probability 
high-impact events with the potential to inflict cascading effects, whose associated risks are difficult to 
predict and prepare for (Lee et al., 2012; Nott, 2006; Plag et al., 2013; Ranke, 2016; Sharma et al., 2012). 
These types of events are characterized by their short unfolding time but much longer impact time, with the 
potential to generate global disasters. Thus, they are generally not taken into account in hazard assessment 
and, consequently, they are usually underestimated in disaster risk-reduction studies and policies (Plag 
et al., 2013).

However, the eruption of Eyjafjallajökull volcano in Iceland in 2010 showed that today even a small recur-
rent event could have an impact worldwide due to the greater complexity of our society (Lee et al., 2012; 
Plag et al., 2013). Modern civilisation's lack of experience in extreme events, together with the rise in popu-
lation density, has increased our exposure to geohazards since, for instance, many megacities and industries 
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are located in hazardous areas. Recent efforts, such as the analysis made by Patrick et al. (2020) on the 2018 
Kilauea eruption, have highlighted the importance of the study of cascading hazards for future forecasting, 
given the magnitude and complexity of their consequences.

Volcanic islands are good examples of fragile economic systems and highly vulnerable communities whose 
main monetary income is from tourism and local economic activities such as fishing and agriculture. Creat-
ed by the growth of volcanoes in the sea and modified by natural and anthropogenic processes, volcanic is-
lands are subject to the impact of multiple natural hazards, including extreme geohazards, as well as forests 
fires, storms and floods. Given their intrinsic multi-hazard nature, volcanic eruptions are the most common 
extreme geohazards liable to trigger concatenated effects in this type of environment. Tenerife is an excel-
lent example of a site exposed to cascading extreme geohazards that have occurred several times in the past 
and could occur again in the future, since the geophysical conditions that determine the occurrence of such 
catastrophic events are still present. A cascading sequence of a caldera-forming eruption, high-magnitude 
seismicity, a mega-landslide and a tsunami occurred at least twice during the construction of the central 
and eastern sectors of the caldera of Las Cañadas, and gave rise to the Orotava and Icod valleys. Despite 
being the most populated island in the archipelago and receiving millions of tourists every year, no detailed 
multi-hazard assessment has ever been conducted for Tenerife.

In order to fill the gap in the information necessary for correct emergency planning for the island and the 
rest of the region, we conduct this initial long-term multi-hazard assessment. The aim of this study is to 
quantify the extent and potential impact of an episode of multiple extreme geohazards similar to the one 
that occurred on Tenerife around 180 ka if it occurred today. We first review the stratigraphic evidence to 
determine the temporal succession of events and the relationship of cause and effect. Then, we analyze each 
of the processes that occurred during the succession separately, but considering the nature and consequenc-
es of the possible relationship between the described events. To do this, we describe the main characteris-
tics, magnitude and area of occurrence and impact of each hazard, but we adjust some of these properties 
depending on the results obtained from the previous event along the cascading simulation. This linkage has 
been done specially for the seismicity-landslide and landslide-tsunami sequence pairs. We also take into 
account the current topography of the island and its demographic distribution to assess the potential impact 
of the multi-hazard scenario. Then, we analyze the overall result of all the simulated scenarios to quantify 
the potential extent and impact of the occurrence of these multi-hazards today. Finally, we examine the im-
plications of this multi-hazard scenario at local, regional and global scales, and discuss the results obtained 
within a framework of disaster risk reduction policies.

2. Geological Setting
Tenerife is the largest of the Canary Islands, an intra-plate volcanic archipelago connected to a long-lasting 
mantle plume whose structure and geodynamic evolution still evoke considerable debate (e.g., Anguita & 
Hernan, 1975, 2000; Araña & Ortiz, 1991; Carracedo et al., 1998; Fullea et al., 2015; Hernández-Pacheco 
& Ibarrola, 1973; Hoernle & Schmincke, 1993; Schmincke, 1982). The geological evolution of Tenerife in-
volved the construction of two principal volcanic complexes (Figure 1): a basaltic shield complex (>12 Ma 
to present, Abdel-Monem et al., 1972; Ancochea et al., 1990; Thirlwall et al., 2000) and a central complex 
(<4 Ma to present, Ancochea et al., 1990; Araña, 1971; Fuster et al., 1968; Martí, Mitjavila, & Araña, 1994). 
The basaltic shield complex is mostly submerged and forms about 90% of the volume of the island; its sub-
aerial construction continues at present through two rift zones (Santiago Rift Zone and Dorsal Rift Zone) 
and in a broad monogenetic volcanic field to the south of the island. The central complex corresponds to 
Las Cañadas edifice (<4–0.18 Ma), a composite volcano characterized by abundant explosive eruptions of 
highly evolved phonolitic magmas, and the active Teide-Pico Viejo twin stratovolcanoes (0.18 ka-present). 
The formation of the caldera of Las Cañadas, of which the Teide-Pico Viejo stratovolcanoes are part (Fig-
ure 1c), truncated the edifice of Las Cañadas, which was transformed by several vertical collapses occasion-
ally associated with lateral collapses on the volcano's flanks (Martí & Gudmundsson, 2000; Martí, Mitjavila, 
& Araña, 1994; Martí et al., 1997).
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2.1. Stratigraphic Relationships Between Extreme Geohazards on Tenerife

A change in the eruptive dynamics of Tenerife between 2 Ma and 1.5 Ma initiated a period consisting of 
three long-term cycles of phonolitic explosive activity, with volumetrically larger and more extensive erup-
tions, that constructed Las Cañadas edifice Upper Group and ranges from 1.57 to 0.17–0.18 Ma (Ancochea 
et al., 1990, 1999; Boulesteix et al., 2012; Brown et al., 2003; Bryan et al., 1998; Edgar et al., 2007; Huertas 
et al., 2002; Martí, Mitjavila, & Araña, 1994; Mitjavila & Villa, 1993). Each of these phonolitic volcanic cycles 
terminated with a caldera collapse episode (Martí, 2019; Martí & Gudmundsson, 2000; Martí, Mitjavila, & 
Araña, 1994).

During the construction of Las Cañadas, several large sector collapses affected parts of the island, at least 
two of which coincided in time with the occurrence of caldera-forming episodes. This is the case of La Oro-
tava and Icod valleys, on the northern flank of Tenerife, which are coeval with the formation of the central 
(Guajara, 0.56 Ma) and eastern (Diego Hernández, 0.17 Ma) sectors of the caldera, respectively (Carracedo 

Figure 1. (a) Simplified geological map of Tenerife (modified from Ablay & Martí, 2000), (b) stratigraphy of Tenerife and (c) schematic cross-section of 
the island. Las Cañadas caldera wall localities: EC-El Cedro; BT-Boca Tauce; U-Ucanca; RDG-Roques de García; G-Guajara; LA-Las Angosturas; LP-Las 
Pilas; DH-Diego Hernández; EP-El Portillo; LF-La Fortaleza. Main vent systems of the Teide-Pico Viejo formation: PT-Teide volcano; PV-Pico Viejo volcano; 
MB-Montaña Blanca. Post-shield mafic volcanic zones: SRZ-Santiago rift zone; DRZ-Dorsal rift zone; SVZ-Southern volcanic zone (locally known as Bandas 
del Sur). Names and locations of landslide valleys are also shown. Contour interval is 200 m. Isotopic ages are from Ancochea et al. (1990) and Martí, Mitjavila, 
and Araña (1994). Inset map shows the location and distribution of the Canary Islands. Main islands: LP-La Palma; EH-El Hierro; G-La Gomera; T-Tenerife; 
GC-Gran Canaria; F-Fuerteventura; L-Lanzarote. The white lines correspond to the cross-section of part (c) of this figure, and the red line I–I' corresponds to 
the cross-sections in Figures 2 and 3.
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et al., 2011; Hunt et al., 2011, 2013a, 2013b, 2018; Ibarrola et al., 1993; Martí, 2019; Martí et al., 1997; Martí 
& Gudmundsson, 2000).

The formation of the Icod valley coincided with the eruption of El Abrigo (Boulesteix et al., 2012; Hunt 
et al., 2011; Martí, Mitjavila, & Araña, 1994; Martí et al., 1997; Paris et al., 2017), the caldera-forming eruption 
that culminated the final phonolitic cycle of the Upper Group (0.179 Ma, Martí, Mitjavila, & Araña, 1994). 
According to Martí (2019), the inland stratigraphy of the related deposits reveals the temporal sequence of 
these catastrophic events and contrasts with that proposed by other authors (e.g., Hunt et al., 2018; Paris 
et al., 2017). The lack of El Abrigo deposits in the Icod valley contrasts with their presence throughout the 
rest of the island in a continuous 2–20 m-thick layer (Pittari, 2004; Pittari et al., 2008), which indicates that 
this eruption preceded the subaerial landslide. The landslide may have started on the submarine flanks 
during the unrest period preceding the eruption (Hunt et al., 2011, 2013a, 2013b, 2018), probably as a re-
sponse to strong continuous seismicity and ground deformation caused by the inflation of the associated 
magma chamber (Andújar et al., 2008; Martí, 2019). This initial submarine landslide, involving volumes of 
240–264 km3 (Hunt et al., 2011, 2013a, 2013b, 2018), would have continued on land during the caldera col-
lapse episode and led to the removal of approximately 60 km3 of the northern sector of the volcanic edifice 
(Iribarren, 2014). The result would have been a multistage retrogressive failure with stages separated by 
periods of several days (Hunt et al., 2011; Paris et al., 2017).

The subaerial landslide would have caused a tsunami whose deposits are preserved in thicknesses of 0.4–
3 m on the north-west flanks of Tenerife at altitudes up to 132 m a.s.l. (Paris et al., 2017). A characteristic of 
these tsunami deposits found on the northern coast of Tenerife is that they contain pumice clasts from El 
Abrigo (Paris et al., 2017). This indicates that the tsunami and, consequently, the landslide that originated 
it, occurred once the eruption had ended or whilst it was still underway and the pumices were already de-
posited and floating on the surface of the sea.

An avalanche breccia, known as “Mortalón”, with an inclination of 9.42° in Icod (Iribarren, 2014) and in-
terpreted by Bravo (1962) and Coello (1973) as an old breccia deposit generated by previous mass wasting 
processes affecting the basaltic shield and the beginning of the construction of the Las Cañadas edifice, is 
thought in fact to represent the décollement surface for both La Orotava and Icod landslides.

Hürlimann et al. (2000) proposed adjacent and shallow seismic shocks caused by the seismogenic slip on 
the ring fault originated by the caldera collapse as the main driving forces triggering the large-scale subae-
rial slope failure; such shocks are capable of applying faster and more dynamic stress to slopes than other 
mechanisms such as dike intrusion (e.g., McGuire et al., 1990; Voight & Elsworth, 1997) and the inflation 
and deflation of the magma chamber (e.g., Lo Giudice & Rasa, 1992). According to stability analyses, an 
unstable state is reached for a seismic shock with a horizontal acceleration over 0.3 g. Assuming a magni-
tude of 5.0 for a seismic shock related to the caldera collapse at a distance of 5 km, a maximum horizontal 
acceleration coefficient (PHAC) of 0.29 would be generated (Hürlimann et  al.,  2000). Comparing these 
results with other observational data from some recent calderas (e.g., Abe, 1992; Alvizuri et al., 2020; Filson 
et al., 1973; Riel et al., 2015), a Mw magnitude of 5–7.2 is required for seismic shocks to have triggered the 
Icod landslide (Hürlimann et al., 2000).

3. Methodology
To conduct the multi-hazard assessment corresponding to a hypothetical repetition today of the same suc-
cession of events that took place on Tenerife about 0.18 Ma, it is necessary to simulate scenarios that re-
produce all the volcanic and associated hazards that occurred during the caldera-forming eruption of El 
Abrigo. This will help predict which areas could be affected by each of these processes. The objective was to 
combine freely available models and commercial software with Geographic Information Systems (GIS) to 
model and analyze the various potential hazards and so identify their current potential extent and impact. 
According to the succession of events deduced from the geological record and, in particular, from the inland 
stratigraphy (Martí, 2019), the following hazards need to be simulated: pyroclastic density currents (PDC), 
seismicity, landslide and tsunami. Ash fallout has not been identified on Tenerife in association with El 
Abrigo eruption (Pittari, 2004), although it is likely that a considerable co-ignimbrite ash cloud developed 
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during the emplacement of the ignimbrite from El Abrigo. Nevertheless, no data exist to indicate its size or 
extent and so this hazard has not been modeled.

PDC simulations were conducted using VORIS 2.0.1. (Felpeto et al., 2007, available at http://www.gvb-csic.
es/GVB/VORIS/VORIS.htm), a GIS-based tool for volcanic hazard assessment that includes several simula-
tion models. The PDC simulation model used is based on the Energy Cone model (Malin & Sheridan, 1982; 
Sheridan & Malin, 1983) and the modification by Toyos et al. (2007), and is able to calculate the runout, 
velocity and dynamic pressure of pyroclastic flows. Simulations of the Peak Ground Acceleration (PGA) 
caused by seismicity induced by caldera collapse were performed automatically using a plugin developed 
by Núñez (2017) implemented in the Geographic Information System QGIS, 2.14 version. Landslide sim-
ulations were conducted using the commercial software SLIDE, developed by Rocscience Inc. (Rocscience 
Inc.,  2020, https://www.rocscience.com/software/slope-stability) for slope stability analyses. Finally, the 
tsunami was simulated using VolcFlow (Kelfoun & Druitt, 2005)

As input parameters for all these simulations the current topography of Tenerife consisting of a 50-m reso-
lution Digital Elevation Model provided by the National Geographic Institute (IGN, www.ign.es) was used, 
in combination with the digital bathymetry around the Canary Islands at the same resolution generated by 
the Spanish Institute of Oceanography (IEO, www.ieo.es). Given that one of the objectives was to repro-
duce the extent of the ignimbrite deposited after El Abrigo that nearly buried the whole island of Tenerife 
(Pittari, 2004; Pittari et al., 2008), up to seven different collapse equivalent angles (ac) (4° — for base surge 
explosions —, 7°, 11°,15°, 19°, 23° and 27° — for column collapse phases —) (Sheridan & Malin, 1983), and 
a collapse equivalent height (Hc) of 2,000 and 3,000 m, respectively, were considered in a trial and error 
application of the PDC simulation model. All the simulations were conducted assuming a single eruptive 
area located in the current crater of Mt Teide.

Following Núñez  (2017), the geological units represented on the geological map GEODE 1:25000 from 
Tenerife (2913 zone) (Bellido-Mulas et al., 2014) were classified in six groups to elaborate a seismic am-
plification map of Tenerife (Supporting  Information  S1), according to the methodology developed by 
Borcherdt (1994) (more information in Text S1). We assumed that the seismic shocks triggered by a caldera 
collapse have their hypocenters along the ring faults that control the vertical movement of the block that is 
collapsing. It is also well known that the position and extent of a collapse caldera are limited by the position 
and extent of the associated magma chamber (Folch & Martí, 2009; Martí, Ablay, Redshaw, & Sparks, 1994; 
Martí et al., 2008). For this reason, the position of the hypothetical magma chamber in the case simulated 
here will determine the position of the ring faults and hence the position of the possible hypocenters and/or 
epicenters. The magma chamber at the time of El Abrigo eruption is assumed to have had a total volume of 
at least 20 km3 (this is the minimum erupted volume; Martí, Mitjavila, & Araña, 1994; Pittari, 2004), to have 
been about 5 km in diameter given the size of the resulting depression (Coppo et al., 2008; Martí, Mitjavila, 
& Araña, 1994), and to have been located about 4 km below surface at the time of the eruption (Andújar 
et al., 2008). Two positions for the magma chamber were assumed in our simulations (Figure 2) and three 
hypocenters were considered for each epicenter given current topography and the depth of the magma 
chamber (Figure 2), which thus give rise to a total of six possible locations for the seismic focuses. For each 
focus, three moment magnitudes (Mw) were used (Mw = 5, 6, and 7), values that are within the observed 
common range for these type of eruptive seismic shocks (Hürlimann et al., 2000). Finally, the simulation of 
the seismic scenarios was performed by applying three attenuation laws following our geotechnical classifi-
cation of materials. All of the input parameters are shown in Table 1.

By taking into account the estimated earthquake magnitudes that could have triggered the Icod landslide 
(Hürlimann et al., 2000), slope stability simulations were carried out considering the current topography, 
stratigraphy and geotechnical properties. We used SLIDE (Rocscience Inc., 2020), a 2D limit equilibrium 
slope stability program, to evaluate the Factor of Safety (FS) or probability of failure, of circular or non-cir-
cular failure surfaces on soil or rock slopes. This program uses different limit equilibrium methods designed 
to investigate the equilibrium of a soil or a rock mass tending to slide down under the influence of gravity. 
These methods compare forces, moments, or stresses resisting movement of the mass for a given geotechni-
cal configuration, with disturbing forces, such as those produced by an earthquake. As a result, the program 
calculates the FS of the slope and reveals the most probable slip surfaces. Two simplified contrasting models 
(Model 1, Figure 3a and Model 2, Figure 3b) based on the cross-sections drawn by Carracedo et al. (2007), 

http://www.gvb-csic.es/GVB/VORIS/VORIS.htm
http://www.gvb-csic.es/GVB/VORIS/VORIS.htm
https://www.rocscience.com/software/slope-stability
http://www.ign.es
http://www.ieo.es
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Marrero (2010) and Martí (2019) were designed to evaluate the stability of the northern slope of Tenerife 
according to the geotechnical classification of volcanic materials in Del Potro and Hürlimann (2008).

In order to simplify the model, infinite strength was assumed for fresh lavas from the basaltic shield as there 
was no landslide after the formation of the Las Cañadas edifice. Thus, these lavas represent a slip surface 
“exclusion zone” through which slip surfaces cannot penetrate. The Drained-Undrained option was used 
for both the “Mortalón” and the Las Cañadas edifice intracaldera materials, as it defines a soil strength 
envelope that considers both drained and undrained Mohr-Coulomb strength parameters, that is, effective 
and total parameters, for materials whose response to a seismic shock is unknown. For the rest of units con-
sidered as “rocks” (including the altered lavas from Mt Teide, which were characterized as an intermediate 
material between rock and soil based on their geotechnical characteristics), the Generalized Hoek-Brown 
strength criterion was applied, which works well for most rock masses of reasonable or low quality in which 
the rock mass strength is controlled by tightly interlocking angular rock pieces (Rocscience Inc., 2020). All 
inputs of geotechnical parameters are shown in Table 2.

The SLIDE software package enables different methods of vertical slice limit equilibrium analysis to be ap-
plied. These methods discretize the soil or rock mass above the assumed failure surface into vertical slices or 
columns with equal widths. In each column, force and moment equilibrium are held, at the same time that 
internal forces due to the interaction between the slices are considered. For this study, only three methods 
were used since Rocscience Inc. recommends that the others are not used as they do not fit the reality of our 
case of study: Bishop's simplified method, which satisfies only moment equilibrium and considers interslice 

Figure 2. Simplified cross section of Mt Teide (S–N) showing the two presumed positions of the magma chamber (>20 km3, 5-km wide, 4-km deep) and 
their respective epicenters and hypocenters proposed for the earthquake simulations: (a) a magma chamber located just below the crater of Mt Teide and (b) a 
magma chamber displaced to the south whose the northern limit would be below the crater. The line corresponding to this cross-section is part of the red line 
I-I' shown in Figure 1.

Epicenter 1 Epicenter 2

Mw Attenuation lawsaLocation Hypocenters Location Hypocenters

lat = 28.294332°
lon = −16.650575°

0 km
1.8 km
3.6 km

lat = 28.272319°
lon = −16.642437°

0 km
2.5 km
5 km

5
6
7

Pétursson and Vogfjörd (2009)
Ágústsson et al. (2008)
Beauducel et al. (2004)

aNúñez (2017) states that the most accurate attenuation laws for Canary Islands are those given by Ágústsson et al. (2008), Beauducel et al. (2004) and Pétursson 
and Vogfjörd (2009) since they were built using accelerations observed in Iceland and on the island of Guadalupe, which are also volcanic environments.

Table 1 
Input Parameters for Peak Ground Acceleration Simulations
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Figure 3. Simplified geotechnical S–N cross-sections in the north of Tenerife proposed for the slope stability analysis. (a) Model 1 considers alteration zones 
shown in red; (b) Model 2 does not consider alteration zones. See red line I–I' in Figure 1 for the line of the S–N cross-section. Based on Carracedo et al. (2007), 
Marrero (2010) and Martí (2019).

Parameter

Geotechnical units

Fresh lavas from 
the basaltic 

shield
Las Cañadas 

collapsed material Mortalón
Water circulation 

zone
Fresh lavas from 

Mt Teide
Altered lavas 

from Mt Teide

Type Rock Soil Soil Rock Rock Rock/Soil

Strength criterion Infinite strength Drained-Undrained Drained-Undrained Gen. Hoek-Brown Gen. Hoek-Brown Gen. Hoek-Brown

Unit weight (kN/m3) 24.6 ± 2.3a 14.9a 17.1 ± 2a 22.6b 24.6 ± 2.3a 22.2 ± 3a

Saturated unit weight (kN/m3) - 16.9c 21c 24.6c 24.6c 23.6c

Effective angle of internal friction 
(ϕ) (°)

- 35d 20d - - -

Undrained cohesion (Cu) (kg/cm2) - 0.1c 0.7e - - -

Effective cohesion (c') (kg/cm2) - 0.01f 0.13g - - -

Uniaxial Compressive Strength 
(UCS) (MPa)

- - - 55h 65j 30d

Geological Strength Index (GSI) - - - 25i 35i 20i

mi - - - 15i 15i 14i

mb - - - 1.03i 1.472i 0.804i

s - - - 0.00024i 0.00073i 0.00013i

a - - - 0.313i 0.5159i 0.5437i

Note. Error margins were ignored during simulations to simplify calculations. mi is a material constant for intact rocks. mb, s and a are rock mass material 
constants.
aDel Potro and Hürlimann (2008). bAssumed using geological-geotechnical criteria. cAssumed using geological-geotechnical criteria based on the geological 
description in Del Potro and Hürlimann  (2008). dConsidering conservative values from Hernández-Gutiérrez and Santamarta  (2015) and assumed using 
geological-geotechnical criteria. eWeighted average from values provided by Uriel and Serrano  (1975). fc'/Cu ratio  =  0.1 (Rocscience Inc.,  2020). gc'/Cu 
ratio = 0.186 (Rocscience Inc., 2020). hConservative values from those recommended by González de Vallejo et al.  (2002) for intact rock from this type of 
material. iRecalculated with RocData software (Rocscience Inc., 2020) under geological-geotechnical criteria. jArithmetic mean of the mean values of the simple 
compression tests corresponding to the basaltic type lithotypes from Hernández-Gutiérrez and Santamarta (2015), from a conservative perspective in terms of 
risk.

Table 2 
Input Parameters for SLIDE Software
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shear forces as zero (Bishop, 1955); Janbu's Generalised method, which 
satisfies only force equilibrium but also considers interslice shear forces 
as zero (Janbu,  1973); and Morgenstern-Price method, which satisfies 
both moment and force equilibrium and considers variable interslice 
shear forces (Morgenstern & Price, 1965).

A static analysis was performed for both contrasting geotechnical models 
by applying the previous analytic methods to obtain the FS prior to an 
earthquake. Then, a pseudo-static analysis was performed for both mod-
els using the same methodology to analyze slope stability under seismic 
conditions. Since we were unable to simulate the whole caldera collapse 
process to determine how the seismicity produced by friction along the 
ring fault affects the Icod valley at each moment, we simulated the two 
extreme stages: at the beginning of the collapse, when the edifice is prac-
tically intact but some friction is occurring and so some seismic shocks 
are generated, and at the end, when the collapse is almost over and so 
the seismicity generated by the friction is about to end. Nevertheless, we 
are aware that the landslide could have occurred at any time during the 
collapse process and, although we do not know exactly when, we know 
from the stratigraphy that it occurred after the ignimbrite was emplaced. 
Hence, a third pseudo-static analysis was performed for Model 1 exclud-
ing the central part of the Mt Teide volcanic edifice. This simulated a 
collapse of that sector into the magma chamber during the formation of 
the caldera to test the slope stability of the Icod valley at the end of the 
collapse process. To do so, we used Model 1 as an input file for SLIDE 
software, but renamed it as “Model 1 Bis”, and assumed the existence of 

a magma chamber located just below the crater of Mt Teide corresponding to the configuration shown in 
Figure 2a. To achieve this, we moved one of the limits of the calculation zone considered by SLIDE 2.5 km 
to the north of the crater and restricted the calculation of the FS to the portion corresponding only to the 
Icod valley since it would not have any mass behind its head zone.

A total of 10 different maximum values of acceleration of gravity (g) were taken from the results obtained 
from the PGA simulations, and three formulas–those of Marcuson (1981) (1), Noda and Uwave (1976) (2) 
and Saragoni (1993) (3)—were applied to each PGA value to obtain 22 different horizontal seismic coeffi-
cient (kh) values used in the SLIDE pseudo-static analysis.
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where amax is the PGA as a fraction of the acceleration of gravity on Earth (g), and g = 1 in these formulas 
(Gutiérrez, 2017).

These 10 PGA values (Table 3) were selected after filtering the results from previous seismicity simulations 
(Tables S2 and S3); the variable “depth” was eliminated as PGA values did not vary with depth, as were all 
results for Mw = 7 since this magnitude is outside the range of applicability of the three attenuation laws, 
but it was tested as an upper limit. Repeated values were selected only once. The input seismic values for 
simulations are shown in Table 3. An extra value of kh = 0.13 for Model 1 was included after a trial and 

Acceleration of 
gravity values (g)

kh

Noda and 
Uwave (1976) Marcuson (1981) Saragoni (1993)

0.1 0.1 0.03 0.03

0.20 0.20 0.07 0.06

0.67 0.29 0.22 0.19

3.35 0.49 1.11 0.33

0.12 0.12 0.04 0.04

0.49 0.49 0.16 0.15

0.19 0.19 0.06 0.06

0.61 0.28 0.20 0.18

3.04 0.48 1.00 0.32

0.48 0.26 0.16 0.14

Extra value of kh 0.13

Note. PGA values in bold text were obtained from PGA simulations 
using Epicenter 1 (Figure 2a); underlined values in bold were obtained 
using Epicenter 2 (Figure 2b); the remaining values coincided with both 
epicenters.

Table 3 
kh Values for the Selected Accelerations of Gravity According to the Pseudo-
Static Analysis Criteria
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error analysis to search for the limit at which all three methods of analysis show slope instability. This was 
not necessary for either Model 2 or Model 1 Bis since the limit was found at kh = 0.15 and kh = 0.29, respec-
tively, which were two of the previously selected values from PGA results. According to Eurocode 7 (AE-
NOR, 2016) and the Basic Document on Structural Safety (DB-SE) of the Technical Building Code (CTE) 
(Ministerio de Fomento, 2006), a minimum FS of 1.5 is required for slope stability in static and permanent 
conditions, and 1.1 for seismic and permanent conditions. Below these values, the slope is considered unsta-
ble. However, a lower FS limit is known to be sometimes more suitable for big landslides/slopes or for slope 
stability analysis different than those made for building security. Thus, we determined unstable conditions 
when FS < 1, and short-term stable conditions when FS values were 1–1.5 after considering the geotechnical 
configuration of the sector of the island selected and the possible margin of error in our parameter selection.

According to the geological record, the powerful tsunami was the final event of the chain of cascading 
multi-hazards in this case study. A simulation of the tsunami was generated with the two-fluids version of 
VolcFlow (Kelfoun et al., 2010), which can simulate both an avalanche and an associated tsunami. VolcFlow 
is a finite difference Eulerian code based on a depth-averaged approach. It runs inside MATLAB and solves 
depth-averaged equations of mass and momentum using a topography-linked coordinate system in time 
and space. First, the area covered by the landslide was drawn using Surfer software, keeping approximately 
the limits of the sliding mass obtained with SLIDE, and then entered as a numerical code in a TIF file, along 
with the bathymetry file in a Surfer Grid format. A maximum thickness of 500 m for the sliding block was 
considered, since it is approximately the thickness of the sliding mass obtained with SLIDE during the sim-
ulation of the landslide in this study. This thickness coincides with the average thickness of the current fill 
of the Icod valley from the surface to the “Mortalón” layer (Figure 3), which is taken to be the decóllement 
surface of the last mega-landslide (Bravo, 1962). Following Kelfoun et al. (2010), the rheology of the sliding 
material was defined by a density of the avalanche block of 2,500 kg/m3 (Del Potro & Hürlimann, 2008). 
This approximately coincides with the one used for the geotechnical unit of the fresh lavas from Teide, 
which occupies most of the sliding mass, as it was seen during the landslide simulation. Two different val-
ues were also used for the constant retarding stress that is equivalent to the cohesion of rocks or to a yield 
strength (50,000 Pa and 100,000 Pa, reasonable values determined by Kelfoun & Druitt, 2005, and Kelfoun 
et al., 2010). This rheology was obtained by comparing the results of the model with natural deposits (Kel-
foun & Druitt, 2005; Kelfoun et al., 2010). A dynamic viscosity of water of 0.001137 Pa · s and a density of 
water of 1,025 kg/m3 were also assumed.

4. Results
In all, 277 different eruptive scenarios were obtained from the simulations performed for the four extreme 
hazards selected for this study, and they are all included in Supporting Information S1.

4.1. PDC Scenarios

In all, 14 scenarios were obtained by combining up to seven different values for ac and two different values 
for Hc. The PDC map scenarios are shown in Figures S2–S15, and an example is shown as well in Figure 4; 
numerical results and implications are summarized in Table S1.

Results show that as the ac decreases, the surface area covered by PDC deposits increases. PDCs scenarios 
obtained here go from the whole affectation of the island of Tenerife, produced by an ac of 4°, regardless 
the Hc, to a minimum affected area of almost 200 km2 and just over 300 km2 concentrated around the vent, 
corresponding to the area of Las Cañadas caldera and surroundings, produced by an ac of 27° and an Hc of 
2,000 m. Between these two extremes, there is a wide range of results in terms of surface area covered and 
municipalities affected by ignimbrite that deserves to be taken into account (see Table S1). Changes in two 
or three degrees of ac, or in 1,000 meters of Hc, result in a variation of some hundreds of square kilometers 
affected.

It is observed that the Las Cañadas wall, a natural barrier for some volcanic hazards, such as lava flows, 
would stop the PDCs produced by a column collapse with an ac equal or higher than 27° and an Hc of 
2,000 m or less. In case an Hc of 3,000 m occurred, an ac above 27° should occur so that the PDC would not 
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exceed the limits of the central caldera. As there is no caldera wall towards the north, the most affected area 
after the Las Cañadas caldera is the Icod Valley.

Beyond this central topography, other topographic features, such as valleys, other cones, lava walls, basaltic 
shield remnants, could channel or act as barriers for pyroclastic flows, but this is observed in few more distal 
areas.

4.2. PGA Scenarios

In all, 54 scenarios were obtained combining three moment magnitudes (Mw), two different epicenters, 
each with three different hypocenters, and three attenuation laws. The maps of the expected PGA values are 
shown in Figures S16–S69, along with an example in the main text (Figure 5). Tables S2 and S3 summarize 
all the results.

Both epicenters give similar gravity acceleration values, even coinciding in some cases. Likewise, the modi-
fication of the hypocenter does not imply any change in these values. Only a slight increase in the expected 
PGA in cm/s2 is observed as the hypocenter depth increases when applying the Beauducel et al.  (2004) 
attenuation law, but these minor differences are eliminated when transforming the values into acceleration 
of gravity (g) units. The main differences in the expected PGA results are due to the Mw of the earthquake, 
but also to the chosen attenuation law.

Considering that a lower Mw would give a lower PGA, the lowest expected PGA values were obtained by 
applying the Pétursson and Vogfjörd (2009) attenuation law. In this case, PGA values go from 0.10 g (in 
case of both epicenters) to 0.29 g (in case of epicenter 1). At the other extreme, the highest expected PGA 
values, keeping all other parameters unchanged, were obtained after applying the Ágústsson et al. (2008) 

Figure 4. Pyroclastic Density Current map scenario considering Hc = 3,000 m and ac = 7°, for a simulated caldera-forming eruption on Mt Teide, Tenerife 
(Canary Islands).
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attenuation law. Thus, the lowest PGA value is 0.61 g (in case of epicenter 1), while the highest is 13.21 g 
(in case of epicenter 2). Therefore, the choice of one attenuation law or another, and of one epicenter or 
another, can vary the expected PGA value for the same Mw by up to 12.93 units.

Between these mentioned extremes, there is also a wide range of scenarios, not only in terms of maximum 
expected PGA values (Tables S2 and S3), but also in terms of ground response distribution (see Figures S16–
S69). Deleting the depth variable, which has no influence on the results in this case, a total of 9 different 
scenarios were obtained per epicenter by combining only three Mw with the selected three attenuation laws. 
In case we could remove the attenuation law variable, if we would be able to know which one best suits the 
terrain of Tenerife, results would be reduced to one possibility per Mw and per epicenter. However, despite 
having selected only three different Mw for this study, the proposed range was between 5 and 7, a range that 
already includes multiple options and associated scenarios.

Apart from these results, the scenarios reveal that the areas most affected by the different earthquakes gen-
erated in this study are, in this order, the Las Cañadas caldera and its walls, the Icod valley, the NW and NE 
rift zones, and the area corresponding to Bandas del Sur, in the southeast of the island.

4.3. Landslide Scenarios

A total of 207 simulations was performed, six using a static analysis and 201 with a pseudo-static analysis, 
by applying the input parameters introduced previously to the three considered geotechnical models. The 
results of the slope stability analysis are shown in Figures S70–S276, and an example is given here in Fig-
ure 6; the FS values are summarized in Tables S3–S8.

Figure 5. Expected Peak Ground Acceleration values for a M 6.0 synthetic earthquake located north of the summit of Mt Teide, Tenerife (Canary Islands), at a 
depth of 1.8 km, after applying the Ágústsson et al. (2008) attenuation law.
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All static analyses carried out for both geotechnical models give FS above 1 but below 1.5 (see Tables S4 
and  S5), what means that both geotechnical configurations can be considered stable under steady state 
conditions, that is, no earthquake. However, FS values are lower for Model 1, which has alteration zones 
compared to Model 2. This also holds true during pseudo-static analyses, which means that under both 
steady state and seismic conditions, Model 1 is slightly more unstable than Model 2 due to the presence of 
altered materials, which increases the instability of the area.

Under seismic conditions, the pseudo-static analyses show that Model 1 becomes unstable (FS < 1) at a 
minimum kh of 0.1, while a minimum kh of 0.12 and 0.28 is required for Model 2 and Model 1 Bis, respec-
tively. This is true in case the Janbu Generalised method is applied (also Bishop simplified in case of Model 
1 Bis, see Table S8), but from the results obtained it is clear that this value, which would mark the minimum 
required to generate instability (FS < 1) in the studied slope, varies from one method to another, requiring a 
higher kh and, thus, a higher Mw, in case the other methods are applied to each model. This fact means that, 
in this study, at least three different seismic scenarios of minimum kh required to generate instability could 
exist for each model. Knowing which method and which geotechnical configuration best fits the portion of 
the studied island, these seismic scenarios would be reduced to one.

However, even with a single minimum kh value, there are still multiple earthquakes that could give this 
value. This is because if we undo the formulas of Marcuson (1981), Noda and Uwave (1976) and Sarago-
ni (1993), applied before, to know the PGA capable of giving that value of kh and, in turn, compare which 
Mw could generate that PGA, we find multiple possible seismic scenarios (see Table 4, where the minimum 
values of kh discussed above have been taken as an example). This is also influenced by the location of the 
epicenter, as we can see in Table 4 for a PGA of 0.61 g in case of Model 1 Bis.

The generated scenarios also show the most probable failure surfaces as semicircular lines affecting the 
slope, with the associated FS in a box (see Figure 6). These slip surfaces show a rotational movement of the 
sliding block, the head of which is located south of the crater of Mt Teide in Model 1 (Figure 6) and 2. For 
Model 1 Bis, the head of the sliding block is located north of the Las Calvas del Teide alteration zone. For 
higher values of kh these semicircular sliding surfaces become more open and wider and the head of the 
landslide moves northwards (see Figure S70–S276).

Figure 6. Slope stability pseudo-static analysis for Model 1 (with alteration zones, Figure 3a) using the Morgenstern-Price method and a kh of 0.13. x axis 
corresponds to the distance in meters, with the 0 located at southern limit of the cross section represented in line I-I' shown in Figure 1, and y axis shows 
the altitude. The colors shown in the cross section correspond to the geotechnical units used for Model 1 and coincide with those represented in Figure 3. 
Colors appearing above the cross section correspond to the Factor of Safety (FS) for each area of the diagram, shown as a mirror of it. The semi-circular shape 
corresponds to the most probable slip surface and its FS is shown in the box, which in this case is 0.996.
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All the slip surfaces generally reach the depth of the limit between the water circulation zone unit and the 
“Mortalón”, the latter being unaffected or only slightly affected by the potential landslide. The average max-
imum thickness of the potential sliding block for all models is around 500 m, but it is reduced to 300 m in 
case of Model 1 Bis for high kh values.

4.4. Tsunami Scenarios

Two simulations were obtained by combining two different values for the constant retarding stress or yield 
strength. Tsunami simulations are shown in Movies S1 and S2, which correspond to a simulation made with 
a yield strength of the sliding block of 50,000 Pa and 100,000 Pa, respectively. Four different stages of the 
tsunami propagation are shown in Figure 7.

Both simulations give a first tsunami wave of about 200 m in height traveling northwards (Figure 7a). How-
ever, the amplitudes obtained along the affected coasts outside the impact zone are higher and slightly faster 
for the 100,000 Pa than for 50,000 Pa simulation. Therefore, the choice of one yield strength for the sliding 
block or another would vary the arrival time of the waves by about 10 s and the maximum amplitude record-
ed on the affected coasts by up to 50 m. In both cases, the northern and western coasts of Tenerife, the east-
ern coasts of La Palma and the northern coasts of La Gomera are the most affected areas of the archipelago.

Model 1

kh PGA Mw

0.1 0.1 g (Noda & Uwave, 1976) 5.0 (Pétursson & Vogfjörd, 2009) 
 <5.0 (Ágústsson et al., 2008) 
 <5.0 (Beauducel et al., 2004)

0.3 g (Marcuson, 1981) >7.0 (Pétursson & Vogfjörd, 2009) 
 <5.0 (Ágústsson et al., 2008) 
 >5.0 and <6.0 (Beauducel et al., 2004)

0.33 g (Saragoni, 1993)

Model 2

kh PGA Mw

0.12 0.12 g (Noda & Uwave, 1976) >5.0 and <6.0 (Pétursson & Vogfjörd, 2009) 
 <5.0 (Ágústsson et al., 2008)
5.0 (Beauducel et al., 2004)

0.36 g (Marcuson, 1981) >7.0 (Pétursson & Vogfjörd, 2009) 
 <5.0 (Ágústsson et al., 2008) 
 >5.0 and <6.0 (Beauducel et al., 2004)

0.4 g (Saragoni, 1993)

Model 1 Bis

kh PGA Mw

0.28 0.61 g (Noda & Uwave, 1976) >7.0 (Pétursson & Vogfjörd, 2009) 
 5.0 (<5.0 for an epicenter located on the crater) (Ágústsson 

et al., 2008) 
 >5.0 and <6.0 (Beauducel et al., 2004)

0.85 g (Marcuson, 1981) >7.0 (Pétursson & Vogfjörd, 2009) 
 >5.0 and <6.0 (Ágústsson et al., 2008) 
 >6.0 and <7.0 (Beauducel et al., 2004)

2.08 g (Saragoni, 1993) >7.0 (Pétursson & Vogfjörd, 2009) 
 >5.0 and <6.0 (Ágústsson et al., 2008) 
 >7.0 (Beauducel et al., 2004)

Note. These equivalences are made with the minimum value of horizontal acceleration (kh) at which each geotechnical model showed instability (FS < 1) after 
the analysis with SLIDE. Also shown are the PGA and Mw values after reversing the three previously applied formulas (Marcuson, 1981; Noda & Uwave, 1976; 
Saragoni, 1993) to each kh and checking the possible ranges of the Mw causing these values.

Table 4 
Equivalences Between the Minimum Instability Values of Horizontal Acceleration (kh) for Each Geotechnical Model and the Corresponding Peak Ground 
Acceleration and Mw Values
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Figure 7. Simulation of the propagation of the tsunami caused by the impact of a landslide originating in the Icod 
valley on the ocean, with a yield strength of the sliding block of 50,000 Pa.
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Considering the simulation made with 50,000 Pa, we observe that the northern coast of Tenerife is wholly 
affected within 580 s with a maximum amplitude of around 100 m; the exception is the municipality of Los 
Silos, where waves reach almost 200 m in height. This coast is hit up to nine times by waves originating from 
the impact of the sliding block on the ocean and by reflected waves originating after the initial impact on the 
eastern coast of La Palma. The western and the eastern coasts of Tenerife are completely affected after 840 s 
and 1,300 s. The western coast registers a maximum amplitude of 50 m, which decreases towards the south, 
while the eastern coast registers around 20 m. Waves coming from both sides of the island are inhibited after 
meeting along the southern coasts. The southern municipality of Granadilla, on the opposite coast to the 
landslide site, is affected after 1,070 s by the tsunami originating from the western side of the island, with a 
maximum amplitude of 10–15 m.

After 700 s, the north of La Gomera is the first site of the other islands of the archipelago to be hit by up to 
seven waves from around 80–100 m. These waves come both from the impact zone and from other islands 
after their reflection, especially from La Palma. The last affected island is Lanzarote, which is first hit by 
waves of about 25 m along its south-west coast after 1,790 s.

After 3,600 s, the ocean is still agitated around the Canary Islands and there are still maximum wave ampli-
tudes of up to 40 m in some places. The least affected areas are the south of Gran Canaria and the eastern 
coasts of Fuerteventura and Lanzarote.

5. Discussion
Our objective was to identify a past extreme event in Tenerife, whose cascading sequence of hazards is 
known from the geology and stratigraphy of the island, and to quantify it. What we have done is to look 
for the most probable scenarios in case this event would be repeated today. However, multi-hazard assess-
ments considering cascading effects are difficult to perform due to the complex relationships that can be 
established between different hazards, and this is a problem we had to face during this study. The lack of 
information and data regarding the magnitude and characteristics of each of the studied hazards (e.g., the 
collapse height of the PDCs, the magnitude of the seismic shocks, etc.) means that we had to work with 
wide ranges of input parameters. For that reason, the 277 scenarios obtained in this study were statistically 
analyzed to identify those combinations of parameters for each event, and those combinations of hazard 
scenarios, whose results best fit what happened during the El Abrigo eruption. Out of this context, all the 
obtained scenarios could be possible, but only few combinations of them adjust to what we observe in the 
geological record of the island corresponding to the El Abrigo eruption. These scenarios are discussed here.

Given that the ignimbrite resulting from the El Abrigo eruption covered nearly the whole island, the closest 
PDC scenario would be a collapse of the eruptive column from a height of between 2,000 and 3,000 m, with 
a collapse equivalent angle around 7°. In this case, nearly all the island would be hit by PDCs, and only its 
northeast corner would be unaffected. At the same time, or just after the emplacement of the PDCs, the 
caldera collapse process would begin. The resulting high magnitude seismicity would severely affect the 
central part of the island, corresponding to the caldera of Las Cañadas and its walls, the Icod Valley, the NE 
and NW rifts, and Bandas del Sur in the southeast. From a conservative point of view, and considering both 
the results from Hürlimann et al. (2000) and our stability analysis, if at the beginning of the collapse seismic 
shocks produce a PGA of around 0.3–0.33 g, an unstable state of the Icod Valley slope could be reached. 
Over that range of PGA, a landslide is very probable to be produced in the Icod Valley area. However, if 
these values of PGA are not reached at the very beginning of the collapse, but they are achieved when the 
process is more advanced, instability is less likely to occur as a higher PGA is required. In this case, being 
conservative, a landslide could be produced if a PGA between 0.61 and 0.85 g is reached during the final 
stages of the caldera collapse process.

The head of the landslide would be located at some point in the northern slope of Mt Teide, depending on 
the position of the magma chamber, as it controls the extent of the caldera collapse, and would affect an area 
similar to the last Icod landslide, involving a maximum thickness of 500 m. According to what is observed 
from the original Icod landslide deposits (Ablay & Hürlimann, 2000; Watts & Masson, 2001), the sliding 
material would behave as a cohesive avalanche with mega-blocks, whose translational movement towards 
the sea would produce a 200 m-high tsunami wave in the impact area. The northern coast of Tenerife would 
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be devastated in less than 10 min by waves with heights of around 100–150 m (even 200 m in some plac-
es), and the rest of the islands of the Archipelago would be hit by tsunami waves up to 120 m in less than 
30 min. These results are in good agreement with the geological evidence represented by the presence of 
tsunami deposits on the north of the island of Tenerife, at 132 m a.s.l (Paris et al., 2017). This is a reasonable 
approximation for the 50,000 Pa simulation, which reached 100–150 m on Tenerife. Moreover, the simula-
tion presented also suggests that the propagation of the tsunami waves could progress beyond the limits of 
the Canary Islands, being potential for the impacts of such an event to be felt far from the source. However, 
geologic evidence has not yet identified any such distal impacts from past events, so any attempt to identify 
the distal limits of such tsunami remains speculative by now.

At present, the Tenerife volcanic system is not in a situation similar to that of the last caldera eruption. In 
fact, reaching the conditions for a caldera-forming eruption may take thousands to hundreds of thousands 
of years, as it requires generating a sufficient amount of eruptible phonolitic magma, and all the phono-
litic eruptions occurred on Tenerife during the Holocene are too small in terms of erupted volume (Martí 
et al., 2008). At the current stage, the Teide and Pico Viejo complex seems still too young to reach these con-
ditions. However, it is following a very similar evolution than the previous phonolitic cycles, and the succes-
sion of events described here is a process that has repeated several times in the past, so it is not inconsistent 
to consider it might occur again in the future. The occurrence of such a succession of catastrophic events do 
not define an scenario that can be easily managed, but identifies a possible scenario in which efforts must 
be invested in forecasting and prevention well in advance. In this sense, increasing the monitoring network 
and applying high resolution geophysical imaging methods (e.g., magnetotellurics, gravimetry, seismic to-
mography, etc.) of the interior of the island, able to identify and quantify the presence of fresh magma, 
would be potential actions to be undertaken.

In this study we have identified and quantified the main processes and characteristics of this type of ex-
treme hazards, which reduces the uncertainty when making decisions in case we encounter a similar event 
in the future. For this reason, we believe that this multi-hazard assessment could help to suggest guidelines 
for management, monitoring and urban planning, and should be taken into account by emergency man-
agement plans designed for the Canary Islands. Despite the difficulties and the simplicity of the simulation 
models used, our analysis does provide significant clues that should serve to increase awareness of the po-
tential occurrence and consequences of such large-scale events. Although our analysis could be thought of 
as a purely academic exercise that merely aims to increase our fund of knowledge, we believe that it will in 
fact help improving the current emergency management plan (PEVOLCA) by detailing appropriate hazard 
scenarios and optimizing mitigating actions well before any emergency caused by such extreme multi-haz-
ard events ever occurs.

6. Conclusions
We performed a long-term volcanic multi-hazard assessment of Tenerife to predict the potential extent and 
impact of extreme events occurring in cascade during a caldera-forming eruption. The resulting scenarios 
show how large areas could be covered by PDCs (and probably associated ash fall) that would affect the 
main urban centers and possible evacuation routes. Furthermore, seismicity focused on the central part of 
the island during a caldera collapse event–that in itself could have catastrophic effects on several parts of the 
island–could trigger a devastating landslide in the Icod valley and produce a tsunami that would probably 
have a severe impact not only to the northern and western coasts of Tenerife but also to other coasts of the 
archipelago. This is probably the most hazardous scenario that can be envisaged for Tenerife. Fortunately, 
despite being possible, such scenarios only need to be anticipated with recurrences on a geological times-
cale; however, they should not be ignored. Over the past 1 Ma, Tenerife has experienced a cascading suc-
cession of disastrous events several times and the persistence today of the same geophysical conditions that 
caused them in the past means that their occurrence in the future cannot be ruled out. Therefore, improving 
current knowledge of the causes and mechanisms of such processes should form part of the emergency 
plans that are being developed to confront volcanic phenomena in the Canary Islands and other regions 
with similar potential problems.
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