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ABSTRACT

Tenerife Island, Canary archipelago, is at the centre of intense geological research and
debate. The island is composed by three principal rift-zones that enclose major collapse
structures. This study provides a multi-disciplinary approach to constrain better the
development of the North-East Rift-Zone (NERZ) and its link with destabilisation
periods manifested in lateral collapse events. Dyke orientation patterns in the field imply
that flanks of the NERZ were slowly creeping over extended periods of time to
accommodate the emplacement of an intrusive complex(es) and its associated dykes.
Paleomagnetic data from NERZ mafic dykes and the associated host rocks of
the upper part of the NERZ suggest they were rotated 26° clockwise about a vertical axis.
This rotation is interpreted as the consequence of flank creeping that induced strike-slip
movements into the edifice. The existence of intrusive complex(es) below the rift and its
role in the deformation of the NERZ have been highlighted by AMS analyses and scaled
analogue models. The development of the rift and the intrusive complex(es) are
inherently linked and bring the system ultimately towards an unstable configuration and
at that point, creeping cannot accommodate deformation any longer, and further
intrusions will generate a collapse.

The architecture and development of the NERZ thus contrasts with the widely held
beliefs that rift-zones are simple linear arrangement of fractures, dyke swarms, and
volcanoes. The North-East rift-zone is a dynamic and changing environment, with several
intense intrusive phases concordant or alternating with erosion periods and destabilisation

events.
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INTRODUCTION

1.1.Tenerife and the Canary Archipelago
1.1.1. Geological setting
The Canary Archipelago comprises seven islands located off the Atlantic Ocean shore of
Morocco, at a latitude of 28°N (Fig.1). From east to west, they are Lanzarote,
Fuerteventura, Gran Canaria, Tenerife. La Gomera, La Palma and EI Hierro. The oldest
subaerial material has been found in Fuerteventura and corresponds to an Early Miocene
age (20.6 Ma: in Carracedo, 1999). The archipelago lies on Jurassic oceanic crust locally

thickened by intrusive activity (Ye et al., 1999; Hansteen and Troll, 2003).
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Figure 1: Map of the Canary Islands

The regional tectonics during Jurassic ocean break-up, and thus prior to the island’s
construction, were characterized by an NW-SE and NE-SW extensional regime in
Morocco (A4it Brahim et al., 2002; Fig.2), forming the Mesozoic rift systems of the
Middle and High Atlas (e.g, Mattauer et al., 1977). During the Early Cretaceous, the

Moroccan region was affected by N-S extension. In the Late Cretaceous and during the



Tertiary and Quaternary. regional tectonics in Morocco were characterized by a tectonic
inversion, with a compressive regime (Ait Brahim et al., 2002). A phase of E-W

extensional regime occurred during the Late Miocene (Fig.2).
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Figure 2: Main strain directions in Morocco from the Mesozoic to Quaternary (From Ait
Brahim et al., 2002).
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A seismic study from Bosshard and McFarlane (1970) suggested that the western islands
are sited on oceanic crust while the eastern islands formed on the African passive margin,
i.e. on a continental crust. These authors suggested that Gran Canaria is located at the
continental/oceanic transition. However, more recent studies show that all the islands are
based on thick and cold Jurassic oceanic crust (Banda et al., 1981; Schmincke et al.,
1998; Hoernle, 1998, Carbo et al., 2003; Hansteen and Troll, 2003). The African plate is
moving slowly with a rate estimated between 10 and 20mm/year (Duncan, 1981;

Morgan, 1983).

1.1.2. The Origin
The origin of the archipelago has been the subject of much research and is still the subject
of much debate. Recently, the different hypotheses concerning the origin of the Canary
Islands have been summarized by Anguita and Hernan (2000) and Garcia Cruz (2001).
The main hypotheses are:

-“The propagating fracture model” where faults are running from the Atlas
Mountains to the Canaries (Beck and Lehner, 1974; Anguita and Hernan, 1975;
Robertson and Stillman, 1979). More recently, Anguita and Hernan (2000) suggest that
this propagating fracture is a major sinistral strike-slip fault connected to the Canaries
through aseismic deformation.

-“The uplift of tectonic blocks theory” developed mainly by Arafia and Ortiz
(1986, 1991) where the different islands are sited on lithospheric blocks that were
uplifted at different rates in relation to a compressive stress field.

-“The local rift” where the Canary formation is related to the opening of a rift
during Jurassic and Cretaceous time (Fuster, 1975; Oyarzun et al., 1997).

-“The plume model” first developed by Wilson (1963) for the Hawaiian volcanic
chain, has been applied to the Canaries by Morgan (1971, 1972), Schmincke (1973),
Wilson (1973), Burke and Wilson (1976), Carracedo (1994), Carracedo et al. (1998),
Danobeitia and Canales (2000). Building on this concept, Hoernle and Schminke (1993)
proposed a modification of this idea, the “blob-model”. Today, the plume or blob model
seems to be the most widely accepted theory for the formation of the Canary chain.

Indeed, the typical hot-spot correlation between the age of the islands and their



geographic positions has been resolved by recent dating that displayed a west to cast
continuous age progression (Guillou et al., 2004). Moreover, the erosion pattern of the
Canary Islands is almost similar to the classic one exhibited by the Hawaiian hot-spot
where the western volcanoes represent the shield stage and the eastern volcanoes the
post-erosional stage, Tenerife being at the peak of its development (Carracedo , 1999;

Guillou et al., 2004).

1.1.3. Tenerife evolution
Early constructive stages of Tenerife island are represented by three successive shield
volcanoes during the Miocene-Pliocene (Roque Del Conde, Anaga and Teno); (Fig.3;
Fuster et al., 1968, Ancochea et al., 1990; Guillou et al., 2004, Carracedo et al., 2007).
After a 2-3 million year gap, renewed volcanism resulted in the central Cafnadas volcano
(Ancochea et al., 1990; Marti et al., 1994; Bryan et al., 1998, Carracedo et al., 2007).
An explosive episode (~2-0.5Ma) was followed by a major lateral collapse that occurred
at ~200ka, forming the Las Canadas caldera (Watts and Masson, 1995; Marti et al.,
1997; Cantagrel et al., 1999, Marti and Gudmundsson, 2000, Carracedo et al., 2007).
Following this major event, the stratocone of Teide-Pico Vicjo started to build up.
Concurrent with the Cafiadas volcano evolution and the Canadas collapse, as well as the
initial growth of the Teide-Pico Viejo complex, extensive activity also occurred along the
rift zones (Ancochea et al., 1990; Carracedo et al., 2007). The present day approximate
structure of Tenerife is presented in figure 4. Historic volcanic activity has been
restricted to the NW rift zone (1704-1706 and 1909) apart from one eruption on the flank
of Pico Viejo in the central part of the island (1798). A geochemical distribution in
volcanic products has been observed, with mainly basaltic lavas along the rifts and more
differentiated products with phonolite restricted to the caldera and the Teide Pico-Viejo

complex (Carracedo, 2004).



3]

ﬁ Lanzarote

La Palma
TENERIFE ﬂ
28°N O O Fuerteventura
@ La Gomera Gran Canaria
El Hierro AFRICA
18°W 16°W
Studied area

S o,
- La Orotava

=X
2 3 690-566ka .
&

%

;Y

,_/”i i

o

Las Canadas
Caldera

P-V:Pico-Viejo
T: Teide

" Riftzones

{/{)l 1 3134000
B G =
343000 353000 363 000 373000

Figure 3: Structural map of Tenerife Island. The studied area is displayed on the bottom

left box.

7.7km
fan deposit

oceanic crust

~8km & sediments

basal intrusive complex

sea level

Figure 4: Schematic representation of Tenerife structure. For details see Arana et al.,
2000; Canales et al., 2000, Carracedo et al., 1998; Hiirlimann et al., 2000; Schmincke

and Segschneider, 1998; Watts, 1994, Watts et al., 1997;

1.2.Aim

‘eaver et al., 1998.

Tenerife Island is composed of three rift-zones organized in a triple arm pattern. A rift

zone is usually described as a well-defined volcanic vent alignment characterized by



intense dyke emplacement along fractures at depth. Consequently. they are usually
considered as long-lived, stable volcanic features. The first aim of this PhD is to unravel
the mechanism(s) of rift zone formation and its temporal evolution.

Rift-zones usually enclose major collapse structures and a link between rift zone
formation and collapse events has thus been postulated. Several models have been
proposed to better assess this relationship. Dieterich (1988) suggested for the Hawaiian
rift zones that intense dyke intrusion within the rift zone induces an outwards flank
motion which can trigger collapse (Fig.SA). Walter and Troll (2003. Fig.5B) and Walter
et al. (2005) proposed that flank instabilities favor magma trapping along the collapse
scar. The second goal of this PhD is to bring new data concerning intrusive basal
complexes and dyke emplacement to better assess rift-zone/collapse relationships.

The approach comprises a broad study on the rift zone formation and destabilization
associated with lateral collapses and a detailed study on the mechanisms of dyke swarm

structures inside the rift.
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Figure 5: Simplified sketches showing the relationship between dvke emplacement and
rift zone formation. A: Dieterich (1998) model; B: Walter and Troll model (2003).



1.3.Methods
Various methods were employed:

-Field work is a major component of this project and relies on a detailed and
large scale study of the rift. The field area will be described later in the section 1.4 of the
introduction chapter.

-Petrographic study has been carried out directly in the field and through
microscopy. However, due to important variations in mineralogy and in the large mineral
nature of the cryptocrystalline groundmass and the occurrence of aphyric dykes,
geochemical analysis (major and trace element analysis) was needed. Note that this last
method was not the main topic of the present PhD. This component was part of a
collaboration with another PhD student (F.M. Deegan) who is focusing on petrology and
geochemistry of these rocks. My role was to help collect and prepare the samples for
XRF analysis and to use the data for broad classification purposes.

-Paleomagnetic analysis was used to group the dykes based on the paleo-
magnetic conditions that prevailed during their emplacement. This yields a relative time
relationship between different dyke groups and can resolve between different batches of
magma injection. To complement this a few dykes were dated using Ar-Ar dating
method to obtain absolute ages.

-AMS (Anisotropy of Magnetic Susceptibility) provides a measure of the sub-
microscopic alignment of the magnetic minerals in rocks. This method allows magma
flow direction inside individual dyke intrusions to be obtained. Consequently, this
technique increases our understanding of how magma migrates in, and how dykes feed
rift-zones.

-Analogue modeling is carried out to constrain the range of potential mechanisms
of rift and collapse formation, as well as dyke emplacement.

The PhD thesis is structured following the methods used. Each of them provides
complementary information allowing a final model to be drawn up. The first chapter
concerns the field work (including petrography and geochemistry), the second deals with
the paleomagnetic analysis, the third with the AMS data and the fourth with the analogue

models. The last chapter is the final conclusions, where all the obtained results using the



various methods are put together in a coherent model of rift zone formation and evolution

and its links with collapse structures.

1.4.Field area
I focused on the dykes of the North East Rift Zone (NERZ), also referred as the Cumbre
Dorsal (Fig.3). This area displays the fresher outcrops on Tenerife. Two major collapses,
Guimar and La Orotava, are on the NERZ. La Orotava collapse is thought to have
occurred less than 560ka years ago (Ablay and Hiirlimann, 2000), while the Guimar
collapse event is estimated at <83ka (Ancochea et al., 1990). However, Carracedo et al.
(2009) defined a new age of 830ka for Guimar and bracket La Orotava between 690 and
566ka. These authors also identify an older collapse, the Micheque, directly to the north-
east of La Orotava and constrained this event to about 830ka. More than 1000 tunnels
(locally referred as “galerias”) have been dug to supply Tenerife’s population with water.
We had the opportunity to visit and explore two of them in three days. Their very good
exposure (100% exposure) allowed us to have a unique access to the interior of the
island. We planned to visit more of them to have a better picture of the deeper levels of
the rift-zone, but unfortunately, the day after our last visit in the galeria Rio de Igueste
(February 2007), a tragic incident happened in one of the galerias. A group of people,
unrelated to our team and ill prepared, entered a galeria and got lost in the tunnel system,
only to find themselves in an unventilated part of the tunnels. Due to the lack of oxygen,
several people in this group died, while others suffered permanent brain damage.
Consequently, the local authorities have strictly denied access to all galerias and most of

them have been walled-up.
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CHAPTER 1: FIELDWORK

Abstract

The volcanic evolution of Tenerife has been studied recently and the eruptive history of
the NE and NW rift zones is now well constrained (Carracedo et al., 2007 and 2009). A
systematic and detailed mapping study of dykes of the North East Rift-Zone (NERZ) is
aimed to complement and to shed new light on the intrusive history related to the three
successive collapses (1-Micheque, 2-Guimar and 3-La Orotava), which are located on
either side of the rift. Flank creeping seems to be the major mechanism that
accommodates the emplacement of the intrusive complex and its associated dykes. Flank
spreading mechanisms allows the stabilisation of the rift until a critical point is reached,
where further intrusion will generate collapse.

During the first stages of growth, the rift may be controlled by the regional stress field or
pre-existing structures, but its future development depends on the local stress field
created by the rift-zone evolution (structural maturation). Thus, and in contrast to a
widely held misconception, volcanic rift-zones represent a dynamic and changing

geological and morphological environment.

1. Introduction

The fieldwork was focused on the Tenerife North-East Rift-Zone (NERZ), orientated
NO040, and the three collapse scars running along the rift (Micheque, Giiimar and La
Orotava, cf. introduction chapter; Fig.1A). Recent work by Carracedo et al. (2009)
showed that the rift is characterized by three main stages of activity separated by periods
of quiescence: a Miocene (7203+155 ka), a Late Pliocene (2710+58 ka) and the latest
stage during the Pleistocene. Each stage seems to be intense and relatively short (few
hundred ka) compared with the lifetime of the entire volcano. During the Pleistocene,
three collapse events affected the rift. At about 830ka, a sector on the north of the rift
collapsed, forming the Micheque embayment. Almost contemporaneously, another
collapse occurred on the south-cast flank of the rift, producing the Giiimar landslide
embayment. The last collapse, La Orotava, affected the north of the rift and is estimated

to have occurred between 690 and 566 ka. At present, the Micheque embayment is
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completely obscured by post-collapse volcanism, while Giiimar and La Orotava have
been partially filled only.

As the volcanic evolution has been well-established by the recent work of Carracedo et
al. (2009), the present chapter concentrates on the structural evolution of the rift and its
associated collapse events. The studied zone is divided into twelve sectors (labelled from
A to L), where the dykes and structures were systematically recorded and described
(Fig.1B). The galerias visited (i.e. water tunnels) of Aguas de San José (~1130 a.s.l.) and
Rio de Igueste (RdI, ~400m a.s.l) are situated in sectors G and J. Following a brief
description of petrography and geochemistry (major elements), I present the different
characteristics of the dykes (morphology, structures, thickness etc). Then, the chapter is
focused on structural data that help to understand the relationship between rift structures,
flank creeping and collapse formation. A comparative study with active oceanic
volcanoes elsewhere highlights different stages of rift-zone structural evolution related to

basal intrusive complex and dyke emplacement.
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Figure 1: A: DEM of Tenerife (courtesy R.Paris, source: Grafcan©). B: The sectors
studied in this thesis (labelled from A to L).




2. Petrology and geochemistry.
2.1. Petrographic groups

Six main groups of dykes have been recognized through petrographic study of about 90
hand samples and 47 thin sections. This sub-study has been done in collaboration with
another PhD student, F.M. Deegan. All the thin sections show a cryptocrystalline
groundmass that is composed of glass, feldspar (sometimes in needles), olivine and/or
augite in different proportions. The most abundant group (group 1) is the
aphyric/subaphyric one with rare or no phenocrysts. The second group (group 2) is
composed of feldspar-rich dykes, but rocks of this group can contain rare olivine and/or
pyroxene (Fig.2A). The third group (group 3) is composed by similar proportions of
feldspar and clinopyroxene (augite) phenocrysts (Fig.2B). The fourth group (group 4) is
composed of ankaramite dykes, i.e. with high crystal content (up to 40%) and
clinopyroxene being more abundant than olivine (Fig.2C). Often, however, the crystal
content is lower and not homogeneously distributed within the dyke (see section 3.1).
The phenocrysts are usually several-millimetres in size and can be up to 2 cm across. The
fifth group (group 5) has lower amounts of olivine and pyroxene phenocrysts (and of
smaller-size, ~1 to 2mm) than the ankaramites (Fig.2D). The last group (group 6) is
pyroxene-rich (Fig.2E). We also observed brown hornblende in several thin sections of
the different groups. A few dykes fall between these groups and it is not always possible
to determine to which group they belong. In general, the opaque mineral content was
high. Study under reflective light show that opaque minerals are mainly magnetite. This

is consistent with the results from the paleomagnetic study of chapter 2.
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2.2. Geochemistry: major elements.

Figure 2:  Pictures  of
representative thin sections of
the  different  petrographic
grouping. On the left, plane
polarized light; on the right,
cross  polarized  light.  A:
Feldspar-rich group (# 2). B:
Feldspar + pyroxene group
(#3). C: Ankaramite (#4). D:
olivine + pyroxene group (#5).
E: Pyroxene-rich group (#6).
Fsp feldspar;  Px
pyroxene; Ol = olivine; Hbl

hornblende.

The samples were jointly prepared as powders at Trinity College by F.M. Deegan and

myself before being sent and analyzed at IFM Geomar (Germany) by Dagmar Rau (see

Troll and Schmincke, 2002, for analytical technique). The data obtained were then plotted
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on standard SiO> vs. major element diagrams by F.M. Deegan (Fig.3A). In the TAS
diagram. most of the dykes fall into the basanite field (Fig.3B). No clear grouping that
matches the petrographic or the geographic groupings has been identified (Fig.3).
Magma source processes and differentiation are not the topic of the present study and will

be treated by F.M. Deegan independently.
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Figure 3: A: Major element plots of the NERZ analvzed rocks. B: TAS diagram of NERZ
rocks. 0: Unassigned dykes,; 1. Aphyric/subaphyric; 2: Feldspar-rich dykes; 3: Feldspar
and clinopyroxene-rich dykes, 4: Ankaramitic dvkes; 5: Olivine + clinopyroxene-rich

dvkes: 6: Pyroxene-rich dvkes.

3. Dyke descriptions

3.1. Dyke diversity and morphology.
Most of the dykes are massive. Several dykes are strongly fractured usually parallel to
their margins (Fig.4). Fracturing can affect the whole dyke, its margin only (with usually
a massive centre), or its centre only. Also. some dykes display fractured zones that are
randomly distributed. Only very few dykes are crushed, i.e. they are intensely cut by

jigsaw fractures (Fig.4).



east margin
laminated

NO20-70W*.

Figure 4: Pictures showing fractured and crushed dykes (jigsaw fractures). Az This dyke
is fractured along the eastern margin only. B: Fracturing affects the whole dyke. C:

Example of a crushed dvke (on the left).

The orientation of individual dykes is generally constant (at least at the outcrop scale).
but local changes in strike, in dip or both have been sometimes noticed (Fig.5). Strike
variations, sometimes of 10° only, are occasionally observed on dykes (for example a
dyke at NO040 slightly deviated to N050). Very few dykes followed more than 2
directions. In general. dip variation occurred within the same dip direction (for example,
a dyke N020-80°W became N020-70°W). Only some dykes show a more extreme change
in the dip direction (for example, a N000-80°N dyke became N000-80°S). Note that most
of the outcrops are 2 or 3 meters above ground and display limited 3D information.
Consequently. a dyke with an apparent constant orientation may have a variation of strike
and/or dip above, below and/or further into the outcrop. Changes of orientation (strike.
dip or both) can occur at the boundary between two layers of different competences (for

example between a lava flow and its basal breccia), or within the same layer

[89)
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(Gudmundsson et al., 1999; Gudmundsson, 2002). Also. when two dykes are close to
each other, the orientation of the younger one is deviated or propagates parallel to the
older one (in that case, they may be contemporaneous). Change of strike and dip can also
occur when the dykes are aligned en-échelons. Sometimes dykes are divided into two

branches with different strikes.
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Figure 5: Pictures showing representative dvkes that display variations in orientation
(strike, dip or both). Such discrepancies can occur within the same layer (such as the
dvke shown in left bottom corner and intruding a lava flow), or between two layers of

different competence (rest of the pictures).

Two types of en-échelon dykes have been noted: “along-dip™ and “along-strike™ (as

referred to by Clemente et al., 2007, Fig.6). Some “along-dip™ segmented dykes were



observed at the boundary between two different lithologies or within the same layer. i.e.

the occurrence of “along-dip™ segmented dykes does not follow a systematic pattern.
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Figure 6: “Along-dip” and “along-strike” segmented dvkes. “Along-dip~ segmented

dykes can occur between two layers of different competence or within the same layer.

The vesicle size is very variable and ranges from millimetre to centimetre-size (Fig.7).
Vesicles are rounded, angular or elongate. Within one dyke. the size and shape can
remain the same (for example, millimetre-sized rounded bubbles) or can change (for
example. millimetre-sized angular and centimetre-sized elongate bubbles). The vesicles
can be randomly distributed within the dyke, or can follow a graduation toward the centre
(increase of vesicle size or content or both). Vesicles can be distributed following an
upward bow, as frequently encountered in dykes and also in lava flow outcrops and
recording the magma flow sense. Vesicles can concentrate along vertical bands and when
their content and size becomes significant, they may even start to form fractures within

the dykes. The vesicles in that case are very elongated, stretched and ruptured.



Another major feature contributing to dyke morphology is crystal content and
distribution. Dykes with high crystal content (typically the ankaramites) are crumbly and
weathered, due to the size and large amount of olivine and pyroxene, which are the least
stable at ambient surface temperatures. As soon as the crystal content decreases, the rock
is usually better preserved and more massive. Also, if the crystals are heterogeneously
distributed within the dyke (i.e. crystal gradation towards the centre, towards one margin
or vertical zones of high crystal content that alternate with sub-aphyric vertical zone).

they become more massive and are thus more resistant due to lower crystal content.
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Figure 7: Examples of vesicle shapes and distributions within representative dykes. A:
Two pictures of representative dykes showing upward bow-like vesicle distribution. B:
Picture showing vesicle distribution along vertical bands; increase of bubble content and
size allow fractures to form. C: Example of pahoehoe texture and “stalactite "-like

feature.
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A few dykes are highly vesiculated, especially in the centre (Fig.8). Sometimes, scoria
can be found at the centre. Typical lava flow features, such as pahoehoe textures and
“stalactite”-like features have been observed (Fig.7). Such textures have been previously
observed and described e.g.. in Lemptegy volcano, France (Delcamp, 2005). A few dykes
contained centimetre-sized xenoliths of country rock. Tension gashes have been observed
along several dyke margins, indicating shear movements along the walls (Fig.5). Note
that the extrusive fingers that stick out from the dyke have been interpreted as tension

gashes but could also be magma injection into the country rock.

vesicul
centre

Figure 8: A: The two pictures show a representative dvke with a highly vesicular centre,
that intrudes a cinder cone (sector F). B: The two pictures show a representative dyke

with scoriaceous centre, observed along the road TF24.

3.2. Dyke thickness and density
The average dyke thickness for the whole studied sector (Fig.1) is 128cm (N=531 dykes).
The averages for each sector (Fig.1B) are displayed in rable 1 and were calculated using
only thickness values measurable with a ruler. In other word, the values of thicknesses
estimated from panorama were not used for the average calculation. If the dykes were
accessible and measurable with a ruler, then the thickest part of the dyke was considered.
Note that, however. some of the thicknesses recorded along the trail G were estimates,

but were still used for the calculations. This track cuts steep cliffs that cannot always be



safely approached. but view points were close enough to get reasonable estimates of the

real thicknesses.

Table 1: Average of the dvke thicknesses for each sector (Fig.1B). * in the area LC two
dvkes of 10 meter thickness were found. If these are not included in the average

calculation, the result changes from 265c¢m to 118cm.

Road , .
Area TF24 A/BH| C D E F G | J K LC | RdI
Dyke
number 98 0 45 74 12 | 62 30 9 6 | 131 12 52
(N)
Avg.
dyke 265/
T 105 / 188 | 91 2.1 82 1201149 | 93 {116 118% 246
(cm)

The chart in figure 9 shows the distribution of dyke thickness. Most of the dykes are
between 31 and 60cm thick. Note that the average dyke thickness (128cm) is shifted from
the highest frequency peak (i.e. 31-60cm). We observe a progressive decrease of dyke

number towards higher thickness values.

140 1
1204

average dyke thickness
128cm

1

dyke number
IN ® o
s & 8 8

N
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1-30 31-60 61-90  91-120 121-150 151-180 181-210 211-250 251-300 301-400 401-500 >501

Figure 9: Histogram showing dvke thickness distribution (in cm). Number of dykes for

each thickness category is displayed on the y-axis.
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Within a dyke. thickness variations can occur, especially when the dyke passes from a

g. scoria) into a more resistant stratum (e.g. a lava flow), where

=

low competence zone (e

the dyke becomes thinner (Fig.10).

Figure 10: Variation of dyke thickness due to change of host-rock lithology: the dyke is
thicker within the basal breccia (lower part, low competence layver) than within the lava

flow (upper part, high competence layer).

Looking at table | and figure 11, we also note that dykes at higher altitude and at an
intermediate altitude are overall thinner than the ones at the base of the ridge. Moreover.
in the sector LC (La Crucita-belong to sector C). two dykes of 10 meters thickness were
found. If these are not included in the average calculation, the result changes from 265¢m
to 1 18cm in this sector (*in table 1).

One of the trails in sector F leads down into the valley, where a dyke swarm can be

observed. From afar. the dykes were estimated to be between 1 and 2 m thick.
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Figure 11: Histograms representing the number of dvkes for each thickness category (in
cm) for a specific altitude interval. From top to the bottom: altitude >1700m (highest);
altitude between 1000 & 1700m (intermediate) and altitude <1000m (lowest). Note that

dykes are overall thicker at lower altitudes.

The dyke density is higher towards the ridge and along the SW and NE side of the

Giimar scar. No dyke has been found along the west side of La Orotava. The east side of



the La Orotava scar is mainly covered by vegetation and a thick pine needle cover that
probably hides the dykes. The intrusive density along the 8km road section (TF24) is
1.3%. However, the intrusive densities calculated from three different smaller portions
along the same road, respectively from NER 1 to NER 13 (437m), from NER24 to
NER29 (119m) and from NER31A to NER45 (283m), give respectively slightly higher
values of 2.6%. 3.6% and 9.9%. The intrusive density for these three horizontal logs is
5.2%. For the sector K, an intrusive density of 5.7% along a section of 1.7km, and of
6.6% along a 2.3km section has been calculated. Sector C corresponds to an intermediate
altitude, compared to the galeria that represents the lower part of the rift and the road TF
24 that represents the upper part of the rift. In sector C, the intrusive density is 2.4%. In
the galeria Rio de Igueste the intrusive density calculated along the 1.08km section is
11.8%. However, if the last 800m is considered in isolation, the intrusive density is

ca.14%. For sector G. a value of 4.6% along a 775m section is derived (see Table 2).

Table 2: Intrusion density calculated in several sectors (Fig.1B). See text for details.

Sector road TF 24 @ G K galeria Rdl
. 8000 5 =
Section (m) l 37 l l19L283 l 3500 775 2300 1080
Intrusion 1.3
o)
density (%) || 2.6 | 4.2 [ 9.9 | o e o s

4. Country rock

The dykes intrude mainly lava flows and their associated basal breccias, as well as lapilli
and scoria deposits. Up to the rift. along road TF24, several dykes intrude colluvial
deposits, providing evidence for the existence of paleovalleys.

The galerias are a humid environment. and the rocks turned out to be very crumbly and
seem to be altered. Clays can act as ductile layers (referred as Low Strength Layers or
LSLs. Oehler et al., 2005) and help to destabilize the rift. To check for the presence of
clays. several samples of country rocks (lava flows and scoria) have been collected from
the two galerias visited and have been analysed using X-Ray Diffraction at TCD (see
appendix 1). It appears that the sampled rocks contain only a low amount of clays, such
as illite. or expandable clays. such as smectite. Nevertheless, the rocks in the galerias are

very crumbly. Furthermore. large amount of scoriae has been noted across the areas. If
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these rocks experience a high lithostatic pressure (i.e. when situated at a deep enough
level). they can deform more easily than massive units and they can thus act as LSLs
(strength of 20 to 40 MPa: Rodriguez-Losada et al., 2009). Those units can thus help to
destabilize the rift. Also, in several places across the studied areas. crushed lava flows
have been observed. Sometimes the lava flows are even turned into a fine whitish or

greyish powder (Fig.12). This could be due to intense post-emplacement deformation or

2/3m i
lava flow

(muddy)

intense alteration. Consequently. those layers can act as LSLs.

colluvium
strata:

— ~N08O-40N

crushed/powderfsed
lava flows

Figure 12: Slightly and intensely crushed lava flows. Those crushed layers are of low

competence and can help to destabilize the rifi.

5. Structural observations

Only a few cross-cutting relationships between dykes have been observed and are thus
insufficient to infer any relative ages between the different dyke populations.

Rose diagrams for each area (Fig.1B and Fig.13) have been drawn. using the most
reliable data, and dykes with variable strike were not taken into account. When dip

variations occurred, we took the average into consideration.
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Figure 13: Rose diagrams of dyke orientations observed in the different studied sectors.
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5.1. La Orotava valley
5.1.1. Sector A and B (West and East side of La Orotava scar).
Neither dykes nor fractures have been observed along the entire cliff of the sector A,
which displays really good outcrops (almost no vegetation along the scar). The other side

of the collapse scar (sector B) is mostly covered by vegetation, and the access is difficult.

5.1.2. Sector C (north scar of La Orotava).
The dykes recorded along sector C are situated at an altitude of ~1500m a.s.l. The area is
densely fractured and faulted, following a constant direction of N060/070 (ENE-WSW;
Fig.14C). The dykes also mainly follow the same direction at N060/070 (Fig.13A). The
other observed directions, although less pronounced, are NO30/N040 and N140 (from
N140 to N170). Major fracture directions are observed on satellite images (from Google
Earth) and are orientated N0OOO, N030 and N0O60 which coincide with the fracture and

dyke orientations measured in the field (Fig.15).
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Figure 14: A: Outcrop in sector C showing fracture relationships. B: Another outcrop in
sector C that displays fracture relationships, the photo below B is an enlarged photo of
the outcrop. C: Rose diagram of the fractures recorded in sector C. Local relative age
can be deduced from fracture relationships (see A and B), but they do not correspond to
a general pattern across the area. For example, the NW-SE fractures in A are younger,
while they are older in B. Thus, no general relative ages between fracture populations

can be deduced for this sector. They may have been active at the same time.

(8]
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Figure 15: Satellite image (from Google Earth) of the north scar of La Orotava on the
right (DEM from Grafcan©. Courtesy of R.Paris). The main structural trends are

underlined in red.



Figure 16: Stereoplots of dyke poles for each sector studied.

37



Most of the dykes are vertical (69%) and those that dip do so towards the W or NW
(22%). Only 9% dip towards the opposite directions (E, NE and SE, Fig.16A).

This sector is densely fractured compared to the other zones and many small outcrops at
the head of the collapse allow relationships between fracture sets to be seen (Fig.14A and
B). However, no overall relative ages between fracture populations can be inferred for the
entire area. They may have thus been active at the same time. For example, one outcrop
displays N130 as the younger direction while another one shows N130 as the older
direction (Fig.14A and B). The fractures display a clear trend at ENE-WSW (Fig.14C).
Dip variations have also been observed where dyke dips change from vertical to strongly
inclined towards the east, north-east or south, or change from a high degree of dip
(typically <70° towards the east, north-east or southwards) to a lower angle towards the

same direction (E-NE or S).

5.1.3. Sector D (Micheque area)
This sector corresponds to the old Micheque collapse embayment described in detail by
Carracedo et al. (2009). The rose diagram of the dykes outcropping in this area shows a
main trend of NO30 to NO50 (Fig.13B). Note that the dykes at the western part of the
sector (i.e. the one closest to the east scar of La Orotava) show mainly an E-W trend.
Very few fractures have been observed compared to sector C. Of all the dykes recorded,
51% are vertical, 39% dip towards the north, west, northwest, and the remaining 10% dip

towards the south, east and south cast (Fig.16B).

5.2. Giiimar valley
5.2.1. Sector E (NW head of Giiimar collapse).
The rose diagram of the dykes here shows a main trend at N030, then a subsidiary trend
at N060 and a minor one at ~N150 (Fig.13C). The dykes are mostly vertical or dip gently
towards the south or the east (Fig.16C). The exposures are mostly along a horizontal

plane, allowing individual dykes to be followed for several meters.
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5.2.2. Sector F (SW of the Giiimar scar).
The main trend of the dykes is NOOO (Fig.13D). As specified earlier, the rose diagrams
were drawn using only reliable data. They thus do not include the strike of dykes
recorded from distance. At the south of the sector, a view point allows a dyke swarm to
be observed at N140/150/160. This NW-SE trend becomes more dominant from the north
to the south of sector F.
Half of the dykes recorded in this sector (50%) dip towards the south, south-east, and

cast, while 46% are vertical. The remaining 4% dip towards the west or north (Fig.16D).

5.2.3. Sector G (SW of the Guiimar scar).
The main orientation highlighted by the rose diagram (Fig.13E) is around N130-N150
i.e., NW-SE. A dyke swarm at N090/110 has been observed along a cliff (north part of
arca G). However, these orientations have been taken from afar (panorama view), so their
reliability is probably lower.
The dykes mainly dip towards the east, north-east or south (86%), 12% are vertical and

only one dyke dips northward (Fig.16E).

5.2.4. Sector H (SW of the Giiimar scar).
No dykes or fractures have been found along road cuts; only lava flows and their

associated top and bottom breccias.

5.2.5. Sector I (NE of the Giiimar scar).
Dykes are found almost exclusively along the SW part of the scar (except at sector H)
whereas here, dykes are only observed when the head of the collapse is approached. They
trend mostly NO50 and dip towards the south or south-east (Figs.13F & 16F). Dyke

density is lower on this side of the scar than in the SW.

5.2.6. Sector J (NE of the Giiimar scar).
The dykes trend mostly N040/N050 and NO70 (Fig.13G). As in sector I, the dykes dip
mainly towards the south or south-east (Fig.16G).
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The galeria Rio de Igueste is situated in this sector (see appendix 2). Within the water
tunnel, the compass may have been influenced by the surrounding rocks. However, the
dykes recorded there show a uniform trend at NO60 and are vertical or dip steeply

southward.

5.3. Sector K (Boca Del Vallee).

The dykes show two main trends at N0O40 and NO60 (Fig.13H). Dykes outside the
collapse scar (east of the area) mostly trend NO60/N070, while the dykes inside the scar
(head of Guimar collapse, west of the area) trend N040 and N0O60 (as seen in the rose
diagram for the whole area).

The dykes are mostly vertical (54%) (Fig.16H). Dykes dipping towards the south, east
and south-east are found everywhere in the sector, while the dykes dipping towards the
north, west and north-west are mostly confined to the west of the sector, corresponding to
the head of Giiimar collapse.

As observed in other sectors, many dykes that are fractured parallel to their margins have
been observed. We noted that here, most of the fractured dykes show an orientation of

~NO040 and also, to a lesser amount, N060.

5.4. Road TF 24 (black line on figure 1B).
Along the road, the dykes are mainly parallel to the rift (i.e. N0O30/N040), but follow also
the other directions recorded elsewhere (Fig.13I). The dips are also very variable
(Fig.16I). The dykes crop out chiefly around the Arafo volcano. The eastern ones are
mainly dip to the east and south-east, while the others dip mainly towards the north,
north-east and north-west to west. However, a ~26° vertical clockwise rotation of this
area has been highlighted with paleomagnetic data (see chapter 2). The original dyke
trend should then be around NO0OO. However, it is not possible to calculate the original
direction of each dyke using the paleomagnetic data as the vertical clockwise rotation was

estimated from a group mean.
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5.5. Sector L.
Sector L is situated in a small collapse scar partially filled with recent deposits from a
cinder cone volcano (Arafo) within the scar. The dykes recorded have variable strikes
(Fig.13J) and mostly dip towards the N and NW. The sector displays several dyke
swarms that show one main trend NW-SE (Fig.13K). Note that the orientation may not
be very precise as the directions were measured from a distance of several hundred

meters. The thicknesses of the dykes could also be estimated only.

6. Field interpretations.
6.1. Dyke morphology and diversity

Two mechanisms can be envisaged to form the fractured dykes (Fig.4): the movement of
magma during cooling, or local tectonic movement (or both). Some of the dykes contain
vesicles, sometimes in high concentration, distributed along vertical bands. The vesicles
are usually highly stretched and start to form fractures (Fig.7). It can thus be inferred that
(1) while the magma is flowing within the dyke, the vesicles follow preferential paths and
concentrate along vertical bands; (2) when the magma starts to cool, the shear movements
become more important, stretching the pre-existing vesicles; (3) eventually, the
deformation becomes so intense that the stretched vesicles start to form fractures; (4) the
temperature is still decreasing and the deformation is now brittle with full fracture
formation. The original distribution of the vesicles is probably due to various factors,
such as the magma viscosity and the temperature gradient that will influence gas transfer
within a dyke. Intense stretching during cooling is likely not the only process that allows
dyke to fracture. In sector K (Boca Del Vallee), one direction of fracturing is prominent
(N040) and likely represents a local tectonic trend. This implies that this preferential
tectonic direction was active during and/or after dyke cooling. Unfortunately, it is not
possible to conclusively distinguish between the two fracturing origins (cooling or
tectonic) and it is probable that the two acted in concert. The crushed dykes and the
crushed zones within some dykes are, however, interpreted as tectonic in origin, as
cooling is not likely to be responsible for the formation of the jigsaw fractures (i.c.

network of randomly orientated fractures).
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Regarding the vesicle shape varieties (i.e rounded, angular and elongate) between dykes
and within individual bodies, it can be inferred that the dynamic and cooling processes
are very different from one dyke to another and are even different within individual
dykes. The coexistence of elongate and angular bubbles within the same dyke indicates
that some areas are affected by ductile deformation (elongate vesicles) while others by
ductile/brittle (transition) shear movements (angular) or both (presence of both elongate
and angular vesicles in the same zone). The regime’s variability (brittle and ductile) and
the vesicle distribution are likely due to temperature and viscosity gradients across a
dyke. In addition, time may play a role in the vesicle diversity, as the margins and the
centre of the dykes may reflect the early and the late cooling history respectively. Also,
the rounded vesicles represent a second generation of bubbles that grew after, when the
shear movements stopped (Schmincke and Swanson, 1967).

The magma flow direction can be approximated in some dykes, when vesicles are
organized along an upward bow. This geometry is due to a magma velocity gradient
across a dyke (velocity increases from the margins towards the centre). The fact that the
vesicle shapes and that such bow-like features are preserved after cooling suggests that
the magma has cooled sufficiently at that point to become so viscous that the bubbles
cannot rise anymore.

Dykes with a strongly vesiculated or scoriaceous centre were found along road TF24, the
Boca Del Vallee trail (sector K), the Las Lagunetas trail (sector D), and one was found in
scoria up to the sector F, although this was interpreted as related to a cinder cone. These
are all located relatively close to the present-day surface, which is also probably close to
the ancient topographic surface. The scoriaceous areas probably formed because of gas
concentration occurring when the dykes were approaching the surface. When the gas
becomes volumetrically dominant, the magma starts to inflate and eventually to fragment
allowing scoria to form. This kind of dyke morphology has been observed at Lemptegy
volcano and seems characteristic of an eruptive vent (Delcamp, 2005). However, as the
dykes are not entirely fragmented, it can be deduced that the vents may have widened
during the eruption, allowing the pressure to progressively decrease and, consequently,

only the centres were able to fragment.
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A deviation of dyke orientation (strike. dip or both) at the transition between two layers
of different competence is likely related to a mechanical effect. However, if the strike,
dip. or both change within the same stratum. the variation can be due to the local tectonic
regime. The deviation can also be due to the dyke propagation mode, especially if we are
close to the tip. Indeed, several dyke tips are “wiggly™. In addition, a divergence in dyke
orientation (strike. dip or both) can occur close to other dykes. In that case, it can be
deduced that the deflected dyke is younger. Obviously, its new orientation is not

indicative of the regional tectonic stress regime.

6.2. Dyke thickness and density

In general a slight thickness increase towards the base of the rift has been noticed. The
variation of dyke thickness is not really significant between the shallow and intermediate
altitude levels. However, if we compare the low and intermediate levels with the deepest
level (corresponding to the galeria), the thickness variation is more pronounced (Fig.11).

The dykes are mostly concentrated along the rift and along the Giiimar valley scars.
Consequently, the intrusive activity seems to have been concentrated in these areas, as
opposed to La Orotava. Note that the dyke density reported depends on the amount of
outcrop and that the real density is probably somewhat higher. For example. the low
intrusive density of 1.3% calculated along the road section (TF24) is partly due to the
activity of recent cinder cones that cover the western part (from the national park
entrance) with scoria and lapili deposits. The feeder dykes of these cones would increase
the intrusive density calculated in this chapter (section 3.2). The intrusive density
calculated along three different logs is thus much higher. A density of 3.4% has been
calculated along the section that is not covered by recent deposits (2.6 km: from ~
Mirador de Ortuno to the national park entrance). The intrusive density is yet higher at
the base (e.g. galeria Rio de Igueste) than at the top of the rift. Several studies have
already shown that the dyke proportion is higher at deep level as many dykes become
arrested before reaching the surface (Hoek, 1995, Gudmundsson et al., 1999;

Gudmundsson 2002).
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6.3. Country rocks
On the upper part of the rift, several dykes are surrounded by colluvial deposits. The
question arising from this observation is whether the dykes are younger or older than the
colluvium? Indeed. the dykes could have been exhumed. as it is largely observed around
the young cinder cones (west part of the NERZ) where the lappili and scorias have been
eroded away, allowing some dykes to stand proud. Then, the colluvial deposits
surrounded the dykes. However, the colluvium bounding the dyke margins are often
slightly cooked. It is thus more likely that the dykes have intruded the colluvium and are
thus younger. Consequently, the upper part of the rift has experienced period(s) of

erosion that may have been concurrent with intrusive activity.
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Figure 17: Interpretative structural sketch of the different areas. The green lines

represent the main structural directions, the red arrows symbolize the strike-slip
movements inferred from dyvke orientations and the blue arrows indicate the possible

direction of extension deduced from dvke orientation patterns.
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6.4.1. Micheque
At the cast of La Orotava valley (sector D) is the fill of the Micheque collapse, described
by Carracedo et al. (2009). The 14 dykes recorded directly at the western side of
Micheque collapse are orientated E-W. It is possible to explain this E-W direction as the
result of head strike-slip movements along the scar that accommodated dyke
emplacement. Further east, the dykes are orientated along a N030 to NO50 trend that
represents the main rift direction. Several dykes dip towards the north, west and north-
west, suggesting that the stress field (i.e ol, 62 and o3) is tilted (Fig.18). Such a
configuration can occur if the ridge flank slowly spreads towards the sea and the
progressive displacement is accommodated by the opening of northward, westward and
northwestward dipping fractures, parallel to the rift direction. It is thus proposed that
Micheque mainly formed by flank creeping. Note that this mechanism has also been
suggested to have occurred in the Anaga massif, NE of Tenerife (Walter et al., 2005).
However, Walter et al. (2005) observed that the older dykes dip landwards, which is to be
expected if the creeping persists long after dyke emplacement, allowing the dykes,
initially dipping seaward, to be rotated. Another possibility to explain the differences
between the dips of the dykes is that in Anaga, we are below the décollement level while
we are above it in the NERZ. The stress field in these locations may be thus very
different and for example, the stress conditions maybe be more influenced by the
intrusive complex below the décollement. One can envisage that the dips of the NERZ

dykes below the décollement are different, and maybe landward, as in Anaga.
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basal decollement

Figure 18: Orientation of the stress field thought to have prevailed in the different

collapse areas.

The slow motion of the flank is likely related to intrusive activity (Dieterich, 1988).
Many vertical dykes also have been recorded at the head of the collapse, suggesting a
horizontal minimum stress component (¢3). We thus have two different minimum stress
components: one tilted and one horizontal (Fig.18). Unfortunately, it is not possible to
determinate their relative age. It can be suggested that deep basal slips accommodate the
rift extehsion, allowing for the coexistence of vertical and tilted dykes (Fig.18). Also the
effect of the topography needs to be considered, as the stress field will be tilted according
to the external ridge slope.

The supposed strike-slip and basal-slip displacements together with a tilted stress field
strongly suggest that flank creeping, due to intense intrusion emplacement, lead to the
Micheque collapse. It is also conceivable that flank spreading was helped by basal low

strength layers, such as powdered and crushed lava flows and associated basal breccias.

6.4.2. Gluimar
The N030 and NO60 strikes of dykes recorded on the SW side of the head of Giiimar
collapse represent probably the rift orientation. However, theses dykes intrude the Izafa
cinder cone and are located at high altitude, which is probably close to the ancient
topographic surface. They are thus interpreted as the feeders of the recent edifice of Izafia
and hence their orientations likely represent a local topographic effect (cf. Delaney and

Pollard, 1981; McGuire and Pullen, 1989; Gudmundsson, 2000; Tibaldi, 2003, Kliigel et

46



al., 2005). Some “along- strike” en-échelon dykes (Clemente et al., 2007) have been
observed here. As previously mentioned, those dykes are close to the surface.
Consequently, the magma preferentially propagated laterally, generating segmented
dykes (Baer, 1995).

Note that the dykes in sector F mainly trend NOOO, but strike directions N140-160
become dominant toward the south. In sector G, the dykes mostly trend N130-150. The
majority of the dykes dip towards the E or SE, implying that the minimum stress
component o3 is tilted. (1) The consistency of the dyke dips (E and SE) together with (2)
the progressive change of strike from the north to the south (area F to G) and (3) the fact
that the dykes are not always straight are consistent with flank creep towards the sea. The
NOOO direction found almost at the head of the collapse corresponds to extensional
movements, while the NW-SE direction along the side of the collapse corresponds to
strike-slip movements (Fig.19). The NOOO direction is also found in one galeria to the

north of area F (Carracedo et al., 2009).
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Figure 19: Interpretative sketch of the dyke orientations displayed in Guimar valley. A:
Stress field orientation and resulting displacements. B: 3D view of dyke orientations

resulting from the stress field displayed in A. C: Same as B but in a 2D plan view.

The NE side of Giiimar valley is more complicated than the SW. It seems that there is
still more evidence for creep as the dykes dip mainly towards the east, south and
southeast. The NO50 direction (sector I and J) can either represent the rift trend or the
strike-slip movements related to the creeping sector edge (Fig.13F, 13G, 13H; Fig.19).
However, sector J is outside the scar and shows another trend at N060-N070. This
direction could represent a deviation of the rift. Note that the direction N070-N090 is also
found in sector D (Micheque). Large deep vertical canyons are observed in both sectors [
and J. They are more or less parallel to the scar (i.e. NW-SE with some kinks) and may
correspond to major faults. One of them is interpreted as a fault mirror plane at N134,

partially filled by a lava flow that also could be interpreted as a vertical paleovalley.
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The dykes recorded in sector L do not show any specific trend. This sector is almost at
the upper part of the rift. so it is probable that the absence of consistent trends is due to
the fact that we are close to the surface and the orientations are due to topographic effects
(e.g. Walter and Troll, 2003: Tibaldi. 2003). However, the dyke swarms observed in
panorama follow mainly the direction of the rift, with only few dykes offset from the

trend.

6.4.3. La Orotava
The dykes at the north-east corner of the head of La Orotava valley (sector C) are mainly
orientated along a N060 trend. A few major sets of fractures are observed, demonstrating
the intense deformation at the head of the collapse (Fig.14). The NE-SW trend may
correspond to the rift direction. The N-S together with the ENE-WSW trends form a set
of conjugate faults accommodating intrusion emplacement by NW-SE extension
(Fig.20A). Another way of interpreting the N-S and ENE-WSW trends is to consider
them as the expression of dextral or sinistral strike-slip movements that accommodate
continuous dyke emplacement (Fig.20B). Furthermore, a set of conjugate fractures at
NO000O and N0O60 related to extension are expected to dip 60° towards the east and towards
the NW respectively. However, the faults are subvertical and dip mainly towards the W
and NW. It is thus likely that the N0OOO and NO60 fractures are strike-slip faults rather
than conjugate faults. The dextral regime seems to have been dominant, considering that

we are at the head of the landslide.

49



NOOO

01
03 /
T \a
N060~ | ~
extension O1vertical

senestral regime  dextral regime

Figure 20: Interpretation of the structural orientations observed in sector C, La Orotava
valley. The white lines on the Google Earth image represent the main structural
lineaments. The two sketches on the right represent the two possibilities to explain these
main directions. A: a NW-SE extension or B: a strike-slip regime (dextral or sinistral).

The field data are more in agreement with a strike-slip regime.

Similarly to the head of Micheque collapse, most of the dykes are vertical or dip towards
the north, west and north-west, suggesting a horizontal and a tilted stress field (for
possible explanation see section 6.4.1 and Fig.18). La Orotava valley was thus probably
partially formed by flank creep. The movements were perhaps less coherent at the base of
the valley (keep in mind that the base of the valley does not correspond to the base of the
collapse) as the dykes record inconsistent dips, but note that only 10 dykes have been
found.

No dykes are found along the two opposite sides of the collapse scar. Sector spreading
may have thus been favoured by the presence of basal LSLs in addition to dyke
emplacement (Oehler et al., 2005). Several crushed. powdered and weathered lava flows
have been found in the vicinity of La Orotava collapse scar and could have acted as

LSLs.



6.4.4. The Ridge
The N040 direction recorded along the Boca Del Vallee trail (area K) may represent the
rift orientation. No preferential direction has been observed for the dip of the dykes.
Towards the west of this trail, we recorded vertical dykes or ones dipping mainly towards
the south and south-east, as observed in area | and J. The dip directions can be interpreted
as the result of creep. Still at the west of the track, two main directions at N040 and N060
were recorded. N060 is considered as a deviation of the rift. The dykes observed along
the road TF24 display a main direction towards the NE and are thus parallel to the rift.
However, a large variability in strike and dip is observed. Here, we are here at the upper
part of the rift, probably close to the old topographic surface. Thus, the variation of dyke
orientation does not reflect any regional tectonic process and can be simply explained by

surface effects or by local structural variations (7ibaldi, 2003; Acocella and Neri, 2009).

7. Discussion
7.1. Flank creeping

The fractured and crushed dykes found frequently in the studied area indicate that they
were still tectonic movements. parallel to their strike. during and/or after their cooling.
Two types of movements were observed: (1) basal detachments responsible for a tilt 63
and the creation of seaward-dipping fractures and (2) lateral strike-slips responsible of
dyke strike orientation (Fig.21). These two points are in favour of a slow, progressive and
continuous motion of the rift. i.e an episode of prolonged flank creep. This process
implies a slow motion (i.e. spreading) of one sector of the edifice (volcano or rift) due to
intense intrusive activity, i.e. through spreading of the basal intrusive complex (Dieterich,
1988, Delcamp et al., in review). probably along pre-existing low strength layers (Merle
and Lénat, 2003; Oehler et al., 2005; Delcamp et al., 2008). A few dykes were dated
using the Ar-Ar dating technique (see chapter 2) and they all are contemporaneous with
the several collapse events that affected the NERZ (Guimar, Micheque and La Orotava).
It is thus possible that rotation of dyke occurs before creeping and collapse events or

simultaneously as few crushed dykes, probably syn-tectonic, have been observed.
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Figure 21: Interpretative sketch showing the relation between basal- and strike-slip fault

zones and the resulting dyke orientations.
The dykes are slightly thicker and their density higher at the deepest part of the rift

(especially in the galeria Rio de Igueste). The force initiated by the intrusions is thus

higher at the base and favours a deep décollement level. Furthermore, dyke intrusion is
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accompanied by an increase of pore fluid pressure that decreases the friction coefficient
(frictional resistance), and thus favours failure (Elsworth and Voight, 1996).

The directions (strike and dip) of the intrusions are more consistent at the deeper
compared to shallower levels. This observation reflects a consistent stress field at the
base that contrasts with a variable stress field at the top of the rift, likely controlled by the
topography (cf. Tibaldi, 2003).

The rift was built during three main stages of intense and short activity during the
Miocene, the Upper Pliocene and the Pleistocene (Carracedo et al., 2009). During these
peaks of growth. the intrusive activity was high and almost continuous (Carracedo et al.,
2009). As the different periods of activity were short (few hundred ka), the rift was able
to progressively accommodate the intrusive core and associated dyke emplacement by
flank creep, reaching a stabilized state. The last period of activity during the Pleistocene
was more intense and the rift was not able to accommodate intrusive core growth and
further dyke emplacement by flank creep anymore. Despite the rift being able to reach
temporarily a semi-stable state by flank creeping, its height was increasing and its slopes
were steepening. Therefore. with each new intrusive event, the rift progressively evolved
towards an unstable configuration and eventually a major lateral landslide occurred.
Consequently, the initial stage of rift construction may be controlled by regional stress
field or pre-existing structures, but progressively. the growing intrusive complex(es) and

ridge take control of the near-surface stress field.

7.2. Comparison with other oceanic volcanoes

The creep involves an extension at the head and strike-slip movements on the side of the
flank. This process has been also evoked on Piton de La Fournaise, La Réunion Island. by
Carter et al. (2007). They observed strike-slip fractures around the crater rim that they
interpreted as the expression of a progressive displacement of the area related to flank
spreading (Merle and Lénat, 2003; Carter et al., 2007, Michon and Saint-Ange, 2008).
Several earthquakes in Hawaii are associated with dyke emplacement accommodated by
slow flank displacements (Swanson et al., 1976; Dieterich, 1988, Cayol et al., 2000;
Brooks et al., 2008).
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Following the major collapse events on the NERZ. the La Orotava and Giiimar
embayments were only partially filled. as the intrusive and eruptive rates were relatively
low (Carracedo, 1999; Fig.22A). On the contrary. Piton de la Fournaise on La Réunion
Island is considerably more active (Fig.22B). There, the intense intrusive activity is
accommodated by flank spreading of the Enclos Fouqué (Merle and Lénat, 2003). but in
the meantime, the embayment has been regularly filled by recurrent igneous activity. In
Hawaii, intrusive activity is also accommodated by flank displacement (Swanson et al.,
1976, Dieterich, 1988; Cayol et al., 2000; Brooks et al., 2008). As well as the Enclos
Fouqué, collapse embayments are regularly filled by the high eruptive activity (Fig.22C).
In Tenerife, the deep collapse scars of Guiimar and La Orotvava are preserved as the
eruptive rate was low (eg. Carracedo, 1999). In Hawaii, the eruptive rate is very high.
and the collapses are quickly covered by more recent eruptive products. Micheque can be
regarded as an analogue to the Hawaiian case, as the collapse was rapidly filled by

subsequent volcanism. La Réunion, in turn, represents an intermediate case.
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Figure 22: A: Tenerife Island (courtesy R.Paris, source: Grafcan©) B: Hawaii Island
(Google Earth image) C: La Réunion Island (Landsat image), and associated rift zones

and collapses.

7.3. Dyke propagation
Evidence of dyke propagation through pre-existing fractures but also by hydro-fracturing
has been found. The country rock surrounding the dyke is not deformed and open
fractures have been observed in La Orotava collapse headwall (area C) and in the visited

galerias. A lot of dykes become thicker while propagating through weak layers and are
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thinner in competent layers (mainly lava flows). All these observations support a mode of
propagation using pre-existing fractures. The magma will dilate an older fracture more
casily when it propagates through the low competence layers. Note that the apparent
absence of deformation within the surrounding country rock might be due to strain
dissipation within the low competence layers (lava flow basal breccias, lapilis or
colluvium). This strain dissipation is essential for the accommodation of the deformation
and thus the stabilization of the rift. On the other hand, incorporation of country rock has
been sometimes observed, as well as tension gashes along several dyke margins involving
shear movements. These two last observations favour the hypothesis of dyke propagation
by hydrofracturing. As previously mentioned, thickness variation have been noticed when
the dykes intrude layers of different competence. This can also imply dyke propagation
by hydrofracturing. The two mechanisms of emplacement are thus inferred from field
data.

The variation of dyke thickness between low and high altitude might be related to their
capacity to propagate. At low altitude and thus deep levels, the dykes will have more
difficulty to propagate considering the confining pressure. Being close to the source, the
driving pressure is higher and the dykes are thus thicker. When they approach the surface,

their driving pressure is lower, and dykes are thus thinner.

7.4. Chronology of the collapse events
The relative chronology between the different collapses deduced from stratigraphy and
geochronology data by Carracedo et al. (2009) is consistent with our structural data. The
rift was accommodating the growing intrusive core and dyke emplacement by flank
creeping that, in turn, favoured more dyke intrusion (positive feedback). The rift was
becoming steeper and eventually was not able to accommodate further intrusions.
Consequently, a sector of the rift collapsed, forming the Micheque embayment.
Following this mass-wasting event, the scar was rapidly filled by eruptive products. The
other side of the ridge, already in an unstable state, was weakened by this major event
and responded by another lateral collapse, creating the Giiimar embayment. Activity of
nested volcanoes continues to fill the Micheque embayment and has started to fill

Giiimar. No dykes have been found along the scar of La Orotava collapse (except at the
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head). Therefore, this last collapse is probably not intrusion-driven, but probably largely
gravity controlled, as this part of the NERZ was weakened by previous intrusion-collapse
episodes. The destabilization events could have been helped by LSLs such as scoriae or
partially deformed lava flows, or even by the land-sea interface. Note that the field data
do not show if one scar corresponded to one or several collapse events. However, it can
be suggested that different blocks are sliding at different rates, leading to a set of strike-
slip faults and collapsing sectors. The difference between the various sliding rates would
be directly linked to the intrusive density for the cases of the Micheque and Giiimar

collapses.

8. Conclusion

The rift zones are widely considered as narrow and well-defined structures, with a
uniform dyke and fracture orientation pattern. Our field data from Tenerife show that a
rift can be rather diffuse, with several intrusive batch events separated by periods of
quiescence, deformation, erosion and collapse.

Forceful dyke emplacement favours sector spreading of the ridge, resulting in flank
creeping. This mechanism involves progressive displacements accommodated by
extension and strike-slip movements at the head and along the walls of the creeping
sector, respectively. Flank creeping involves basal detachment that controls the dyke dips
and lateral strike-slip zones that control dyke strike. Accommodation of dyke
emplacement by creeping results in flank steepening. Further intrusive events will
continue to steepen and eventually destabilize the flank, triggering collapse event(s).
Consequently, flank creeping constitutes a main mechanism for initial rift stabilization,
but also for destabilization and recurrence. In the North-East Rift Zone, the two first
collapses are thought to be essentially intrusion-driven (Micheque and Guimar), while the

last one (La Orotava) seems mainly gravity-driven.
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APPENDIX 1: X-RAY DIFFRACTION (XRD)

Several samples of country rocks (lava flows and their basal breccia) have been collected
in the two galerias explored during the field campaign in February 2007. They were
analysed in Trinity College Dublin using X-Ray Diffraction to check for the presence of
clays. It appears that the sampled rocks contain only a low amount of clays, such as illite,
or expandable clays, such as smectite. Below, a few graphs are shown.

For each sample, two graphs of XRD analyses are displayed, corresponding to two
different methods of sample preparation. The x-axis corresponds to the angle in degrees
20 (cf. Bragg equation) and the y-axis to the diffracted X-ray intensity (termed “counts”).
For the first graph, a classic clay separation has been performed, while for the second
graph, clay separation was done using glycol to separate better the expandable clays. The
peak obtained after clay separation by glycol should be offset from the one obtained after
classic clay separation.

The peak omnipresent at 33° corresponds to contamination.
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Figure 1A: XRD graph for the sample TF-G1-CR-D4; classic clay separation.
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Figure 1B: XRD graph for the sample TF-G1-CR-D4, clay separation using glycol.
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The peaks obtained may correspond to illite or montmorillonite, the last one being an
expandable clay.
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Figure 2A: XRD graph for the sample TF-G1-CR-DS5; classic clay separation.
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