
Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 509 
 
 

 
 
 

 
 
 

 
 

The Significance of Giant Flank Collapses 

on Magma Ascent in the NE Rift Zone of 

Tenerife, Canary Islands: A Structural 

Modelling and Diffusion Approach 

Betydelsen av gigantiska flankkollapser för 

magmauppstigningen utmed nordöstra 

 sprickzonen på Kanarieön Teneriffa: 

 analog modellering och diffusionsanalys 

 
 

 
 
 

 
 
 
 

 
 
 

Kristoffer Ånäs 
 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

INSTITUTIONEN FÖR 

GEOVETENSKAPER 
 

D E P A R T M E N T  O F  E A R T H  S C I E N C E S  





Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 509 
 
 

 
 
 

 
 
 

 
 

The Significance of Giant Flank Collapses 

 on Magma Ascent in the NE Rift Zone of 

 Tenerife, Canary Islands: A Structural 

 Modelling and Diffusion Approach 

Betydelsen av gigantiska flankkollapser för 

 magmauppstigningen utmed nordöstra 

 sprickzonen på Kanarieön Teneriffa: 

 analog modellering och diffusionsanalys 

 
 

 
 
 

 
 
 
 

 
 
 

Kristoffer Ånäs 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ISSN 1650-6553 

 

Copyright © Kristoffer Ånäs 

Published at Department of Earth Sciences, Uppsala University (www.geo.uu.se), Uppsala, 2021  



Abstract 
 

The Significance of Giant Flank Collapses on Magma Ascent in the NE Rift Zone of 

Tenerife, Canary Islands: A Structural Modelling and Diffusion Approach 

Kristoffer Ånäs 
 

On the volcanic ocean island Tenerife in the Canary archipelago, several giant flank collapses have 

occurred over the last one million years. The link between the lateral collapses and the resulting 

volcanism in the rift zones is not fully understood and was investigated within the framework of this 

project. A field survey along the north eastern rift zone on Tenerife was performed, where dyke intrusion 

structural data was collected to analyse the exact distribution of dykes in the area. To determine the 

magma ascent rate, diffusion analysis of major elements in olivine crystals was conducted in 

collaboration with ETH Zürich. Additionally, analogue gelatine model experiments were performed to 

improve the understanding of the processes that reconfigure linear rift zones to triaxial or multiaxial rift 

zones. Injections of fluid into the gelatine ridges produced fractures which mainly were linear and 

followed the along strike direction. Position A’ in the centre of the unstable section, produced the most 

diverse injection patterns and had a roughly 30 % higher acceleration compared to position A, positioned 

at the border of the unstable section. From the results of the diffusion modelling of Mg in olivine 

phenocrysts an ascent rate of the magma was calculated to an average ascent velocity of 10.4–14.0 km/h. 

This is extremely fast and suggests that the Orotava collapse is strongly connected to the formation of 

ankaramite dykes in the area as a result of sudden decrease in the lithostatic pressure. 

 

Keywords: Tenerife, volcanic rift zones, analogue gelatine experiments, dykes, Fe-Mg diffusion, 

ankaramite 
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Populärvetenskaplig sammanfattning 
 

Betydelsen av gigantiska flankkollapser för magmauppstigningen utmed nordöstra 

sprickzonen på Kanarieön Teneriffa: analog modellering och diffusionsanalys 

Kristoffer Ånäs 
 

På vulkanön Teneriffa i den kanariska övärlden har flera jättelika skred skett. Kopplingen mellan dessa 

skred och vulkanismen i sprickzonerna på ön har undersökts inom ramen för detta arbete. En 

fältundersökning genomfördes längs den nordöstra sprickzonen på Teneriffa, där data om 

magmagångarnas orientering och läge insamlades. För att bestämma hur snabbt magman steg till ytan, 

genomfördes diffusionsanalys av Mg i olivinkristaller från ankaramitgångar i samarbete med ETH i 

Zürich. Utöver det utfördes även experiment med analoga gelatinmodeller för att förbättra förståelsen 

för de processer som förändrar linjära riftzoner till treaxliga eller fleraxliga riftzoner. Injiceringen av 

vätskan i gelatinmodellerna producerade sprickor som i huvudsak var linjära och följde strykriktningen 

på riftzonen. Position A’, i mitten av den instabila sektorn i modellen gav högst variation av 

injiceringarna och hade omkring 30 % högre acceleration jämfört med position A placerad i kanten av 

den instabila sektorn. Baserat på resultatet av diffusionsmodelleringen kunde en uppstigningshastighet 

för magman beräknas till en medelhastighet på 10,4–14,0 km/h. Detta är extremt snabbt och visar att 

kollapsen av Orotava är starkt kopplad till bildningen av ankaramitgångar i området som ett resultat av 

en plötslig minskning av det litostatiska trycket. 

 

Nyckelord: Teneriffa, vulkaniska sprickzoner, analoga gelatinexperiment, gångar, Fe-Mg diffusion, 

ankaramit 
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1. Introduction 

 

Flank collapses of volcanic edifices are a natural part of volcano evolution and may be accompanied by 

explosive eruptions, giant debris avalanches and tsunamis (Manconi et al. 2009). Perhaps the most 

famous modern historical example is the lateral collapse of Mount St. Helens in 1980, which removed 

around 2.8 km3 of rock from the volcano and was one of the largest flank collapse events in recorded 

history. In 2018, another flank collapse occurred at the Indonesian volcano of Anak Krakatau which 

triggered a large tsunami causing 430 fatalities. The collapse event decapitated the cone-shaped edifice 

and reduced the height of the island from 320 to 120 m, removing at least 0.1 km3 of the island (Walter 

et al. 2019). Flank collapses recorded on ocean islands volcanoes, can comprise tens to hundreds of km3 

of rock (Carracedo & Troll 2013), which makes the 1980 eruption appear miniscule. At the Spanish 

Canary Islands located off the coast of north-western Africa (Fig. 1a), at least twelve large-scale 

landslide events have been discovered by submarine mapping surveys (Krastel et al. 2001). Several 

occurred on the island of Tenerife, of which three were sourced along the long-lived North-East Rift 

Zone (NERZ) also known as the “Dorsal de La Esperanza” (Fig. 1b) and which form the focus of the 

investigation. These landslides are the Micheque (~0.85 Ma), the Güímar (~0.8 Ma) and the La Orotava 

(~0.56 Ma) landslides, respectively.  

Volcanic rift zones on ocean islands form by intense intrusive activity and can be organised in linear 

ridges or as triple-armed geometrics (Carracedo 1994; Walter & Troll 2003). If there is a dominant stress 

system in a volcanic edifice, dykes may group up and eventually form a swarm structure or rift zones 

with hundreds to thousands of mainly vertical and parallel-striking dykes (Fiske & Jackson 1972; 

Walker 1999). The orientation of dykes is strongly connected with local stress patterns and a good 

indicator of stress fields within volcanoes (e.g. Walter et al. 2005). Dykes will, in general, align 

perpendicular to the direction of minimum principal compressive stress (cf. Anderson 1937). The rift 

zones on the Canary Islands (locally known as “dorsales”) are typically long-lived, dynamic and 

transpire in intervals of intense growth followed by giant collapse events (Carracedo 1994; Watts & 

Masson 1995; Carracedo et al. 2011). Compared to the rift zones at the Hawaiian island, the place where 

rifts on ocean island volcanoes were initially recognised (Fiske & Jackson 1972; Walker 1986; 1992; 

1987; Dieterich 1988; Swanson et al. 1976), the Canary rifts are longer lasting and control the 

construction of the islands to a greater extent (Geldmacher et al. 2001; Carracedo et al. 2011; Walter et 

al. 2005; Walter & Schmincke 2002).  

These giant collapse events (flank collapses/landslides) can disrupt or sever the plumbing system of 

a volcano which may affect the petrologic evolution of the magmas within the rift zones with an initial 

increase of mafic volcanism followed by magma differentiation at higher crustal levels (cf. Longpré et 
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al. 2009; Manconi et al. 2009; Carracedo et al. 2011; Deegan et al. 2012; Amelung & Day 2002). Hence, 

the variability in architecture and petrography of ocean volcanoes is strongly influenced by the rifts and 

the collapses (Carracedo et al. 2011). The intricate link between lateral flank collapses and ocean islands 

and rift zone development and orientation has been explored by several previous investigations: On the 

basis of the gelatine models Fiske and Jackson (1972), initially suggested that the orientation of oceanic 

island rift zones is controlled by topography and gravity. Carracedo (1994) later proposed that the triple-

armed fractures are caused by updoming of the oceanic plate during initial plume infringement on the 

oceanic crust. A further concept that emerged, according to Walker (1992) is that the rift orientation is 

caused by structural changes induced by dyke intrusions. None of these models can, however, fully 

answer if the structural evolution of the NERZ on Tenerife is dominantly controlled by the intrusive 

activity or if rift evolution and geometry is mainly the result of the successive collapses (cf. Delcamp et 

al. 2012). As the rift zones expand during intense intrusive events (Carracedo et al. 2011), rift push is 

another possible mechanism, as is flank spreading due to edifice load (e.g. Walter & Troll 2003). As 

stated in Carracedo and Troll (2013), the question that remains is whether rifting is a consequence of 

flank deformation or if rifting is the cause to flank deformation.  

Investigating these possible cause-and-effect relationships between the landslides and rift zones will 

be the subject for further research within the framework of this project.  

Analysing and characterising the exact distribution of dykes in the field, coupled with the diffusion 

of magnesium within olivine phenocrysts to calculate ascent times, can be a useful addition to improve 

our understanding of the ascent speed of the magmas in connection with large lateral islands collapses 

as a rapid ascension of the magma would be expected in case of edifice unloading during a collapse (cf. 

Manconi et al. 2009). With respect to the NERZ, the formation of the Güímar and La Orotava Valleys 

are both the result of major flank collapses and the collapse of Güímar occurred sometime between 866 

to 831 ky and the La Orotava collapse between 690 ± 10 and 566 ± 13 ky (Carracedo et al. 2011; 

Carracedo & Troll 2013). Exploring the relationship of the dyke intrusions in the vicinity of these 

landslide basins will improve our assessment of the causes of flank destabilisation as well as our 

understanding of how the rift system functions internally. Analysing the diffusion duration of major 

elements like magnesium within crystals from the dykes will potentially teach us more on how the lateral 

collapses have affected the magma ascent dynamics of/within the NERZ and to what depth magmatic 

systems may respond to rapid unloading at the surface. Additionally, analogue gelatine model 

experiments aim to improve our understanding of the processes that reconfigure linear rift zones to 

triaxial or multiaxial rifts. The experiments were planned to be carried at GFZ Potsdam in their analogue 

laboratory, but due to the global Covid-19 pandemic, this was not possible within the framework of this 

thesis. Instead the experiments were performed at home. 
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Figure 1. (a) Overview of the Canary archipelago, located off the coast of NW Africa with the island Tenerife 

highlighted in red. (b) Shaded relief map showing a simplified geological overview of Tenerife showing: i) the 

three rift zones in thick dashed lines and the NERZ in red, flanked by the landslide scars of the Micheque, the 

Güimar and the La Orotava, ii) the shield basalt massifs Roque del Conde, Teno and Anaga. iii) the caldera wall 

of the Las Cañadas volcano, and iv) the Teide volcanic complex inside the Icod landslide scar at the junction of 

the three rift zones (after Deegan et al. 2012). 

 

1.1. General geology 

The Canary archipelago is located around 95 to 450 km off the coast of southern Morocco with Tenerife 

being the largest and most populated of the islands. The idea of a mantle plume origin for the Canary’s 

is currently the most widely accepted model (e.g. Carracedo et al. 1998; Troll et al. 2015; Carracedo & 

Troll 2021). A model of lithospheric fracturing by Anguita and Hernán (1975; 2000) has previously 

been suggested, however, the age progression, with a westward younging direction coupled with the 

low seismic velocity zone beneath the islands, and the fact that the Euler pole rotation is consistent with 

the African plate, the Canary’s and the Madeira islands (Troll et al. 2015), is ample evidence which 

supports the mantle plume model (Hoernle et al. 1995; Montelli et al. 2004; Carracedo et al. 1998; 

Geldmacher et al. 2005). The initial shield building stage of Tenerife was rapid and consisted of three 
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successive Miocene-Pliocene shield volcanoes starting with the Centrale Roque del Conde Shield (11.9-

8.9 Ma), followed by the Teno (6.2-5.6 Ma) and Anaga (4.9-3.9 Ma) (Fig. 1b) (Fúrster et al. 1968; 

Anchochea et al. 1990; Guillou et al. 2004; Carracedo et al. 2007; Longpré et al. 2008). This was 

followed by quiescence for a duration of two to three million years which was ended with the build-up 

of the major Las Cañadas central volcano. Volcanism continued for about ~2-0.5 Ma (Ancochea et al. 

1990; Martí et al. 1994; Carracedo et al. 2007) and culminated with instability which lead to the giant 

Icod lateral collapse and the formation of the Las Cañadas caldera (cf. Watts & Masson 1995; Carracedo 

et al. 2007; Martí et al. 1997; Martí & Gudmundsson 2000). The latest phase of volcanic activity is the 

formation of the Teide-Pico Viejo stratocone within the landslide scar from the Las Cañadas collapse 

(Carracedo et al. 2007; Wiesmaier et al. 2012).  

There are three main arms in the volcanic rift zone on Tenerife with the directions North-East, North-

South and North-West. The NERZ (North-East Rift Zone) has experienced three main stages of volcanic 

activity which have been intense but short-lived, lasting only a few hundred thousand years according 

to isotopic K/Ar dating and the magnetic stratigraphy (Carracedo et al. 2011). The first phase occurred 

during the Miocene (7.203 Ma ± 155 ka), the second phase during Late Pliocene (2.710 Ma ±58 ka) and 

the latest during the Pleistocene (Carracedo et al. 2011). During the last phase of volcanic activity, three 

successive massive landslides affected the NERZ, the Micheque (~0.85 Ma), the Güímar (~0.8 Ma) and 

the La Orotava (~0.56 Ma) (Watts & Masson 1995; Carracedo 1994). Since then, the Micheque landslide 

depression has been almost completely re-filled by post-collapse volcanism in contrast to Güímar and 

La Orotava which have only been partially filled (Delcamp et al. 2012; Deegan et al. 2012). 

Thermobarometric analysis of pyroxene crystals by Bourgeoisat (2019) of four dykes (NER4, 

NER40, NER75 and NER77) from the NERZ, show a dominant crystallisation zone in the upper mantle 

at 25-45 km depth with a high density of crystal formation at a depth of 28-38 km ~ 900 MPa to ~ 1200 

MPa. A model (Fig. 2) of the volcanic plumbing system by Bourgeoisat (2019) based on the 

thermobarometry, suggests that the NERZ is primarily fed with magma from a storage zone located in 

the upper mantle as opposed to laterally from the central complex (cf. Wiesmaier et al. 2012). From this 

depth (28-38 km), most of the investigated clinopyroxenes crystallised ascended in mantle magmas and 

intruded the NERZ, likely as vertical feeders or “fingers”. The system lacks major evidence for magma 

storage at shallower depths. 
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Figure 2. Model of the magmatic plumbing system by Bourgeoisat (2019) based on thermobarometric analysis of 

pyroxene crystals from four NERZ dykes. The magma storage likely consisted of interconnected magma lenses in 

the form of dyke and sill complexes in the upper mantle. The majority if the investigated pyroxenes crystallised in 

the upper mantle at a depth of 28-38 km. The crystals ascended with the magmas and intruded the NERZ through 

vertical “fingers”.  
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1.2. Field area and observations 

The field mapping was conducted at the head of the Orotava landslide embayment and along the ridge 

of the NERZ, primarily in areas adjacent to the road TF-24 (Fig. 3). As described by Delcamp et al. 

(2012), the NERZ is the rift zone on Tenerife that best displays dyke outcrops (Fig. 4). This can be 

explained by the fact that the NERZ have been inactive for hundreds of thousands of years along most 

of its lengths which have resulted in erosion, that combined with the massive landslides and small 

amounts of subsequent fill-in volcanism, allows for in-depth study of the exposed dyke network 

(Carracedo et al. 2011). The main objective of the field campaign was to complement the systematic 

mapping of dykes performed by Delcamp et al. (2012) and Deegan et al. (2012) along TF-24 and extend 

it into less accessible areas. Special focus was dedicated to ankaramite dykes, which are believed to be 

associated with the landslides due to decompression ascent caused by unloading of the edifice (cf. 

Manconi et al. 2009; Carracedo et al. 2011). The main country rock to the dyke intrusions is a variety 

of lava flows with associated breccias, scoria deposits and colluvial deposits. In total, around 70 dykes 

were mapped, of which roughly 60 was previously unmapped. 

Structural observations like strike and dip were measured directly on the dykes with a compass when 

possible. Some measurements of inaccessible dykes were made from a distance to provide a rough 

assessment of their orientation and were added to the overview map (Fig. 3). The rose diagrams and 

stereoplots (Fig. 5) were constructed using strike data collected by this project and were integrated with 

the previously collected data from Delcamp et al. (2012) and Deegan et al. (2012).  
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Figure 3. Shaded relief map showing the extent of the field area along the NERZ and the three collapse depressions 

flanking the rift zone (the Micheque, Güímar and La Orotava Valleys). The short red lines show the distribution 

of dykes along the ridge and the orientation of the lines display the strike directions. The short green lines are 

dykes with an ankaramitic composition (group 4). Most of the dykes measured from along the road TF-24 or close 

to it. The rose diagrams show strike directions of mapped dykes in a southern (S) and a northern (N) division of 

the study area, (n) is the number of dykes incorporated into each diagram. The Northern diagram shows one main 

dyke trend (T-1) that follow the direction of the main NERZ trend. This trend is also visible in the Southern 

diagram, which also shows a second trend (T-2), almost perpendicular to T-1. The map also shows the location of 

dyke number 77. The dyke data was in part collected by this project and incorporates the earlier data by Delcamp 

et al. (2012) and Deegan et al. (2012). 
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Figure 4. Example of an aphyric dyke with horizontal intersecting and closely spaced polygonal fractures. The 

fractures most likely formed as the dyke contracted during cooling. Dykes with polygonal fractures were seen on 

several dykes in the field area. 
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Figure 5. Rose diagrams and lower hemisphere stereoplots of dyke poles for each portion of the study area, 

reflecting the dip and strike direction of the measured dykes. The Northern rose diagram shows one main dyke 

trend (T-1) that follows the direction of the NERZ. This trend is also visible in the Southern rose diagram, which 

also shows a second trend (T-2), almost perpendicular to T-1. The Southern stereoplot show no obvious grouping 

of the poles. The Northern however, show to main group of poles towards north-west and south-east. A portion of 

the dykes did not have a dip measurement and could not be integrated into the stereoplots.  
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1.3. Dyke petrography 

Petrographic grouping of dykes in the NERZ on Tenerife was performed by Delcamp et al. (2010, 2012) 

and Deegan et al. (2012) and displays a wide petrographic variability. Most of the dykes (in group 1-6) 

fall into the basanite field on a TAS diagram (cf. Maitre et al. 2004) and a few in the basaltic 

trachyandesite, trachyandesite, phonotephrite and tephriphonolite fields (Delcamp et al. 2012). In total 

six petrographic dyke groups have been identified by Delcamp et al. (2010, 2012) and Deegan et al. 

(2012), these are as follows: 1) The aphyric group; is the most abundant along the NERZ, mostly free 

of phenocrysts but may contain the occasional small crystals (<1 mm) of pyroxene or feldspar in a 

groundmass that is microcrystalline and can have a glassy finish. Overall micro-phenocrysts do not 

constitute more than 5% of the rock volume. 2) The feldspar-rich group; feldspar is the dominant 

phenocryst phase which occupy 40 and up to 50% of the rock volume. This group may contain 

clinopyroxene, olivine and Fe-Ti oxide crystals that individually amount to less than 10% of the rock 

volume. 3) The feldspar and pyroxene-rich group with the main phenocryst phases being feldspar and 

pyroxene that occupy 40 to 50% of the rock volume and generally a higher abundance of feldspar than 

pyroxene. This group may also contain minor olivine and Fe-Ti oxide crystals at most 10% of the rock 

volume. 4) The ankaramite group comprises dykes with high crystal content and large phenocrysts of 

olivine (Fig. 6) and pyroxene which can be up to 2 cm across and occupy 40 to 60% or more of the rock 

volume. Minor phenocryst phases include amphiboles, Fe-Ti oxides and plagioclase. The groundmass 

ranges from microcrystalline to Fe-Ti oxide-rich. 5) The olivine- and pyroxene-rich group shows similar 

mineralogy as the ankaramite group but not as porphyritic with crystal contents ranging from 5 to 35% 

of the rock volume. The phenocrysts are also significantly smaller compared to ankaramites only a few 

mm in size. The groundmass is typically rich in plagioclase and Fe-Ti oxides. 6) The pyroxene-rich 

group displays a mineral volume of 5 to 30% clinopyroxenes. Minor phenocrysts phases at less than 

10% of the rock volume include amphibole and Fe-Ti oxides. Delcamp et al. (2012) determined that the 

different petrographic dyke groups have no specific paleomagnetic polarity, which means that the 

petrographic groups did probably not erupt in distinct pulses, but likely occurred throughout the lifetime 

of the NERZ rift. 
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Figure 6. Thin section images of olivine from the ankaramitic dyke 77, to the left in plain polarized light and to 

the right in crossed polarised light. Surrounding the olivine phenocrysts is a microcrystalline groundmass.  

 

1.4. Dyke 77 

At the head of the Orotava valley a large ankaramite dyke (Fig. 7) crops out at three places, one rock 

mass just east of the TF-24 road and two located west of the road (Fig. 8). On the other side of the ridge 

lies the Güímar landslide scar. All three outcrops have an identical characteristic ankaramite mineralogy 

(Cpx>Ol) with very large pyroxene, olivine and some plagioclase crystals (Fig. 9) and it belongs to 

group 4 according to the petrographic grouping by Delcamp et al. (2010, 2012) and Deegan et al. (2012). 

The “great ankaramite” (77) was first described by Delcamp et al. (2010, 2012) and Deegan et al. (2012), 

and may be the key that connects the giant landslides with the dyke intrusions. The outcrop on the 

eastern side of the TF-24 is approximately 15-20 m long and 5-6 m wide with an approximate trend of 

around 290° (Fig. 7a & 7b). On the western side of the road, the two outcrops display a more complex 

shape with a trend of around 310° and have a sharp, almost 90°, bend (Fig. 7c/d) turning towards the 

third outcrop at 234° (Fig. 7d). Seen from above, the three outcrops give the impression that they could 

have been connected in the form of a triple junction, but as they are not continuously exposed at the 

surface it is difficult to determine. Several chilled margins are displayed on the outcrop (Fig. 7e & 7f) 
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which corresponds with the main orientation which is semi-parallel to the NERZ. The second orientation 

is at an steep angle to the collapse scar and almost perpendicular. 

At the dyke location, ankaramite lapilli are plentiful and can be seen fused together with an aphyric 

basalt dyke. There is also a lava flow surrounding the dyke and cascading down the slope of the Orotava 

collapse scar. The lava could be the country rock to dyke 77, but upon closer inspection there is no 

visible direct contact between the two and on the eastern side of the TF-24 the lava is not exposed in 

proximity to the dyke outcrops. The plentiful ankaramite lapilli would be the better option of country 

rock at the time of emplacement. If this assumption is correct, the dyke could predate the lava which 

have been dated to 566 ky ± 13 ka (Carracedo et al. 2011). This implies that dyke 77 is older than the 

cascading lava flow and may have intruded just slightly before or during the Orotava collapse (at 566 

ky ± 13 ka). 
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Figure 7. Pictures of the great ankaramite dyke 77 first described by Delcamp et al. (2010, 2012); Deegan et al. 

(2012) and Walter and Troll (2003), located at the head of the La Orotava valley. (a) Profile view (long side) of 

dyke 77 located on the eastern side of the road TF-24. The dyke is 15-20 m long and has and approximate strike 

of 272° and the camera is facing to the NE (b) The short side of the outcrop on the eastern side of the road, around 

5-6 m wide and facing the strike direction. (c) On the western side of the road, a more complex shape with first 

trend of around 310° and a sharp, almost perpendicular bend (234°) towards the third outcrop (d) In the foreground 

is the outcrop from picture (c) but now facing towards SW. In the background is the third outcrop located on the 

eastern side of the road which may have been connected with the foreground outcrop, although, there is no 

continuous exposure visible at the surface. Images (e) and (f) display chilled margins (Images (e) and (f) were 

taken by Valentin Troll). 
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Figure 8. Overview of dyke 77 (green) with one outcrop on the eastern side of the road TF-24 striking ~290° (Fig. 

6a & 6b) and two outcrops on the western one with two strike directions ~230° and ~234° ~310° (Fig. 6c & 6d). 

There is also a two aphyric dykes (red) striking ~320°. 

 

Figure 9. Close up of the ankaramite dyke 77. The dykes have a high crystal content and large phenocrysts of 

olivine and pyroxene (up to 2 cm across) which occupy 40 to 60% or more of the rock volume. Both surfaces are 

weathered and the olivine in (a) are oxidised which explains the red tint. In (b) the surface is perhaps even more 

weathered with yellow to yellow-green olivine.  
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2. Methods 

2.1. Gelatine experimental setup and procedure 

Analogue models are a simplified and dynamic representation of Earth and different materials and can 

be used to simulate different rheological and physical properties. Gelatine for example, have a simple 

elastic-brittle rheology in its gel-stage and is suitable for modelling of shallow crustal processes like 

dyke propagation (Di Giuseppe et al. 2009), first demonstrated by Fiske and Jackson (1972). Gelatine 

is suitable medium for studying fluid filled crack propagation and serves as an approximation of how 

natural dykes and dyke-swarms function, it can also advance our knowledge of how linear rifts 

reconfigure to triaxial or multiaxial rift zones (Fiske & Jackson 1972; Pollard 1973; Walter & Troll 

2003). Although a good approximation, the gelatine properties will still differ considerably from natural 

systems, but the experimental conditions are more easily controlled and allows for tracking of the 

analogue dyke propagation in real time. Scaling and extrapolating the results into natural systems should 

be done with caution (Rivalta et al. 2015). 

The strength of the gelatine will vary based on concentration, the intrinsic properties of the type of 

gelatine used, also due to factors like temperature and thermal history (cf. Walter & Troll 2003; Di 

Giuseppe et al. 2009; Rivalta et al. 2015).  

For the analogue gelatine experiments, the preparations of the gelatine were, if possible, carried out 

in accordance with the steps in “Cookbook for preparing gelatines” from appendix A to the article by 

Di Giuseppe et al. (2009). Distilled water was not available hence, regular tap water was used for the 

experiments. Around 3 wt% (60 g) of gelatine powder was dissolved in 2 l of hot water (60 oC). The 

solution was then poured into a ridge shaped mould which in this case was a bread pan with the 

dimensions 11 x 7 x 30 cm and slopes of roughly 80° and then stored in a refrigerator with a temperature 

of 6-8℃ overnight for at least 12h. The hardened gelatine was then positioned upside down on a 

horizontal and level acrylic plastic baseplate (Fig. 10). To free the gelatine model from the mould, a 

hairdryer was used to heat the mould which softened the near-surface skin of the gelatine. Between the 

gelatine model and acrylic base, sandpaper was used to create a layer of high friction. A small half 

circular segment had been cut out from the sandpaper to initiate a sliding flank and simulate an unstable 

sector in the ridge. For a small portion of the experiments (the first 15 experimental runs) a small piece 

of sandpaper was placed underneath the gelatine model in the cut-out segment and gently pulled to 

simulate a sliding flank. This method was later abandoned for the remaining (75) experiments where an 

unstable flank was simulated by lubricating the cut-out segment with soap to reduce the friction. This 

method was easier to perform and maintain consistency. The base plate had four small holes (A, A′, B 

and B′) to allow injection of coloured water into the model with a syringe and a thin needle. Hole A was 

located at the boundary of the creeping sector in the centre of the ridge. Hole A′ was in the centre of the 

creeping sector ~ 2 cm from hole A. The holes B and B̼′ were located in the same positions but offset 
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towards the end of the ridge along the long axis. The holes in the baseplate were covered with small 

pieces of gum to prevent the fluid from leaking out from underneath and to maintain a better fluid 

pressure. Typically, two experimental runs (e.g. two gelatine ridges) were performed per day and the 

conditions were reset for each attempt. The injections were performed one position at a time, always 

starting with position A, followed by A’, B and finally B’. The needle was inserted approximately one 

centimetre into the gelatine ridge from below, this was done by hand so small deviances in exact 

positioning most likely occurred. The coloured fluid was injected by manually pressing the syringe. The 

total volume of fluid injected into each hole was not measured. Caution was exercised during the 

injection to prevent the fluid from rupturing the roof of the ridge. The time it took to inject the fluid was 

not measured. In total, 90 experimental runs were performed and most of which were filmed and 

analysed with the video analysis and modelling software tool Tracker (https://physlets.org/tracker/) 

which was used to determine the acceleration of fluids in the gelatine ridges. The analysis was performed 

on the experiments which only used lubrication to induce a sliding flank, not on the first ~15 experiments 

with the movable sandpaper cut-out, which were not filmed. 

 

 
Figure 10. Experimental setup. The gelatine mould was placed on an acrylic base plate with a piece of sandpaper 

in between. The paper had a circular cut-out area were a soap lubricant was applied to create a creeping sector. A 

syringe filled with coloured water was used for injection to simulate dyke propagation at positions A, A’, B and 

B’. 

 

2.2. Diffusion analysis of olivine 

Diffusion chronometry in zoned magmatic crystals is an excellent tool for recovering timescales of 

changes and signs of volcanic unrest preceding an eruption (Costa et al. 2008; Dosseto et al. 2010) and 

can recover timescales ranging from hundreds of years to minutes (Hartley et al. 2016). Compositional 

profiles across zoned crystal grains can be used to determine the residence time at certain magmatic 

temperature if the diffusion rates are available and the zoning processes can be independently stated 

(Costa & Dungan 2005). The method relies on point-defect chemistry (e.g Chakraborty 1997; Dohmen 

et al. 2007; Dohmen & Chakraborty 2007) and inter-diffusional re-equilibrium of Fe and Mg along 

compositional zones between the core and rims of the olivine phenocrysts (Hartley et al. 2016). To put 

it simply, the most outer rim of the olivine crystal is not in equilibrium with the core and Mg and Fe will 

https://physlets.org/tracker/
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start to equilibrate. The shorter time the crystals which are zoned, and with the zones being in 

disequilibrium, reside at magmatic temperatures the less re-equilibration in the form of diffusion will 

occur between the core and rim. Given enough time the crystal will eventually become homogeneous. 

Assuming diffusion starts as the Fe-rich rim which grew during ascent and stops as it reaches the surface 

and the sample is quenched, the inter-diffusional profile of Mg-Fe is preserved in the crystals. By using 

said profile, the ascension speed of the magma could be determined by calculating how long diffusion 

occurred during ascent and combining it with information on depth of crystallisation for the olivine 

phenocrysts (Fig. 2).  

Olivine phenocrysts were picked from a crushed dyke 77 rock sample and sent to the laboratory at 

ETH Zürich. The geochemical characterisation of the olivine phenocrysts and the diffusion modelling 

was performed by Dr. Julia Neukampf at ETH Zürich. The data from the EMPA analysis and 

calculations was then shared to be used in this thesis. In total, 8 olivine phenocrysts from dyke 77 were 

analysed with the EMPA and modelled for Fe-Mg diffusion to characterise the timescale of the crystal 

transport for emplacement of dyke 77. 

For the EMPA, single fayalite crystals were embedded in an epoxy mounts and a backscatter electron 

(BSE) images were produced using a JEOL JSM-6390 scanning electron microscope (SEM) at ETH 

Zürich. The geochemical characterisation of the fayalite grains was conducted by using a JEOL JXA-

8230 electron microprobe at ETH Zürich. The operating conditions were 15 kV and 20 nA beam current 

with a focused beam, counting times of 20 s on peak and 10 s on background. Natural and synthetic 

minerals were used as standards. To check the accuracy and reproducibility (> 5 %) fayalite and 

forsterite standards were used. Most of the traverses were between 30 to 40 µm long and located at along 

the c-axis of the crystals at the edge of the crystals to locate the disequilibrium between the core and 

rim.  

The diffusion exchange was modelled with a one-dimensional model with an infinite medium at a 

constant temperature. The cores of the olivine crystals were assumed to be unaffected by diffusion which 

is supported by petrological and geochemical observations (e.g. constant Fo concentration). Fe-Mg 

diffusion is strongly anisotropic (e.g. Chakraborty 1997), hence, the crystallographic orientation was 

considered, and profiles were measured along the c-axis and therefore represent the minimum time in 

which the Fo poor rims formed.  

The solution to Fick’s second law can be applied to equilibrate an initially homogeneous olivine 

crystal with a new boundary condition since the shape of the Fo profiles can be described with an error 

function (erf) (Crank 1975). For calculations, equation 1 was used to relate the Fo concentration in the 

olivine with the diffusion timespan (t) and distance (x). In the equation, C represents the Fo 

concentration at distance (x) relative to the interface of the diffusion. The Fo concentration at the 

interface is represented by C1 and D is the diffusion coefficient. The parameters for temperature, 

pressure and oxygen fugacity were given by Dohmen & Chakraborty (2007) and the initial and final Fo 
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content were taken from the measured profiles. The temperature range applied here was between 1100 

oC to 1300 oC. 

 

Equation 1 𝐶(𝑥, 𝑡) = 𝐶1 erf [1 −
𝑥

2𝐷𝑡
]  
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3. Results 

3.1. Gelatine experiments 

Most of the injections into the gelatine ridges produced dyke patterns which propagated in a 

linear/straight manner and oriented along the strike direction (the long axis of the gelatine ridge) (Fig. 

11). This is already well acquainted from the works of Fiske and Jackson (1972) and Walter & Troll 

(2003). Deviations from the typical linear and along strike arrangement were most common at position 

A and A’, located at the border and in the centre of the creeping sector. Here, more complex and 

randomly arranged fracture patterns appeared. No significant variation between the different sliding 

flank methods (the movable sandpaper piece vs. soap lubrication) was noted. The video analysis showed 

that the mean acceleration of the fluid in the gelatine was around 0.395 cm/s2 at point A and around 

0.556 cm/s2 at point A’, which is roughly 29 % faster. 

 

 

Figure 11. Sketches of typical dyke patterns from injections into the gelatine ridges. 

 



20 

 

 

 

A: Located at the border of the stable and unstable sector, the injections at this point produced 73 % 

linear patterns and 13% (Fig. 12) a with a curvature which propagated along the border of the creeping 

sector/non-creeping sector in a tangential configuration. Around 7 % of the injections resulted in a more 

complex patterns such as triple-armed and 6% in sigmoidal. All the injections at this point (Fig. 13) 

propagated in a strike direction which followed the long axis of the gelatine model (along strike). In Fig. 

14 the injections produced linear and along striking dike at position A, B and B’, at position A’ the 

pattern was sigmoidal. 

A’: This injection point was located inside and close to the centre of the unstable creeping sector and 

had the highest diversity of dyke patterns among the injection points (Fig. 12) with high number of 

curved dykes at 47% and around equal numbers of triple-armed and linear patterns at 24% and 23% 

respectively. The number of sigmoidal dykes were three times lower compared to position A at 2%. 

Similar to position A, most of the dykes aligned in an along strike fashion at 88% (Fig. 13). Minor 

occurrences of dyke fractures, 4 %, were perpendicular to the strike direction of the ridge (across strike) 

and 2 % were oriented in an oblique manner, something in between along and across strike. In some 

cases, it was not possible to determine the patterns of the injections or the experiment failed, these were 

marked as inconclusive. For position A the number of inconclusive experiments were 3%. In Fig. 15 a 

triple-armed pattern was produced at position A’ and Fig. 16 shows a curved pattern at and A’. 

B: The injection points were located offset towards the end of the ridge compared to point A. Most 

injections were linear at 93% (Fig. 12) with a few experiments resulting in sigmoidal, triple-armed and 

curved patterns 4%, 3% and 1% respectively. Regarding the orientation of the injections, the number of 

along striking dykes were 72% (Fig. 13) but there were also high numbers of oblique orientations at 26 

% which either propagated towards the creeping sector, or along it, in a semi-tangential configuration. 

In Fig. 17 an obliquely oriented linear dyke was produced at position B. 

B’: Injection point B’ was also offset towards the end of the ridge compared to A’. Again, most 

injection patterns were linear at 94% with few triple-armed and curved patterns at 3% and 1%, 

respectively, at this site (Fig. 12). Along strike orientation was most common at 86 % followed by 

oblique orientation at 6% and 1% perpendicular to strike (across strike) (Fig. 13). The length of the 

fractures was typically shorter compared to other points due to the proximity to the edge of the ridge 

which caused the fluid to rupture the side (Fig. 14).  
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Figure 12. Histogram of the injection patterns which formed at points A, A’, B and B’ in the gelatine ridges when 

fluid was injected with a syringe.  

. 

 

Figure 13. Histogram of the orientations of the injected patterns which formed at points A, A’, B and B’ in the 

gelatine ridges when fluid was injected with a syringe. 
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Figure 14. A: Linear pattern with slight bend at the ends, with an along strike orientation. A’: Sigmoidal pattern 

with an along strike orientation. B: Linear pattern with an orientation which is semi-oblique to the along strike 

direction. B’: Linear pattern and along strike orientation. 

 

 
Figure 15. A: Linear pattern with an along strike to semi-oblique orientation. A’: Small triple-armed configuration. 
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Figure 16. A: Curved pattern and along striking orientation. A’: Curved pattern and along striking orientation. 

 

 
Figure 17. A: Straight pattern with along strike orientation. A’: Straight pattern with along strike orientation. B: 

Straight pattern with oblique orientation. 

 

3.2. Diffusion modelling and ascension speed 

The results from the EMPA analysis (Supplementary table 1) of the olivine crystals (Fig. 18 & 19) and 

subsequent diffusion modelling show that Fe-Mg exchange occurred in a timescale of less than one hour 

up to a little more than eight hours depending on temperature and profile number (Fig. 20). Profile 8 

differs from the other profiles and display a diffusion exchange that occurred for a little more than 24 

hours at 1100 oC. This is most likely due to the traverse going along a different axis than the c-axis, 

exhibiting a slower exchange direction, since diffusion is strongly anisotropic. The concentration 

profiles for MgO (Fig. 21) and FeO (Fig. 22) show a higher concentration of MgO and a lower 

concentration of FeO in the core and vice versa in the rim for all profiles and olivine crystals. The 
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gradient is larger near the rim and levels out closer to the core, the diffusional exchange is between the 

most outer rim and the core. 

The ascension speed of the ankaramite magma from dyke 77 was calculated using the data from the 

diffusion results (Fig. 20) and the magma storage depth based on the crystallisation depth of the 

pyroxene crystals (Fig. 2). The majority if the investigated pyroxenes crystallised in the upper mantle at 

a depth of 28-38 km (Burgesoiat 2019). Assuming diffusion occurred for approximately 0.3-5.4 hours 

in the olivine crystals at 1250 oC as the magma ascended followed by rapid cooling at the surface. By 

dividing the crystallisation depth with the diffusion time, the average magma velocity was calculated be 

around 10.4-14.0 km/h (calculated for an ascension time of 2.7 h) and a depth ranging from 28-38 km. 

 

 
Figure 18. Back scattered electron (BSE) images of the analysed olivine grains from the electron microprobe. 
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Figure 19. Back scattered electron (BSE) images of the analysed olivine grains from the electron microprobe, the 

red line marks where the traverse were performed. The numbers in red marks where the traverse started and how 

many points were measured along the measured traverse. Most of the traverses were between 30 to 40 µm long 

and located at the edge of the crystals along the c-axis to locate the Fe-Mg disequilibrium between the core and 

rim. 

 



26 

 

 

 

Figure 20. In total, 10 measurements were performed on 9 olivine crystal grains. The different colours represent 

different temperatures. For example, at 1250 oC diffusion occurred for around 2.7 hours at profile 3.  

 

 
Figure 21. Concentration profile of MgO (wt%) measured from rim to core in the olivine crystals. 
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Figure 22. Concentration profile of FeO (wt%) measured from rim to core in the olivine crystals. 

  

10

15

20

25

30

35

40

0 10 20 30 40 50 60 70

F
eO

 c
o

n
ce

n
tr

at
io

n
 (

w
t%

)

Distance from rim (µm)

Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6 Profile 7 Profile 8 Profile 9 Profile 10



28 

 

 

4. Discussion 

4.1 Field data and observations 

The collected field data (Fig. 3 and 5) shows two main dyke trends. The first trend T-1 aligns with the 

NERZ and probably constitutes of dyke which intruded during the early linear rifting stage of the NERZ. 

This is comparable to the Anaga basaltic shield volcano further to northeast (cf. Walter et al. 2005). The 

dyke data also shows that some dykes diverge from the T-1 trend and seem to wrap around the Orotava 

valley landslide scar as tangential rift arms. The second trend most clearly visible in the southern portion 

of the field area (Fig. 3), is almost perpendicular to T-1 and may be related to the development of a third 

passive rift zone to the south as a consequence of the La Orotava collapse. This is again comparable to 

Anaga and the evolutionary model (Fig. 23) for dynamic feedback between flank destabilisation and rift 

organisation by Walter et al. (2005) which consists of five stages: 1) Dyke intrusion along a E-W rift 

zone (SW-NE in the case of the NERZ). 2) Destabilisation of the north flank due to gravity driven flank 

movement, extension at its limits. 3) Fracturing and migration of the rift axis into two tangential arms 

4) Intrusion of tangential dykes and an increase in flank destabilisation. 5) Collapse of the northern flank 

and development of a third rift arm to the south.  

The discrepancies in dyke data between the rose diagrams and the stereoplots for both the southern 

and northern portion of the investigated field area (Fig. 5) can be explained by a lack of dip data for a 

portion of the dykes collected by this project and previous projects in Delcamp et al. (2012) and Deegan 

et al. (2012), and thus, could not be integrated into the stereoplots. Dykes along the road TF-24 mapped 

by Delcamp et al. (2012) and Deegan et al. (2012) were numbered on the surface and were therefore 

not mapped to avoid double reporting of the data.  

For future supplementary field work in the area, it would be interesting to follow the NE flank of the 

La Orotava landslide flank down towards the ocean, to see if more dykes diverge form the T-1 trend and 

have a similar tangential strike direction and eventually coincide with the S-2 trend. If so, it would 

further consolidate the evidence that they wrap around the La Orotava landslide valley. Additionally, a 

more precise mapping of dyke 77 to construct a 3D-model would be useful to further our understanding. 
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Figure 23. Evolutionary model of the NERZ inspired by the model in Walter et al. (2005) of the Anaga basaltic 

shield volcano further northeast on Tenerife. The model consists of five stages: 1) Dyke intrusion along a E-W 

striking rift zone (SW-NE in the case of the NERZ). 2) Destabilisation of the north flank due to gravity driven 

flank movement, extension at its limits. 3) Fracturing and migration of the rift axis into two tangential arms 4) 

Intrusion of tangential dykes and an increase in flank destabilisation. 5) Collapse of the northern flank and 

development of a third rift arm to the south. Erosion of the weak flank.  
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4.2 Gelatine experiments 

The results of the gelatine experiments demonstrate that the majority of the injections will form a linear 

pattern with an along striking orientation (Fig. 12 & 13) caused by gravity-induced deformation control 

in similarity with the analogue gelatine experiments by Fiske and Jackson (1972). The results also show 

that the injections in some cases may re-organise from the predominant setting if the flank stability is 

reduced in the ridge-shaped edifice. The most common pattern apart from a linear was the curved shape 

which almost exclusively formed at injection point A and A’ with the majority at A’ and with an along 

strike orientation. According to previous gelatine experiments by Walter & Troll (2003) and numerical 

modelling by Walter et al. (2005) which showed a larger variation of dyke patterns and a higher 

frequency of triple armed patterns at point A, located at the border between the stable and unstable 

sector. There was an expectation that the experiments would show a similar variation in dyke patterns 

and that linear along strike injections would at times develop a third arm perpendicular to the along 

strike direction. This hypothesis could not be verified, instead > 70% (Fig. 12) of the injections at point 

A were linear, followed by > 10 % curved and only < 10 % triple armed patterns. Why this expectation 

did not transpire is difficult to say as there are many factors to take into consideration. Small differences 

in experimental setup and gelatine properties could be one factor. Difficulties to keep a continuous fluid 

pressure and the overall shape of the gelatine ridge could also potentially have affected the result. 

Perhaps the principal reason as to the results were less varied compared to Walter & Troll (2003) is 

because they conducted their experiments on a cone of gelatine. The ridge shape used in this project is 

more similar to Fiske & Jackson (1972) and will thus also produce more similar (mainly along strike) 

results. 

The injections at point a A’ accelerated roughly 30 % faster compared to injections at point A. One 

explanation to why this occurred could be the lower basal friction inside the unstable section at point 

A’, compared to the border zone at point A. The lower friction enables a faster fracture development 

and thus a faster acceleration of the dykes. Another explanation could be that position A’ is closer to the 

edge of the ridge and will be less affected by compressional forces affecting the fracture propagation. 

However, since the fluid pressure from the injection was created with a syringe and manually applied 

pressure, there could have been a variation in pressure which may have affected the acceleration as well. 

For future experiments where higher precision is needed it would be wise to use an automated system 

for injecting the fluid into the gelatine in order to control the fluid pressure, depth of injection and 

injection duration more precisely, but for this project it was not possible. It was also not possible, or at 

least very difficult, to measure the volume of fluid injected since during most experiments a large 

amount of the fluid leaked out from underneath the gelatine ridge. A more sophisticated camera setup 

would also be needed to render a detailed model of the injection patterns. 
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4.3 Diffusion modelling 

The results of the diffusion modelling of the olivine phenocrysts (Fig. 20) showed that the diffusion 

exchange only occurred for a few hours which means that the core and rim of the olivine crystals are 

not homogeneous, clearly visible in the concentration profiles for MgO and FeO (Fig. 21 & 22) and can 

also be seen in the compositional BSE images by different brightness. Similar profiles can be seen in 

the diffusion graphs (Fig. 24 to 33) which shows how the Fo mol% changes with distance. Given enough 

time, diffusion would equalise the difference in concentration between core and rim. By combining the 

diffusion timescale with the knowledge of the crystallisation depth, an ascent rate can be calculated. In 

this case, diffusion of the olivine phenocrysts occurred for approximately 2.7 h and ascended from a 

depth of 28-38 km, at a temperature of 1250 oC. According to these parameters the magma would have 

had an average ascent velocity of 10.4-14.0 km/h. In comparison, during the explosive phase of the 

(1980) Mount St. Helens eruption the average ascent rate was around 2.7 km/h but may have been as 

fast as 7.2 km/h from a main magma storage depth of 8-11 km (Haraldur 1999). The ascent velocities 

of Mount St. Helens and dyke 77 are comparable and extremely fast. The estimates of average magma 

ascent for felsic to intermediate composition lava extrusions are constrained to a range of 0.0036 km/h 

(0.001 m/s) for a slow ascent, to 0.054 km/h (0.015 m/s) for a faster magma. Basaltic magma 

composition extrusions show essentially the same range of average ascent rates (Malcom 2008). During 

explosive eruptions there is most likely a variation in the ascent rate from the base of the conduit to the 

surface which makes it difficult to estimate the average speed (Malcolm 2008).  
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Figure 24. Fe-Mg diffusion profile of investigated olivine crystals. 

 
Figure 25. Fe-Mg diffusion profile of investigated olivine crystals. 
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Figure 26. Fe-Mg diffusion profile of investigated olivine crystals. 

 
Figure 27. Fe-Mg diffusion profile of investigated olivine crystals. 
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Figure 28. Fe-Mg diffusion profile of investigated olivine crystals. 

 
Figure 29. Fe-Mg diffusion profile of investigated olivine crystals. 
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Figure 30. Fe-Mg diffusion profile of investigated olivine crystals. 

 
Figure 31. Fe-Mg diffusion profile of investigated olivine crystals. 
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Figure 32. Fe-Mg diffusion profiles of investigated olivine crystals. 

 
 

Figure 33. Fe-Mg diffusion profiles of investigated olivine crystals. 
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4.4 Rift zone and landslide link 

Most volcanic eruptions start above feeder dykes, where magmas have ascended in fracture-type 

pathways through the crust, only a small portion of the dykes ever reach the surface to display the stress 

field within the volcano (Gudmundsson et al. 1999). Dykes typically propagate in pre-existing cracks 

which is strongly affected by local stress patterns, and generally align perpendicular to the minimum 

principal compressive stress. Consequently, dykes are excellent indicators to the structural evolution in 

the volcanic edifice (cf. Anderson 1937).  

As volcanoes grows, the load of the volcanic edifice will hinder eruptions of high-density mafic 

magmas and allow low-density, SiO2-rich magmas to pass, thus, acting as a “density filter” (Pinel & 

Jaupart 2000; Carracedo et al. 2011; Carracedo et al. 2015). Rapid edifice unloading at the surface from 

a flank collapse, coupled with a magma oversaturated with volatiles at depth (like mafic alkaline ocean-

island magmas stored in the upper mantle) can pave the way for magma propagation and ascent thus 

increasing the probability of ankaramite magma displacement (Manconi et al. 2009). Ankaramite dykes 

are not particularly rare on ocean islands and can also be found on the on the Canary island, El Hierro 

(e.g Longpré et al. 2009) and the ocean island volcano Fogo (Manconi et al. 2009). 

 From the works on magma chambers by Marsh (1989) we know that high crystallinity, i.e. 

crystallisation volume of about 55-100%, will cause a mush suspension that increases in viscosity 

relative to pure melt e.g. with about 0-25% crystallisation. With a phenocryst content as high as 40 to 

60% of the whole rock volume (Deegan et al. 2012; Delcamp et al. 2012) in ankaramites on Tenerife, 

the viscosity will be very high and can almost be classified as solid (Marsh 1989). To cause the dense 

and crystal rich ankaramite magma to ascent to the surface, a flank collapse that will cause 

decompression, in turn resulting in increased magma chamber pressure (Manconi et al. 2009), will then 

likely cause ascent of theses dense and crystal rich magmas that might otherwise reside in the 

underplating zone beneath the active island. This is consistent with the commonly more intense intrusive 

growth of ocean islands relative to eruptive growth (e.g. Carracedo et al. 2015), and thus, giant 

landslides may offer a window into otherwise inaccessible underplating zones beneath ocean island 

volcanic systems.  
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5. Conclusion 

 

The field data shows two main dyke trends, one that follow the main trend of the NERZ and a second 

one, almost perpendicular to the first, most clearly visible in the southern portion of the field area closer 

to the middle of the Orotava valley and dyke 77. Although the third arm may not be strongly developed, 

it supports the idea that linear ocean island rift zones may experience re-organisation in response to 

stress-field changes in volcanic edifice. The field data also indicate that some dykes may wrap around a 

destabilised flank, in this case around the Orotava valley landslide scar, and form tangential rift arms. 

This is also to a certain extent supported by the results of the analogue experiments, although most of 

the fluid injections formed linear patterns with an along striking orientation, a small number formed 

patterns that wrapped around the unstable sector of the gelatine ridge. Although fewer than anticipated, 

some injections also produced triple-armed injection inside the unstable section or near the border of the 

unstable/stable section. 

The diffusion modelling of Fe-Mg exchange in olivine phenocrysts from dyke 77 showed that 

diffusion only occurred for a few hours, in combination with knowledge of the depth of formation, an 

ascent rate of the magma was calculated to an average ascent velocity of 10.4-14.0 km/h. This is 

extremely fast and suggests that the Orotava collapse is strongly connected to the displacement to dyke 

77 and other ankaramite dykes in the area as a result of a sudden decrease in lithostatic pressure. 

The combined results of the field campaign, the analogue gelatine experiments and the diffusion 

analysis, all present circumstantial evidence which imply that there is a strong relationship between the 

landslides and magmatism along the North East Rift Zone on Tenerife.  
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Appendix 

Supplementary table 1. Olivine Fo mol% data for each measured EMPA profile. 

Profile 1  Profile 2 Profile 3 Profile 4 Profile 5 Profile 6 Profile 7 Profile 8 Profile 9 Profile 10 

0.4844129 0.6141114 0.4429596 0.4572252 0.4520064 0.4885094 0.5020191 0.6128661 0.4540955 0.4891267 

0.492238 0.6033002 0.4529887 0.4734635 0.4688857 0.4957265 0.5055943 0.6174585 0.4611174 0.5404789 

0.5023444 0.6281271 0.4570319 0.4847491 0.4790429 0.5008844 0.5118893 0.6205703 0.4663129 0.558094 

0.5153334 0.6491463 0.4642568 0.496035 0.4816838 0.505491 0.5170676 0.6233487 0.4727039 0.5309236 

0.5261874 0.6613739 0.4689476 0.5066408 0.5 0.5106862 0.5211382 0.6282731 0.4779935 0.512576 

0.5360741 0.6648803 0.4768459 0.5161447 0.5052171 0.5158999 0.5277868 0.6369458 0.4865039 0.5752242 

0.5517072 0.667002 0.4852177 0.5326405 0.4729798 0.5224891 0.5286228 0.6342554 0.4845395 0.5407296 

0.5650965 0.6737494 0.4917793 0.543814 0.4553 0.5298495 0.5396799 0.6363936 0.4307084 0.5695466 

0.5773535 0.6805182 0.4999185 0.5509804 0.4688479 0.535136 0.5441989 0.6402901 0.4245879 0.6284578 

0.588949 0.6815829 0.5097048 0.5659547 0.4883198 0.5415524 0.5505051 0.6431762 0.4366643 0.6307102 

0.6030383 0.688118 0.5128205 0.5822928 0.5151044 0.5402522 0.5474897 0.6484647 0.4528897 0.6457919 

0.6159815 0.6947528 0.5191899 0.5924466 0.5131759 0.5312809 0.5407247 0.6476804 0.4701349 0.6459523 

0.6269644 0.6986278 0.5262212 0.5880525 0.5 0.558075 0.5370711 0.6477946 0.4877964 0.6762063 

0.6405143 0.7026891 0.5329536 0.6082713 0.5256978 0.5686211 0.5302117 0.6538652 0.5035125 0.6882333 

0.6523754 0.7058528 0.5364109 0.6180201 0.6111575 0.5776327 0.5631914 0.6529937 0.5165175 0.6968432 

0.6652796 0.7127156 0.5464052 0.6254564 0.6345102 0.5841198 0.5479845 0.6572374 0.5514051 0.70146 

0.6764902 0.7197442 0.5512362 0.6347069 0.6121763 0.5778032 0.5570447 0.6609606 0.5891655 0.6979956 

0.6864106 0.7232789 0.5581851 0.6428216 0.650416 0.6008851 0.5435862 0.6613914 0.6016764 0.7138544 

0.692359 0.7284591 0.5558867 0.6528446 0.6627752 0.6112024 0.5659799 0.6626104 0.6393524 0.7170127 

0.6989445 0.7348141 0.5115617 0.6587512 0.6769564 0.6156759 0.6164635 0.6673294 0.6483023 0.7203361 

0.7045798 0.7373194 0.5535061 0.6658906 0.686196 0.6254719 0.6207645 0.6694831 0.6557844 0.7246793 

0.7088629 0.7429536 0.5284879 0.6721772 0.694645 0.6186919 0.6216714 0.6707114 0.6401477 0.7259559 

0.7126803 0.74714 0.5074777 0.6780788 0.7013182 0.6353892 0.6441779 0.6714381 0.6607262 0.7273186 

0.7180179 0.7491571 0.5232927 0.6851113 0.7056378 0.6475464 0.6572285 0.6734287 0.6649916 0.7302576 

0.7175084 0.7529531 0.6068966 0.6907182 0.7091274 0.6592299 0.6653373 0.677602 0.6895061 0.7291421 

0.7240856 0.7567293 0.5995752 0.6937208 0.7117177 0.6625889 0.6701325 0.6788793 0.6976318 0.7290301 

0.7227524 0.7579586 0.6066678 0.6992995 0.7162479 0.6707478 0.6724774 0.6782507 0.7027299 0.7314363 

0.7246523 0.762388 0.6266165 0.7051239 0.7176235 0.6753031 0.6794314 0.6792013 0.7068333 0.7323564 

0.7253851 0.7608585 0.5859118 0.7086905 0.7209185 0.6788915 0.6864675 0.6799467 0.7102929  

0.7264024 0.7647555 0.5862636 0.7121085 0.7201073 0.6865846 0.6897474 0.6832226 0.7136659  

0.7186715 0.7682186 0.5746881 0.7150067 0.7209225 0.692205 0.6927449 0.6828904 0.7174349  

0.7256622 0.7673792 0.5748562 0.7181332 0.7223525 0.6962531 0.6886459 0.6862909 0.7185198  

0.725155 0.768829 0.5610036 0.7200401 0.7213555 0.7014178 0.693881 0.6912281 0.7203418  

0.7252895 0.7722034 0.5619835 0.7217566 0.7231828 0.7032054 0.7012573 0.6891779 0.7219813  

 0.7712308 0.582405 0.7222222 0.7205218 0.7093333 0.702453 0.6918082 0.7223154  

 0.7725046 0.5841129 0.7244213 0.7222874  0.7058331 0.6917193   

 0.7734124 0.5881969 0.7261646 0.7181772  0.7064236 0.6927421   

  0.584761 0.7285907 0.7219153   0.6967077   

  0.5913201 0.7285786 0.7223711   0.6988333   
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Supplementary table 1. Olivine Fo mol% data for each measured EMPA profile. 

Profile 1  Profile 2 Profile 3 Profile 4 Profile 5 Profile 6 Profile 7 Profile 8 Profile 9 Profile 10 

  0.5944708 0.7295206 0.7226877   0.7011187   

  0.5832371 0.729608 0.7215253   0.6969899   

  0.5955278 0.729097 0.7213005   0.7018303   

  0.6066568 0.7309961 0.7213964   0.7018158   

  0.610264 0.7299883 0.7213416   0.7045568   

  0.6056384 0.7297569 0.7207781   0.7031407   

  0.6266165 0.730724    0.7019536   

  0.6329176 0.7305369    0.7062949   

  0.6296296 0.7304128    0.7043029   

  0.6287929 0.7343409    0.70726   

  0.632984 0.7295978    0.7080255   

  0.6353927 0.7313883    0.7072275   

  0.637777 0.7314784    0.7094459   

  0.6405706 0.7323707    0.7092946   

  0.6398354 0.7312406    0.7132341   

  0.6427271 0.7327166    0.7104208   

  0.6439257 0.7323283    0.7114935   

  0.6445435 0.7321669    0.7122531   

  0.6441012 0.7326448    0.7123633   

  0.6493827 0.7321459    0.7136867   

  0.6483716 0.7322091    0.71333   

       0.7104956   

       0.715337   

       0.7148601   

       0.7159546   

       0.7167001   
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