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The Canary Islands Archipelago, offshore of the northwestern coast of
Africa, originated from ocean-island volcanism over a span of 20 million
years. This 600-km-long chain of islands (total population ~ 2 million),
with their beautiful volcanic landscapes, beaches, and year-round mild
climate, receives more than 12 million visitors each year. The prime
tourist destination is Teide Volcano on the Island of Tenerife, the cen-
terpiece of Teide National Park and the focus of this scientific volume.
In 2010, Teide National Park was the most heavily visited national park
of any European country and the second most visited worldwide. Teide
is a huge volcano that towers 3,718 m (a.s.l.) above the central part of
Tenerife, reaching the highest elevation in the Canaries and Spain.
Moreover, if its height is measured relative to the seafloor, Teide is the
third tallest (~ 7,718 m) volcanic edifice on Earth after the Hawaiian
shield volcanoes Mauna Kea and Mauna Loa. In 2007, the United
Nations Educational, Scientific, and Cultural Organization (UNESCO)
inscribed Teide National Park as a World Heritage Site, in recognition
of its diverse, abundant evidence of the geological processes that
underpin the evolution of volcanic islands, complementing other vol-
canic properties such as Hawaii Volcanoes National Park (USA) and
Galapagos National Park (Ecuador).

Because of its imposing physical visage, Teide naturally has long
attracted scientific attention following the colonization of the Canaries,
but especially during the eighteenth and nineteenth centuries when the
emerging “science” of geology began to develop. Beginning in the latter
part of the twentieth century, many geoscience and related studies—
including the systematic geologic mapping and dating of volcano-related
deposits—have been conducted at Teide as well as other Canarian vol-
canoes, resulting in a substantial scientific literature. For example, during
the past 6 years, one of the editors (Carracedo) has published and edited
three major books (in Spanish) summarizing the volcanic geology and
associated hazards of Canarian volcanoes in general, and of Teide in
particular. Unfortunately, to date no comparably comprehensive works
in English about Canarian volcanism exist. Thus, this volume marks a
milestone in remedying this long-standing deficiency. It provides a wide-
ranging summary of the geologic evolution of Teide—the emblematic
volcano of the Canaries. In 14 chapters, this volume addresses a wide
diversity of topics and disciplines, including: the prehistoric to present-
day scientific understanding of Teide, its geodynamic setting within the
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context of plate tectonics (i.e., “hotspot” model), development of rift
zones and other volcanic structural elements, radiometric and paleo-
magnetic dating studies, petrologic-geochemical-isotopic evolution of
Teide’s magmatic system, island-wide geophysical investigations, erup-
tive history and styles, and volcanic and other geological hazards.

It is noteworthy that the book’s last chapter emphasizes the volcanic
hazards of the Teide Volcanic Complex (TVC). While the TVC has
erupted five times during recorded history (most recently in 1909), such
activity has been relatively weak, causing minimal damage and no fatal-
ities. However, larger prehistoric eruptions and flank collapses along the
volcano’s rift zones testify to much more hazardous activity in Teide’s
recent geologic past. The episode of volcanic unrest at Teide during mid-
2004, together with the related, highly controversial specific “prediction”
of an eruption in October 2004 that did not materialize, has greatly
enhanced public awareness of volcanic hazards in Tenerife. The 2004
Teide volcanic “crisis” adversely affected Tenerife’s tourism economy and
disrupted the daily lives of many of its residents. In addition, the sub-
marine eruption near La Restinga (Island of El Hierro) during 2011-
2012—the first since 1971 in the Canaries—has further increased public
anxiety regarding hazards posed by future volcanic eruptions. On the
positive side, however, these recent developments also have prompted the
expansion of real-time monitoring studies of Canarian volcanoes.

Carracedo and Troll are perfectly suited to coedit this volume, because
of their own extensive experience in working at Teide and other Canarian
volcanoes. This fact is immediately apparent from a quick glance at the
Table of Contents, which shows that they are authors or coauthors of
many of the book’s chapters. With its comprehensive discussion and
broad spectrum of topical coverage—well illustrated by photographs,
diagrams, and tables—this volume should prove to be highly useful to
nonSpanish speaking practitioners within the global volcanologic com-
munity, especially those specializing in ocean-island volcanism. Given its
scope and breadth, the Carracedo-Troll book is destined to have a long
shelf life, serving as a valuable reference work for decades to come.
Moreover, this book sets a benchmark for the production of similar
summaries of the other historically and potentially active volcanoes of the
Canary Islands. The lessons that can be learned from the existing data, and
new data to be accrued from future studies, are critical for the preparation
of effective emergency-response plans when the next episode of volcanic
unrest at Teide, or at some other Canarian volcano, culminates in sig-
nificant and possibly hazardous eruptive activity.

10 October 2012 Robert I. Tilling
Senior Research Volcanologist, Emeritus

Volcano Science Center

U.S. Geological Survey

Menlo Park CA USA
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Abstract

This chapter outlines the progress of geological research into the origin
and evolution of the Teide Volcanic Complex within the framework of
Tenerife Island, the Canary Islands, and oceanic volcanism in general.
Initially considered to relate to either the entrance to ‘Hell’ or to mythical
Atlantis, for von Buch, von Humboldt, Lyell and the other great
eighteenth and nineteenth century naturalists Teide eventually helped to
shape a new, and at that time revolutionary concept; the origin of volcanic
rocks from solidified magma. This school of thought slowly cast aside
Neptunism and removed some of the last barriers for the development of
modern Geology and Volcanology as the sciences we know today. Despite
the volcanic nature of the Canaries having been already recognised by the
twentieth century, modern geological understanding of the archipelago
progressed most significantly with the advent of plate tectonics. While
some authors still maintain a link between the Canaries and the Atlas
tectonic regime (see also Chap. 2), geological research truly advanced in
the Canaries through comparison with hotspot-derived archipelagos,
particularly the Hawaiian Islands. This approach, initiated in the 1970s,
provided a breakthrough in the understanding of Canary volcanism,
demonstrating Tenerife and Teide to be one of the world’s most inter-
esting, complex and to many, one of the most iconic of oceanic volcanoes.

1.1 Introduction

European volcanoes such as Etna and Vesuvius
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have been constant references in Volcanology
since Greek and Roman times. Detailed and
accurate accounts, most notably the description
by Pliny the Younger of the 79 A.D. eruption of
Vesuvius that destroyed Pompeii and Hercula-
neum, laid the foundations of modern Volca-
nology. Volcanic terminology as common as
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“volcano” and “basalt” were first used in
accounts penned by Pliny the Elder, as was
“crater” by Aristotle. Etna and Vesuvius
became historically relevant because of their
frequent catastrophic eruptions that destroyed
entire cities, such as Catania, in 1669, or Naples,
in 1631, both causing many thousands of
victims.

In contrast, the only aspect of interest of Mt.
Teide until the eighteenth century was its
exaggerated height (Figs. 1.1, 1.2). Teide was
considered the highest mountain on Earth until
Mont Blanc and the Andean volcanoes were
measured and observed to be higher. It is inter-
esting to note, however, that present-day Vol-
canology has reinstated Teide amongst the
highest volcanic structures on the planet (only
surpassed by Mauna Loa and Mauna Kea, on the
island of Hawaii). If the base level is taken to be
the ocean floor and not sea level, Mt Teide rises
above 7,000 m (3,718 m a.s.l.).

While Vesuvius and Etna defined important
catastrophic episodes in the history of Italy from
Roman times to present, Teide volcano only
posed a threat to the smaller population of
aboriginal inhabitants on the island of Tenerife
(the Guanches). The absence of explosive
eruptions and victims since the colonisation of
Tenerife at the end of the fifteenth century pro-
moted the image of Teide as the main stable
element in the landscape of the entire archipel-
ago and as a prime cultural reference, even
locally acquiring a protective role in folklore for
example as “Father Teide”. The eruptions on
Tenerife in historical times have had a limited
impact on the population and the economic
infrastructure of the island, with the exception of
the 1706 eruption which partially destroyed the
town of Garachico and filled the harbour with
lava (the main commercial port in Tenerife at
the time). This eruption, however, was not
directly related to Teide, its vent being located
17 km away on the NW rift zone.

The role played by the Canaries and Mt.
Teide changed lastingly upon the arrival of well
established naturalists such as Leopold von
Buch, Charles Lyell, Alexander von Humboldt
and Georg Hartung, among many others. During
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the eighteenth century, geology was at the centre
of a long-lasting controversy between those who
held the view that all rocks, including what we
now see as volcanic rocks, were marine deposits
formed by chemical precipitation in the ocean
(Neptunists, after the god of the sea in Roman
mythology) and those who believed that volca-
nic rocks resulted from the solidification of
molten masses from the Earth’s interior
(Plutonists, after Pluto, Greek god of the
underworld).

The former school, led by Abraham Gottlieb
Werner (1750-1817), a renowned German pro-
fessor of Geology (Fig. 1.3), and the latter by the
Scot James Hutton (1726-1797), established a
lively debate with strong religious overtones that
lasted almost an entire century. The neptunistic
theories rigorously adapted the teachings of
the book of Genesis, contrasting the more
“enlightened” ideas of the plutonists. The con-
troversy contributed decisively to the develop-
ment of Geology as a modern science and was
based to quite an extent on the observations
made in the Canaries by the now famous eigh-
teenth century naturalists.

The relevant role of the Canaries and Mt.
Teide in the resolution of crucial problems in
Geology and Volcanology arose from the
European continent, particularly from Germany,
France and Scotland, due to the fact that the
volcanic settings in those countries are much
more difficult to interpret than Canarian volca-
noes. Fervent neptunists and co-workers of the
influential Professor Werner, such as von Buch
and initially even von Humboldt himself, who
had expressed numerous doubts, gradually
became ardent defenders of plutonism after
travelling to the Canaries, thereby irreversibly
opening the door to the advancement of purely
scientific Geology that was largely free from
religious restrictions. To von Buch we owe the
basic concept that minerals in lava are formed
by magmatic crystallisation and to von Hum-
boldt that volcanic alignments are due to tec-
tonic activity at depth.

Regrettably, the essential role of the Canaries
and Mt. Teide during this important stage in
the development of modern Geology and



1 From Myth to Science

Fig. 1.1 The island of
Tenerife and a towering
Mount Teide in an
engraving by Olfert
Dapper in 1686

Volcanology did not continue. There were no
research groups or centres in Spain or the Canary
Islands at that time devoted to the discipline of
Geology. Nonetheless the Canary Islands offered
a privileged setting in which to study the Geology
of oceanic islands, made possible by exceptional
conditions: the absence of significant subsidence,
allowing observation of all stages of evolution
starting with the oldest formations. This is
impossible in most similar archipelagos, where
subsidence is a relevant factor causing the insular

edifices to be submerged during relatively early
stages of their evolution and the scant plant cover
and low relative meteorisation rate of rocks and
formations, being much lower in the Canaries
because of the comparatively low rainfall. These
favourable circumstances converted the Canar-
ies, and Teide and the surrounding area in par-
ticular, into a world-renowned setting for the
study of Volcanology, but this was not under-
stood until the second half of the twentieth
century.
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Fig. 1.2 a and b. Teide is
by no means earth’s
highest mountain, as was
generally accepted until
Mont Blanc was measured
(the first recorded ascent of
Mont Blanc, 4,810 m, was
in August 1786). However,
besides having the highest
elevation in the Canaries

Teide (7718 m)
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Fig. 1.3 Werner
described the basalts of
Stolpe (the birthplace of
Leopold von Buch) as
sediments without traces of
melting. He interpreted the
columnar features as
desiccation cracks, like
those found in drying mud

Establishment of the Hawaiian Volcano
Observatory (HVO) by the U.S. Geological
Survey at the beginning of the twentieth century
is acknowledged as the key element in advanc-
ing the study of the Hawaiian Islands and

200 300 400 km

leading to the development of modern Volca-
nology. Although an intense and continuous
study of the Canaries began shortly thereafter,
during the 1960s, there is a fundamental differ-
ence: while in Hawaii the above-mentioned
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Observatory was a centre for the great majority
of volcanological studies since 1912, a similar
centre was never created in the Canaries, but
research was led from Madrid, with the corre-
sponding loss of efficiency and the dispersion of
efforts, hindering the possibility that the Canary
Islands could have become a similar world-
famous setting for the development of Volca-
nology some 100 years ago.

This is exemplified in the development of
volcanological terminology employed in the
eighteenth and nineteenth centuries derived from
Latin (volcano), Greek (crater, pyroclast, pho-
nolite, etc.) and, to some degree Canarian
Spanish (caldera, malpais), but American
English was the language used, coinciding with
the creation of the Hawaiian Volcano Observa-
tory, since the start of the twentieth century
(hotspot, pillow lavas, surge, shield volcano,
etc.) and especially Hawaiian terms (e.g.,
pahoehoe and ‘a‘a lavas) became internationally
accepted.

Teide Volcano in Classical
Mythology

1.2

There have been some references to Teide,
mainly of a mythological nature, in the Classical
Era. The best-known and most enduring legend
involving the Canaries is the one related to
Atlantis, narrated by the Greek philosopher Plato
(427-347 BC) in his work Timaeus and Critias.
According to this legend, a civilisation, the
Atlantean, as advanced and powerful as the
Egypt of the Pharaohs, disappeared overnight
when the continent sank into the ocean. Only the
highest peaks remained above water, to form the
archipelagos of Macaronesia: Azores, Madeira,
Cape Verde and the Canaries.

It is through Jean Baptiste Bory de Saint
Vincent that this legend became scientifically
significant in relatively modern times, when he
related the Canaries to Atlantis during a visit to
the archipelago, described in his work entitled
Essais sur les Iles Fortunées et [I’Antique
Atlantide (Kunzli 1911). Acknowledged as a
distinguished naturalist, Bory de Saint Vincent

conferred scientific credibility on this legend,
which was considered to be one of the possible
theories of the origin of the Canaries until the
mid-twentieth century. It was only when the
Canaries were found to overlie oceanic crust,
which moreover is more than 180 million years
old, that any scientific basis ascribed to this
attractive legend was radically dismantled.

However, reality exceeds even the most
imaginative legends. Plato would probably have
been stunned by a story involving an entire
continent (Africa) moving several thousand
kilometres away from America over more than
180 million years to form an ocean (the Atlantic)
through which, more than 20 million years ago,
the volcanic Canarian Archipelago was formed
by a magmatic plume originating from the
Earth’s interior at a depth of almost 3,000 km,
and producing at its highest point, Teide,
stretching vertically over 7,000 m from the
ocean floor.

1.3 Mt. Teide in the Pre-Hispanic

World

For the Pre-Hispanic population of Tenerife (the
Guanches) Teide was the dwelling place of
Guayota, an evil mythical creature, god of the
deceased and identified with Hell (von Fritsch
and Reiss 1868). The Guanches therefore envi-
sioned Mt. Teide as a demonic spiritual force
that brought death and destruction, quite the
opposite of the image it adopted later in His-
panic Canarian folklore. The fear and supersti-
tion of the Guanches developed as they lived
alongside the volcano and may have witnessed
at least 6, possibly 8 of its eruptions, mostly
around the base of the stratovolcano and on the
NW Rift. On the other hand, they learnt how to
take advantage of the resources provided by
volcanism: the cariadas (flat, pumice-covered
paths) for the seasonal migration of their goat
herds; the volcanic rocks for building their huts,
and the caves and volcanic tubes for occasional
shelter. They were adept at mining the glassy
volcanic obsidian, with which they skilfully
fashioned cutting tools.



Similarly to most nomadic tribes, it is very
possible that they used fire to clear the land of
brush in order to make new pastures for their
livestock, thus providing the source of several
references to eruptions on Teide reported in
ships’ logs. As an example, the pre-historical age
(1430 AD) for the volcanic cones nested in the
La Orotava Valley comes from a Guanche oral
tradition, reported by Humboldt on his journey to
Tenerife in 1799. However, charcoal underlying
lapilli from this eruption yielded a '*C age of
29.090 £ 190 years BP, and the lavas, a
¥ Ar/*Ar age of 27.000 + 5.900 ky (Carracedo
et al. 2010). The Guanche tradition seems to fit
better with the calibrated radiocarbon age of
590 £ 66 years BP, most probably related to a
forest fire, obtained from charcoal underlying a
pumice deposit mantling the Orotava Valley,
probably from the Montafia Blanca eruption
(Figs. 1.4, 1.5) (Carracedo et al. 2007).

Only a few Guanche words have survived,
mostly in geographical and toponymical terms.
The very name of Teide has its origin in the
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Guanche term Echeide (Hell). It is surprising,
however, that this name was given to Teide and
not to the island of La Palma, where volcanoes
have been much more active during the Guanche
period, causing several victims amongst the
local population (Rodriguez Ruiz et al. 2002).
Perhaps it was the continuous fumarolic activity
at Teide’s summit (with temporal emission of
hot sulphurous gases forming a plume that may
occasionally have been quite voluminous) that
contributed to Teide being named after Hell, as
eruptive activity on Teide’s cone itself was
limited to a single eruption during the Guanche
Pre-Hispanic period (Carracedo et al. 2007).

1.4 References in the Fourteenth
and Fifteenth Centuries

The first references to volcanic eruptions in
Tenerife are limited to distant sightings by fif-
teenth century sailors, who used Teide as a
natural landmark during their voyages across the

Fig. 1.4 Eyewitness
references to supposed
volcanic eruptions of Teide

EYEWITNESS
REFERENCES

volcano (left) and actual
geological events in the
last 2000 years in Tenerife
(of historical age or C™'*
dated; right). The alleged
date of the eruption in the
Orotava Valley (1430 AD)
coincides with an extensive
forest fire in the valley
dated at 1294-1426 AD
(modified from (Carracedo
et al. 2010)
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Fig. 1.5 a, b. Frequent spectacular ‘plumes’ in the
summit area of Teide, locally known as ‘Teide’s
headdress’. ¢. Small plume at the top of Teide in October
2004, initially interpreted as evidence of volcanic
reactivation causing considerable alarm, later confirmed

Atlantic because of its great height. Many of
those references include descriptions of possible
volcanic eruptions.

An account of a possible eruption of Teide
contained in the ship’s log kept by Nicoloso da
Recco, copied by Boccaccio, was put forward by
Santiago (1948) as indicating a Teide eruption:
“it must be remembered that, in 1341, the Ital-
ians, Castilians and other Spaniards who
accompanied Recco observed that smoke issued
from the Peak” (Friedlander 1915).

However, the original source, the account by
Giovanni Boccaccio (“About Canaria and other
islands newly found in the ocean beyond Spain”
1341) clearly describes a well-known meteoro-
logical phenomenon, the so-called “Teide’s
headdress” (Fig. 1.2), a cloud that forms over
the summit area due to an adiabatic process
similar to the foehn effect: “They found an
island at which they did not wish to disembark
because a certain wonder occurred there. A

as a meteoric cloud (La nube que quiso ser protagonista.
EL DIA. Santa Cruz de Tenerife, 21-10-2004). d. Model
of the formation of clouds at the summit of Teide volcano
by local orographic convergence (Alvarez and Herndndez
2006)

mountain is said to exist there, which, according
to their calculations, is thirty miles high, or even
more... at whose summit there is a mast the size
of a ship’s, from which hangs a large lateen sail,
taut as a shield, that swollen with the wind
extends over a large area, only to appear to
decrease little by little, as in ships, to rise again
at once, always in this same manner.”

It is quite surprising that this accurate
description of an atmospheric feature—clouds at
the summit of Teide volcano that formed by
local orographic convergence—has been inter-
preted as eruptions of Teide even in very recent
scientific articles, using this feature to assess the
probability of the eruptive hazard of the volcano.
It is equally surprising that the development of
one of these clouds over Teide on October 20,
2004 was believed to signal the onset of an
eruption and caused great alarm among the
residents of the island. Scientific and technical
personnel continued relating this cloud to an



eruptive column, asserting that this phenomenon
was related to an increase in seismic activity
observed at the time.

Another description of a possible eruption
dates from 1393, the original source being the
accounts of Andalusian and Basque seamen
included in the chronicles of King Henry III,
quoted for the first time in 1839 by Webb and
Berthelot (Hausen 1955). That account states
that “on coming closer to the island they saw
flames and smoke issuing from the highlands,
whereupon they did not dare to disembark and
sailed away from what they then began to call
Hell Island”. Since the last Teide eruption has
been dated at a much earlier date (eighth cen-
tury), this putative eruption does not fit into the
history of the volcano, and probably reflects a
meteoric phenomenon.

A further reference to a possible eruption of
Teide is that of Ca’da Mosto (I libro de la prima
navegazione per I’Oceano alle terre de Negre de
la Basse Etiopia, 1455), citing “Tenerife, the
most populated of the islands and one of the
highest on Earth...and in clear weather a
mountain can be seen from a great distance
burning continually in the centre of the island” .
The radiometric ages obtained do not allow any
leeway for a known eruption of Teide in that
period (Fig. 1.4), thus these seafarers were most
probably describing fumarolic activity at the
peak, forest fires or the spectacular meteoro-
logical phenomena above Teide.

References to Teide Volcano
at the Dawn of Science: The
Renaissance and Baroque
Periods (Sixteenth

and Seventeenth centuries)

1.5

Rather than studying Teide as an active vol-
cano, a task that would be approached centuries
later, during the pre-scientific period in which
the magical vision of the mountain was main-
tained, the most important issue was identifying
its position and altitude (for navigational
purposes).
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Teide was surrounded by a mystical aura and
believed to be the highest mountain on Earth
until the altitude of Mont Blanc was measured. It
was said that the sun seemed to be closer when
viewed from the peak of Teide and that the heat
was irresistible. In fact, Teide is a mountain that
is relatively easy to climb (the custom nowadays
is for all Canarians to climb the volcano on foot
at least once, but there is also access by cable
car). Back then, it seemed an extraordinary
challenge, however. It is therefore not surprising
that the main objective of the early scientists
visiting the Canaries was to make the ascent to
the Peak of Teide (Fig. 1.6).

If we examine the altitudes assigned to Teide
until the latter part of the seventeenth century
(see Fig. 1.1) one notes that they are expressed
in miles and even leagues (about 3 miles), while
the more suitable method of measuring in toises
(190 cm approx.) or fathoms (90 cm approx.)
was only introduced in the late seventeenth
century.

In 1631, an eruption of Vesuvius that gener-
ated “torrens cineris” or torrents of ash—known
today as pyroclastic flows—caused more than
4,000 victims. Shortly thereafter, in 1669, Mt.
Etna erupted catastrophically, devastating one
third of the area of Catania. Those catastrophic
events prompted the study of volcanoes. At that
time, the newly explored Andean volcanoes
were the subject of continual reports, with even
greater altitudes and with yet more frequent
eruptions.

The scenario was prepared for the crucial
visits and observations of the great naturalists of
the eighteenth century—von Buch, von Hum-
boldt, Lyell—fully exploiting the possibilities
afforded by the industrial and cultural revolution
at that time for exploration and scientific
progress.

In the mid-seventeenth century, the scientific
revolution (Galileo, Descartes, Newton, etc.)
established the firm basis of a fundamental tool,
the application of scientific method, in contrast
with prevailing religious beliefs. Teide would no
longer have strong magical connotations and
would instead slowly transform to the theme of
research it has become today.
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Fig. 1.6 Drawing by
Louis Feuillée of the “Pic
de Tenerife” (Teide
Volcano) and the summit
cone (Pain de Sucre or
Sugar Loaf, Pan de Azicar
in Spanish) (Feuillée
1724). The path to climb
the volcano and a natural
reservoir (holding melting
ice) are shown as facilities
for the ascent

ll}

The Contribution of the Great
Eighteenth and Nineteenth
Century Naturalists

1.6

The main objectives early in this epoch were the
ascent of Teide and measuring its altitude. The
exact height was crucial for ships to calculate
their position by means of simple trigonometric
approximations (Figs. 1.7, 1.8, 1.9).

The Royal Academy of Sciences of Paris
commissioned the astronomer Louis Feuillée in
1724 to set the precise position of the first
meridian (on the island of El Hierro) and the
altitude of Teide (see Fig. 1.7). Feuillée’s mea-
surement (2193 toises or 4,274 m) was consid-
ered incorrect and remained unpublished. In
1776, Jean Charles Borda, sent by the Royal
Academy of Sciences of France to Tenerife with
the same objective, obtained a value of 1905
toises (3,713 m), very close to the true elevation
of 3,718 m (Borda 1776). Even Alexander von
Humboldt, who arrived in Tenerife in 1779, was
unable to improve Borda’s work, which
remained the best measurement of Teide’s alti-
tude until 1851 (Fig. 1.10).

C. i vo Sure—

However, the importance of Humboldt’s visit
to Tenerife was not only related to the accurate
assessment of Teide’s altitude, but to his geo-
logical and volcanological observations. Despite
the fact that von Humboldt was a former student
of Abraham Gottlieb Werner, the founder of the
school of Neptunism, he completely changed his
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Fig. 1.7 The exact elevation of Teide was important to
determine the position of ships by trigonometric calcu-
lations (d’Eveux Claret de Fleurieu 1773)
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Fig. 1.8 Measurement by triangulation of the altitude of Teide volcano made by Borda in 1776 (Preiswerk 1909)

Fig. 1.9 Painting from the
epoch of the measurement
of Teide’s elevation. Here,
a view at the summit of
Montafia Taoro
(Montaneta del Puerto in
the drawing of Fig. 1.8),
one of the stations used in
the triangulation

Giovanni Bocaccio 1341 30 miles
. . . . Alvise Ca’da Mosto 1455 60 Italian miles
ideas after travelling to Tenerife and observing i 1555 18 marine leagues

the island’s volcanism, particularly Teide vol-  Thomas Herbert 1624 15 miles

: Bernhardus Varenius 1650 4 miles and 5 furlongs
cano and the recent eruptive vents and flows — C-t- ot 1668 27 miles

around the stratocone. His former idea that the  Allain manesson Mallet 1683 15 miles

German basalts were formed through chemical ~ Rebert Challe D TR e CRHD
L. . . L. . Louis Feuillée 1724 2193 toises 4274 m
precipitation, crystallisation and deposition in  Manuel Hernéndez 1742 2658 toises 5180 m
the sea could not resist confrontation with Ten-  John Cross 17828 2405 tolses gos3im
. 1, . Thomas Astley 1744 2,25 miles 4162 m
erife and Teide’s volcanism, and he eagerly  michel Adanson 1794 2052 toises 3999 m
admitted that these rocks were formed by vol-  Jean Charles Borda 1776 1095 toises 3713 m
1) his i he b lified Alexander von Humboldt 1799 3736 m

canoes. On this journey, he became a qualifie Charles Phillipe de Kerhallet 1851 3715 m
and enthusiastic promoter of Plutonism and  Charles Piazzi Smyth 1856 3717 m
Parque Nacional del Teide 1954 3718 m

modern Geology, and of Teide volcano itself,

through his prolific scientific writings and lec-  gjg, 1,10 Recorded elevation of Teide volcano through
tures (Preiswerk 1909). history
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Leopold von Buch, also a former student of
Abraham Gottlieb Werner and an ardent nep-
tunist, visited Tenerife in 1815 following Hum-
boldt’s advice. He also was soon persuaded of

the volcanic origin of Teide and the surrounding
Las Cafiadas Caldera; contradicting Werner, he
admitted that volcanism is one of the main
processes on Earth. However, after taking this
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Fig. 1.11 To Leopold von Buch, Tenerife and La Palma
were the prototypical examples of uplifted craters (or
“craters of elevation”, to distinguish them from eruption
craters). The islands had been thrust upwards and then
collapsed at their centres to form an uplifted crater or
“caldera”, a term that he took from La Palma. In this
theory, that surprisingly had immediate success, the
island was not the result of lava accumulation but
“emerged ready-made from the interior of the earth”.

a Map of the island of Tenerife by Leopold von Buch
(Jeremine 1930). b Map of the island of La Palma by
Leopold von Buch (Jeremine 1930). ¢ The Pic de
Tenerife (Mt. Teide) and the encircling “uplifted crater”
(the Caldera de Las Cafiadas) viewed from the east in a
drawing by Leopold von Buch (Jeremine 1930). d View
from the west of the “uplifted crater” of La Palma in a
drawing by Leopold von Buch (Jeremine 1930)
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crucial step forward, von Buch took one step
backwards with his theory of Craters of Eleva-
tion (Erhebungscrater), interpreting the Caldera
de Las Cafiadas and the Caldera de Taburiente
(La Palma) as prototypical examples (Dittler and
Kohler 1927) (Fig. 1.11a—-d).

The Craters of Elevation theory was defini-
tively abandoned when Charles Lyell, a student
of James Hutton (the founder of Plutonism),
arrived in the Canaries in 1853 to prove that the
islands were formed by accumulation of suc-
cessive eruptions, and that their calderas were
not caused by uplift, but by collapse and erosion.

These great eighteenth and nineteenth cen-
tury naturalists provided a crucial scientific basis
for the development of modern Geology and
Volcanology, and many of their ideas are still
accepted today. Humboldt expressed concepts
that only recently have been accepted by many
geoscientists in the Canary Islands. While many
of these present day geoscientists still relate
seismicity inside the island’s edifices to major
oceanic fractures, von Humboldt claimed in
1800 that “large destructive earthquakes have
no direct connection with volcanic activities,
which are the cause only of small local
shocks...”, precisely the current distinction
between tectonic earthquakes and local seis-
micity related to volcanism. It was von Hum-
boldt’s idea that “Very high volcanoes have
fewer eruptions than those of low altitude,
because it is more difficult for lava to ascend
them”, a clear explanation of the physical filter
imposed on summit eruptions (particularly the
heavier basanitic and basaltic magmas) in
stratocones such as Mount Teide when magmas
reach a critical height, favouring the eruption of
lighter, phonolitic ones and eventual focus of
vents on the volcano’s periphery.

A lost opportunity was the frustrated visit of
Charles Darwin to Tenerife. Inspired after
reading Alexander von Humboldt’s account of
his ascent of El Teide, Darwin arrived in

J. C. Carracedo and V. R. Troll

Tenerife in 1831 as the expedition naturalist
aboard the HMS Beagle. However, as Darwin
reports “After heaving to during the night we
came in sight of Tenerife at daybreak... The
peak or sugar loaf has just shown itself above
the clouds. It towers in the sky twice as high as I
should have dreamed of looking for it. Oh mis-
ery, misery, we were just preparing to drop our
anchor within half a mile of Santa Cruz when a
boat came alongside bringing with it our death-
warrant. The consul declared we must perform a
rigorous quarantine of 12 days. Matters were
soon decided by the Captain ordering all sail to
be set and make a course for the Cape Verde
Islands... And we have left perhaps one of the
most interesting places in the world, just at the
moment when we were near enough for every
object to create, without satisfying, our utmost
curiosity”. The reason to prevent Darwin from
going ashore was the cholera outbreak in
England in 1831. No doubt Darwin’s visit could
have made a great difference in the progress of
Volcanology!

A significant advancement in the geological
knowledge of Tenerife and Teide Volcano
came with the work in the second half of the
nineteenth century of the German geologists
Fritsch, Hartung and Reiss (von Fritsch 1867).
The first geological map of Tenerife was
compiled by W. Reiss, already depicting the
main volcano-stratigraphic units of the island,
many aspects of which are still valid today
(Fig. 1.12).

The main effort in the last decades of the
nineteenth century and the first part of the
twentieth was addressed to finding a solution for
the origin of the Caldera de Las Cafiadas and the
Orotava and Giifmar Valleys, once von Buch’s
earlier “Craters of Elevation” theory was
abandoned. To Fritsch and Reiss, the two mor-
phological depressions forming the Las Cafiadas
Caldera—divided by the Roques de Garcfia large
spur—are the headwalls of two main drainage
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Fig. 1.12 The first geological map of Tenerife (von (the NE rift zone); yellow, the flanks of Teide (the Las
Fritsch 1867). The main volcano-stratigraphic units of Cafiadas volcano); red stripes, Teide lavas filling the
the island are clearly defined: in blue, the oldest lavas Caldera de Las Canadas and the Icod Valley; green,
(the Miocene Shields); orange, the Cumbre de Pedro Gil  recent lavas; red, historic eruptions (Meyer 1896)
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Fig. 1.13 Geological sketch map by Bravo-Bethencourt and Bravo (1989); from (Arafia and Coello 1989)
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systems, the Las Cafiadas Caldera being an
erosive feature similar to the Taburiente Caldera
in La Palma, as proposed by Lyell in 1835 (von
Fritsch and Reiss 1868). In contrast, Gagel
(1910) postulated an explosive origin, similar to
the Krakatau 1883 eruption, whereas Friedlander
suggested a collapse caldera, similar to the
Somma-Vesuvius complex (Friedlander 1915).
Several models combining erosion, explosion
and vertical collapse were proposed in the fol-
lowing years (Hausen 1955).

The valleys of La Orotava and Giiimar were
explained by von Fritsch, Hartung and Reiss as
“intercolline Rdume”, valleys formed by lava
accumulation at both sides of the depression
(von Fritsch 1867).

Mount Teide in the Framework
of Modern Volcanology: The
Twentieth and Twenty-first
Centuries

Research on Teide Volcano and the Las Cafiadas
Caldera during the first half of the twentieth
century was mainly focused on petrological
studies, prompted by the Chinyero eruption in
1909 (Preiswerk 1909; Kunzli 1911; Dittler and
Kohler 1927; Jeremine 1930; Smulikowski 1937).

The Symposium of the International Associ-
ation of Volcanology and Chemistry of the
Earth’s Interior 1AVCEI) hosted in Tenerife in
1968, fostered the geological study of the Canary
Islands, particularly Tenerife and Teide Volcano,

Fig. 1.14 Geological map of the Teide volcanic com-
plex (Ablay and Marti 2000). This map is restricted to the
Teide-Pico Viejo stratocones and vents, and the proximal

M0 w s owg g %0

edges of the NW and NE rift zones. Only one radiometric
age is provided, which dates the 2 ky eruption of
Montaiia Blanca (Ablay and Marti 2000)
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Fig. 1.16 Magmatic series of the Teide volcanic com-
plex and the Mauna Loa and Mauna Kea volcanoes,
forming respectively the Teide and Hawaii National
Parks. In contrast to the basic magmas of the latter, the
eruptions of Teide National Park include more evolved
rocks (phonolites, trachytes). Combined, both sites

since then a research objective of global interest.
Research efforts were directed to the study of the
older (>200 ky) pre-caldera Las Cafiadas Vol-
cano (Fuster et al. 1968; Ridley 1970; Arafa
1971; Booth 1973; Wolff 1985, 1987; Marti et al.
1994; Bryan et al. 1998, 2000, 2002; Edgar et al.
2002; Huertas et al. 2002; Pittari et al. 2005;
Bryan 2006; Edgar et al. 2007) and the genesis of
Las Carfiadas Caldera (Navarro Latorre and Co-
ello 1989; Watts and Masson 1995; Mart{ et al.
1997; Ancochea et al. 1999; Cantagrel et al. 1999;
Marti and Gudmundsson 2000).

However, since 1968, limited progress was
made on the reconstruction of the latest (post-
caldera) volcanic phase of Tenerife (Fuster et al.
1968). Research was restricted to a revision of
the early work and mapping (Navarro Latorre
and Coello 1989), although recently petrological
and geochemical aspects have improved con-
siderably (von Fritsch 1867; Ablay et al. 1998;
Ablay and Marti 2000; Wiesmaier et al. 2011),
as well as the analysis of potential hazards of the

T
50

60 70

SiO, (%)

represent the entire series on a large scale, with their
corresponding eruptive mechanisms, volcanic features
and landforms, justifying both Parks being included in
the UNESCO World Heritage list (analytical data from
Clague 1987; Rodriguez-Badiola et al. 2006)

volcano (Araiia et al. 2000; Marquez et al. 2008;
Marti et al. 2008).

Particularly surprising is the almost total lack
of geochronological information in many recent
papers, since dating was restricted to a single age
for the Montafia Blanca lava dome at the base of
Teide (Ablay et al. 1995). Several authors (Arafia
et al. 2000) even stated that dating the Teide
volcanic complex was unfeasible, due to the
impossibility of applying K/Ar and *°Ar/*°Ar
techniques to this period and the absence of suit-
able organic material (charcoal) for radiocarbon
dating. Eventually this proved possible neverthe-
less, and a set of 54 new ages provided for the first
time precise age constraints of the recent eruptive
history of Teide Volcano and its associated vol-
canism (Carracedo et al. 2003, 2007). These new
geochronological data form a framework on
which to base the understanding of the structural
and volcanic evolution of the Teide volcanic
complex, and establish a realistic assessment of
eruptive history and potential hazards.
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Besides the geological maps of the Teide
volcanic complex (Figs. 1.13, 1.14, 1.15) other
newly developed resources facilitate the study of
this geological area. Very accurate topographic
maps (1:5000 and 1:10000) with shaded relief
DTMs, 1:1000 and 1:500 orthophotographs and

other thematic maps can be downloaded from
http://visor.grafcan.es/visorweb/.

Teide National Park was inscribed on
UNESCO’s World Heritage List in 2007 (http://
whc.unesco.org/en/list/1258) recognised for its
natural beauty and its importance in providing
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evidence of the geological processes that under-
pin the evolution of oceanic islands, comple-
menting those of existing volcanic properties on
the World Heritage List, such as the Hawaii
Volcanoes National Park (Carracedo 2008).

The contrasting magmatic series of Hawaii
and Teide National Parks is probably the
basic argument to demonstrate how excep-
tional Mt. Teide is and how the Teide
National Park complements the only listed
volcanic National Park in an intraplate island,
the Hawaiian Volcanoes National Park

(Fig. 1.16). The magmas of Mauna Loa and
Kilauea volcanoes located within the Hawaii
Volcanoes National Park correspond to the
less evolved “basalts” of the magmatic evo-
lutionary series of intraplate islands. In con-
trast, the eruptions of Teide National Park
span the entire series, including the more
evolved rocks (phonolites, trachytes). Com-
bined, both sites represent the entire series on
a large scale, with their corresponding erup-
tive mechanisms, volcanic features and land-
forms, justifying both Parks to be registered
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in the UNESCO World Heritage List (in 1987
and 2007, respectively).

The Teide area is a major setting for interna-
tional research with a long history of influence on
Geology and geomorphology, which, as we have
seen goes back to the works of von Humboldt, von

l‘._l;nfl:lil.ll e “-::ll/,’
N R

Buch and Lyell, and which made Mount Teide a
significant site in the evolution of Volcanology as
a science. Access within the Park is restricted
these days, with visitors confined to marked paths
and roads. Permission is required for collecting
rocks and accessing Teide’s summit.
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Abstract

Long-lived and lively debates commenced in the Canaries several
decades ago regarding geological evidence that potentially helps to
clarify important features and processes of ocean island volcanism. This
included the true nature of the crust underlying the islands, the ultimate
cause for the existence of the magmatism in the archipelago, and how
large-scale morphological features that shape the islands, such as rift
zones and giant landslide scars, have actually formed. The Canaries, once
considered to be remnants of an older and larger sunken landmass, are
now firmly integrated into the general framework of ocean island
volcanism, thus gaining from the abundant geological information
published in this field, and in return, providing volcanological data of
global significance for ocean islands elsewhere.

2.1 Introduction

As volcanoes develop, they initially go through
a constructive phase of evolution in which
growth of the edifice through volcanic activity
outpaces destruction through mass wasting
(Hoernle and Carracedo 2009). During the
destructive phase of evolution, mass wasting and
erosion exceed volcanic growth and island vol-
canoes decrease in size until they are eroded to
sea level. In this context, Teide Volcano cur-
rently represents the peak of development of
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Canarian volcanoes, the western islands not
having yet attained this stage, and the eastern
ones being already beyond it.

2.2  The Canary Volcanic Province

Tenerife lies, in time and space, at the centre of
the Canary archipelago, the emerged islands
forming a 490 km-long chain that increases in
age towards the African continent (Fig. 2.1).
However, to understand the genesis and evolu-
tion of this archipelago we have to take into
consideration not only the presently emerged
islands (Neocanaries) but the older islands,
already submerged (Palaeocanaries). As the
African plate moves over the magma source, it
cools and subsides, and the older volcanoes of
the chain sink beneath sea level forming

J. C. Carracedo and V. R. Troll (eds.), Teide Volcano, Active Volcanoes of the World, 23
DOI: 10.1007/978-3-642-25893-0_2, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 2.1 Image (NASA)
showing the Canary
Islands, in the central east
Atlantic off the African
coast
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seamounts. Therefore, from a geological point of
view, it is crucial to take into account the entire
chain of islands and seamounts, summarised as
the Canary Volcanic Province (CVP).

The west to east aging of the Canaries is very
well documented from abundant radiometric age
determinations and from marine geophysical
data, indicating that the ages of the oldest rocks
of the different islands consistently increase from
west to east, whereas their aprons consistently
overlap in the opposite direction (Fig. 2.2).

Evidence for age progressive volcanism in
the submerged, northern part of the CVP
(Fig. 2.3) comes from radiometric dating of
seamounts (Geldmacher et al. 2001, 2005). As
quoted by these authors, additional evidence for
age progressive volcanism in the Palaeocanaries
is proven by a widespread and time-transgres-
sive seismic layer, interpreted to reflect volcanic
ashes from the Canary hotspot (Holik et al.
1991), present in oceanic sediments marking
the Cretaceous/Tertiary boundary near Lars
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Fig. 2.3 Schematic diagram showing the age progressive chain of islands and seamounts that forms the Canary
Volcanic Province (ages from Geldmacher et al. 2001; Guillou et al. 2004)

seamount, but getting younger towards the
Canary Islands.

The CVP and the Madeira Volcanic Province
(MVP) show some interesting common features.
Both volcanic lineations follow parallel curved
trends (Geldmacher et al. 2001), suggesting that
the islands formed roughly at the same average
rate and in the same direction over the last
70 My (Fig. 2.4).

2.3 Genetic Models for the Canaries

Different hypotheses have been published to
account for the origin and structural evolution of
the Canary Islands. However, two models have
been the subject of a lively debate since 1975.
Anguita and Hernan (1975) attributed the
Canarian magmatism to a propagating fracture
from the Atlas mountains, a model based upon
structures that cut through the lithosphere to be
the cause of, and the control for, the location of
the Canary volcanism. Alternatively, Carracedo
(1975) postulated an upwelling mantle plume
(cf. Morgan 1971), a feature largely independent
of the lithosphere.

Although volcanic chains can be formed in
relation to transform faults or propagating frac-
ture zones (e.g., Azores), it is not easy to explain

how large volcanic chains such as the Canary
Islands can be generated within the context of
decompression fracturing (McKenzie and Bickle
1988; White and McKenzie 1989). Furthermore,
the lithosphere around the Canaries is among the
oldest (Jurassic) and thickest on Earth, and
therefore lithospheric faults would be problem-
atic to account for the large volumes of magma
required to develop the Canary and Madeira
Volcanic Provinces. Stress-induced magmatism,
reactivation of pre-existing fracture zones
(Favela and Anderson 2000) or propagating
fractures (Anguita and Hernan 1975), may
channel the magma inside the lithosphere and
control the geographic arrangement of island
volcanoes. However, hotspot trails intersecting
fracture zones (e.g., Azores) generally do not
show a systematic age progression as is evident
in the Canary archipelago (Guillou et al. 2004).

Although local seismicity has been detected
around the Canaries, no evidence has been found
to prove the existence of any major fault con-
necting the Atlas mountains with the Canaries in
any detailed geophysical studies of the area
(Martinez and Buitrago 2002) or in the Atlantic
around the Canarian archipelago (Watts 1994;
Funck et al. 1996; Watts et al. 1997; Urgeles
et al. 1998; Krastel et al. 2001; Krastel and
Schmincke 2002). Features interpreted to be
crustal fractures that predated and facilitated the
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formation of the Canaries, supporting their
fracture-related origin (Geyer and Marti 2010),
proved to be artifacts associated with ship tracks
created during multi-beam data acquisition
(Carracedo et al. 2011a).

Conversely, Canary and Madeira Volcanic
Provinces age progression and curved synchro-
nous tracks, clearly different from the E-W
orientation of fractures or transform zones in the
East Atlantic (Geldmacher et al. 2005), can be
better explained in the context of a hotspot
model (Carracedo et al. 1998).

Several features of the CVP, however, are not
easily explained within the context of the clas-
sical mantle plume model, particularly the
exceptionally long period of volcanic activity of
islands in the CVP (e.g., at least 23 My for
Fuerteventura). Geldmacher and coworkers
(2005) proposed interaction of a Canary plume
with edge-driven convection at the margin of the
African craton (Fig. 2.5), consistent with further
observations by Gurenko et al. (2006).

24  Hot Spot Dynamics and Plant

Radiation

Macaronesia is a biogeographical region based
on the existence of many common elements of
flora and fauna. Recent phylogenetic analyses
provided evidence of close similarities between
species of the Macaronesian flora and the Iberian
and Moroccan populations—particularly laurel
forest communities, considered to be relicts of
the Paleotropical Tethyan flora, which suggests a
common origin.

The wet and warm climate in Southern
Europe and North Africa during the Paleogene
was conditioned by the influence of the warm
east-to-west circum-equatorial global marine
current, ensuring high temperatures and
monsoon summer rains (Uriarte 2003). These
conditions changed dramatically, and the tropi-
cal flora became extinguished on these conti-
nents as a result of the climatic deterioration
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intense volcanism )

Fig. 2.5 Hotspot or mantle plume model that can
adequately explain the linear younging direction along
a NE-SW oriented path for the Canary Islands (Carra-
cedo et al. 1998). The conventional hot spot model
cannot readily explain the long history of the Canary

triggered by the arrival of the glaciations at
about 3.2 My (Meco et al. 2006) and the onset of
the Canarian marine current. The Iberian and
Moroccan regions became a late refugium for
these populations until the late Pliocene.

However, the presence of palaco-endemic
floral elements in the laurel forests of contem-
porary Macaronesia is difficult to explain
because of the age differences and the excessive
distances from paleotropical sources for the
ocean-crossing dispersal abilities of species.

A new approach, linking radiation of paleo-
tropical flora to the Macaronesian archipelagos
and the hot spot model has been proposed by
(Fernandez-Palacios et al. 2011), suggesting that
large and high islands may have been continu-
ously available in the region for as long as 60
million years (Geldmacher et al. 2005), func-
tioning both as stepping stones and as reposito-
ries of paleoendemic forms and crucibles for
neoendemic radiations of plant and animal
groups. In turn, this model (Fig. 2.6) represents

CANARY VOLCANIC PROVINCE

Older islands
(waning volcanism)

+ 4+ + 4+
./ + CONTINENTAL CRUST+
+ (NW AFRICAN CRATON)

+ NE + % + +
. COLDER CRATON

Thermal
discontinuity

Islands and the occurrence of historic volcanism in
Lanzarote. However, a coherent explanation may be
interaction of small-scale upper mantle convection at the
edge of the African craton with the Canary mantle plume
(modified from Carracedo 1999; Geldmacher et al. 2005)

additional, non-geological evidence that is con-
sistent with a hot spot origin for the Macarone-
sian archipelagos.

2.5 Absence of Significant
Subsidence as a Crucial

Feature in the Canaries

Possibly one of the most relevant differences in
the geological evolution of the Hawaiian and the
Canarian archipelagos is the absence of high-
rates of subsidence characteristic of the majority
of mantle plume-related islands in the Canaries.
While ocean islands generally rapidly subside
below sea level to become guyots, the Canaries
remain above sea level for very long periods
(e.g., Fuerteventura >23 My; Fig. 2.7). Had the
Canaries experienced a subsidence history
similar to that of the Hawaiian archipelago, only
La Palma and El Hierro would still be above sea
level.
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Therefore, this particular feature of the
Canarian archipelago, possibly related to the
characteristics of the oceanic crust in this area of
the NE Atlantic (very old and rigid Jurassic
crust), accounts for the existence of Tenerife and
Teide Volcano (Fig. 2.8), unfeasible in a sce-
nario of high-rate subsidence as on Hawaii.

Teide Volcano
and the Evolution
of the Canaries

2.6

The identical source and genetic processes
recorded on the islands of the Canarian archi-
pelago in a hot spot context may account for
their similarities. However, significant differ-
ences between the islands are evident in their
volume, elevation, morphology and igneous
rock types from W to E, reflecting the increase
in age and progression in evolutionary stage.

In contrast with the Hawaiian and most oce-
anic islands, where subsidence plays a major
role, the Canaries show remarkable long-term
island stability. Mass wasting and erosion,
eventually outpacing volcanic growth, to reduce
the size of the islands until they are eroded to sea
level, requires periods of time that can exceed 20
My (e.g., Fuerteventura).

The age-dependent ratio of subaerial to sub-
marine volume in the Canary Islands increases
from the youngest western to the oldest eastern
islands. However, the increase is not constant
but shows a maximum in the central island of
Tenerife, reflecting that the western islands have
not yet attained the mature stage, while the
eastern islands are already in an advanced phase
of erosive decay (Fig. 2.9).

Therefore, although Gran Canaria, and prob-
ably Fuerteventura, also had central differenti-
ated volcanic complexes (e.g., Roque Nublo
Volcano), they have been dismantled by erosion
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Fig. 2.7 Schematic diagram illustrating significant dif-
ferences in the evolution of the Hawaiian and the Canary
oceanic archipelagos. The former (leff) typify the life
history of oceanic island chains derived from very active
and fertile mantle plumes on relatively flexible, fast-
moving plates. These islands grow very fast and subside
very rapidly into seamounts (the oldest emerged island of
the Hawaiian archipelago formed about 6 My ago). In

(Pérez-Torrado et al. 1995; Stillman 1999; Troll
et al. 2002). Likewise, the western islands may
develop similar central volcanoes in the geo-
logical future, but at this stage of evolution of
the Canarian archipelago only Tenerife, repre-
senting the present evolutionary peak in the
development of the Canaries, appears to meet
the conditions for an active felsic central com-
plex such as Teide Volcano.

A simplified synthesis of the evolution of the
Canary Islands is shown in Fig. 2.10. About 2
My ago a significant change occurred in the
sequential development of the islands. The

Late
8 seamount
| 1 stage seamount

Growth
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Growth>
erosion
No subsidence

stage

Erosion>
. growth
k No subsidence

Tidal flats and shoals

Shoals

and

contrast, the Canaries originate from a less active hot spot
that penetrates a slow moving old plate, and are
composed of long-lived islands with slow growth rates.
The main difference is the lack of significant subsidence
in the Canaries, with islands remaining emerged until
mass-wasted by erosion (modified from Walker 1990;
Carracedo et al. 1998)

consistent construct of the Canarian archipelago
as a single-line chain split after La Gomera into
a dual-line configuration. While the onset of
each successive island started once the previous
one was in decay, La Palma and El Hierro, still
in an early stage of shield growth, are being
constructed simultaneously. This duality may
account for the remarkably slower progress of
island construction in the new dual-line config-
uration compared to the single-line configura-
tion, with an interval of more than 8§ My between
the onset of La Gomera and that of La Palma
and El Hierro.
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Fig. 2.8 The 3,718 m high Teide Volcano, nested inside
the Las Cafiadas Caldera, caps the centre of the island of
Tenerife, and forms a part of the latest phase of volcanic
construction on the island

Tenerife Before
the Construction of the Teide
Volcanic Complex

2.7

The Geology of Tenerife has been extensively
studied (e.g., Hausen 1955; Fuster et al. 1968;
Ridley 1970, 1971; Abdel-Monem et al. 1971;
Carracedo 1975, 1979; Schmincke 1982; Wolff
1983, 1987; Ancochea et al. 1990, 1999; Watts
and Masson 1995; Bryan et al. 1998, 2002;
Thirlwall et al. 2000; Wolff et al. 2000; Edgar
et al. 2002; Walter and Schmincke 2002; Guillou
et al. 2004; Pittari et al. 2005; Walter et al. 2005;
Bryan 2006; Pittari et al. 2006; Carracedo et al.
2007, 2011a; Longpré et al. 2009).

Three main shield volcanoes form the oldest
part of the island with compositions ranging
from undifferentiated to evolved magmas
(basanites to phonolites).

2.7.1 Shield Stage

Fuster et al. (1968) described Tenerife as a large
shield volcano mantled by subsequent volca-
nism, with the core outcropping in the south of

the island (Roque del Conde massif), and at the
NW and NE edges (Teno and Anaga volcanoes).
This idea was supported by later observations
through water tunnels excavated for groundwa-
ter mining (Navarro 1974; Carracedo 1975,
1979).

In a different approach, Ancochea and
co-workers (1990) described the island of Tenerife
as integrated by three old massifs located at the
three corners of the island, representing indepen-
dent island edifices, each with its own volcanic
history (Fig. 2.11a). Most recently, Guillou et al.
(2004) proposed, on the basis of observations from
galerias and stratigraphic, isotopic, and paleo-
magnetic data, that a large Miocene shield not only
forms the central part of Tenerife, but also extends
towards the Anaga massif (Fig. 2.11b, c), under-
lying the NE Rift Zone and the Anaga volcano
(Carracedo et al. 2007, 2011b).

In both models, the eruptive history of Ten-
erife is consistent with the evolutionary pattern
of oceanic islands. It is characterised by the
growth of three main shield volcanoes and a
period of eruptive quiescence followed by post-
erosive rejuvenation volcanism, mainly at the
centre of the island.

The first of these old shield volcanoes devel-
oped at the central part of Tenerife (the Central
Shield, Fig. 2.12a). Erosion and plausibly north-
bound massive landslides mass wasted the
northern, windward flank of the shield, which
only outcrops at present in the southwest, leeward
flank of the island, and close to the Anaga massif.
This geological formation, the oldest outcropping
in the island, has been dated by radioisotopic
methods (*°Ar / *Ar and K-Ar) between 11.6
and 8.9 million years (Guillou et al. 2004).

About 6 My ago Teno volcano grew attached
to the western flank of the Central Shield
(Fig. 2.12b), which was probably already in
eruptive quiescence at that point. The Teno
shield developed in a relatively short period,
from ca. 6.11 to about 5.15 My (Guillou et al.
2004; Longpré et al. 2009).

Finally, the shield-building stage of Tenerife
was completed with the construction of the
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Fig. 2.9 Computer-generated cross section of the Canary Islands, showing age versus height. At present, Tenerife
represents the peak of evolutionary development in the Canarian archipelago (Carracedo et al. 1998)

Fig. 2.10 Sequential
surfacing of the Canary
Islands. An important
feature of the Canary
Islands is the lack of
significant subsidence
compared to other hotspot
archipelagos, such as the FUERTEVENTURA- LANZAROTE
Hawaiian Islands. If the
subsidence rate in the
Canary Islands were More than 20 million years ago 20-15 million years ago
similar to that of the
Hawaiian Islands, only La
Palma and EI Hierro would
still exist as islands
(modified from Carracedo
1999)
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Anaga shield on the opposite side of the island, about 4.89 to 3.95 My (Guillou et al. 2004;
at the end of the northeast prolongation of the Walter et al. 2005).

Central Shield (Fig. 2.12¢). The Anaga volcano The main constructive activity in Tenerife
development took place in the interval from ended about 3.5 My ago with the completion of
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Fig. 2.11 a Ancochea and coworkers (Ancochea et al.
1990) described the island of Tenerife as the integration
of three old massifs located at the three corners of the
island, representing independent edifices, each with its
own volcanic history. b An alternative idea proposed by
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the three large shield volcanoes that, combined,
form the bulk (90 %) of the present volume of
the island. The main phase of activity of the
Central Shield volcano ceased about 9 million
years ago, entering a long (5.5 My) interval of
volcanic repose and erosion (erosive gap),
coinciding with the main phases of construction
of the Teno and Anaga shields.

2.7.2 The Rejuvenation Stage
of Tenerife: Las Canadas
Volcano

Renewed volcanic activity at the centre of the
island  formed Las Cafiadas Volcano
(Fig. 2.12d), from about 3.5 My ago (Ancochea
et al. 1990, 1999; Huertas et al. 2002).
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Fig. 2.13 Simplified geological map and cross-section of the post-erosional rejuvenation volcanism of Tenerife, the
coeval central felsic Las Cafiadas Volcano and the basaltic rift zones

This is the most visible stage of the volca-
nism of Tenerife, since the main part of the
Teide Volcanic Complex (TVC) represents the
latest stage of growth of Las Cafiadas Volcano
(LCV). The coeval activity in the last 3 My of
the rift zones (Chaps. 4, 5) and LCV, the latter
with abundant central felsic volcanism and the
former with predominant fissural basaltic erup-
tions, cover most of the island’s surface, blan-
keting the outcrops of the shield volcanoes
already described (Fig. 2.13).

The LCV has been extensively studied (e.g.,
Booth 1973; Wolff 1983, 1987; Marti et al.

1990, 1994; Bryan et al. 1998; Ancochea et al.
1999; Cantagrel et al. 1999; Edgar et al. 2002,
2007; Huertas et al. 2002; Brown et al. 2003;
Brown and Branney 2004; Pittari et al. 2005,
2006).

According to Ancochea et al. (1999), the
LCV developed in three successive phases sep-
arated by large scale flank collapses (Fig. 2.14).
Phase 1 was predominantly effusive and basaltic,
but in phases 2 and 3 eruptions were more dif-
ferentiated (trachybasalts and phonolites) and
more explosive. In these phases, plinian epi-
sodes erupted pyroclastic falls and pyroclastic
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Fig. 2.14 Stratigraphic model for the Canadas Edifice
(modified from Ancochea et al. 1999)

flows, which were predominantly directed by
dominant winds to cover the southern flank of
the island. Marti et al. (1997) proposed three
main basaltic-to-phonolitic cycles of develop-
ment for the Las Cafiadas Volcano, each cycle
initiated with mafic or intermediate eruptions
that then evolved towards phonolitic products.

This succession of events seems to point to
the simultaneous existence and interaction of rift
zones and the felsic Las Cafiadas Volcano. The
former are probably responsible for the basaltic
(fissural) eruptions and the successive flank
collapses mentioned by these authors. In this
context, the development of Las Cafiadas Cal-
dera and the TVC could represent the pinnacle
of this latest of cycles.

It is therefore possible that several cycles
with similar characteristics occurred before the
TVC developed. However, these cycles took
place in a posterosional island, where rift zones
should be expected to have considerably lower
energy than the rifts on ocean-island volcanoes
in their mainstage of development (e.g., La
Palma, El Hierro, Mauna Loa, and Kilauea).
Therefore, the most probable future scenario is
that their intensity will likely decline, although
this does not imply that the TVC will be the last
cycle of its kind to take place on the island of
Tenerife.

J. C. Carracedo and F. J. Perez-Torrado
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Abstract

Teide volcano, nested inside the Las Cafadas Caldera, offers visitors a
view on one of the most dramatic landscapes in the world. This is due to a
combination of a long volcanic history that ranges from the Quaternary Las
Cailadas volcano to the historical Teide lava flows, as well as to the
particular climatic and geomorphological setting in which Tenerife lies.
In this chapter we review the morphological imprint of the main volcanic
and structural features (massive flank failures, Teide stratovolcano and rift-
zone growth) as well as the Late Pleistocene and Holocene non-volcanic
landforms (aeolian and periglacial landforms, debris flows and alluvial
fans), which provide a useful record of the morphodynamic history of

Tenerife and the variable climate influences to which it is subject.
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3.1 Introduction

The Canary Islands and especially the present day
Teide National Park are, if you will, an open-air
museum of volcanic geomorphology, one of the
reasons why this area was declared a World
Heritage Site by UNESCO in 2007. Despite the
moderate frequency of volcanic activity, the
volcanic landforms are very well preserved and
their diversity is extraordinary. This is due to a
combination of varied volcanic processes, a mild
climate with rare torrential activity (at least dur-
ing the last 500 years), and a long and complex
volcanic history. This diversity of volcanism has
given rise to a wide variety of morphologies:
(1) macroscale (x10-x100 kmg) volcanic mor-
phologies such as central volcanoes with differ-
entiated lavas (Teide), and basaltic rift zones,
(2) macroscale instability features such as giant
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collapse scars (La Orotava and Giiimar, typically
x 10 km?), (3) mesoscale volcanic morphologies
represented by lava flows and cones (x 10° m*-
1 km3), the composition (and viscosity) of which
influences the morphology of these eruptive
landforms, (4) mesoscale landforms resulting
from the morphodynamic and climatic history
(e.g., alluvial fans, debris flows, nebkhas), and
(5) microscale morphologies (e.g., periglacial
features: pipkrakes and sorted stripes). Accurate
topographical data and detailed geological map-
ping (Carracedo et al. 2007, 2011) have allowed
the characterisation of the chronology and mor-
phology of alluvial fans, debris flows, and almost
50 lava flows emplaced over the last 15 ky. This
latter information will be useful for further
investigations using numerical modelling to
understand lava flow propagation as well as
hazard assessment (see Chap. 14).

3.2  Geological Outline

Despite the influence of climate and sea level
variations, the landforms and long-term mor-
phological evolution of hotspot islands, such us
the Hawaiian, Polynesian, Cape Verde and
Canary Islands, are mostly controlled by their
volcanic activity and instability. However, as a
volcano moves away from above a hotspot, the
decline of eruptive rates reduces flank instability
and causes lower rates of erosion (Paris 2002).
In the Canary Islands, the duration of the hotspot
volcanic stage is temporally more extensive than
in e.g., Hawaii because of the slow motion of
the African plate, thus allowing further volca-
nic reactivation and landform rejuvenation
(Carracedo et al. 1998).

The recent evolution of Tenerife Island has
displayed the transition between the hiatus stage
(Teno and Anaga shield volcanoes, inactive for
3.9 Ma) and the rejuvenated stage (central Teide
and rift zones, still active) of ocean island vol-
canism. The central part of Tenerife, through
which Teide grew, is composed of an eroded
shield volcano (Roque del Conde, 11.9-8.9 Ma;
Guillou et al. 2004), later covered by several
phases of rejuvenation including the Las

A. Rodriguez-Gonzalez et al.

Cafiadas stratovolcano at the island’s centre
(3-0.13 Ma). Towering above this edifice are
Teide (<200 ky) and Pico Viejo (<30 ky) cen-
tral volcanoes nested inside the Las Cafiadas
Caldera. Moreover, to the northeast and the
northwest are two rift zones, the NERZ and the
NWRZ respectively, which converge towards
the centre of the island and play a prominent role
in its evolution (see Chaps. 4 and 5). Teide
National Park, opened in 1954, offers visitors a
breathtaking landscape, where landforms reflect
the long and unique volcanic history. This
however, comes at a price—the view comes
hand in hand with the dangers of recurrent flank
instability and erosion.

Massive Flank Failures
and Their Morphological
Imprint

3.3

Flank collapses affecting oceanic shield volca-
noes are the largest flank failures on Earth,
usually involving tens of km’ of volcanic
material. This is the most important process in
the destruction of ocean islands and generally
occur at the end of the main shield building
stage (Carracedo et al. 2011). The lower sub-
marine flanks of the Canary Islands are covered
by 7,500 km® of chaotic deposits, mainly pro-
duced by debris avalanches, as well as by slumps
and submarine debris flows (Masson et al. 2002).
This volume represents 6 % of the total volume
of the archipelago (Paris et al. 2005), and attests
to the large role flank failures play in the mor-
phological evolution of the islands. On the
northern flanks of Tenerife in particular, the
combined thickness of multiple generations of
debris avalanche deposits reaches 700 m with a
volume of 500 km?® (Watts and Masson 1995).
On Tenerife, Teide and Pico Viejo “twin
volcanoes” are nested within a large depression
open towards the northern shore—the Las Cafia-
das Caldera. The large-scale morphology of the
northeastern rift zone also incorporates similar
types of depressions or embayments, i.e., the
Giifmar and Orotava Valleys. It is now com-
monly accepted that the origin of these
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geomorphological imprints is related to flank
instability, despite being sometimes associated
with other processes as well, e.g., caldera col-
lapse in the Las Cafadas case (e.g., Giachetti
et al. 2011).

3.4  Origin of Las Canadas Caldera
The Las Canadas Caldera is an asymmetrical,
horseshoe-type depression 15 km wide and open
to the north, a product of the destruction of Las
Cafiadas Volcano, a former complex stratovol-
cano in the centre of Tenerife. The floor of the
depression rises to 2,200 m a.s.l. in its eastern
part and only 2,000 m in its western part, while
the caldera wall rises to an average height of
~ 600 metres above the caldera floor. Intrusive
remnants of the Las Cafiadas stratovolcano mark
a change in the slope of the caldera floor (Los
Roques de Garcia). The highest point of the
caldera wall is Montafia de Guajara (2,717 m
a.s.l.). However, at the junction with the Orotava
Valley the wall is completely dismantled (El
Portillo). Indeed, the caldera wall shows topo-
graphical, lithological and morphological varia-
tions which reflect the magmatic evolution and
spatial migration of the active centre of the Las
Cafiadas Volcano from west to east (Marti and
Gudmundsson 2000). The caldera wall also
represents the result of destruction through vol-
cano instability and long-term erosion, recorded
by several generations of colluvium, alluvial
fans, and lacustrine and aeolian deposits.

A key hypothesis regarding the origin of Las
Cafiadas Caldera is a giant landslide on the
northern flanks of Las Cafiadas Volcano (Car-
racedo 1994; Watts and Masson 1995; Cantagrel
et al. 1999). This is due to the spatial and
chronological link between the Icod “palaeov-
alley”, the large embayment in which Teide
volcano and the Las Cafiadas Caldera are loca-
ted, and the offshore debris avalanche deposits
found to the north of the island (Masson et al.
2002). Offshore geophysical surveys north of
Tenerife underline the existence of several
enormous landslide deposits (tens to hundreds of
cubic kilometres), the youngest located directly
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offshore from the Icod palaeovalley (Watts and
Masson 1995, 2001). Vertical subsidence
affecting the central part of Las Cafiadas Vol-
cano has also been a further contributor to the
formation of the Las Cafiadas Caldera with
several medium volume ignimbrite units on the
flanks of Las Cafiadas Volcano being associated
with this process (e.g., Bandas del Sur) (Marti
et al. 1994, 1997; Bryan et al. 1998). The ver-
tical caldera collapse history of the Las Canadas
volcano has likely weakened the edifice and thus
prepared the structural framework for the Icod
lateral collapse (cf. Troll et al. 2002). Thus the
Las Cafiadas Caldera walls are interpreted as the
eroded remnants of a failure headwall, while the
lateral scarps of the embayment are partly
exposed near Icod and La Guancha. The timing
of the Icod failure can be constrained by the age
of the oldest lavas which fill the embayment
(198 ky in the Salto del Front6n galeria) and the
uppermost lavas cut by the headwall: 240 ky in
Icod (see Chap. 6), 170 ky in La Fortaleza and
180 ky in Diego Herndndez (Ancochea et al.
1990, 1999; Marti et al. 1994). Considering the
accuracy of the available dates, the Icod failure
may hence have occurred around 200 ky.
Erosion by numerous debris flows, rockfalls and
rockslides on the steep headwall has subse-
quently enlarged the depression to the south.

3.5 Reconstructing the Icod

Landslide and Teide Growth

The investigation and reconstruction of both the
depth of the landslide surface and the thickness
of volcanic infill in the Las Cafiadas Caldera
took advantage of the many “galerias” (a net-
work of large tunnels excavated to supply the
island with water). Thirty-seven of these tunnels
penetrate Teide volcano at different depth levels
mainly in the northern flank (Marquez et al.
2008). The depth of the base of the breccia
deposit related to the Icod landslide and the
maximum depth of lava flow infill were used to
correlate several geological cross sections,
which in turn allowed mapping of the depth of
the upper limit of the avalanche deposit. The
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Las Canadas Volcano

C))

(b)

(d)

Fig. 3.1 Reconstruction of the formation and evolution of the Las Cafiadas Caldera: a Las Cafiadas Volcano;
b collapse of Las Cafiadas Volcano; ¢ erosion of collapse scarp; d present-day Teide and Pico Viejo volcanoes

correlation between the off- and onshore breccia
distributions shows a U-shaped body covered by
several hundred metres of lava flows and
extending into the Las Cafiadas Caldera and
below Teide volcano (Marquez et al. 2008).

New insights into the geomorphological evo-
lution of Teide strata in the central part of Tenerife
have recently been achieved by combining detailed
field information with GIS-based modelling.
Consequently a topographic reconstruction of the
Las Canadas Volcano, the surface after the giant
landslide, and the surface of the erosive retrogra-
dation of the collapse scarp is now available.

The pre- and post-collapse maps of the Las
Cafiadas Volcano show the changes on the terrain
surface caused by the different processes,
including the collapse sensu stricto and those
associated with the subsequent (mainly fluvial)
erosion. From these topographic surfaces the
corresponding Digital Elevation Models (DEMs)
can be obtained and from there terrain slopes can
be computed (Fig. 3.1). Detailed information
about the calibration and validation methodology
on the resulting DEMs can be found in Rodri-
guez-Gonzalez et al. (2010).

A cut and fill analysis process applied to four
selected DEMs (the Las Cafadas Volcano, col-
lapsed surface of Las Cafiadas Volcano, erosive
retrogradation surface of the collapse scarp and
the present-day Teide Volcano) allows compar-
ison of two raster surfaces of the same area and
identifies locations where elevation values differ.
These areas are traced to form polygons in an
output vector object. The volume of material
added or subtracted can then be calculated for
each area.

The total original volume of the landslides
from the Las Cafiadas Volcano to the coastline
can be obtained from the difference between the
post- and pre-collapse DEMs (173 km®). This
compares favourably with a volume of about
150 km® calculated for the deposit by Masson
et al. (2002). Likewise, the volume of erosive
retrogradation of the collapse scarp is obtained
from the difference between the post- and pre-
erosive border scarp (61 km?), the morphological
evolution of the failure scar depending on the
temporal and spatial distribution of the sub-
sequent volcanism (Paris 2002). The high erosion
rates of a scar, that occur directly after a failure,
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are associated with debris flows, rockfalls and
rockslides from steep slopes. The volumetric
comparison between the failure scars and the
submarine debris avalanche deposits remains
difficult to establish, because of the post-collapse
erosion of the scars, hemipelagic sedimentation
draping the debris avalanche deposits, and the
low accuracy of offshore volume estimates. Using
the methodology outlined in Rodriguez-Gonzalez
et al. (2010), the volume of eruptive products
from Teide Volcano can be determined by cal-
culating the difference between the present-day
DEM and the combined DEMs of the post-col-
lapse scarp and erosive retrogradation of the
border. This calculates to ~ 188 km?>.

La Orotava and Guimar Flank
Failures

3.6

The large-scale morphology of the northeastern
rift zone shows that the Giifmar and Orotava
Valleys, can also be related to giant landslides.
The famous “Valle de La Orotava” is a large
amphitheatre-shaped coastal embayment (119
km?), with two lateral scarps almost perpendic-
ular to the north coast of Tenerife (Carracedo
et al. 2011 and references therein). This geome-
try suggests an origin related to a landslide. The
entire surface of the depression is covered by
post-collapse volcanism and sediments, which
reach up to 500 m in thickness in some locations.
The Los Organos sub-vertical slopes are con-
sidered to be the eroded remnants of the eastern
headwall. The Risco Verde northward-facing
wall corresponds to a structural discontinuity
between Las Pilas lava flows (1.1-0.7 Ma;
Ancochea et al. 1999) and the eastward-dipping
Diego  Herndndez  pyroclastic  deposits
(0.4-0.18 Ma; Mitjavila 1990, Mitjavila and
Villa 1993, Ancochea et al. 1995), which are
heavily eroded, and cannot be related to the La
Orotava collapse. Otherwise, a large and arcuate
slope break is observed between the southern
Tigaiga-Fortaleza scarps and the western Los
Organos scarp. The dip of the lava flows erupted
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from the Pico del Teide and Cordillera Dorsal
eruptive vents varies from O to 10° in the caldera
to 15-30° at the slope break. The ages of these
flows range from 11 to 12 ky (Volcan del Por-
tillo) to 37 ky (Montafia del Cerrillar; Carracedo
et al. 2003). Thus, the southern headwall of the
La Orotava valley is completely overlain by post-
landslide lava flows.

The La Orotava flank failure affected the
northeastern rift zone and the Las Cafadas edi-
fice, the two volcanic structures being contem-
poraneously active for approximately 1 Ma. The
large difference between the subaerial volume of
the scar (57 km?®: Carracedo et al. 2011) and the
submarine volume of debris avalanche deposits
(80 km?; Masson et al. 2002) suggests that the
failure reached the highest parts of Las Cafadas
IIT volcano (which was 2,500-2,700 m high,
Ancochea et al.,, 1999). La Orotava landslide
occurred between 690 £ 10 and 566 + 13 ka.
The maximum age of the failure can be deduced
from the age of the topmost materials which are
cut by the headwalls and rims of La Orotava
Valley. The 270 ky lava flow dated by Ibarrola
et al. (1993) is clearly cut by the western rim of
the collapse, but Carracedo et al. (2007) found a
566 ky old lava flow overlapping the eastern rim.

The Giifmar Valley corresponds to another
flank collapse affecting the northeastern rift zone.
With an area of 129 km?” and a missing volume of
44 km’, it is comparable in size to the La Orotava
Valley (Giachetti et al. 2011). The timing of the
Giifmar collapse is well constrained by the ages of
the youngest lavas topping the walls of the
depression (866 ky) and oldest lavas filling the
failure scar (831 ky; Carracedo et al. 2011).
The morphological evolution and erosion rates of
both La Orotava and Giiimar failure scars are
influenced by the temporal and spatial distribution
of the subsequent volcanism filling the embay-
ments, as previously demonstrated for other fail-
ures on La Palma and La Gomera (Paris and
Carracedo 2001; Paris et al. 2005). Areas preserved
by post-collapse volcanism are dissected by deep
canyons, and retrograde erosion affects the head-
walls (e.g., western part of the Giifmar Valley).
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3.7  Morphology of Teide-Pico
Viejo Central Volcano

Teide Volcano (3,718 m a.s.l.) fills the Icod
embayment, from the central Las Canadas Cal-
dera and beyond to the north coast of the island.
After ~200 ky of volcanic history, Teide is
composed of distinct eruptive vents and mor-
phological features, such as the two stratovol-
canoes, many strombolian cones, and also lava
domes and associated lava flows. The lava flows
are more extensive on the northern flanks of the
volcano than on the southern one, due to the
geometry of the landslide scar that opens and
dips to the north. The length of the flows from
the eruptive centres to the north coast is around
12 km, mostly on 5-20° slopes. The transition
from the lower flanks to the central volcano
itself is marked by a slope break at 1,900 m a.s.l.
on the northern flank and at 2,300 m a.s.l. on the
southern flank. The central volcano has a cone
base 8 km in diameter and displays steep slopes
(20-40°). A single shaded relief view can be
used as a first order summary of the great variety
of volcanic landforms of different ages observed
on Tenerife (Fig. 3.2).

The 200 m high summit cone (El Pitén) was
formed at the end of the last Teide eruption
(1,147 £ 140 BP Lavas Negras; Carracedo et al.
2007) and the material composing the cone is
often altered by fumarole activity near the sum-
mit crater. The crater is 100 m wide, less than
30 m deep and partially filled by lava and rock
falls. The flanks of the volcano are mostly cov-
ered by the glassy phonolite of the Lavas Negras
flow lobes. The thickest and largest flows are
directed towards the southern and the northern
flanks, as Pico Viejo has obstructed their path to
the west. These materials are well exposed on the
southeast and northeast flanks. Erosion has pro-
duced gullies between the lava flows, generating
debris falls and flows to the base of the volcano,
the most relevant debris fans being observed at
the bottom of Las Calvas ravine (northwest flank:
Corredores Munich) and near the cable car station
(south flank). The spatial distribution of the lava
flows reveals buried morphologies of “Old

A. Rodriguez-Gonzalez et al.

Teide”, such as (1) a phreatomagmatic vent on
the northwest flank at 2,700 m a.s.l., associated
with surge deposits found in Las Calvas (see
Chap. 12) a 700 m deep depression buried by the
terminal cone at 3,500 m a.s.l., open to the east
and associated with pyroclastic deposits. Thus,
the lavas of “Old Teide” exposed on the east
flank could have erupted from this previous
depression, which may correspond to a crater or a
small graben.

Pico Viejo appears as a secondary volcano on
the southwestern flank of Teide, at the junction
with the northwest rift zone (NWRZ). Episodi-
cally active for 27.5 ky (Carracedo et al. 2007),
Pico Viejo produces less differentiated lavas
than those of Teide and its flanks are less steep
(15-35°). The main crater (800 m wide and
140 m deep) is truncated to the southwest by a
deep phreatic vent (300 m wide and 130 m
deep). Surge deposits overlying the remnants of
a lava lake can be observed on the southern
walls of the main crater.

Finally, the majority of the recent volcanic
activity of Teide volcano has been associated
with peripheral vents on its lower slopes (e.g.,
Roques Blancos, Pico Cabras, Montafia Abejera,
and Montafia Blanca: see Chap. 6 for ages). The
activity of these vents involved at least seven
voluminous phonolitic flows on the north flank,
three of them reaching the coast (see Chap. 14
on hazards). These lava flows have a blocky
texture and are channelled by lateral levees.
Their thickness is more than 30 m, but can reach
160 m in Roques Blancos (northwest flank of
Pico Viejo). Considering their high volume
(>0.5 km®), these eruptions might last for weeks
to months. As a side effect, these massive flows
seem to locally have improved the flank stability
of Teide Volcano.

The pre-historic and historic lava flows
located on the west and southwest flanks of Pico
Viejo (e.g., Montafia de Chio, 3932 + 213 BP;
Montafia Reventada, 900 + 150 BP; Las Na-
rices, 1798) represent the junction between the
Teide central volcano and the northwest rift
zone, as demonstrated by the occurrence of
intermediate compositions and magma mixing
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Fig. 3.2 Shaded relief view of Pico del Teide and Pico Viejo volcanoes, showing late Pleistocene and Holocene non-

volcanic landforms (UTM coordinates, WGS84 datum)

features between mafic and phonotephrite to
phonolite magmas (Wiesmaier et al. 2011; see
Chap. 11).

3.8 Young Volcanic Landforms

of the Rift Zones

Volcanic rift zones display a characteristic
morphology defined by the alignment of erup-
tive centres along a main axis, a lateral

distribution of the lava flows from this axis and
the absence of a central volcano (see Chaps. 4
and 5). Volcanic rift zones are 10-20 km long
and 1,500-2,000 m high (e.g., El Hierro and La
Palma islands). The northeast rift zone of Ten-
erife (Cordillera Dorsal; see also Chap. 5) is
built between the Anaga shield volcano
(4.9-3.9 Ma; Guillou et al. (2004) and the Las
Cafiadas Caldera. The available K-Ar ages
suggest that the main volume of the NERZ was
accumulated in a relatively short time span
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Fig. 3.3 Photographs and 3D images of the different
morphologies of volcanic cones along the rift zones of
Tenerife. a the cone of Montafia Reventada
(900 £ 150 BP) is breached towards the west by lava

(1.1-0.83 Ma; Carracedo et al. 2011). The rift
zone volcanics extend up to the eastern part of
the Las Cafiadas Caldera (e.g., Montafia Most-
aza, Arenas Negras). Despite the historical
eruptions (1704-1705), the NE rift zone appears
to be declining in activity, with less than 10 %
of its area covered by lava flows erupted during
the last 12 ky. The volumes of lava emitted
(~150 x 10° m?) during this interval are lower
than those of the NW rift zone
(~800 x 10° m®) within the same episode,
making the NWRZ the most active volcanic
structure of the island, with 95 % of its area
covered by lava flows emitted during the last
12 ky. In comparison to the Las Cafiadas Cal-
dera the landscapes of rift zones vary little and
are mainly composed of strombolian lapilli
(picon) and associated ‘a‘a lava flows (malpais)
(‘a‘a flows are defined by an extremely irregular
surface, usually covered by decimetric frag-
ments of broken crust). The diversity of this
landscape is therefore controlled by the rela-
tionship between the age of the lavas and the
bioclimatic conditions (vegetation, exposure and
altitude).

flows; b Montafia Samara is a strombolian cone with a
single central crater; ¢ spatter cones aligned on the south
flanks of Teide Volcano, around the cable car station;
d fissure cone of the 1798 eruption (Narices del Teide)

3.8.1 Morphology of Volcanic Cones

Volcanic cones are the most common volcanic
landforms on Tenerife (Fig. 3.3). They are built
up by accumulation of pyroclastic debris around
an eruptive vent. The size of the fragments, from
ash and lapilli to bombs several metres in
diameter, depends upon the VEI of the explo-
sions (Wood 1980a, b). Gas emissions force the
vent open and the ejected pyroclasts follow
ballistic trajectories with most falling near the
vent to generate a slope with an angle of repose
of about 30°. The geometry of cones is mostly
controlled by the structure of the vent (fissure or
central vent) and the pre-existing topography,
but also by the wind direction during the erup-
tion. Cones are rapidly eroded, both by internal
processes (hydrothermal activity, instability
demonstrated by fissures and slope breaks),
further volcanic activity (in the case of poly-
genic volcanoes) and by external processes
(smoothing of the summit ridges, crater filling
and accumulation of material downslope). Thus,
the morphology of volcanic cones is the result of
a combination of volcanic and morphoclimatic
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Fig. 3.4 Comparison of vegetation covering two strombolian cones located at different altitudes: left, Montafia del
Banco (13 ka, 1,280 m a.s.l.); and right, Montafia Mostaza (15 ka, 2,240 m a.s.l.)

processes. The degradational evolution of these
landforms can be broadly correlated with the
time they have been exposed to erosion (Wood
1980a, b; Hooper and Sheridan 1998). However,
the possibility of accurately dating cones by
morphometric analysis is limited (Rodriguez-
Gonzalez et al. 2012) as cone morphometry in
Tenerife is controlled by bioclimatic (Fig. 3.4)
as well as lithological parameters (hydrothermal
alteration, permeability and induration, etc.).
The recent activity of the rift zones of Tenerife
has built dozens of volcanic cones, especially
along the northeastern and northwestern rift
zones. The northwestern rift zone (NWRZ) dis-
plays a wide variety of strombolian cone mor-
phologies (Romero 1992): single cones with a
central crater or with nested craters, coalescent
cones with multiple ridges, the most common
case being a simple cone without associated la-
vas, and hornitos, which are secondary vents from
the surface of lava flows. Further, the interaction
between the water table and the magma can lead
to phreatic explosions (e.g., upper vent of the
1798 fissure) or phreatomagmatic pulses (e.g.,
late activity of Montafia Reventada, as evidenced
by phreatomagmatic deposits on the rim of the
main crater). This can also influence the mor-
phology of the volcanic edifice by enlarging the

diameter and reducing the height of the cone.
Lastly, when the gas content of the magma is low,
the pyroclastic fragments are larger, more ductile
and tend to weld together on landing, thus
building a spatter cone, characterized by steep
slopes (e.g., Montafia Majia spatter cones near
the cable car: see Fig. 3.3).

3.8.2 Morphology of Lava Flows

Historical and pre-historical lava flows on Ten-
erife (Fig. 3.5) are mainly ‘a‘a flows. Their
overall topography masks a chaotic morphology
of lava channels, levees and tubes, penitents
(tilted fragments of lava crust), lava balls and
debris at the front of the flows, islets in the middle
of main flows and hornitos (see Chap. 12).
Pahoehoe lavas are also exposed in the western
part of the caldera (pahoehoe lava flows have a
smooth surface, are composed of coalescent
tubes and tongues and their propagation is con-
trolled by the equilibrium between the cooling
crust and the eruptive rate). They were emitted
during the 1798 eruption (Las Narices) and also
during the early eruptions of Pico Viejo where
lavas overflowed the western rim of the caldera,
spread over the northwest and southwest flanks
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Fig. 3.5 Different
morphologies of lava flows
along the rift-zones of
Tenerife. a ‘A‘a flow
channelled in a barranco
(Fasnia, 1705 eruption);

b ‘A‘a flow of the 1706
eruption (Garachico-El
Tanque); ¢ lava tongue of
the Reventada eruption
(900 £ 150 BP); d thick
phonolitic flows of Roques
Blancos (1712 £ 153 BP);
e pahoehoe flow of Pico
Viejo, covering remnants
of Las Cafadas Volcano
(Roques de Garcia); f:
cross-section showing lava
tongues and tubes of a
pahoehoe flow from Pico
Viejo Volcano

(27030 £ 430 BP)

and finally reached the coast near Los Gigantes
and Icod.

The surface alteration and colour of the lava
flows usually reflect their age, the darker flows
being the younger (e.g., Lavas Negras—the
black lava flows of 1798 in the Las Cafadas
Caldera). Nevertheless, in Tenerife, altitude and
exposure to rapid temperature changes and
humidity are also predominant factors control-
ling the weathering or preservation of lavas. For
instance, the 1706 lava flow in Garachico, on the
wet northern flank of the island, carries much
denser vegetation than the 1705 lava flow in
Arafo, on the southern flank of the island, which
is less exposed to humidity. As a result, the
wetter areas are carry more vegetation, weath-
ering weathering is more intense and the lavas
are very poorly preserved.

The morphological characteristics of lava
flows help to constrain relationships between

their runout length, area, surface morphology
and erupted volume (Walker 1973; Wadge 1978;
Pinkerton and Wilson 1994). Mafic and felsic
lava flows are clearly distinguished on the basis
of their volume vs. aspect ratio. Aspect ratio is
often calculated as the ratio of flow length to
flow width, with width being sometimes highly
variable along the flow. To counteract the errors
induced in the aspect ratio calculation by vari-
able flow width, we used the area of a circle
equal to the flow area as an alternative value.
Variations in the aspect ratio reflect the
petrology and viscosity of lava flows. Basaltic
flows give lower aspect ratios compared to the
more viscous phonolitic lava flows. Both lava
types are able to reach the coast, covering a
distance of 10-15 km (Figs. 3.6 and 3.7). The
phonolitic flows are thick and more voluminous
(1.4 km® for Roques Blancos and 0.7 km® for
the last eruption of Teide), whereas the lava
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flows of the rift zones have volumes rarely
exceeding 100 million m> (Cueva del Raton,
75 x 10° m>; Montafia Cascajo, 92 x 10 m>;
and Montafias de Chio, 110 x 10° m®). The
volume and duration of historic eruptions along
the NW rift-zone of Tenerife allows determina-
tion of their eruption rates. The high eruption
rate of the 1706 Garachico eruption (71 m’/s) is
in the range of the 1669, 1980 and 1989 erup-
tions of Etna, and the 1977-1984 eruptions of
Krafla in Iceland (cf. Harris et al. 2000; Crisci
et al. 2003). The remaining historic eruptions in
Tenerife were less productive (<13 m>/s), which
compares well with examples of the 1983-1987,
1991-1993, 1999 and 2001 eruptions of Etna
volcano (Calvari et al. 1994). Considering the
range of eruption rates and aspect ratios, the

Runout length (km)

duration of past eruptions of the NW rift zone
may have been typically in the order of a week
to one month. However, with individual vol-
umes greater than 500 x 10° m®, the phonolitic
eruptions of Roques Blancos, Pico Cabras, A-
bejera Alta and the last eruption of Teide (Lavas
Negras) may have lasted several months. The
total volume of felsic lava produced in the cen-
tral area of Tenerife during the Holocene
exceeds some 4 km®.

The northern coast near Buenavista del Norte
and Icod de los Vinos is interesting from a
morphological point of view (see Fig. 3.7).
Holocene lava flows of the NW rift zone fossi-
lised the cliff and built coastal platforms (e.g.,
Garachico, Liferfe, and Montafias Negras).
Considering the ages of these lavas and the
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Las Canas

Fig. 3.7 Holocene lavas flowing down from the NW
rift-zone, fossilising the cliff and building coastal plat-
forms on the northern coast of Tenerife. Considering the

coincidence of the platforms with present-day
sea level, the island of Tenerife may have been
vertically rather stable over at least the last 8 ky.
In any case, the surface area of the island
increased by these processes and the old cliffs
are presently located 2.5 km from the coast at
Buenavista del Norte. The lava flows of Pico
Viejo were emitted during the last glacial period
(27-14 ky), a time characterised by a lower sea
level (approximately —110 m). They are now
cut by active cliffs and their seaward extension
remains to be established.

3.9 Late Pleistocene and Holocene
Non-Volcanic Landforms

and Climatic Influences

Due to recurrent volcanic activity during the
Quaternary, most of the landforms on Tenerife
are of volcanic origin, but variably reshaped by
erosion. However, Holocene landforms pro-
duced by periglacial, aeolian and fluvial pro-
cesses can also be recognized (see Fig. 3.2) and
can be used to reconstruct the paleoclimatic
history of the high-altitude areas of Tenerife. An
aspect of recent interest has been the influence of
the growth of Teide volcano and peripheral
domes on the microclimate and morphodynamic
evolution of Las Cafiadas Caldera and its walls.

The Teide edifice is usually above the ‘sea of
clouds’ that accumulates on the northern flanks
of Tenerife Island and is exposed to trade winds.

Garachico

ages of these lavas and the coincidence of the platforms
with the present-day sea level, the island of Tenerife may
have been vertically stable for at least 8 ka

This is a common feature of all Canary Islands
and results in a wetter climate on the northern
side of the islands and a semiarid to arid climate
on the southern flanks. The climate is charac-
terized by a stable atmosphere and dry air (90 %
of the year), bright sunshine (3448.5 h/year) and
scarce rainfall (360-501 mm/year, 43.4 days
including 12.7 days of snowfall) (Bustos and
Delgado 2000). Teide flanks are exposed to
significant climatic variations due to slope ori-
entation and altitudinal changes; the absolute
minimum temperature recorded at 2,372 m a.s.l.
is —9.1 °C, and —16.8 °C at 3,530 m a.s.l.
(Criado 2006). We can assume that above
3,000 m the temperature is below 0 °C for
11 months/year. Thus, the presence of water in
rocks and regolith combined with frost activity
become important factors in morphogenesis.

Evapotranspiration ranges between 546 and
682 mm/year, causing aridity from July to
October. Northwest is the dominant wind
direction in the Teide area (50 %), with a mean
velocity of 8.1 m/s and a record high of 53.2 m/
s. The wind can entrain sand-size and finer
particles over the entire area and in some places
dust devils are frequent and powerful (Criado
et al. 2009; Hollermann 1984) (Fig. 3.8).

3.9.1 Aeolian Landforms

Aeolian landforms are scarce and small in the
landscape of Teide National Park. Two types of
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Fig. 3.8 Dust devil on
Ucanca playa. 7 July 2010
(photo: Nick Brooks)
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aeolian landforms can be distinguished. The first
derives from the interaction between the aeolian
sand fluxes and the shrub vegetation (Spar-
tocytisus supranubius), forming nebkhas, which
are natural accumulations of wind-borne sedi-
ments within or around the canopies of plants.
The second type are ‘climbing-dunes’ which
appear when the wind, carrying sediments,
comes up against a steep relief. These aeolian
landforms are mostly located in the endorheic
areas at the base of the Las Cafiadas Caldera
walls, reworking the distal facies of alluvial fan
systems. Occasionally, the surface consists of a
pavement of closely packed, interlocking angu-
lar or rounded rock fragments of pebble and
cobble size formed by removal of loose, fine-
grained particles, a process known as aeolian
deflation (Criado et al. 2009).

3.9.2 Periglacial Landforms

Periglacial processes from the highest altitude
regions of Tenerife have been described since the
1970s (Hollermann 1978; Morales et al. 1977,
1978). Soils and rocks become sufficiently wet to
allow water to freeze after heavy rains and snow
melt. Frost layers can reach 8—10 cm in thickness

(Hollermann 1978; Martinez de Pisén and Qui-
rantes 1981) and the soil can be frozen for
3—11 months/year near the summit (Quirantes
and Martinez de Pisén 1994; Rodriguez et al.
2010). Frost weathering is very active in the La-
vas Negras (last eruption products of Teide vol-
cano), producing debris slopes at the front and
flanks of these lava flows, especially on the
northern slopes (Corredor de la Isla and Corre-
dores Munich). Pipkrakes (needle ices) are very
common on flat areas, the active layer being some
millimetres to a few centimetres thick. These ice
pieces are formed when the liquid water in the soil
rises through capillary action to the surface
finding air temperatures cold enough to freeze the
water. While growing, they push away small soil
particles. On sloped surfaces, soil creep may be
significantly influenced by needle ice develop-
ment. Soil movements derived from the frost
cycle produce small sorted stripes and polygons.
Sorted stripes are frequent in areas occupied by
basaltic lapilli (Fig. 3.9), while polygons occur in
the Pico Viejo crater, Los Gemelos sector and
also in Montafia Rajada crater (Martinez de Pis6n
and Quirantes 1981; Quirantes and Martinez de
Pis6n 1994).

Another periglacial process includes gelifluc-
tion, a downslope mass movement of soil due to
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Fig. 3.9 Pipkrake and small polygons. Playa la Grieta,
July 7, 2010

Pico Viejo volcano

Fig. 3.10 Pumice deposit shaped in lobes by gelifluc-
tion, on the northern rim of Pico Viejo crater

the freeze—thaw action upon waterlogged top-
soils. The most common result are gelifluction
lobes, which always appear in pumice ash-fall
deposits, are a few metres long and are similar to
terraces (Fig. 3.10). The movement of these lobes
may reach ~50 cm/year (Hollermann 1978).

3.10 Fluvial Landforms
3.10.1 Ravines (“Barrancos”)

Ravines (locally known as barrancos) on the
flanks of Teide volcano are almost rectilinear
and extend in a radial fashion from the summit.
Many more barrancos were in existence around
Teide until recently, but were buried by the
eruption of the Lavas Negras (1.2 ky BP).

The heads of the barrancos are in several cases
higher than 1,200 m; their depth normally is less

than 100 m with slopes ranging between 30 and
40°. The largest ravines are, from east to west,
Corredor Mario (0.34 kmz), Corredor La Corbata
(0.74 km?) and Corredor La Bola (0.50 km?).
The hydrographical networks of the barrancos
are very simple and the head of these barrancos
do not display widening. They have developed
since at least the Late Pleistocene, as the ravines
cut rocky outcrops of Teide older than 32 ky
(Carracedo et al. 2007). Fluvial processes are
sporadic within these barrancos but there is evi-
dence of efficient geomorphological activity
during the last millennium. The Barranco de
Corredor La Bola is partially filled by the Lavas
Negras eruption (Fig. 3.11). The entrance of a
branch of the lava flow inside the barranco has
modified the geomorphic system, and a new
channel, 10 m wide and 5 m deep, was scoured.

3.10.2 Alluvial Fans and Debris Flows

Alluvial fans are depositional landforms occur-
ring where confined streams emerge from
mountain catchments into zones of reduced
stream power (Harvey 1997). There are three
groups of alluvial fans around Teide and Pico
Viejo volcanoes. The first group is located on
the lower most southern flank of Teide volcano
(Bravo and Bravo-Bethencourt 1989; Martinez
de Pisén and Quirantes 1981), the second one on
the southern flank of Pico Viejo volcano, and the
third on the northern flank of Teide volcano
(Corredores Munich). Alluvial fans located on
the lowermost slopes of the Las Cafiadas Cal-
dera wall are not included in this chapter.

The first group of alluvial fans is produced by
the erosive dismantling of the southern slopes of
Teide volcano. The total area of the fan is poorly
constrained because it is partly buried by lava
flows and domes. Its present-day area is
1.83 km?, with a maximum length of 3.5 km. In
the distal sector (close to the Parador building),
the alluvial fan rests upon tephriphonolite flows
from Pico Viejo (20.7 ky BP, Carracedo et al.
2007). Evidence of torrential rain activity after
the emplacement of Late Pleistocene lavas comes
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Lavas Negras

Fig. 3.11 The Corredor La Bola partially filled by the
Lavas Negras eruption

in the form of pockets of rounded pumice gravels
belonging to Montafia Majuia (relatively dated
5-4 ky BP, Carracedo 2006). The eastern sector
of the alluvial fan covers phonolite flows of the
VIII phase of the Montafa Blanca eruption
(2 ky BP, Ablay et al. 1995) whereas the former
barranco was filled by the Lavas Negras eruption
(1.2 ky BP, Carracedo et al. 2007) (Fig. 3.12).
At the apex of the Cafiada Blanca alluvial fan
there are sectors occupied by debris flow deposits,
including boulders up to 18 metric tons. Associ-
ated with these boulders are Guanche dwellings
and abundant pottery remains, providing evi-
dence of debris flows before the sixteenth century
AD. In addition, in a trench next to road TF-21,
the debris flow deposits are overlying the Lavas
Negras eruption (Fig. 3.13). Field surveys of the
levées of more recent debris flows, resting on
debris older than the Lavas Negras eruption, did
not reveal any pottery or tools from the Guanche
culture. This suggests that these debris flow

Lavas Negras (1.2 ka BP)

Phase Vil Montana Blanca (2 ka BP)

Fig. 3.12 Alluvial fan at the foot of teide resting on a
trachyte lava flow from phase VIII Montana Blanca
(~2 ka BP, Ablay et al. 1995); the associated channel
was filled by the Lavas Negras flow (1.2 ka BP)

Fig. 3.13 Debris flow facies on Cafiada Blanca alluvial
fan. The cross-section is located on the TF-21 road.
Blocks with alunite (white arrow) come from fumarolic
areas of the Teide summit

deposits were generated during the last 500 years,
by extreme events of heavy rains (Fig. 3.14). The
most important storm in historical times in the
Canary Islands was the 1826 hurricane (Bethen-
court-Gonzalez and Dorta-Antequera 2010),
which may have been the very occasion on which
this fan formed.

Today torrential activity occurs in channels
with a restricted annual period of activity, due to
limited supplies of melt water and heavy rains.
Stump trees (Pinus radiata) partially covered by
recent sediments are solid evidence for sporadic
torrential activity. Nevertheless, on September



52

A. Rodriguez-Gonzalez et al.

340‘?00 m

3.126.250 m

3.126.000

3.125.750

\_ Debris (22-Sept-2010)
[ Channel

>z

1 Debris flow (>1.2 ka BP)

B Recent debris flow (<0.5 ka BP)

[1Majtia Alluvial fan
[Lavas Negras

e Archaeological sites
\ Road TF-21

2

1 Majuia Pumice ash fall 2, Contour level (20 m)
-

Debris flow

with archaeological sites (>0.5 ka BP)

A Debris flow (22-Sept-2010)

Lavas Negras (1.2 ka BP)

Pumice ash fall Montafia Majua
(upper Holocene 5-4 ka BP)

Debris flow (<0.5 ka BP)
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Fig. 3.14 Geomorphological map of debris flow emplaced at the junction of Corredor La Bola and La Corbata
ravines and detailed cross section along A-A’ (UTM coordinates, WGS84 datum)

22,2010 an unusual summer storm that produced
heavy rains (>90 mm/day) and powerful erosion
of fine hydrothermally-altered material (by fu-
maroles) occurred at the head of the Corredor La
Bola. The resulting debris flow transported sedi-
ment 2.5 km downstream and stopped only a few
metres from the TF-21 road (Table 3.1).

The second group of alluvial fans is located at
the mouth of barrancos on the southern flanks of
Pico Viejo volcano. They are less important in
terms of volume. Present-day activity is limited
to small amounts of sediment reworking inside
these channels. In this area, archaeological
remains from the Guanche culture are frequent
but never buried by recent deposits.

The alluvial fans associated with the Corre-
dores Munich are very young (<last millennium).
In the lower part of the debris cones there is a
system of debris flows with sharp levées. The
lowest ones have been colonized by a natural pine
forest over the last century. The highest debris
flow shows evidence of recent sediment transport,
especially blocks and gravels produced by frost
weathering on Late Pleistocene phreatomagmatic
breccia (Calvas del Teide) and Lavas Negras
flow. The influence of the Little Ice Age on the
activity of these channels and related debris flows
is questionable (Martin Moreno 2011), and fur-
ther investigations are needed to corroborate and
affirm any correlation (Table 3.2).
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Table 3.2 Chronology of debris flows from the northern side of Teide Volcano based on their relationship with volcanic landforms (Carracedo et al. 2007), archaeological

remains from the Guanche culture and their resultant effects on historical forestry

Archaeological

remains

14C

Age

Geomorphology

Lithology/
facies

Location

Alluvial event

Volcanic
event

No evidence

Present

Very well-developed debris flow system

Debris flow

Corredores Munich

Present-day
activity

No evidence

1.2-0 BP

Very well-developed debris flow system (today

under forest cover)

Debris flow

Corredores Munich

Little Ice Age

663-943

AD

Very long a’a’ lavas

Phonolite

Lavas from the top of Teide

Volcano

Lavas

Negras

A. Rodriguez-Gonzalez et al.

The volume of the alluvial fans on La
Corbata debris flow and the large sizes of
clasts (up to boulders), which were produced
before 1.2 ky BP, can be explained as the
result of extreme events of heavy rains, such as
the hurricane of 1826 (Table 3.2).

Acknowledgments Authors acknowledge the Teide
National Park for access to the areas investigated.
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Abstract

Initially recognised in the Hawaiian Islands, volcanic rift zones and
associated giant landslides have been extensively studied in the Canaries,
where several of their more significant structural and genetic elements
have been established. Almost 3,000 km of water tunnels (galerias) that
exist in the western Canaries provide a unique possibility to access the
deep structure of the island edifices. Recent work shows that rift zones to
control the construction of the islands, possibly from the initial stages of
island development, form the main relief features (shape and topogra-
phy), and concentrate eruptive activity, making them crucial elements in
defining the distribution of volcanic hazards on ocean islands.

4.1 Introduction

Rift zones constitute the most pronounced and
persistent structures in the development of oce-
anic volcanic islands because they: (1) control the
construction of the insular edifices, possibly from
the initial stages; (2) form the main relief features
(shape and topography); (3) concentrate eruptive
activity; (4) frequently play a key role in the
generation of flank collapses and the catastrophic
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disruption of well-established volcano plumbing
systems; (5) are crucial structures in the distri-
bution of volcanic hazards; and (6) condition the
storage of natural resources, such as groundwater
(Navarro and Farrujia 1989).

Although rifts were initially recognized on
the Hawaiian Islands (Fiske and Jackson 1972;
Swanson et al. 1976; Walker 1986, 1987, 1992;
Dieterich 1988), a good part of the progress
made in understanding their genesis and struc-
ture has been achieved through their study in the
Canary Islands (Carracedo 1975, 1979, 1994,
1996, 1999; Carracedo et al. 1992, 1998, 2001,
2007, 2011; Guillou et al. 1996; Walter and
Schmincke 2002; Delcamp et al. 2010).

Compared with those of the Hawaiian
Islands, the rifts of the Canaries are considerably
longer lasting, exert greater overall control on
the construction of the islands, and present more
pronounced elements of relief. The lower mag-
matic activity of the mantle plume or hotspot
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Fig. 4.1 Panoramic view from the top of Pico Viejo Volcano onto the North West Rift Zone of Tenerife, an excellent
example of the evolution of a recent volcanic rift. The Teno Miocene Shield outcrops in the far distance (about 20 km)

that has generated the Canaries produces much
lower eruptive rates (Geldmacher et al. 2001).
This favours higher-aspect-ratio rift zones by
accumulation of relatively short flows, promot-
ing the growth of prominent ridges in the relief
of these islands (Fig. 4.1). The very low drift
velocity of the African plate and the apparent
lack of significant subsidence of the Canaries
allow for long periods of subaerial activity of the
islands (at least 22 My), with corresponding
long-lasting rifts that frequently display recur-
rent activity (Carracedo et al. 1998, 2011).

Oceanic Rift Zones. What are
They and What Do They
Represent?

4.2

Elongate zones where eruptive vents concentrate
to form ridges are common and very pronounced
features of oceanic volcanoes. Where erosion has
incised sufficiently deeply into these features,
their internal structure appears as a dense swarm
of dykes broadly parallel to the axis of the ridge,
forming  “coherent intrusion complexes”
(Walker 1992) or “rift zones” (Fiske and Jackson
1972; Carracedo 1975, 1994; Swanson et al.
1976; Wyss 1980; Stillman 1987). This swarm of
dykes generally shows a gaussian distribution,
with the intrusion density falling rapidly to near
zero at the margins of the complexes. A similar
pattern is apparent in the distribution of eruptive
vents in the ridges (Fig. 4.2).

A high concentration of dykes in the rift zones
was first deduced by MacFarlane and Ridley
(1968) from conspicuous gravity ridges in the

Bouguer anomaly map of Tenerife (Fig. 4.3).
According to these authors, the growth of the
island was largely controlled (both subaerial and
submarine parts) by dyke injection along three
major rift zones, with angles of about 120°
between them. This idea was also applied by
Macdonald (1972) to explain the ground plan,
shape and internal structure of the Hawaiian
shields.

Detailed studies of these features have been
carried out on the Hawaiian volcanoes since the
1960s (Macdonald 1965; Fiske and Jackson
1972; Macdonald 1972; Swanson et al. 1976;
Walker 1986, 1987, 1992; Dieterich 1988).
Eventually, Walker (1992) defined rift zones as
the surficial expression of vents and eruptive
sites fed by dyke complexes at depth, pointing
out that these structures may be an invariable
characteristic of ocean volcanoes.

A significant advancement in the understand-
ing of oceanic rifts has been attained in the
Canary Islands, particularly on El Hierro, La
Palma and Tenerife from the 1990s onward
(Carracedo 1994, 1996, 1999; Guillou et al. 1996;
Carracedo et al. 1999, 2007, 2011; Gee et al.
2001; Walter and Schmincke 2002; Walter and
Troll 2003; Walter et al. 2005; Delcamp et al.
2010). This work took advantage of the numerous
water tunnels in Tenerife and La Palma used for
groundwater mining (locally called “galerias”,
2 x 2 m and several kilometres long, with a
combined length for both islands exceeding
3,000 km). These galerias facilitate access to the
deep structure of the rift zones, providing a
unique opportunity for direct observations and
sampling (see Fig. 4.3 in Carracedo 1994).
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Fig. 4.2 Concentration of
Quaternary eruptive
centres in Tenerife, El
Hierro, La Palma (Cumbre
Vieja), and Hawaii (Mauna
Kea). Mauna Kea data
from Porter (1972)
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Fig. 4.3 Bouguer anomaly map of Tenerife showing a
three-pointed star shape (from MacFarlane and Ridley
1968)

The Taburiente shield and Cumbre Vieja
Volcano, both on the island of La Palma, are
end-members in the evolutionary stages of rift
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zones. There, an old and extinct (Plio-Pleisto-
cene) deeply eroded dyke complex (Taburiente),
and a recent (<125 Ky), active rift zone (Cumbre
Vieja) make up the key architectural elements of
the island. The latter allows observation of the
surface distribution of eruptive vents in these
situations, and their main eruptive facies (1 in
Fig. 4.4). This comprises a volcanoclastic facies
(Fig. 4.4) at the central axis of the rift, and a lava
facies (If) at the flanks of the structure. Deeper in
the rift zone, there appears to be a dense group
of dykes, oriented approximately along the rift
axis (2 in Fig. 4.4). These dykes are the conduits
feeding the eruptive vents of the rift, although
part of them probably never reaches the surface
(Gudmundsson et al. 1999). The internal orga-
nisation of the dyke complex can be observed at
the floor of the Caldera de Taburiente, where a
lateral collapse exposed the core of the shield
(3 in Fig. 4.4). The root of the dyke complex is
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Fig. 4.4 Anatomy of TABURIENTE VOLCANG
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progress in a dyke complex if the structure can
New dyke accommodate fresh injections. Since repetitive
intrusion would progressively increase com-
pressive stresses, new injections can only occur
if either flank of the rift zone is free to move
apart (see Fig. 4.5). Therefore, extensional for-
ces add up in growing rift zones and eventually
reach a critical rupture threshold that can trigger

Fig. 4.5 In triaxial rift zones, two of the three arms are  massive landslides.
usually more active, the third acting as a buttress.
Repetitive injections into the active rifts force the

enclosed block between these rift arms outwards oppos- .
ing the buttress and, eventually cause collapse 4.3 Development of Rift Zones

Less active rift zone L
(buttress) Active rift zone

e
etache:

Active flank

rift zone

formed by a plexus of mafic plutonics and Rifts in ocean-island settings can represent the
cumulates related to the magma chambers and surface expression of initial plume-related frac-
pockets that supply the overlying rift eruptions. turing, in response to vertical upward loading
Repetitive injection of blade-like dykes pro- (MacFarlane and Ridley 1968; Wyss 1980; Lu-
gressively increases the anisotropy of the com- ongo et al. 1991; Carracedo 1994, 1996) and/or
plex, forcing new dykes to wedge their path extensional fissures due to volcano instability
parallel to the intrusions (like a knife between and spread, which develop once a volcano has
the pages of a book, Fig. 4.5). If this process is grown to a certain height and instability (Walter
sustained and if injections are sufficiently fre- and Troll 2003; Walter et al. 2005; Delcamp
quent, parts of the rift zones may remain hot et al. 2010, 2012).
(thermal memory) to preferentially guide the Despite advances in the understanding of
path of successive intrusions (e.g., Vogt and Vvolcano deformation, it remains unclear how

Smoot 1984). However, intrusion can only Pparticular rift zones develop. Fractures and rift
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zones in Tenerife have repeatedly developed in
triaxial patterns. These triple-armed rifts are
thought to result from magmatic doming, and
thus slight upward bending of the crust (Carra-
cedo 1994), or gravitational spreading effects
(Walter 2003; Walter and Troll 2003; Walter
et al. 2005). Several such “triaxial rift zones”
exist on the island (as also on El Hierro), some
of which were active simultaneously.

Endogenously  driven mechanisms are
thought to play a major role in establishing axial
volcano architectures. Plumes typically cause
uplift that ruptures the rigid oceanic plate along
three rifts meeting at triple junctions. Com-
monly, two of these rifts become a plate
boundary (either a ridge or a ridge/transform)
while the third does not spread and becomes a
failed arm. A similar mechanism was postulated
by D’Albore and Luongo (2009) and Luongo
et al. (1991) for the tectonic structures of the
Neapolitan area, with the Phlegraecan Fields
occupying the centre of a triple junction gener-
ated by a rising crustal tumescence (a plume).
The regular triple-armed junctions and triaxial
rift zones on volcanoes would then result from
the least-effort fracturing of the brittle crust at
120° angles (Luongo et al. 1991; Carracedo
1994, 1996). This least-effort model (Fig. 4.6) is
considered to explain (a) the aligned concen-
tration of eruptive sites on the Canaries (Tene-
rife, El Hierro and La Palma), (b) the longevity
and direction of rift zones, and (c) the genesis of
volcano sector collapses located in-between
2—120° rift arms (Carracedo 1994, 1996). In this
model, the rift zones are thought to have initi-
ated early in the history of the islands and form
their deep inner structure.

However, important objections to this model
have been raised. If triaxial rift zones developed
simultaneously on particular islands (e.g., Ten-
erife, Hawaii) the location of the centres of those
rift systems should be sufficiently distant from
each other considering the highly viscous
relaxation behaviour of the upper mantle and
flexure wavelengths of the crust (Watts and
Masson 2001). If Tenerife shield volcanoes
(Teno, Anaga and Central shields) are thought to
be triaxial structures, they are probably located
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Fig. 4.6 Model proposed by Carracedo (1994, 1996)
linking volcanic rift zones and landsliding in the Canary
Islands. Three-armed rifts, spaced at ~ 120°, seem to be
the naturally preferred configuration, as in the case of El
Hierro and Tenerife. This architecture is thought to be a
response to least-effort fracturing. The resulting three-
sided base pyramidal edifice geometry may be further
enhanced by landsliding between the rift arms, propa-
gating perpendicular to the rift direction

too close to one another to meet those conditions
(Walter and Troll 2003).

An alternative process is that flank deforma-
tion is caused by rifting, once a volcano
becomes sufficiently unstable for dyke intrusions
to force the flanks of the volcano to spread and
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Fig. 4.7 Whether rifting is a consequence of deforma-
tion from plume-derived updoming and fracturing (a), or
rifting (forceful intrusion) causes a flank to deform by
creeping and spreading (b), the final result of both
processes is convergent. There are pros and cons for both
models and no definitive evidence favours either of them.

creep seaward (McGuire et al. 1990; Elsworth
and Voight 1995; Iverson 1995; Elsworth and
Voight 1996; Delcamp et al. 2010). Therefore,
the question arises whether rifting is a conse-
quence of flank deformation, or rifting causes a
flank to deform. Both models (a and b in
Fig. 4.7) have a completely different initiation,
but the final results are similar. Therefore,
multiple rift systems may develop differently.
Triple-armed rift zones can result from the least-
effort fracturing of the brittle crust (see a in
Fig. 4.7), at the initial stages of development of
a particular island (e.g., the Central Shield of
Tenerife) where plume-related or oceanic frac-
tures may provide important magma pathways
(e.g., Carracedo 1994; Geyer and Marti 2010;
Carracedo et al. 2011). Alternatively, ridge-like
volcanoes have been shown to develop a third
arm once the edifice has matured and developed
instabilities. Then, a more passive rift arm may
open opposite the collapse scar due to exten-
sional stresses (e.g., Walter and Troll 2003;
Walter et al. 2005).
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In fact, both types of rift zones may be present in the
Canaries, with type A predominant in the early stages of
construction of the island volcanoes and type B becom-
ing more prevalent in the latter stages of rift develop-
ment. N number of dykes; L distance across the rift

Observations on Tenerife and EI Hierro
shields as well as in analogue gelatine experi-
ments have shown that slight eccentricity of the
creeping sector focuses dyke intrusion along two
curved axes tangential to the stable/unstable
interface. In contrast, strong eccentricity results
in only one main tangential rift, while other rifts
remain poorly developed (Walter and Troll 2003;
Walter et al. 2005). With initiation of a creeping
sector, an initially radial or ridge-like geometry is
likely to reconfigure and produce rift-zones that
will lead to additional rift arms. The most com-
mon arrangement resulting from such geometry
would be another (third) arm to form the frequent
triple-armed systems. Intrusion into the margin
between stable and unstable sectors may thus
favour the triple-armed configuration.

This architectural evolution may be illus-
trated in the development of the Taburiente
shield in the early subaerial construction of La
Palma, where rift zones seem to have progressed
from an initial disperse radial distribution of
eruptive vents (Fig. 4.8). Southward migration
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Fig. 4.8 a Eruptive vents
and dyke outcrops of the
Taburiente shield volcano
(~0.77-0.4 Ma), La
Palma, with rift zones
forming a radial structure.
The incipient three-armed
rift organisation (solid
lines) was apparently left
incomplete by the
extinction of Taburiente
Volcano at an early stage
of development (from
Carracedo et al. 2001).

b Stages of structural
evolution of La Palma
from an initial radial
structure. The position and
direction of the creeping
flank favoured extension in
an east—west direction on

C))
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of volcanism left the shield extinct and probably
interrupted the organisation of rift zones (Car-
racedo et al. 2001). Conversely, regular long-
lived triaxial rift zones develop where magma
plumbing remains stationary, e.g., the Central
Miocene Shield and the Plio-Pleistocene Las
Cafiadas Volcano, in Tenerife (Fig. 4.9).
Analogue gelatine and sand-box experiments
confirm the generation of a triangular system of
conjugate graben axes in settings reproducing
the steady conditions of El Hierro (Fig. 4.10),
where magma plumbing apparently has
remained stationary, suggesting that these

triaxial rift zones may be a late reconfiguration
as a progressive response to volcano deforma-
tion (Walter and Troll 2003; Miinn et al. 2006).
However, observations in galerias in the central
part of Tenerife show that the dyke complex of
the Miocene Central Volcano follows broadly
the very same orientation as the rift zones that
developed during the formation of Las Cafiadas
Volcano and those of the present day rift zones
(Carracedo 1975, 1979).

At present there is no definitive evidence in
favour of either of these models—endogenously
driven mechanisms or rifting by spreading and
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creeping of volcano flanks. Both mechanisms,
although very different at the start give similar
results. A plausible assumption is that large,
deep triple-armed rift zones develop at the early
stages of island construction by plume related
updoming and fracturing, with later modifica-
tions due to volcano edifice stability issues,
whereas smaller rift systems (not necessarily
multiple) might form entirely from gravitational
spreading and associated structural re-arrange-
ments at unstable volcanoes.

Rift Zones of the Teide
Volcanic Complex

4.4

The Teide Volcanic Complex provides one of
the best possible scenarios to study the charac-
teristics and evolution of rift zones in ocean
volcanoes. The North East Rift Zone (NERZ)
presents a superb opportunity to study the entire
cycle of activity of an oceanic rift zone. This rift,
inactive for hundreds of thousands of years
along most of its length, has been deeply mass-
wasted by erosion and massive landsliding,
allowing an in-depth study of its internal struc-
ture, including the complex network of dykes

J. C. Carracedo and V. R. Troll

exposed (Delcamp et al. 2010; Carracedo et al.
2011). On the other hand, the North West Rift
Zone (NWRZ) represents an outstanding exam-
ple of the latest stages of rift development,
demonstrating interesting patterns of spatial and
temporal distribution of eruptive vents and
associated geochemical and petrological varia-
tions (Ablay and Marti 2000; Carracedo et al.
2007), including rare examples of complex
magma mixing (Wiesmaier et al. 2011).

4.4.1 The NE Rift Zone
This rift zone extends for about 35 km, from the
foot of Teide to the Anaga massif. The deep core
of the rift is an extension of the Central Miocene
shield towards the Anaga massif (Guillou et al.
2004; Carracedo et al. 2011), outcropping at the
NE end of the rift and underlying the Pliocene
Anaga Volcano (Fig. 4.11). The present config-
uration of the NERZ is characteristic of rift
structures, with a cluster of eruptive vents form-
ing the crest of the ridge and lava flows at the
flanks (Fig. 4.12). Vents are tightly packed at the
SW (proximal) end of the rift, whereas at the SE
(distal) tail they end and appear dispersed in a
characteristic fan distribution. The proximal end
of the rift also concentrates the most recent
activity. This part actively contributed to the Icod
lateral collapse and the evolution of the TVC.
The rift apparently had three successive
cycles of activity—in the Miocene, the Pliocene
and the Pleistocene (Fig. 4.13). The last one
(comprising the last million years) is the best
documented and is the only one that is related to
the TVC, at least in its final stages. This latest
cycle of activity of the NERZ has been coeval
with the development of Las Cafiadas Volcano,
but both volcanoes were clearly interacting, as
suggested by sequences of basaltic lapilli from
the NERZ alternating with beds of phonolitic
pumice from Las Cafadas Volcano. It appears
that most recent age dates, in fact, imply that the
Anaga shield is younger than the central edifice,
making an arrangement of shields to form rift-
zones as shown in Fig. 4.10 somewhat unlikely.
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Fig. 4.10 a, b Scaled analogue experiment with gelatine
models. a Gelatine cone before injection of a liquid (the
magma) into the interface creeping/non-creeping sector
and a slight southwestward eccentricity of the lubricated
base. b After injection, 80 % of the experiments
produced a triple-arm intrusion arrangement (Walter
and Troll, 2003). ¢, d analogue experiment with sand

Three reasonably well-dated and documented
successive giant landslides in the latest active
cycle of the NERZ provide relevant information
to understand the genesis and characteristics of
mass-wasting processes in oceanic volcanoes,
and help to clarify the succession of events
giving rise to the formation of the Las Cafiadas-
Icod-La Guancha collapse depression and the
subsequent nested Teide Volcano.

4.4.2 Evolution of the NE Rift Zone

The initial, pre-collapse stages of the latest cycle
of activity of the NERZ developed a volcanic
ridge that may have reached an altitude of about
2,000 m a.s.l. (Fig. 4.14a). The critical phase of
construction was between ca. 1,100 and 860 ky,
when the growth rate may have reached 3.5 m/

cones simulating the overlapping “Tifior cone” and the
“Southern Ridge” (El Hierro) emplaced simultaneously.
After 7.1 h, the “El Golfo cone” was added overlapping
the “Tiflor cone’ and the ridge. In d, the two cones and
the ridge have spread for 34 h showing a triangular
system of conjugate graben axes (Munn et al. 2006)

ky, indicating an intense episode of intrusive and
eruptive activity leading to the progressive
instability of the volcano. This, in turn, led to
dykes changing direction in response to the
increasing instability at this stage (see e.g.,
Walter and Troll 2003; Delcamp et al. 2010)
from 20° to 40°, the main orientation of intru-
sions in the NERZ, to 0°-10° at the final stages.

The main constraint for the time of occur-
rence of the first lateral collapse (Micheque),
with an estimated volume assessed from digital
elevation model analysis of ~60 km?, is pri-
marily based on the ages obtained in the Los
Dornajos galeria (see upper section in Fig. 4.13),
which suggests that this collapse must have
occurred ca. 830 ky, the age of the first nested
lavas above the avalanche breccia. The landslide
generated a basin in the north flank of the rift,
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Fig. 4.11 Google Earth image of the NE Rift Zone of
Tenerife viewed from the Anaga massif (oblique view of
Tenerife from the NE). The rift had already extended in
the Miocene from the central edifice of what is now Las

Las Cafiadas Caldera de Las Cafiadas™._Teide
Volcano e Y

i A TN T Icod
: gl s Valley

e

Orotava
Valley

Micheque .
nested volcanism

The landslide scars of La Orotava and Giifmar are clearly
visible, unlike the Micheque landslide, which is com-
pletely covered by post-collapse volcanism (image
Google Earth)

Cafiadas towards the Miocene-Pliocene Anaga massif.

Fig. 4.12 Simplified
geological map of the NE
Rift Zone of Tenerife
showing the distribution of
eruptive vents and lava
flows. Ages (in ky) from
Carracedo et al. (2011)

probably extending towards the present-day
valley of La Orotava (Fig. 4.14b). Subsequent
volcanism filled large parts of the collapse basin,
extending beyond the coastline, concealing the

,i Vents

o g

Post-collapse Ages (in ky)
‘:l Lavas NERZ activity ® K/Ar ,
- — - La Orotava landslide / Dyke AfH
|:| Nested volcanism

— — — Micheque and Guimar landslides

e, M8 M",,
*’3}1&1\’:’"‘
) -

scar and the avalanche breccia to be only found
in galerias in the northern flank of the rift zone.

A second landslide (the Giifmar lateral col-
lapse, estimated volume: 47 km? ), at the east
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Fig. 4.13 Geological cross-sections of Tenerife (NERZ)
perpendicular to the rift axis (compare with Fig. 4.12 for
section lines). Two of the lateral collapses (Micheque and

flank of the NERZ, formed a pronounced
(10 x 10 km) depression (Fig. 4.14b). The tim-
ing of this collapse is constrained by the age of
860 £ 18 ky obtained from lava flows topping
the southern collapse scar (Pared de Giiimar), and
that of the first volcanism nested inside the
landslide embayment, dated at 831 £ 18 ky.
The eruptive rate and volume of the Giifmar
in-fill formations seem much lower than those of
the Micheque event. This suggests that, although
roughly contemporaneous, the Micheque col-
lapse may have been the first of the two to occur,
coinciding with a phase of intense volcanic and
intrusive activity. This may point to a funda-
mental difference in the mechanism that caused
the two flank failures: distensive stresses asso-
ciated with intense eruptive and intrusive activ-
ity in the Micheque collapse, and gravitational
instability increased by the response to the ear-
lier collapse in the case of the Giifmar landslide.
This would explain the observation that, by far,
the greater part of volcanism continued to be

La Orotava) are crossed by the sections, showing that the
rift zone has been operating for at least for 2.7 Ma. Ages
in ky (from Carracedo et al. 2011)

concentrated in the interior of the first, the Mi-
cheque collapse, even after the Giiimar landslide
took place. This caused the total infilling of the
Micheque depression and the evolution of sig-
nificant volumes of magma (0.5-1.0 km?®)
towards highly differentiated compositions in
this sector (Fig. 4.14c, d).

A third collapse at the northern flank of the
NERZ (Orotava lateral collapse, estimated vol-
ume: 57 km®) formed the Orotava Valley
(Fig. 4.14d). The relatively accurate dating of
the previous collapses has not been achieved in
this last case. Its age is constrained by a mini-
mum age of 566 + 13 ky from lavas of felsic
compositions of the Micheque nested volcanism
cascading over the eastern scar of the Orotava
Valley (Carracedo et al. 2011), and the age of
690 £ 10 ky, obtained by Abdel-Monem et al.
(1971) from the lower part of the collapsed
sequence at the southern (Tigaiga) scar
(Fig. 4.144). It seems therefore that the Orotava
collapse occurred between 690 £ 10 and
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Fig. 4.14 Successive stages of development of the NE Rift Zone of Tenerife (modified from Carracedo et al. 2011;
Abdel-Monem et al. 1972; Ibarrola et al. 1993; Thirlwall et al. 2000)

566 + 13 ky, which places it significantly after
the Micheque and Giiimar landslides.

4.4.3 Decline and Dispersed Activity
of the NERZ

Following the three collapses, the rift entered
into a stage of stabilisation and progressively

decreasing eruptive activity. Simultaneously, the
dispersion of the eruptive centres, previously
grouped preferentially at the crest of the rift,
increased, particularly at the distal NE end (see
Fig. 4.14d). These eruptions, all of normal
polarity, have given ages of 513 + 12 ky (Car-
racedo et al. 2007), 540 £ 40 ky (Abdel-Mo-
nem et al. 1971) and 560 + 30 ky (Ancochea
et al. 1990). NERZ eruptive activity, although
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Fig. 4.15 Holocene volcanism in the NW rift zone
demonstrating the characteristic groupings of eruptive
vents along the crest of the ridge. Assuming a common
mafic parent from the uppermost mantle, eruptions are

attenuated, has continued until recent times,
particularly in the proximal (SW) area of the rift,
as underlined by ages of 37 &+ 3, 33 &+ 3, and
33 £+ 1 ky (Carracedo et al. 2007), and even to
historic times (e.g., the Fasnia and Arafo erup-
tions in 1705 A.D.).

4.4.4 The NW Rift Zone

Just as the deeply eroded NERZ provides rele-
vant information for the understanding of the
entire cycle of growth and mass destruction of
rift zones, the NW rift, very active in the
Holocene, gives significant details of the tem-
poral and spatial distribution of surface volca-
nism and thus provides indirect information

spatially arranged according to composition, with basa-
nites at the western (distal) end, and phonolites at the
eastern (proximal) end, close to the shallow and differ-
entiated magma reservoirs of Teide Volcano

about the evolution and internal structure of the
TVC magma system during its most recent
volcanic cycle (Ablay et al. 1998; Carracedo
et al. 2007; Wiesmaier et al. 2011).

The eruptive vents cluster in the characteris-
tic pattern of rift zones at the crest of the rift,
while lava flows extend down both flanks
(Fig. 4.15). One of the most interesting features
is the compositional distribution of eruptions,
showing a distinct bimodal series, with basanite
and phonolite, respectively as the distal and
proximal end-members, and intermediate erup-
tions in the central part of the rift zone
(Fig. 4.15). The petrologically distinct magmas
evolved from a common primitive basanite
parent by crystal fractionation (Ablay et al.
1998). The interaction of these two magmas, i.e.,
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basanites with phonolites, that evolved sepa-
rately in a shallow central chamber, led to
spectacular examples of magma mixing (Arafia
et al. 1994; Wiesmaier et al. 2011).

4.5 Rifting and Landsliding

in the TVC

The youngest lateral collapse (Icod) on the north
flank of Tenerife occurred at ~200 ky, as docu-
mented by the age of the lava flows above the
debris avalanche in the galeria Salto del Front6n
(two K/Ar ages of 195 + 12 and 198 £ 5, and
one Ar/Ar age of 192.3 £ 11, from same flow).

From swath bathymetry data, Watts and
Masson (1995) inferred that the debris avalanche
covered an area about 20 km wide and 105 km
long. The tongue-shaped structure, suggesting
high mobility, extends upslope towards a
“chute-like”, apparently erosive feature in the
Icod Valley and the Caldera de Las Cafadas
(Fig. 4.16).

The nature of the collapse is still not fully
resolved (i.e., vertical versus lateral). The vertical
collapse is believed to have formed from several
classical (vertical) caldera collapses between 1.2
and 0.17 My (e.g., Ridley 1971; Booth 1973;
Marti et al. 1994; Bryan et al. 1998). On the other

Las Cafadas _Teide
Caldera ™.

Fig. 4.16 3D representation of the north flank of
Tenerife, viewed from the northwest, showing the
successive lateral collapses. The youngest (Icod) is
indicated in a different colour. Note the extension
upslope of the debris avalanche towards the southern
wall of the Cafiadas Caldera, interpreted as the headwall
of this giant landslide. Teide Volcano is nested in the
Icod collapse depression (from Watts and Masson 1995)

J. C. Carracedo and V. R. Troll

hand, a range of authors have proposed that the
present day Las Cafiadas Caldera is primarily a
landslide scar (Navarro Latorre and Coello 1989;
Ancochea et al. 1990, 1999; Carracedo 1994,
Watts and Masson 1995; Urgeles et al. 1997,
1999; Masson et al. 2002). In fact, strong evi-
dence exists for a lateral collapse (landslide) at
around 200 ky, which is clearly linked to sub-
marine debris avalanche deposits (Fig. 4.16). The
point has been made on experimental grounds
that repeated (vertical) caldera collapses can
weaken the surrounding crust and create a “spi-
der-web”-like arrangement of faults inside and
outside a collapse caldera (Walter and Troll 2001;
Troll and Schmincke 2002). These authors have
argued that in the case of ocean islands, where
coastlines represent un-buttressed free surfaces,
entire “cake slices” may break out of an island’s
edifice by lateral instability once a system of
radial and concentric weaknesses has been
established (Troll and Schmincke 2002). There-
fore, the combined effects of vertical and lateral
collapses may have given rise to the present-day
Las Canadas Caldera, the most recent modifica-
tion being the Teide and Pico Viejo complexes
that currently grow inside the scar of the 200 ky
(lateral) Icod collapse, which in turn, likely
exploited older instabilities in the Las Cafiadas
edifice.

A continuous layer of debris avalanche
deposits extends inside the Las Cafiadas Caldera
below the present Teide stratocone (Marquez
et al. 2008), providing strong support for a land-
slide origin of the currently visible depression.

The relevant aspect of this collapse event is
that it formed a general spatial and temporal basis
for the TVC and had a direct role in its con-
struction and in promoting the magmatic vari-
ability present in the current volcanic complex.

4.6 Rifting, Landsliding

and Magmatic Variation

A comparative analysis of the evolution of dif-
ferent Canarian rift zones, including those of the
TVC, outlines notable common characteristics.
Rifts are recurrent features that show cyclic
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patterns of growth, instability, flank collapse,
nested volcanism, and eruptive decline and dis-
persion (Carracedo et al. 2011).

Variations in magma composition appear to
occur in response to lateral collapses in the
Canaries (Fig. 4.17). A collapse implies disrup-
tion of an established feeding system of a rift,
which allows dense mafic magmas to ascend to
the surface by edifice unloading (Manconi et al.
2009). The result is the concentration of pro-
gressively centralized eruptions focusing in the
interior of the landslide basin, thus progressively
filling up the collapse scar (Carracedo et al.
2007, 2011; Longpré et al. 2009). The
emplacement of magma at increasingly shal-
lower depths within this nested volcanic edifice
will allow for extensive modification of magma
and will lead to progressively more differenti-
ated eruptions, commonly reaching felsic com-
positions (trachytes, phonolites) that become
more and more dominant due to the progressive
increase in height of the volcanoes nested inside
the landslide embayments.

Although felsic volcanic complexes in the
Canaries may originate from a variety of pro-
cesses (Wolff 1983; Pérez-Torrado et al. 1995;
Troll and Schmincke 2002; Paris et al. 2005;
Longpré et al. 2009), a considerable volume of
differentiated volcanism in the Canaries appears
to be associated with rift flank collapses that are

Ankaramite

:l Intermediate lavas I:l Felsic lavas Debris avalanche

followed by abundant and prolonged nested
volcanism. Regularly, these eruptions evolve
from initially mafic to terminally felsic compo-
sitions. Lateral collapses may consequently be
considered to represent a major cause for
structural and petrological variability in ocean
islands (Carracedo et al. 2007, 2011; Longpré
et al. 2009; Manconi et al. 2009), Teide being a
prime example of this feature.
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isotopic dating, magnetic stratigraphy, and isotope geochemistry have
recently become available for this rift and provide a reliable temporal
framework for understanding the structural and petrological evolution of
the entire rift zone. The NERZ appears to have formed in several major
pulses of activity with a particularly high production rate in the
Pleistocene (ca. 0.99 and 0.56 Ma). The rift underwent several episodes
of flank creep and eventual catastrophic collapses driven by intense
intrusive activity and gravitational adjustment. Petrologically, a variety
of mafic rock types, including crystal-rich ankaramites, have been
documented, with most samples isotopically typical of the “Tenerife
signal”. Some of the NERZ magmas also bear witness to contamination
by hydrothermally altered components of the island edifice and/or
sediments. Isotope geochemistry furthermore points to the generation of
the NERZ magmas from an upwelling column of mantle plume material
mixed with upper asthenospheric mantle. Finally, persistent isotopic
similarity through time between the NERZ and the older central edifices
on Tenerife provides strong evidence for a genetic link between

Tenerife’s principal volcanic episodes.

5.1 Ocean Island Rift Zones

Rift zones on ocean islands such as the Canary,
Hawaiian, and Cape Verde archipelagos are major
volcanic surface alignments associated with
intense dyke intrusions at depth. Volcanic rift
zones are extremely important in terms of Ocean
Island growth and evolution as discussed by Car-
racedo and Troll in Chap. 4. Firstly, rift zones
generally form prominent, major topographical
features on ocean islands as they concentrate vol-
canic activity, and thus control the distribution of
both volcanic hazards and natural resources. On
Tenerife (Fig. 5.1), for example, access to fresh
groundwater is aided by water tunnels (galerias)
constructed into the rift zone’s interior (Navarro
and Farrujia 1989). Finally, and perhaps most
importantly, Ocean Island rift zones control the
structure of a growing volcanic edifice, perhaps
even from their initial stages of growth, and thus
define the location of large-scale flank collapses,
which are particularly prominent on Tenerife
(e.g., Carracedo 1994; Walter and Troll 2003;
Carracedo et al. 2011; see also Fig. 5.1).

Ocean Island rift zones were initially recogni-
sed and described on the Hawaiian Islands (Fiske
and Jackson 1972; Swanson et al. 1976; Walker

1986, 1987, 1992; Dieterich 1988). Perhaps the
most significant progress in understanding Ocean
Island rift zone genesis and structural development
has been made through their study in the Canary
Islands (e.g., Carracedo 1975, 1979, 1994, 1996,
1999; Carracedo et al. 1992, 1998, 2001, 2007,
2011; Guillou et al. 1996; Walter and Schmincke
2002; Walter and Troll 2003; Walter et al. 2005;
Hansen 2009; Delcamp et al. 2010, 2012; Carra-
cedo and Troll, this volume). The Canary Islands
as a whole are especially valuable to the study of
rift zone development due to the fact that the rifts
are generally long-lived, dynamic, and conspicu-
ously large structures. The combination of rela-
tively low plume activity feeding the Canaries, low
velocity of the African Plate in comparison to, e.g.,
the Pacific Plate that underlies the Hawaiian
Islands, and a prolonged subaerial volcanic history
with the absence of late subsidence, gives rise to
long-lived ridges on the Canary Islands that are
prone to frequent recurring volcanic activity and
also to recurring volcanic failure (see Chap. 4 for
further discussion). Hence, the spatial circum-
stances particular to the Canary archipelago pro-
vide us with an outstanding and unique
opportunity to investigate rift processes in
immense detail and with as yet unparalleled tem-
poral resolution.
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Fig. 5.1 a Map of the Canary Archipelago, located off
the coast of NW Africa between magnetic anomalies S1
(175 Ma) and M25 (156 Ma) (Roeser 1982) with Tenerife
highlighted. b Simplified geological map of Tenerife
showing / the location of the shield basalt massifs Roque
del Conde (the Central Shield), as well as Teno, and
Anaga, 2 the three rift zones (thick dashed black and red
lines) and the collapse scars flanking the NERZ, 3 the Las

5.2 Geology of the NERZ

and Research Developments

Various intervals of rift zone development are
represented in the Canary Islands. For instance, the
rifts of the younger western islands El Hierro and
La Palma are characteristic of the shield develop-
ment stage. The NW and NE rifts on Tenerife, on

| Micheque,
collapse

Canadas caldera wall, and 4 the location of the Teide
Volcanic Complex at the junction of the three rift zones.
¢ Shaded relief map of the NERZ showing the distribution
of the investigated dykes along the rift (short red lines) and
the three collapse depressions flanking the ridge. The thick
black and white line is the main road TF-24, along which
there is good exposure of the NERZ dykes (see Fig. 5.2b).
(Image adapted after Deegan et al. 2012)

the other hand, represent part of the more
advanced, post-erosional (rejuvenation) stage of
island growth (see Carracedo and Pérez-Torrado,
Chap. 2). The NERZ (Fig. 5.1) has been largely
inactive for thousands of years along most of its
length with only a single known historic eruption
in 1704-1705 A.D., which produced relatively
small volumes of lava (<3.5 x 10° m; Carracedo
et al. 2006). The products of this eruption are
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(a)
T-PV
complex

Fig. 5.2 a Photograph showing the roughly linear ridge
of the Northeast rift zone (NERZ) of Tenerife, and the
Teide-Pico Viejo (T-PV) complex, which sits at the
south-westernmost projection of the NERZ. La Orotava
collapse scar can be seen to the NW of the rift. b Field

restricted to the headwall of the Giifmar landslide
scar (the Arafo volcano), and probably do not
reflect direct rift products themselves (cf. Longpré
et al. 2009). The protracted inactivity, coupled
with extensive erosion, and several giant landslide
events on either side of the rift, has created a dis-
sected anatomy of this oceanic rift system. This
situation allows for in-depth study of the rift’s
internal structure, especially the complex network
of dykes that would otherwise not be generally
accessible, but which is available in the NERZ for
high resolution structural and geochemical studies
(Fig. 5.2) summarised in this chapter.

The NERZ is a ca. 30 km long ridge that extends
from the central edifice of Las Cafiadas at its SW end,
to the Anaga massif at its NE termination (Fig. 5.1).
The overall height of the NERZ decreases from the
centre of the island to the northeast (e.g., Izafia,
2,386 m above sea level [asl]; Ayosa, 2,078 m asl;
Joco, 1,956 m asl; Gaitero, 1,748 m asl). The ridge-
like topography of the NERZ has been shaped by
three successive mass wasting events along its flanks.
From aerial view, these landslide scars can be seen as
depressions on both sides of the ridge (Fig. 5.1). The
Micheque and Giifmar landslides were roughly
coeval, taking place at ca. 0.83 Ma, while the more
recent La Orotava landslide occurred at 0.56 Ma
(Figs. 5.1 and 5.2; Carracedo et al. 2011 and refer-
ences therein).

appearance of dykes intruded along the rift exposed
along the main road TF-24. ¢ Example of a dyke outcrop
that has been drilled to retrieve fresh samples of the dyke
interior for palacomagnetic and geochemical studies
(hammer to fop right of image for scale)

Although the NERZ is one of the pronounced
geological features on Tenerife, its challenging com-
plexity has prevented intense study so far. Recent
research efforts to unravel the complexity of the NERZ
involved systematic and in-depth mapping of the rift;
structural analysis of over 400 dykes, including dykes
exposed within the Micheque, Giifmar, and La Orot-
ava collapse scars and dykes in water tunnels (gale-
rias); and investigations into dyke petrography,
morphology, thickness, orientation, and their internal
features (e.g., Fig. 5.3; Delcamp et al. 2010, 2012).
High spatial resolution sampling of dykes along
roadcuts and from galerias (see Fig. 5.1) has also been
carried out for (1) thin-section preparation and petro-
graphic analysis; (2) paleomagnetic measurements,
with samples for this purpose collected using a por-
table gasoline powered drill (Fig. 5.2; full analytical
details can be found in Delcamp et al. 2010); (3)
A Ar age determination (see Delcamp et al.
2010); and (4) geochemical analysis, including major
and trace elements of over 80 dyke samples following
the method in Abratis et al. (2002). A sub-set of these
80 samples was analyzed for stable (oxygen) isotopes
following the procedure given in Vennemann and
Smith (1990) and Fagereng et al. (2008). Finally, a
selection of these was further analysed for combined
trace and rare earth element (REE) and Sr—Nd-Pb
isotopes. Full analytical details, including measure-
ments of internal and external standards, and the entire
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Fig. 5.3 Photographs of the field appearance of repre-
sentative dykes of the NERZ with variations in orien-
tation (strike, dip or both), thickness, and texture
observed on the single intrusion scale. Images from
Delcamp et al. (2012). a, b Dyke orientation is seen to
change at the transition between surrounding lapilli and a
lava flow. ¢ Dyke showing a change in orientation within
a lava flow unit. d Dyke showing a change in orientation

geochemical data set can be found in Deegan et al.
(2012).

The results of this multi-disciplinary effort
are synthesised in this chapter and provide
insights into (1) the structural development of
the NERZ, (2) the magmas feeding the NERZ
plumbing system, and (3) the underlying mantle
sources to the NERZ. This research approach
thus provides a perspective from source pro-
cesses to surface expression for oceanic rifts.

(b)

lava flow

N100-40S

IapiIIi lava flow

tension-
gash N060-90

basal
breccia

upward
magma flow

at the transition between surrounding basal breccia and a
lava flow. e Variation in dyke thickness due to a change
in the host-rock lithology. The dyke is thicker within the
basal breccia (lower part, low competence layer) than
within the lava flow (upper part, high competence layer).
f Example of vesicle types and distribution in a dyke
interior. g Example showing the direction of magma flow
as recorded by vesicle orientation

Field Occurrence
and Petrography of the Dykes

5.3

The dykes exhibit a large degree of variability in
terms of their field occurrence, even on the scale
of a single intrusion. Thickness, orientation, and
texture are frequently found to change, related to,
e.g., changes in the competence of the host
lithology (cf. Gudmundsson 2002) as can be seen
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(b) Fsp+ox 5 _pm

Fig. 5.4 Representative photomicrographs of the petro-
graphic dyke groups (aphyric types not shown). a Feld-
spar-phyric group, b Feldspar and pyroxene-phyric group,
¢ Ankaramite group, d Olivine and pyroxene-phyric
group, and e Pyroxene-phyric group. Plane polarized view
is shown on the left and cross polarized view on the right.
Abbreviations: Fsp = feldspar, px = pyroxene,
ol = olivine, ankara = ankaramite, hbl = hornblende.
Figure modified from Delcamp et al. (2012)

in Fig. 5.3. In particular, where there are two host
lithologies in contact, the intruding dyke under-
goes a structural change at the contact point
(Fig. 5.3). Other notable variations on the intru-
sion scale include occasionally observed vesicu-
lar and brecciated dyke interiors, locally
concentrated flow lobes, folding, and small-scale
intrusive “fingers” into non-cohesive country

rock (cf. Mathieu et al. 2008; Delcamp et al.

2012).

The mineralogy and petrography of the
dykes, established both in the field, based on
hand specimen scale observations, and using
thin section microscopy (Fig. 5.4; Deegan et al.
2012; Delcamp et al. 2012) revealed recurring
textures and the mineralogy of the dykes was
used to characterise several petrographic groups:
1. Aphyric group. For the most part phenocryst

free or only weakly-phyric. Occasional small

crystals (<1 mm) of pyroxene and feldspar
are observed in a micro- to cryptocrystalline,
sometimes glassy, groundmass. Micro-
phenocrysts generally constitute less than

5 % of the rock volume.

2. Feldspar-rich group (“fsp” dykes, Fig. 5.4a).
Feldspar is the dominant phenocryst phase,
occupying up to 50 % of the rock volume.
Rare clinopyroxene, olivine, and Fe-Ti oxide
crystals may be present with each constitut-
ing less than 10 % of the rock volume.

3. Feldspar- and  pyroxene-rich group
(“fsp 4+ px” dykes, Fig. 5.4b). Feldspar and
pyroxene are the main phenocryst phases,
occupying up to 50 % of the rock volume, with
feldspar generally more abundant than pyrox-
ene. Minor olivine and Fe-Ti oxides may be
present at up to 10 % of the rock volume.

4. Ankaramite group (“ankara”, Fig. 5.4c).
Olivine and pyroxene phenocrysts (up to
2 cm across) occupying between 40 and
60 % of the rock volume. Minor phenocryst
phases also include amphibole and Fe-Ti
oxides. Ankaramite groundmass ranges from
cryptocrystalline to Fe—Ti oxide-rich.

5. Olivine- and  pyroxene-rich group
(“ol + px” dykes, Fig. 5.4d). Composed of a
similar mineral assemblage to the ankaramite
group, but with crystal contents ranging from
5 to 35 % of the rock volume. Phenocrysts
are a few mm in size, making them sub-
stantially smaller than those in the ankara-
mites. The groundmass is generally rich in
plagioclase and Fe-Ti oxides.

6. Pyroxene-rich group (“px” dykes, Fig. 5.4e).
Clinopyroxenes are the major phenocryst
forming phase occupying between 5 and 30 %
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Fig. 5.5 Rose diagrams
showing a large range of
dyke orientations observed
in the various portions of
the NERZ. Note that dyke
orientation along the rift is
for most intrusions non-
parallel to the rift axis. See
text for details
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of the rock volume. Minor phenocryst phases in
this group include amphibole and Fe-Ti oxides
at usually less than 10 % of the rock volume.

Structural Evolution
of the NERZ

54

Extensive field work has helped to gain insight
into the structural development and organisation
of the NERZ, in particular the link between
dynamic rift-zone development and giant col-
lapse events. In this context, several models
have previously been discussed to explain rift
zone organisation, as outlined in Chap. 4. The
major finding arising from the field study pre-
sented in Delcamp et al. (2012) is that dyke
orientation in the NERZ is not simply parallel to
the rift axis or the collapse embayments but is
frequently oblique to the walls of the main col-
lapse scars (Fig. 5.5). This contrasts most pre-
vious observations from nature and experiments
that document dykes parallel to the rift axis and
the walls of collapse scars (e.g., Acocella and
Neri 2009). The oblique dyke geometry of the
NERZ is interpreted as being caused by flank

el sector G

fe sector F
N=51 | =33

spreading and associated creep during succes-
sive pulses of emplacement of dykes and other
shallow intrusions. Flank spreading would ini-
tially stabilise a rift, but after a critical amount
of magma supply a collapse event would be
triggered by continued intrusive activity. A
small, but detectable change in dyke orientation
on the rift axis seems to be also associated with
the major landslides, implying that rift zones do
indeed change dynamics and orientation due to
external forces such as gravity-driven flank
collapses (cf. Walter and Troll 2003; Walter
et al. 2005; Carracedo and Troll, this volume).
This result serves to change our perception of
Ocean Island rifts from simple parallel align-
ments of intrusions to a complex and dynamic
feeder system that develops in response to
internal as well as external influences.

5.5 Magnetic Studies and Ages

of the Dykes

Paleomagnetic studies of the NERZ were carried
out by Carracedo et al. (2011) and Delcamp
et al. (2010) to add temporal constraints to the
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Fig. 5.6 Equal area
projection of mean
paleomagnetic results for
each site (Delcamp et al.
2010). Normal polarities
are indicated with open
symbols. Confidence
ellipses are shown for
some samples while others
are excluded for clarity.
Individual petrographic
groups are represented in
plots a to e. and all groups
are shown together in plot.
f Dykes dated by the
“OAr/* Ar method are
labelled with their age in
Ma (see Fig. 5.7 for more
detail). Note that
petrographic groups do not
correspond to individual
orientation trends

evolutionary history of the rift. The NERZ
shows a range in magnetic polarities, with the
dykes spanning at least two polarity intervals,
i.e., the Matuyama (reverse) and Bruhnes (nor-
mal) chrons (Figs. 5.6 and 5.7). The paleomag-
netic data hence points to the NERZ as being a
relatively long-lived system with, at times, a
considerable magma supply.

New *°Ar/*’Ar ages reported in Carracedo
etal. (2011) and Delcamp et al. (2010) show that
intrusive activity on the NERZ is characterised
by a semi-continuous magma supply but with
swarms of dykes of various petrographic types
being intruded close in time, i.e., in pulses.
A peak in magma supply during the mid-
Pleistocene is thought to have led to flank
deformation and the subsequent collapses of the
Micheque, Giifmar, and La Orotava edifices
(Carracedo et al. 2011). The paleomagnetic data
also record a 26° clockwise vertical-axis rotation
of the sampled rift core. Delcamp et al. (2010)
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interpret this as a result of a local volcano-tec-
tonic response to strike-slip movements that
occurred successively on either side of the rift
axis due to flank instabilities. Central areas on
the rift may thus experience near surface rota-
tion—a feature also reported from other Canary
Islands, such as El Hierro (e.g., Széréméta et al.
1999). It is noteworthy that the petrographic
groupings of dykes do not correspond to specific
polarities nor are they spatially segregated
(Fig. 5.6), which suggests that the various pet-
rographic groups of dykes were not intruded in
distinct packages, but instead semi-simulta-
neously over the lifetime of the rift. A scenario
involving a number of smaller storage and fee-
der reservoirs is hence likely to have fed the
near-surface dyke intrusions, causing distinct
petrographic types to occur along the rift system
at the same time. The NERZ thus represents a
highly dynamic and changeable geological and
geo-morphological environment. Volcanic rift
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Fig. 5.7 A comparison of

the polarity scale (left, Polarity

Landslides Dyke Ages

M = Matuyama,

B = Brunhes), the timing
of major collapse events on
the NERZ (centre,
Carracedo et al. 2011), and
representative NERZ dyke
ages (right) after Delcamp
et al. (2010).
Representative dyke ages
are shown as rectangles
whose vertical extent
corresponds to the
analytical uncertainty
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zones such as the NERZ on Tenerife are thus not
static structural features. In fact, they are char-
acterised by concentrated pulses of active
growth and giant destructions that result in
measurable geometric re-arrangements.

5.6 Petrogenesis of the NERZ

Magmas

The full geochemical and isotope data available
for the dykes of the NERZ is reported in Deegan
et al. (2012), with an overview provided here.
The NERZ dykes can be classified as alkali
magmas, similar to the other magma suites on
Tenerife, such as the Teide-Pico Viejo complex
(Fig. 5.8). Although the dykes of the NERZ
display wide petrographic variability, most
classify as basanites based on their major ele-
ment composition (Fig. 5.8). The exceptions are
crystal-rich ankaramite dykes, which plot as
extremely mafic magma types due to their high
content by volume of Mg-rich olivine and
pyroxene (cf. Longpré et al. 2009).

Major element variation diagrams for the com-
plete dyke suite display linear trends that are char-
acteristic of fractional crystallisation of a mineral
assemblage including olivine, clinopyroxene, pla-
gioclase, Fe-Ti oxides, and apatite (Fig. 5.9).
Magnetite has previously been identified as the

major Fe—Ti oxide phase in the dykes using reflected
light microscopy (Fig. 5.9; Delcamp et al. 2010),
which explains the kink in TiO, with increasing
degrees of differentiation as magnetite fractionates.
Trace element variations in the dykes are also
broadly consistent with fractional crystallisation.
Decreasing Sc, Ni, and Co with decreasing MgO
reflects crystallisation of olivine and pyroxene (see
Deegan et al. 2012; Fig. 5.9, f). Fractional crystal-
lisation was quantified by applying least squares
minimisation to the aphyric samples, which most
closely represent liquid compositions. The broad
trends in the major element data can be readily
explained by removal of plagioclase, clinopyroxene,
Fe-Ti oxides, olivine, and apatite in the proportions
41:25:18:11:5, respectively (Fig. 5.9).

While the major and trace element variability
in the dykes is largely controlled by fractional
crystallisation, the isotope data suggest addi-
tional magmatic processes to have taken place.
One key process which could account for the
isotope variations in the dykes is crustal con-
tamination of some of the rift zone magmas by
hydrothermally altered components of the island
edifice and/or oceanic sediments (Fig. 5.10).

Crustal contamination of Ocean Island mag-
mas has traditionally been thought of as mini-
mal. This is due to the relatively thin underlying
oceanic crust and the assumption that magma
injected into basaltic crust would be of similar
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Fig. 5.8 Total alkali versus silica (TAS) plot for dykes
of the Northeast rift zone (VERZ) with boundaries drawn
after Irvine and Baragar (1971) and nomenclature after
Le Maitre et al. (1989). Symbols correspond to the
petrographic groupings of the NERZ. Shaded fields are
drawn using data for the Central Shield (Roque del

enough composition so that contamination
would in effect be absent. However, in practice,
crustal contamination by various components of
the ocean crust, overlying sediments, and the
island edifice itself is becoming increasingly
recognized in Ocean Island settings (e.g., Clague
et al. 1995; Bohrson and Reid 1997; Garcia et al.
1998; Kent et al. 1999; Harris et al. 2000; Wolff
et al. 2000; Gurenko et al. 2001; Troll and
Schmincke 2002; Hansteen and Troll 2003;
Gaffney et al. 2005; Legendre et al. 2005;
Wiesmaier 2010). On Tenerife, the most likely
contaminants are the plutonic rocks of the island
core and variably altered shallow felsic materi-
als, which display a large compositional diver-
sity (e.g., Palacz and Wolff 1989; Wolff et al.
2000; Wiesmaier et al. 2012).

Oxygen isotope analysis of the dykes of the
NERZ indicates that some dyke intrusions bear
witness to low temperature alteration, i.e., those
with coupled high 6'%0 and H,O wt. % values
(Deegan et al. 2012). A number of dykes with
regular H,O values still show 6'®0 values that are
elevated relative to the mantle range, which

Conde) after Thirlwall et al. (2000) and for the Las
Cafiadas volcano, the Teide-Pico Viejo complex (T-PV),
and lavas from the NERZ after Ablay et al. (1998) and
Neumann et al. (1999). Figure modified after Deegan
et al. (2012)

cannot be readily explained by closed-system
fractional crystallisation or post-eruptive alter-
ation (see the Rayleigh fractionation curve on
Fig. 5.10; and also Sheppard and Harris 1985).
Mixing models suggest that some of the vari-
ability in the NERZ data may be explained by
uptake of '®0 from a combination of oceanic
sediment and hydrothermally altered material
from the island edifice (Fig. 5.10). Similarly,
minor variation in *’Sr/*°Sr and '“*Nd/***Nd
values, that trend away from the upper mantle
range and towards more crustal values, can be
explained by minor interaction between some
batches of NERZ magma with hydrothermally
altered island edifice material (Fig. 5.11; Deegan
et al. 2012). This is plausible, given that assimi-
lation of such hydrothermally altered felsic
material has been recognized previously for
Tenerife (e.g., Palacz and Wolff 1989; Wolff et al.
2000; Wiesmaier 2010). Altered felsic rocks
probably occupy a substantial portion of the sub-
volcanic pile in which the NERZ magmas resided
and into which the NERZ dykes were intruded
and would hence have been readily available for
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Fig. 5.9 Major and trace
element variation diagrams
for dykes of the NERZ.

Aphyric samples are shown
as black triangles and,
being largely phenocryst-
free, are representative of
true liquid compositions.
Solid black lines are
fractional crystallisation
trajectories for a model
involving crystallisation of

plagioclase, clinopyroxene,
Fe-Ti oxides, olivine, and
apatite in the proportions
41:25:18:11:5, respectively
(see text). FC = fractional
crystallisation. Figure
modified after Deegan

et al. (2012)

Sc (ppm, ICP-MS)

interaction. Note that assimilation of ocean sed-
iments and/or hydrothermally altered ocean crust
and island edifice has been discussed in the con-
text of several of the Canary Islands, not only
Tenerife (e.g., Marcantonio et al. 1995; Thirwall
et al. 1997; Gurenko et al. 2001; Troll and
Schmincke 2002; Hansteen and Troll 2003;
Aparicio et al. 2006, 2010; Troll et al. 2012). The
effects of these late stage processes need to
therefore be accounted for before attempting to
define the mantle processes giving rise to the
primary magmas of the NERZ.

Concerning magma generation beneath the
NERZ, the Pb isotope data presented in Deegan
etal. (2012) provide insights into the nature of the
mantle source and, in combination with magnetic
polarity data (Delcamp et al. 2010), the genetic
ties between various stages in island growth. Lead
isotopes are not expected to be overly sensitive to
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contamination by hydrothermally altered island
edifice since Pb does not appear to undergo iso-
topic exchange during alteration (Cousens et al.
1993; Gaftney et al. 2005) and hence they are
particularly useful for the NERZ. Most of the Pb
isotope data for the NERZ plot below but roughly
parallel to the Northern Hemisphere Reference
Line (NHRL, Hart 1984) which represents a
mixture between depleted upper mantle (DMM)
and a mantle that involves an ancient subducted
component (HIMU) (Fig. 5.12). In this context,
the NERZ Pb isotope data are consistent with
derivation from a young HIMU source, in which
the subducted ocean crust component has resided
less than 1.5 Ga in the source region (Thirlwall
1997; Geldmacher and Hoernle 2000, 2001;
Simonsen et al. 2000; Gurenko et al. 2009). Two
of the dykes plot above the NHRL on Fig. 5.12,
which, in combination with their elevated 5'30
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Fig. 5.10 A 6'80 versus SiO, plot for dykes of the
NERZ. Most of the dykes exhibit large and variable
deviation from the trend expected for a magmatic suite
related by closed system fractional crystallisation (Ray-
leigh fractionation from a mantle parent, “M”). Mixing
models are shown to illustrate that some of the §'%0
variability in the dykes can be explained by mixing
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between a parental mantle source and hydrothermally
altered edifice rock and/or ocean sediment. A mixing line
is also shown for ocean crust (layer 2 from Hansteen and
Troll 2003). Symbols on the mixing lines are 10 %
mixing increments. The orange shaded field serves to
highlight the main magmatic contamination trend among
the dykes. Figure modified after Deegan et al. (2012)
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Fig. 5.11 %7Sr/%°Sr—'**Nd/'**Nd isotope variation dia-
gram for dykes of the NERZ, and some reference fields
including: Atlantic MORB (Ito et al. 1987); Atlantic
igneous ocean crust (Hoernle 1998); Tenerife shield
basalts (Simonsen et al. 2000; Gurenko et al. 2006); the
Teide-Pico Viejo (T-PV) complex (Wiesmaier et al.
2010); NERZ lavas (Simonsen et al. 2000); and the
Granadilla pumice (Palacz and Wolff 1989). A hydro-
thermally altered tuff from Gran Canaria is also plotted

(Troll 2001). The dykes of the NERZ form a roughly
linear array between the fields for HIMU-type mantle and
Atlantic MORB. A number of dykes are slightly offset
from the array. Their offset can be explained by
incorporation of small amounts of hydrothermally altered
material during magma storage in the island edifice
(heavy black lines are assimilation-fractional crystallisa-
tion (AFC) curves)
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Fig. 5.12 2°°Pb/***Pb—?""Pb/***Pb isotope variation
diagram for dykes of the NERZ, with symbols corre-
sponding to the ages of the dykes. Magnetic polarities are
taken from Delcamp et al. (2010): reverse polarity dykes

values, points to more intense sediment contam-
ination of these two samples. Discarding samples
that show evidence for crustal contamination,
Strontium-Neodymium isotopes are consistent
with DMM + HIMU mantle mixing (Deegan
et al. 2012).

Using magnetic polarity data obtained for
some of the dykes (Delcamp et al. 2010), we can
place temporal constraints on the isotope data.
As can be seen in Fig. 5.12, the Pb isotope
compositional range of the NERZ has been lar-
gely unchanged through most of its evolution,
i.e., the old galeria dykes and the dykes of
normal, reverse, and unknown polarities span
the entire NERZ range, and do not form isoto-
pically distinguishable groups. This observation
suggests that the mantle source feeding the
NERZ has been isotopically constant through its
lifetime. Moreover, of the three shield-stage
volcanoes on Tenerife (Teno, Anaga, and Roque
del Conde), the NERZ is isotopically most

are >780 ka old; normal polarity dyke is <780 ka old.
Black stars are galeria samples taken from the core of the
rift and hence represent an older, likely Pliocene, part of
the system (Carracedo et al. 2011)

similar to the old central edifice of Roque del
Conde (Fig. 5.12). It therefore appears likely
that the NERZ had a different “mantle highway”
than both Teno and Anaga, and instead formed
as an extension of the Central Shield, gradually
growing toward what is now Anaga in the NE
(Fig. 5.1, see also Guillou et al. 2004; Carracedo
et al. 2011).

The Pb-isotope signature of the NERZ is also
similar to the Las Cafiadas volcano (Simonsen
et al. 2000) suggesting that they both shared a
similar parental source too. This is not surprising
as the Pleistocene NERZ was emplaced and
erupted coeval to the central Las Cafiadas volcano
(e.g., Ancochea et al. 1990; Bryan et al. 1998;
Edgar et al. 2002; Carracedo et al. 2011). The
relatively young Teide-Pico Viejo (T-PV) com-
plex, however, extends towards less radiogenic
206py,204pp,__207py,204py, values, which, coupled
with high "*Nd/'**Nd values, suggests that this
most recent phase of magmatism on Tenerife had
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Fig. 5.13 Schematic
model of Canary Island rift
evolution (after Carracedo
et al. 2011). Note that the
rift evolution proceeds
until high intrusive activity
causes flank collapses to
occur. Following such a
catastrophic collapse, the
plumbing system needs to
readjust, leading to
structural and petrologic
modifications of the rift
(cf. Longpré et al. 2009;
Manconi et al. 2009;
Delcamp et al. 2010, 2012;
Carracedo et al. 2011)
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a slightly different mantle source with a greater
input of DMM material (i.e., a lower proportion
of a deep HIMU-plume component).

The persistence of a HIMU-dominated mantle
source throughout the lifetime of the NERZ can
be interpreted in the context of the “blob” model
for the Canary Islands (Hoernle et al. 1991;

Fissure eruptions
(basaltic)

Feeder dyke

Dyke swarm

Nested violent eruptions
following unloading and

44— decompression

Basaltic magmas

..Maﬁc, high-density and
crystal-rich magma

Fractional crystallisation,
magma mixing and
crustal assimilation

Hoernle and Schmincke 1993). This model
involves formation of a zone of discrete HIMU
mantle blobs at the top of a mantle plume beneath
the Canaries. These blobs become entrained with
upper asthenospheric mantle (DMM), giving rise
to the mixed DMM + HIMU mantle isotope
signal of the Canaries. We suggest that a large
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column of HIMU-type mantle, or a quick suc-
cession of compositionally similar HIMU-blobs,
occupied the melting zone beneath central Ten-
erife from the Miocene to Pleistocene. This was
possibly accommodated for such a long period of
time by slow plate movement beneath the
Canaries (~10 mm yrfl; Hoernle and
Schmincke 1993 and references therein). The
recent T-PV complex appears to reflect a lesser
influence of the HIMU blob and greater incor-
poration of DMM material, possibly due to an
increase of edge-DMM entrainment into the
melting zone and thinning of the blob(s) with time
(see Deegan et al. 2012).

5.7  Unravelling the NERZ
from Source to Surface
The recent intense and multi-disciplinary

research efforts to unravel the structural and
petrogenetic history of the NERZ underscores
the premise that ocean island rift zones are long-
lived, complex, and dynamically evolving sys-
tems. They can neither be thought of as a simple
parallel arrangement of dykes and volcanic vents
along fractures, nor as purely reflecting long-
lived ocean crust fractures. Indeed, it has been
shown that the NERZ is a dynamic morpholog-
ical environment, which developed from a series
of intrusive pulses interspersed with periods of
relative quiescence, but also with flank creep,
and particularly with collapse events that chan-
ged the structural arrangement of dyke intru-
sions and eruptive sites repeatedly (e.g.,
Delcamp et al. 2010, 2012; Carracedo et al.
2011; and Carracedo and Troll, this volume; see
also Fig. 5.13 for a summary).

In terms of petrogenesis, the history of the
NERZ began with magma generation from a
long-lived HIMU-dominated mantle
Following segregation from the mantle region,
many of the NERZ magmas underwent frac-
tional crystallisation, and some underwent
assimilation of ocean sediments and hydrother-
mally altered island edifice material. Isotope
geochemistry places the initiation and growth of
the NERZ into the wider geological context of

source.

Tenerife. The data discussed in this chapter, in
conjunction with geochronological evidence
(Carracedo et al. 2011), support a model of the
NERZ magmas being related to the magma
source of the central edifice (Roque del Conde
and Las Cafiadas volcanoes), which implies that
the NERZ likely originated from the central part
of Tenerife to eventually link up with the Anaga
edifice in the NE.
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Abstract

This chapter describes the integration of radiometric dating and palaeo-
magnetic investigations to decipher the spatial and temporal evolution of
volcanic edifices of Tenerife Island. Accurate ages are crucial to
reconstruct the recent eruptive history of Tenerife (specifically Teide
Volcano and the North West and North East Rift Zones). Samples have
been dated using both the K—Ar and the “°Ar/*° Ar method in order to assess
the reliability of the ages obtained. When the two methods yielded similar
results and precision, accurate pooled ages were calculated. The correla-
tion of these ages with the geomagnetic polarity of the lavas (referred to as
the geomagnetic and astronomical polarity time scales) has recently been
successfully applied to establish the magnetic stratigraphy of volcanoes in
the Canary Islands and to constrain the main geological units. Moreover,
this well-constrained and high resolution geochronological framework is
of prime interest to track and study geomagnetic reversals and excursions.
As an example, results are presented from three lava flows in Tenerife from
the Mono Lake geomagnetic excursion, the youngest in the documented
geological record.

6.1 Introduction

Progress in the study of volcanic areas has been,
in many aspects, parallel to the development of
methods for dating volcanic rocks. Since the
pioneering work of McDougall (1963, 1964) in
the Hawaiian Islands, radiometric ages (K/Ar and
“OAr/*°Ar) have been determined for many vol-
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Before 2007, although several authors
attempted the geological study of the Teide
Volcanic Complex (TVC), only limited progress
had been made on the reconstruction of the latest
(postcaldera) eruptive history of Tenerife. This
was mainly due to the lack of geochronological
information, restricted at that time to a single
age by Ablay et al. (1995) from Montafia Blanca
(Fig. 6.2). Without abundant radiometric ages, it
was in fact very difficult to distinguish the recent
volcanic formations from one another.

Until recently, researchers stated that a more
precise reconstruction of the recent eruptive period
of Tenerife (Teide Volcano and the North West
and North East Rift Zones) was not achievable
because of the inapplicability of radiometric dat-
ing techniques in this geological context (Arafia
et al. 2000). The reason invoked was that lavas
were too young for K/Ar and *°Ar/*°Ar dating, and
that suitable organic material (charcoal) for
radiocarbon dating was absent.

However, since the first K/Ar ages were
obtained from the Canary Islands by Abdel
Monem et al. (1971, 1972), and in particular
during the last decade, considerable efforts have
been made to extend the K/Ar and “°Ar/*°Ar
chronology towards younger and younger ages.
Based on these techniques, a recent intensive
dating program was implemented and abundant
K/Ar and “°Ar/*° Ar ages are now available from
lavas of the different Canary Islands.

As far as radiocarbon ages are concerned, in
contrast to the Hawaiian Islands, where abun-
dant radiocarbon ages have been determined
from modern (present-day carbon) to lavas older
than 38 ka (Rubin et al. 1987), radiocarbon
dating in the Canaries has, for a long time, been
mainly conducted as part of archaeological
research, and as such determined on organic
remains (shells, roots, etc.).

Only a few dates were obtained from charcoals
derived from Canarian lava flows (e.g., Pellicer
1977; Ablay et al. 1995) prior to the works of
Guillou et al. (1998) in La Palma, Carracedo
et al. (2007) in Tenerife, Rodriguez-Gonzalez
et al. (2009) in Gran Canaria, and Pérez Torrado
et al. (2011) in El Hierro. These new radiocarbon
dates have considerably improved the

Fig. 6.1 Sampling one of the phonolite flows of Teide
inside the Orotava Valley that gave radiometric ages and
palacomagnetic data corresponding to the Mono Lake
excursion. Pooled K/Ar ages and “°Ar/*°Ar plateau ages
produce the best age estimates for these flows and proved
to be very successful to date key events such as geomag-
netic field excursions. Conversely, comparison of radio-
metric and palacomagnetic data ensures the reliability of
the dating methods used to reconstruct the volcanic
stratigraphy and history of the Teide Volcanic Complex

reconstruction of the recent volcanic history of the
central and western Canaries.

Finally, a combination of palacomagnetic
results and radiometric dating on a number of lavas
that have recorded characteristic changes in the
Earth’s magnetic field (e.g., geomagnetic reversals
and excursions) was employed to test the precision
of radiometric ages because the duration of some
of these geomagnetic reversal events is shorter
than the intrinsic error of radiometric dating. These
investigations focused both on methodological
(testing the instrumental capability to measure
increasingly lower percentages of “°Ar*) and
geological objectives (refining the geochronology
and volcanic stratigraphy and reconstructing the
volcanic history of the TVC). In turn, decoupled
from the history of the Teide volcano but of great
interest for the scientific community, the combined
palaeomagnetic and radiometric investigations of
geomagnetic instabilities were used to constrain tie
points in the magnetostratigraphic time scale used
in sediments, in particular for palaeoclimatic
applications.

This chapter describes attempts to extend the
bracketed time range for which these dating
methods are currently applied towards younger
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Fig. 6.2 Map of the TVC showing published radiometric
ages (Carracedo et al. 2007). Before this work, the only
chronological data reported for the TVC was the ~2 kaage

ages using lavas from TVC, comparing the
results obtained from three different methods
(14C, K/Ar and *°Ar/? 9AI‘) and combining them
with palacomagnetic investigations for some
past geomagnetic instabilities.

6.2 Testing Dating Methods

in the TVC

The suitability of the K/Ar and “°Ar/*’Ar dating
methods on increasingly younger ages was tes-
ted on two phonolitic lava flows from the TVC,
one inside the Orotava Valley (CITF-98) and the
other from Playa San Marcos (CITF-301) (see
Figs. 8.15 and 8.20), corresponding to the latest
stage of evolution of Teide. The results show a
remarkable agreement between the two dating
methods. Unspiked K/Ar analysis (Charbit et al.
1998) at the Laboratoire des Sciences du Climat
et de L’Environnement (LSCE) gave ages of
331 £1.8 and 31.6 £ 1.9 ka, respectively.
Samples with equivalent groundmass to the K/
Ar experiments were analysed at the new
YOAr/*Ar facility developed at the LSCE. The
“OAr/*Ar ages obtained for the two samples,
calculated from three independent experiments,
are 32.4 £+ 1.8 and 31.4 &+ 1.7 ka (20) (Guillou

dating Montafia Blanca (Ablay et al. 1995), marked with an
arrow. Black circles: K/Ar ages, in ka; red circles: 4c ages,
in calibrated year B.P.; green circles: 4(’Ar/”Ar, in ka

et al. 2011). Within error, the reported OArPAr
ages agree with the K/Ar ages, and are of similar
precision. Therefore, this study demonstrates
that precise ages can be obtained from young
volcanic rocks using the new *°Ar/*’ Ar method
and confirms the accuracy and precision of the
K/Ar unspiked method to date the TVC.

This approach is also relevant to check the
accuracy of 'C ages used to date the TVC.
A charcoal sample, suitable for 4c dating, from
within the basal scoriae of phonolitic flow CITF-
98 gave a precise pooled K/Ar and *°Ar/*°Ar age
of 32.2 £ 1.2 ka. Using this date and the available
calibration curve INTCALQ9 14C (Reimer et al.
2009) a '*C age of about 28.2 ka for this flow
would be expected (Fig. 6.3). This age is
approximately 4 ka younger than the radiocarbon
age of 32.36 &+ 800 years BP (20) which was
actually obtained from the charcoal using the
AMS technique (Carracedo et al. 2007). The K/Ar
and “°Ar/*’Ar age of this sample at 32.2 & 1.2 ka
is retained as the reliable calendar age for this
flow.

There are two main interpretations for the
discrepancy between the '*C and K/Ar clock
derived ages. The first one would be to question
the radiocarbon calibration. Given the stringent
criteria adopted these days to update the
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calibration curve between 0 and 50,000 years,
we discard this first hypothesis. Errors in '*C
dates and their possible sources were already
documented over 30 years ago and are evident
in several volcanic areas such as the Eifel (Bruns
et al. 1980), the provinces of Grosseto and Siena
(Saupé et al. 1980), and in the Azores (Pasquier-
Cardin et al. 1999). In these areas, significant to
large '*C depletions may occur in many plants,
due to assimilation of '*C endogenous CO,, the
consequence of which, as demonstrated by the
study of modern plants, is an error in excess of
the radiocarbon ages that can reach some ka. We
suggest that the apparent older radiocarbon age
discussed here results from the fact that the
analysed charcoal probably derived from a plant
which grew close to active volcanic fumaroles,
which are sources emitting '*C-free CO».

6.3 Dating Old Teide

The oldest sequences of the TVC, outcropping in
the northern coastal cliffs, have been dated
between 84 £+ 4 and 124 £ 4 ka (see Fig. 6.2;
Carracedo et al. 2007). However, several galerias

H. Guillou et al.

(water tunnels) cross the entire post-collapse
sequence, providing a unique opportunity to
determine the age of the oldest lava sequences of
the volcano, the rates of volcanic growth, and the
evolution of magmas along the construction of
the TVC.

Ages obtained in two of these galerias—Salto
del Frontén (Carracedo et al. 2007) and La Gotera
(Boulesteix et al. 2012), confirm that the TVC
began to develop immediately after the Icod
collapse (Fig. 6.4) (see Chap. 7). Constraining the
age of this event and the rate of filling the collapse
embayment can be used to test the suitability of
unspiked K/Ar and *°Ar/*° Ar methods in this type
of volcanic sequence and at these emplacement
conditions. In both galerias, the K/Ar ages
obtained for the earliest post-collapse lavas from
two different laboratories and using the same
unspiked method (161 £ 5 and 158 + 5 ka) are
indistinguishable within the range of analytical
error. However, a flow in the middle of the galeria
Salto del Frontén gave considerably older ages
(about 40 ka older), with consistent and indistin-
guishable results from the two different laborato-
ries, again both using the unspiked K/Ar and
YOAr/*Ar techniques (Fig. 6.4a).

A plausible explanation for these apparently
contradictory ages may lie in the different depo-
sitional contexts along the galeria. A homoge-
neous filling of the entire collapse embayment is
very unlikely. In fact, post-collapse instability,
particularly in the walls of the embayment, and
vigorous dissection by erosion of the relatively
soft debris result in a very irregular and changing
topography in the embayment to which the
successive flows have to adjust, lava flows tend-
ing to follow previous incisions (see Chap. 3).
Lateral changes, even over very short distances,
are common, and it is improbable that the oldest
possible lava will be identified, to give a true age
of the collapse (Fig. 6.4b).

A second potential explanation concerns
post-collapse effusive activity, which resumed
immediately with very high eruptive rates and
frequencies, as indicated by the lack of any sign
of discontinuity (interbedded pyroclasts, soils,
dykes, etc.). These conditions of intensive vol-
canism may account for the hydrothermal
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Fig. 6.4 a K/Ar and “°Ar/*’Ar ages obtained by differ-
ent laboratories from a sequence of lavas in a galeria on
the northern flank of Teide Volcano. The sequence
comprises the bulk of the growth of the TVC, from the
debris avalanche associated with the ~200 ka giant
landslide to the late peripheral phonolitic lava domes.
Ages obtained at the end of the galeria consistently give
younger values than the equally consistent values from
lavas near the central part of the galeria. The discrepancy
may be explained by hydrothermal alteration of the initial
post-collapse sequence and very rapid growth at the early
stage of filling of the collapse embayment (based on
Carracedo et al. 2007 and Boulesteix et al. 2012).

alteration observed in the lower part of the lava
sequence, at the end of the galeria. Alteration
and exposure to high temperatures (through
reheating) can allow radiogenic argon (*’Ar*) to
be released, causing the calculated K/Ar age to
become younger than the “true” age of the dated
lava. Similarly, reheating events and diffusion of
argon can result in lower *°Ar/°Ar ages.
Therefore, the internally consistent ages of about
190 ka obtained in the middle of the galeria,
from lavas free of any sign of alteration or
reheating (erupted at significantly lower rates
and frequencies), may represent a minimum age
for the onset of volcanism after the Icod giant
landslide.

b Different conceptions of volcanic filling of the collapse
embayment: B-/ Assuming that the fill of the collapse
scar is homogeneous (Boulesteix et al. 2012). B-2 Post-
collapse vigorous dissection by erosion results in a very
irregular and changing topography in the embayment to
which the successive flows have to adjust (Carracedo
et al. 2007). Galerias G1 and G2 show the contact of lava
flows with the debris avalanche deposits, but the age of
the lavas can be very different. Because of erosion and
the successive eruptive events, the “minimum” age for
the collapse given by G2 would be “younger” than the
one provided by GIl. The first model (B-1) seems
geologically unrealistic

6.4 Geomagnetic Instabilities

in Volcanic Formations

of the TVC and the NERZ:
Dynamics of the Volcanic
Edifices, Mapping

and Correlation

and Chronological Tie Points
6.4.1 Geomagnetic Reversals
Geomagnetic reversals have been studied to date
and correlate volcanic formations in the Canar-
ies since the early 1970s (Carracedo 1975, 1979;
Guillou et al. 1996, 2001, 2004a; Carracedo
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Fig. 6.5 Main
magnetostratigraphic units
defined as a function of the
polarity of 415 oriented
cores of lavas and dykes in
the NE Rift Zone NERZ.
These units have proven to
be extremely useful in
correlating and
reconstructing the
successive eruptions that
have formed the rift. Blue
indicates normal polarity,
and red reversed polarity
(from Carracedo et al.
2011)

et al. 2001, 2011). Combined use of palaeo-
magnetic and isotopic dating (geomagnetic
inversions and radiometric dating) also helps to
evaluate the reliability of K/Ar ages (Guillou
et al. 2004b). This combination of dating tech-
niques (K/Ar and 40Ar/39Ar) was therefore used
to identify and define palaecomagnetic events in
the Canaries (Guillou et al. 1996; Singer et al.
2002).

The comparison of the ages and geomagnetic
polarity of the lavas with the geomagnetic and
astronomical polarity time scales (GPTS and
APTS) has been successfully applied to establish
the magnetic stratigraphy of volcanoes in the
Canary Islands, the NERZ being a good example
of this (Fig. 6.5; Carracedo et al. 2011). This
combined stratigraphic, isotopic, and palaeo-
magnetic work has been conducted not only on
outcrops (e.g., the Pared de Giiimar section,
Fig. 6.6), but also in galerias from the NERZ,
where significant stratigraphic discordances
allowing the recognition of a northbound lateral
collapse were recognised (Fig. 6.7). These col-
lapses would have been otherwise unnoticeable
since post-collapse volcanism filled this basin,
extending beyond the coastline to conceal
the scar and the avalanche breccia. This
approach of integrating geomagnetic reversals

(o} Volcanics of normal polarity
with dykes of normal polarity
Volcanics of normal polarity

wnh dykes of normal and
reverse polarity

%Volcamcs of reverse polarity
with dykes of normal and
reverse polarity

[ J

[ J
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Reverse polarity dykes
Normal polarity

Reverse polarity
Radiometric age

5km

and radiometric dating significantly contributed
to outlining the spatial and temporal evolution of
the NE Rift Zone of Tenerife (NERZ), espe-
cially the duration of its main stages of growth
and the timing of the catastrophic lateral col-
lapses forming the Valleys of La Orotava and
Giiimar.

Similarly to many other rift zones, the NERZ
evolved very rapidly with high eruption rates,
which apparently persisted between 1 Ma and
840 ka. Effusive rates up to 2.5 km/k.y. and
volcanic growth of 3.5-4 m/k.y have been mea-
sured (Carracedo et al. 2011). Such rapid growth,
implying high frequency of lava flow emission,
allows detailed recording of changes in the geo-
magnetic field. In fact, the ages obtained for the
NERZ activity indicate that this place is probably
the most favourable setting to identify a signifi-
cant part of the normal Jaramillo subchron.
Particularly suitable for this purpose is the
southern wall of Valley de Giiimar (Fig. 6.6a), a
500 m-thick sequence of basaltic flows, and the
scar of a ~47 km3, 10 x 10 km lateral collapse
that occurred between 860 and 830 ka ago
(respectively the age of the top of the collapse
wall and of early lavas filling the embayment;
Carracedo et al. 2011). Radiometric (K/Ar) ages
constrain the upper part of the sequence between
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shown in Fig. 6.5 are crossed in this galeria. A debris

1008 4 22 and 860 + 18 ka, yielding an erup-
tive growth of about 3.7 m/ky (equivalent to
2-3 flows/ky). The polarity of this lava sequence
shifts from normal polarity at the lower part of the
sequence (dated at 1008 + 22 ka) to reverse
polarity at the top (dated at 860 £ 18 ka), indi-
cating that the lower part of the sequence with
normal polarity corresponds to the Jaramillo
subchron (987-1052 ka; Singer et al. 2004), and
the upper part, of reverse polarity, to the Matuy-
ama chron (Fig. 6.6b).

6.4.2 The Mono Lake Excursion
Geomagnetic excursions have attracted increas-

ing interest in the scientific community because,
due to their short time constant, they may be

Basaltic aa flows

Polarity of lava flows

Debris

2000 830+19
avalanche

3000m2710+60

++++Normal
------- Reverse

O\271 0+60

Radiometric age

avalanche deposit and an older formation intersected at
the end of the galeria represent a giant landslide and the
pre-collapse deep structure of the rift zone, not visible at
the surface (from Carracedo et al. 2011)

used as precise time markers in various geo-
logical records. Excursions are relatively brief
geomagnetic instabilities characterised by a
decrease in intensity associated with large
directional shifts from the dipolar field direction
(larger than secular variation), immediately fol-
lowed by a return to the pre-excursional state
(see review in Laj and Channell 2007). Geo-
magnetic excursions are difficult to identify in
geological sections. In sediments, palacomag-
netists have recently accessed a number of very
suitable marine sequences thanks to palaeocli-
matic interest in high sediment accumulation
areas coupled with newly developed marine
coring facilities. This has greatly increased the
number of high-resolution reconstructions of
past geomagnetic field changes in which
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excursions can be identified (Laj and Channell
2007). In volcanic rocks, the identification of
excursions is even more challenging due to the
sporadic nature of volcanic eruptions.

Eruptions are produced as discrete units
separated by comparatively long periods of
quiescence. Therefore, the time recorded for the
flows is generally only a fraction of the time
elapsed to form volcanic sequences. Thus, only
incomplete records of geomagnetic variations
can be obtained, that usually do not include short
excursions. However, it is a critical step to
achieve even this as lavas are the only geologi-
cal archive yielding the absolute dating and
absolute palaeointensity data used to character-
ise the excursional earth magnetic field. The
probability of finding short excursions in vol-
canics increases in sequences with higher erup-
tive frequencies and ages similar to that of a
given excursion. The Mono Lake excursion
(MLE), the youngest in the Brunhes chron, has
been identified in the TVC.

First identified by Denham and Cox (1971)
and further investigated by Denham (1974) and
Liddicoat and Coe (1979) at Mono Lake, western
USA, the MLE has been initially dated at about
24-25 ka B.P. based on "C ages on ostracods,
ash layers and the assumption of uniform sedi-
mentation rates. Following this pioneering study,
other data were obtained from various continental
sections (lacustrine and loess deposits) suggest-
ing the global character of the MLE. However,
their ages were scattered and imprecise, mainly
resulting from difficulties in obtaining reliable
ages from continental sedimentary sections (e.g.,
Kissel et al. 2011). Unfortunately, the most recent
“OAr/*Ar investigation of the interbedded ash
layers in the Mono Lake type section did not
allow the problem to be resolved because of the
absence of juvenile eruptive crystals (Cassata
et al. 2010).

New absolute age data were therefore needed
in order to anchor this excursion to the geo-
magnetic instability time scale (GITS, Singer
et al. 2002). Volcanic records of the MLE were
until very recently limited to two volcanic
provinces, New Zealand and Hawaii. In the
Auckland volcanic field (New Zealand), three

H. Guillou et al.

MONO LAKE

New Zealand
(Cassata et al., 2008)
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Fig. 6.8 Distribution of the K/Ar and “°Ar/*°Ar ages
obtained from volcanic rocks recording the Mono Lake
excursion. Blue dots represent K/Ar determinations, red
dots “°Ar/*Ar determinations and black dots are for
pooled ages (all at 20 uncertainty relative to ACRs at
1.193 Ma equivalent to FCs at 28.02 Ma). Modified from
Kissel et al. (2011)

sites have been dated at 31.6 &+ 1.8 ka (plateau
pooled age) using “°Ar/°Ar (Cassata et al.
2008). In Hawaii, two long volcanic cores
(SOH1-SOH4) were drilled through the Kilauea
volcano edifice at two different locations, but
could not be accurately dated using “°Ar/*°Ar
and/or K/Ar due to the very low radiogenic
argon contents of the lavas.

Lavas of Teide Volcano, erupted during the
narrow time interval covered by this excursion
(Fig. 6.8), provide an opportunity to better refine
the age and confirm the global distribution of the
MLE (Kissel et al. 2011). Palaeomagnetic data
were analysed from three lava flows with appro-
priate K/Ar ages. All the palaecomagnetic direc-
tions are significantly anomalous with respect to
the geocentred axial dipole (GAD) field direction
at this location (D = 0°; I = 47.2°). Inclinations
for two sites TT-05 and TT-12 are shallower than
the GAD value (36.9° + 4.6° and 22.5° &+ 4.5°
respectively) while the third site (TT-10) has an
inclination similar to the GAD value but the
declination is strongly deviated at 67.9°
(095 = 4.7°) (Kissel et al. 2011).

These directional deviations from the GAD
field are associated with low intensity values
determined using the Thellier and Thellier (1959)
procedure and PICRIT-03 set of criteria (see
Kissel et al. 2011 for details). The average
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Fig. 6.9 Climatic and geomagnetic records at the time
of the Mono Lake excursion. a Oxygen isotope records
from Greenland ice with GISP2 in black (Grootes et al.
1993) and NGRIP in green (North Greenland Ice Core
Project Members 2004) illustrating changes in atmo-
spheric temperature over Greenland at the time of the
Mono Lake geomagnetic excursion. b '°Be flux record
initially obtained from GRIP core (Muscheler et al.
2004). ¢ Sedimentary drift deposit stack as a tracer for
changes in the deep circulation strength in the North
Atlantic showing similar characteristics and age to those
of oxygen isotopes in ice (Kissel et al. 2008). d GLOPIS-
75 continuous record in pink (Laj et al. 2004) and
volcanic data reported as VADM values with ages as in
Fig. 6.2 (modified from Kissel et al. 2011)

intensities obtained for the three flows are
214 + 6.6 uT (TT-05), 7.8 £ 1.4 uT (TT-10)
and 12.4 &+ 3.9 uT (TT-12) corresponding to the
virtual axial dipole moment (VADM) values of
43+ 1.3 x 1022 Amy; 1.6 £ 0.3 x 1022 Amy;
2.5 £ 0.8 x 1022 Amj, respectively, significantly
lower than the present value of 8 x 1022 Am,.
While for TT10, the angular difference with
the directions expected for a GAD field (43.3°) is
large, it falls in the range of secular variation (11°
and 24.6°, respectively) for TT-05 and TT-12.
However, when the intensity of the field pre-
vailing at the moment of emplacement is con-
sidered, then even the last two sites cannot be
considered as reflecting the wusual secular
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variation. It therefore appears that these flows
have recorded an excursion of the geomagnetic
field.

The three lavas had been dated using the K/Ar
method before the palaeomagnetic sampling.
While “°Ar/*°Ar dating was not attempted on
sample TT-05 because of low radiogenic *°Ar
(*°Ar*) content, the two other lava flows (TT-10,
TT-12) were dated using both unspiked K/Ar and
“OAr/*’Ar methods. As shown above, the two
methods yielded similar precision and allowed
accurate pooled ages to be obtained (samples TT-
10 and TT-12 are labelled CITF-301 and CITF-98
respectively in Carracedo et al. (2007) and Guil-
lou et al. (2011).

Given their radiometric age, this is clearly
identified as the Mono Lake Excursion, the only
one in this age range. The three ages from the
Teide flows largely overlap with those from
New Zealand (Cassata et al. 2008), confirming
the brief duration of the excursion, which is
shorter than the uncertainty associated with the
radiometric ages. Such a brief duration has
already been proposed and evaluated at about
1,500 years for the Laschamp excursion (Laj
et al. 2000, 2004).

The new results reported in Fig. 6.9, together
with those from the other volcanic localities and
from other archives, suggest that the magnetic field
intensity during the MLE may have been more
reduced than previously believed. At TT-10, it is
about 20 % of the present-day field, which is half
of the value measured in New Zealand and in
Hawaii.

Figure 6.9 shows, in addition, palacomag-
netic and climatic records from different geo-
logical archives versus the most recent
Greenland ice core age model (GICCOS5 age
model, Andersen et al. 2006). The 10B¢ peak,
around 34 kyr (width at mid-height of about
0.6-0.8 kyr), resulting from the weakening in
the Earth’s magnetic field intensity at the MLE
is significant with respect to the background
curve, and it is coeval with the rapid cold stadial
within the millennial climatic fluctuation 7
(Dansgaard-Oeschger cycle). The age of about
34 kyr for this fluctuation is defined in the
Greenland ice core by annual layer counting.
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When integrated into this large dataset, it
appears that although the radiometric ages from
Tenerife and New Zealand are not statistically
different from the ages from ice cores, the mean
radiometric age for each formation is systemat-
ically younger than the stratigraphic age from
the ice cores. However, given the challenge that
constitutes obtaining accurate K/Ar and Ar/Ar
ages from such young lava flows, this study is
extremely encouraging for discovering addi-
tional volcanic lavas in which both palaeomag-
netic and dating approaches can be combined in
order to constrain the age of the MLE.

These new data are, with those from Hawaii,
the only two volcanic records of the Mono Lake
from the northern hemisphere. This study, toge-
ther with those conducted in New Zealand and
Hawaii, is very promising because they show that
significant information can be retrieved from
geological sequences recording very brief geo-
magnetic features and which, therefore, constitute
precise tie points for stratigraphic correlations.
On the other hand, this is also a test of the preci-
sion and accuracy of the radiometric dating
methods used to date the Teide Volcanic Complex
(Carracedo et al. 2007).
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Abstract

The Teide Volcanic Complex, comprising the Teide and Pico Viejo
stratocones and the recent eruptives of the Northwest and Northeast rift
zones, are a product of the latest eruptive cycle of the island of Tenerife.
This cycle commenced with the lateral collapse of the island’s northern
flank to form part of the Las Cafladas Caldera and the Icod Valley some
200 ka ago. A large set of recently obtained ages allows the precise
reconstruction of the eruptive and structural evolution of this volcanic
complex, aided by geological mapping and the establishment of an
internally consistent chronostratigraphy. Abundant radiometric ages
(K/Ar and *°Ar/*°Ar), obtained not only from the older (shield stage)
formations but also from the youngest Teide Volcanic Complex, have
allowed, for the first time, a view of the island as an integrated temporal
system, with Teide volcano at the culmination of the island’s several
million year-long geological history.
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The most recent period of volcanic activity of
Tenerife had been until a few years ago, insuf-
ficiently studied, particularly in regards to the
geochronological control of the successive
eruptions. Apart from the historical events of the
last 500 years, for which period there are written
eye-witness accounts, very few eruptions of the
last 200 ky have been dated, especially those in
the Holocene. Consequently, the greater part of
the Late Pliocene-Holocene volcanism of the
island was scarcely understood. The volcanic
history, the evolution of this latest volcanic
phase of Tenerife, and the evaluation of related
eruptive hazards, were largely speculative, due
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to a lack of radioisotopic ages, precise mapping
and reconstruction of eruptive events.

This situation improved considerably after
the work carried out between 2004 and 2007,
when 60 new radiometric ages ('*C, K/Ar and
4OA1/*° Ar) were obtained (Carracedo et al. 2003,
2007). An important part of this work included
the study and correlation of the early phases of
filling of the Las Cafiadas Caldera using the
numerous galerias (tunnels excavated for
groundwater exploitation), which provided new
insights into the origin of Las Cafiadas Caldera.

7.2 The Teide Volcanic Complex

It could be readily argued that the current Pu‘u
‘O‘0-Kupaianaha eruption is part of Kilauea
Volcano, as are the southwest and east rift zones
and the summit Caldera. However, it is not as
straightforward to accept that the 1909 Chinyero
eruption (10 km distant from the main Teide
stratocone) and the northwest and northeast rift
zones form part of the Teide volcanic complex
(TVCO) (Fig. 7.1).

Four main structural features can be distin-
guished in the central part of Tenerife (Fig. 7.2):
(1) The main stratocones (Teide and Pico Viejo),
(2) A partially filled depression (the Valley of
Icod-La Guancha, (3) The Rift Zones (NW and
NE), and (4) The pre-Caldera Las Cafiadas
Volcano (LCV). Although the first three features
are supposed to be stratigraphically separated
from the pre-collapse LCV, the TVC is probably
just the latest post-collapse stage after several
mass destruction events, i.e. the volcanic
renewal of the LCV. Therefore, some distinc-
tions may not be diagnostic if based on volca-
nological considerations alone, since the rifts
and the central volcanoes act as an essentially
continuous, interconnected system.

The differences between basaltic rift erup-
tions and the phonolitic eruptions of the central
volcano are unambiguous, and represent the
extreme ends of a bimodal compositional sys-
tem. However, these differences are less pro-
nounced in the transitional part of the rifts where
lava composition changes gradually. Whether

Fig. 7.1 The 3,718 m high Teide Volcano, nested inside
the Las Cafiadas Caldera, towers over the island of
Tenerife, and represents the latest phase of the volcanic
construction of the island

Montafia Blanca should be considered to be
related to the proximal activity of the NE Rift, or
as an adventive dome of the Teide volcano, is
open to debate. This same issue also arises with
Pico Viejo volcano, which may simply represent
an enlarged polygenetic parasitic vent of Teide
volcano at the eastern end of the NW rift zone
(NWRZ).

The only ambiguity remaining is which part
of the rift zones can be related to post-collapse
volcanism and hence to the TVC, since the
activity of both rift zones precedes the collapse.
In this case the only possible method of sepa-
ration is geochronological. In fact, the rift zones
may be the main factor causing the generation of
the TVC, inducing the lateral collapse that pro-
duced the depression, the subsequent volcanism
which partially filled it, and the magmatic
differentiation giving place to the felsic
stratovolcanoes.

7.3  The Initial Collapse

General consensus takes the collapse that
formed the Las Cafiadas Caldera about
170-200 ky ago as the starting point for the
construction of the TVC. Although the type of
collapse (vertical or lateral) is still under debate,
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Fig. 7.2 Interactive
volcanic features forming
the Teide Volcanic
Complex: / The main
stratocones (Teide and
Pico Viejo). 2 The partially
filled landslide depression.
3 The Rift Zones (NW and
NE). 4 The pre-collapse
Las Cafadas Volcano
(LCV)

Fig. 7.3 Depression
formed by the ~200 ky
giant landslide (the Las
Caiadas Caldera and the
Icod-La Guancha Valley).
The Taburiente Caldera
(La Palma) is shown for
comparison. The dotted red
line marks the inferred
position of the collapse
scarp, while the blue lines
with arrows indicate
erosive retrogradation and
headwalls of the main
barrancos (canyons)

it seems evident that the well documented
200 ky lateral Icod collapse strongly modified
many earlier features (Watts and Masson 1995).

The Icod lateral collapse carved a horseshoe-
type depression, the Valley of Icod-La Guancha,
which was probably later enlarged by retrograde
erosion to configure the 15 km wide Las Cafia-
das Caldera (Fig. 7.3), that is considerably larger
than prototypical lateral collapse embayments
like the Taburiente Caldera on La Palma.

Galerias are extremely useful for constrain-
ing the deep structure beneath the Icod collapse
basin (Fig. 7.4). Certain galerias crosscut poly-
mictic breccia underlying the volcanic sequen-
ces that fill the depression, which are widely

interpreted as a debris avalanche deposit
(Navarro Latorre and Coello 1989). The geom-
etry of this TVC basement, as deduced from the
galerias (Mérquez et al. 2008), is a continuous
layer that extends inside the Las Cafiadas
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2700 masl|

_ - -0~ _ Upper limit of the
" breccia deposit

10 km

Fig. 7.4 GIS reconstruction of the basin formed by the
~200 ky lateral collapse. The bottom of the basin has
been estimated by using the debris avalanche deposit
observed in galerias and wells. Contours (blue dashed
lines) show the inferred altitude (metres above sea level)
of the upper limit of the breccia deposit (modified from
Mirquez et al. 2008)

Caldera below the present Teide stratocone
(dashed lines in Fig. 7.4). The presence of these
debris avalanche deposits well inside the Las
Canadas Caldera strongly supports a landslide
origin for the currently visible depression.

Deep vertical wells drilled to monitor the
local water table (Figs. 7.5 and 7.6) cross part of
the volcanic sequence, the one closer to the
Caldera wall (S2) probably reaching scree
deposits (Farrujia et al. 2001). These observa-
tions point to a pre-collapse volcano (LCV), of
about 3,200 m height and approximately centred
in the same position as the present Teide
stratocone, i.e. above the intersection of the rift
zones (see Fig. 7.2).

7.4  Geochronology of the Teide

Volcanic Complex

Only one eruption in the entire TVC—the
Montafia Blanca sequence —was assigned an
age date before 2007. The absence of age control
is particularly adverse in this context, because
without the constraints of radiometric ages, the
detailed mapping and the definition of individual
eruptive units of the TVC becomes extremely
difficult due to the often homogeneous appear-
ance of these volcanics in the field.
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Fig. 7.5 Stratigraphy of the deep boreholes (505 and
404 m) drilled in the Las Caiadas Caldera to monitor the
central aquifer of Tenerife. The wells penetrate the
volcanic formations that partially filled the collapse
basin, and represent the upper part of the Teide Volcano
sequence (modified from Farrujia et al. 2001)

Several authors (Arafa et al. 2000) stated that
a more precise reconstruction of the recent
eruptive period of Tenerife (the TVC) was
unfeasible, because of the impossibility of
applying K/Ar and “°Ar/>° Ar techniques to rocks
from such a young time period coupled with the
absence of suitable organic material (charcoal)
for radiocarbon dating. However, the work of
Ablay et al. (1998) and Ablay and Marti (2000)
provided abundant petrological and stratigraphic
data for the TVC, and the afore-mentioned age of
~2 ky of Montafia Blanca (Ablay et al. 1995),
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Fig. 7.6 Inferred configuration of the pre-collapse Las Cafladas Volcano and the present profile of the TVC. Both
volcanic edifices were probably centred at the convergence of the NW and NE rift zones

in agreement with a previous age of
2.470 £ 110 year (Navarro 1980). In 2004,
abundant charcoal remnants were obtained dur-
ing detailed geological mapping of the volcanic
complex, and samples were found particularly
concentrated in areas underlying the more silicic
lavas (Figs. 7.7 and 7.8) (see Chap. 6). Following
stringent criteria for the selection of suitable
samples (Fig. 7.8), 26 '*C ages were determined
for the NW and NE rift zones, the Teide and Pico
Viejo stratovolcanoes and the peripheral lava
domes (Table 7.1). To cross-check the reliability
of these radiocarbon ages, another 19 unspiked
K/Ar ages were obtained from these volcanic
units (Table 7.2).

Finally, ages were determined for lavas from
one of the deepest galerias (the 4,500 m long
Salto del Frontén), which crosses the entire
volcanic sequence that fills the collapse basin
(Table 7.3), using unspiked K/Ar and *°Ar/*’Ar
(Fig. 7.9) (see Chap. 6 for further detail).

These ages gave crucial constraints for the
age of the lateral collapse, the filling of the Icod
collapse depression, the construction of the
TVC, and the progressive magmatic evolution of
the post-collapse volcanics.

The Main Volcano-
Stratigraphic Units

7.5

To facilitate description, analysis and discus-
sion, five main volcano-stratigraphic units have
been defined in the TVC (Fig. 7.10): (1) Teide
Volcano, (2) Pico Viejo Volcano, (3) Peripheral

domes and lava domes of the main stratocones,
(4) NWRZ volcanism, and (5) NERZ volcanism.
7.5.1 Teide Volcano

Although Teide Volcano is geographically well
defined as a stratocone resting on rocks of the
Las Cafadas Caldera, from a geological point of
view it is a much more complex feature, being
the third highest volcanic structure on earth
(3,718 m a.s.l., >7 km high) and virtually
unique in terms of intraplate volcanism.

The initial growth of Teide Volcano is related
to the earliest lavas filling the lateral collapse
embayment that forms the horseshoe-shaped
Icod-La Guancha Valley. The oldest formations
(124-32 ky) are restricted to the interior of the
Caldera and vary in composition from basanite
to basalt. These sequences outcrop in cliffs on
the northern coast (Fig. 7.11). However, still
older formations, belonging to the deep core of
the volcano, have been reached through galerias
that cross the entire fill sequence up to the basal
debris avalanche (Fig. 7.12). The oldest age
obtained (~195 ky, see Figs. 7.11, 7.12 and
Tables 7.2 and 7.3) is equivalent to the age of a
deposit from an explosive eruption containing
syenite fragments which caps the Caldera wall,
and is not observed inside the collapse basin.
Large volumes of lavas were erupted during the
depressurisation that immediately followed the
lateral collapse.

The ages obtained for these products are
between 173 and 176 ky with the K/Ar method
(Mitjavila 1990) and between 179 £ 18 and
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Fig. 7.7 Precautions in the sampling of wood charcoal
for radiocarbon dating. Only the charcoal in (a) can yield
an unambiguous radiocarbon age of the overlying lava
flow, while in the remaining scenarios (b—d), charcoal
fragments may be related to post-eruption forest fires

183 & 8 ky with the *°Ar/*’Ar method (Mit-
javila and Villa 1993). This explosive deposit
was interpreted as being related to the lateral
collapse that formed the Las Cafadas Caldera
(Ancochea et al. 1999). Radiometric ages show
that a sequence of about 350 m of mafic (ba-
sanitic and basaltic) lavas accumulated inside
the embayment during a period of about only 50
ky, with highest accumulation rates at the junc-
tion of the rift arms.

This early mafic eruptive phase continued
with the construction of a central volcano.
Increasing edifice elevation and residence time
of lavas at progressively shallower reservoirs
augmented the differentiation of magmas by
fractional crystallisation. This process continued
for probably another 70-120 ky with eruptions
of mainly intermediate composition. Progressive
differentiation of magmas within one or more
shallow phonolitic magmatic chambers eventu-
ally fed the phonolitic eruptions of Teide (Val-
entin et al. 1990).

The development of the stratovolcano was
apparently completed at about 30 ky (Old
Teide). Since then, only one eruption of Teide
has been observed, which formed the summit
crater and the phonolitic flows of the Lavas
Negras, at 1150 & 140 year BP (see Figs. 7.11
and 7.12).

The eruptive activity that built the Teide
volcano was coeval with eruptions from the NE
and NW rift zones, explaining the sequences of
alternating phonolitic and basaltic pyroclastic
layers observable in road cuts and in the galerias
(see photo in Fig. 7.17b).

A noteworthy feature of Teide Volcano is the
phreatomagmatic eruption located on the NW
flank of the main stratovolcano (Pérez Torrado
et al. 2004, 2006). The explosive, surge-type
episodes, probably related to snow-melt inter-
acting with the shallow magma, formed thick
slabs of indurated, whitish-coloured breccias
(Las Calvas del Teide), interbedded with the
final sequence of Old Teide lavas, and overlain
by lavas of Pico Viejo and the Lavas Negras of
the last eruption of Teide volcano itself.

How much higher can the Teide stratocone
grow? Obviously a volcano cannot grow indef-
initely. As a volcano grows the eruption rate,
especially of central felsic volcanoes, frequently
decreases. One of the main factors is the dis-
tance the magma has to ascend to reach the
summit of the volcano. An empiric limit in
volcano height of about 3,000 m has been sug-
gested (Davidson and De Silva 2000), above
which it is increasingly difficult for lavas,
especially the less evolved and thus denser ones,
to reach the summit of a large stratovolcano. A
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Fig. 7.8 a Reliable radiocarbon age from wood charcoal (CH) in a red soil (RS) overlain by a phonolitic flow (LF).
b Burnt roots (BT) from a contemporaneous forest fire running deep into a loose soil (S)

“density filter” is therefore established, thus
promoting later lavas to be more evolved ones.
A second consequence involves the spatial dis-
tribution of lavas, with eruptions tending to
concentrate around the volcano’s basal periph-
ery instead of at the summit (Fig. 7.13).

Teide’s eruptive rates and composition seem
to adhere to this model. Teide volcano appar-
ently reached the critical height for the transition
between basaltic and intermediate composition
magmas at about 120 ky, approximately the age
of the first evolved lavas (phonotephrites). At
about 30 ky the volcano came to a critical height
for summit eruptions, with the exception of the
mentioned medieval obsidian phonolites (Lavas
Negras). From that age onwards, eruptions of
Teide volcano itself have been almost exclu-
sively phonolitic lava domes located at the basal
perimeter of the stratocone.

7.5.2 Pico Viejo Volcano

Most of the eruptive activity of this stratovol-
cano occurred between 17 and 27 ky (Fig. 7.14).
Matching the evolution of Teide, Pico Viejo
evolved from initial basaltic lavas (predomi-
nantly pahoehoe plagioclase basalts) through
intermediate composition and finally to phono-
litic eruptions.

The elevation of Pico Viejo (3,100 m a.s.1.) is
misleading, because the entire edifice forms a
relatively thin mantle on the western flank of the

older Teide Volcano (see cross section in
Fig. 7.14). Such a high elevation is, therefore,
mainly due to the location of the vent at about
3,000 m on the flank of the pre-existing Teide
edifice. The lava flows of Pico Viejo consistently
overlie the Teide Volcano lavas, with the noted
exception of the Teide summit eruption.

This suggests that the Pico Viejo may be an
adventive (polygenetic) eruptive centre of Te-
ide, probably originating from the flankwards
migration of magmas when Teide reached a
critical altitude for summit eruptions. In fact,
the ages of early basaltic eruptions of Pico
Viejo seem to match those of the final phono-
litic eruptions of Teide. Pico Viejo lava flows
have almost completely resurfaced the western
side of the collapse embayment, have over-
flowed the scarp, and resurfaced the flanks of
the NWRZ.

Minor eruptions at the rim and inside the
main crater of Pico Viejo Volcano persisted until
relatively recent times (Holocene), but it is only
a question of definition as to whether these
eruptions correspond to Pico Viejo or to the
NWRZ. In one of the eruptions, phreatomag-
matic explosive phases removed part of the
summit of Pico Viejo’s edifice forming an
explosion crater and mantling the upper flanks of
the volcano with brecciated material. As at Te-
ide Volcano, this explosive event was probably
driven by snow-melt interacting with magma
during the eruption.
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Table 7.1 Radiocarbon ages of the Teide volcanic complex (from Carracedo et al. 2011)

Eruption Analysis® e age years BP Calibrated age years BP
NE Rift Zone

Forest fire” p-counting 580 + 25 590 + 66

Volcan del Portillo (upper)b AMS 11,080 + 80 13,005 £ 132

Volcan del Portillo (lower)” AMS 12,020 £ 80 13,988 £ 163

Montafia Guamasa®

Montafia Cerrillar®
NW Rift Zone

f-counting >33,000 -
p-counting >33.000 -

Montafia Boca Cangrejo® f-counting 350 £+ 60 400 £+ 110
Montafia Reventada® p-counting 990 + 70 895 £+ 155
Volcén Los Hornitos® AMS 1,930 + 80 1,964 + 123
Volcan El Ciego-1° AMS 2,600 £+ 160 2,616 £ 250
Volcdn El Ciego-2° AMS 26,600 £ 40 2,794 £ 55
Montafia de Chio® AMS 3,620 £ 70 3,933 £ 212
Volcan Cueva del Ratén® f-counting 5,370 &+ 50 6,145 + 145
Montafia Liferfe® AMS 7,400 £ 40 8,250 + 80
Montafia del Banco® AMS 12,810 &+ 60 -
Teide-Pico Viejo stratovolcanoes

Teide (latest eruption)h AMS 1240 + 60 1,150 £+ 140
Pico Viejo (South flank lavas)® AMS 14,630 & 50 17,525 4+ 365
Pico Viejo (North flank lavas)® AMS 17,570 £ 150 20,775 £ 321
Pico Viejo (North flank pahoehoe lavas)® AMS 27,030 £ 430 -

Old Teide (phonolites in the Orotava Valley)** AMS 32,360 + 800 -
Teide-Pico Viejo phonolitic peripheral lava domes

Roques Blancos 1 AMS 1,790 + 120 1,714 + 151
Roques Blancos ° AMS 2,010 &+ 120 1,974 + 147
Montaiia Blanca? (pumice airfall bed?)b AMS 2,020 + 140 1,996 + 165
El Boquerén® AMS 24,200 £+ 140 2,528 + 185
La Abejera Baja” AMS 4,790 + 140 5,496 + 162
La Abejera Alta” AMS 5,170 £ 110 5911 £ 264
Montafia Negra-Los Tomillos® AMS 8,220 &+ 120 9,210 + 190

2 The B-counting method is based on the detection of radioactive decay of the radiocarbon (** C) atoms. The AMS
(Accelerator Mass Spectrometry) method is based on the detection of mass of '* C atoms in the sample (and therefore

its ratio of '* C to 2 C)

® Laboratoire des Sciences du Climat et de I’Environnement, CEA-CNRS, France

¢ Beta Analytic Dating Laboratory, USA

The apparent westward migration of most of
the eruptive activity of the TVC from about 30 ky
is evident from the abundant Holocene volcanism
in the NWRZ. This may be caused by diversion of
magma transport coinciding with the overgrowth
and abrupt decline of Teide’s eruptive activity.

Some of the most characteristic features of
Teide and Pico Viejo stratovolcanoes are shown
in Fig. 7.15.

7.5.3 The Peripheral Lava Domes

The increasing elevation of both stratocones
above a critical level finally restricted eruptions
to parasitic phonolitic lava domes around the
central volcanoes and basaltic fissure volcanism
on the rift zones, mainly in the NW. This late
episode of volcanism of the TVC occurred
mainly during the Holocene.
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Table 7.2 K/Ar ages of the Teide volcanic complex (from Carracedo et al. 2011)

Eruption

NE rift zone
Volcéan del Portillo

Montafia de Enmedio

Montafia de Guamasa

Montaiia del Cerrillar

NW rift zone
Volcén del Palmar

Volcan Teno Alto

Montaiia Los Silos

Volcan Tierra del Trigo

Icod Valley (upper flow, western rim
Montaiia de Taco

Playa de La Arena (South flank)
Icod Valley (western rim, Las
Carniadas Volcano)

Teide-Pico Viejo
Playa San Marcos (phonolitic flow)

Old Teide (phonolites inside the
Orotava Valley)

Old Teide (flows, base of cliff at Playa
San Marcos)

Old Teide (flows, base of cliff at Playa
Santo Domingo)

Galeria Salto del Fronton
2,700 m

1,500 m

1,100 m

Weight
molten g

1.84000
3.15460
1.38104
2.09397
1.98317
21.14727

1.77942
1.90060

1.05197
2.10684
1.03751
1.93700
1.27816
1.08304
1.22597
1.13251
1.11669
1.44401
0.95023
1.44732
1.09534
1.20229
1.19247
1.37110

1.71730
1.65063
2.02239
241121
1.07373
1.60741
1.38494
20.00200

1.65487
2.33548
1.43489
2.22959
2.14574
2.18357

K* wt %

1.486 &+ 0.015

1.577 £ 0.016

1.527 £ 0.015

1.395 £ 0.014

0.000 £ 0.013

0.000 £ 0.016

0.000 £ 0.016

0.000 £ 0.018

0.000 £ 0.016

0.000 £ 0.037

0.000 £ 0.016

0.000 £ 0.021

4.284 £+ 0.043

3.777 £ 0.038

1.544 £ 0.015

1.610 £ 0.016

1.503 £+ 0.017

1.677 £ 0.017

3.179 £ 0.032

A0 A=
%

0.267
0.255
0.656
0.917
0.405
0.7
78
0.671
0.595

3.846
5.031
2.323
5.101
2.762
3.314
6.333
3.245
6.145
4.473
29.554
43.764
6.779
8.809
43.291
30.003

2.351
1.612
3.366
4.395
2.090
1.311
3.241
2.900

4.477
3.408
2.909
2.939
5.233
4.503

4OAr 10712
mol/g £ lo

0.022 + 0.009
0.018 £ 0.006
0.083 £ 0.006
0.089 £ 0.005
0.087 £ 0.005
0.088 & 0.00
5

0.085 £ 0.005
0.093 £ 0.005

0.334 4+ 0.010
0.361 £ 0.006
0.451 &+ 0.013
0.495 £ 0.007
0.512 £ 0.013
0.547 £ 0.012
0.786 £+ 0.011
0.874 £ 0.011
1.194 £+ 0.011
1.152 £ 0.011
4.463 £+ 0.026
4.598 £ 0.024
2.400 £ 0.017
2.502 £ 0.016
4.134 £+ 0.023
4.272 + 0.023

0.243 £+ 0.009
0.221 £ 0.011
0.230 £ 0.009
0.207 & 0.007
0.215 £ 0.092
0.244 £ 0.006
0.338 £ 0.007
0.349 £ 0.005

0.525 £ 0.008
0.513 & 0.005
0.316 £+ 0.007
0.323 £ 0.005
0.656 £ 0.006
0.644 £ 0.007

113

Age + 20

ky

8+4

31+3

33+£3

378 £ 3

3718 £ 6

378 £ 6

378 £ 8

378 £ 7

378 £ 10

378 £ 15

378 £ 20

378 £ 25

32+1

33+£2

88 £ 4

124 + 4

198 £5

110 £ 4

118 £ 3

Note Age calculations are based on the decay and abundance constants from Steiger and Jager (1977). The weighted
mean *° Ar* values from the replicate experiments are used in the final age calculation
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Table 7.3 “°Ar/*Ar ages (ky) of lava flows from Galeria Salto del Frontdn, crossing the entire Teide volcanic

sequence

Sample Depth m 40Ar/39Ar* ky 40Ar/39Ar° ky
GSF-2 4,700 155£5 -

GSF-10 2,700 1923 £ 5 195.7 + 12.7
GSF-12 2,200 - 154 £ 4
GSF-14 1,500 148 £5.9 -

GSF-15 1,070 1342 + 4 126 + 4

% Rare Gas Laboratory, University of Wisconsin-Madison, USA
® Laboratoire des Sciences du Climat et de I’Environnement, CEA-CNRS, France

N

Galeria Salto

Debris del Fronton
avalanche

Teide Pico Viejo

@KAr OAlAr GALERIA SALTO DEL FRONTON

0 1183”1000 104 2000

Fig. 7.9 Galeria Salto del Frontén crosses the entire
post-collapse TVC sequence. The section along the
galeria (below) shows the composition and age of the
volcanic formations filling the collapse embayment. The

®
1985 3000

deepest part of the

S 4000

Caldera de
Las Cafiadas

Hydrothermally
altered lavas

4
4000m Debris
avalanche

section, from ~3,400 m, was

unsuitable for dating because of the high degree of
hydrothermal alteration of the lavas (modified from
Carracedo et al. 2007)

Fig. 7.10 Main volcano-
stratigraphic units of the
Teide Volcanic Complex:
1 Teide Volcano, 2 Pico
Viejo Volcano, 3
Peripheral domes of the
main stratocones, 4 NWRZ
volcanism, 5 NERZ
volcanism
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Fig. 7.11 Geological map of the TVC (modified from Carracedo et al. 2007)

As shown in Fig. 7.16, overpressure facilitat-
ing lava ascent to the summit of the stratocones is
progressively lowered by increasing edifice
height. When lateral thrust finally exceeds magma
ascent (1 in Fig. 7.16), magma bulging and
cryptodomes occur on the flanks (2 in Fig. 7.16)
and radial fractures open to form flank vents, the
upper ones degassing the system in explosive
events, and the effusive basal vents forming bul-
ges and lava domes (3 and 4 in Fig. 7.16).

These phonolitic domes, several forming
spectacular steep-fronted blocky flows (coulées)
reaching the 15 km distant northern coast, are
one of the most characteristic features of the
TVC (Fig. 7.17). Most of the exposed lava
domes and coulées have been dated, and their
ages range from about 9210 £ 190 to
1714 4+ 151 year BP (see Table 7.1), contribut-
ing considerably to the relatively high frequency
of eruptive events in the central part of Tenerife.
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Fig. 7.12 Cross section (N-S) along the main axis of the collapse basin. (modified from Carracedo et al. 2007)
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Fig. 7.13 Critical heights in the growth of Teide
Volcano: H; basalts and intermediate lavas; H, evolved
lavas. H; the present altitude after the latest medieval

Silicic, generally andesitic, lava domes in other
tectonic environments are very common, and the
literature pertaining to these features is abun-
dant. However, phonolitic lava domes and cou-
lées of this volume and flow length are rarely
found in oceanic islands.

Depending on topography, whether open or
confining, the lava domes in the TVC are char-
acterised by two main features: (1) very thick
(up to 50-80 m) and long (10-15 km) coulées,
with conspicuous levees and pressure ridges,
generated on open inclined surfaces (e.g., Ro-
ques Blancos, Fig. 7.17c); and (2) near sym-
metrical, hemispherical domes composed of
viscous phonolitic glassy short-length lavas
formed on flat or low angle confined surfaces,
with characteristic “rosette” structures, made up

7 10km

Latest summit
eruption (1150 BP)

Phonolites

v

+ 1. Deep, primitive
$/ (Basanitic, basaltic) magmas

eruption. The depth of the shallow differentiated magma
chamber is estimated to be at about sea level (Valentin
et al. 1990)

of many small flows like petals covering the
surface of the dome (e.g., Montafia Rajada,
Fig. 7.17d).

The majority of the lava-domes are located at
the basal periphery of the main stratovolcanoes
(Figs. 7.18, 7.19, 7.20). Lava-dome eruptions
tend to be moderately explosive episodes,
forming extensive air-fall deposits of pumice.
Collapse of coulée fronts also occurs giving rise
to hot avalanches and block-and-ash flows or
surges. However, no evidence of pyroclastic
flows associated with such lava domes has been
observed at the TVC. Air-fall pumice deposits
are however ubiquitous, and generally composed
of thin (cm-scale) layers. A thicker (about 1 m)
and more extensive layer of pumice covers the N
and NE flanks of the Teide stratocone and the
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T T T T

Pico Viejo

Roques Blancos

Fig. 7.15 a View of Teide (left), Pico Viejo (upper
centre), the rim of Las Cafiadas Caldera (right) and the
Roques Blancos felsic lava dome (lower centre). b Crater
of Pico Viejo (cr) with Teide Volcano in the background.
The thick section of lavas at the right hand side of the
photograph (crf) is the remnant of the sequence that filled
the entire crater. The phreatomagmatic explosion pit
(php) in the lower part of the photograph produced the

products of all the eruptions except the Roques
Blancos and the most recent eruption of Teide.
This air-fall pumice yields a calibrated radio-
carbon age of 1996 £ 165 year BP (Table 7.1),
matching the age obtained by Ablay et al. (1995)
for Montafia Blanca.

7.5.4 The North-West Rift Zone

In addition to the peripheral lava domes, most of
the Holocene volcanism of the TVC has been

Las Caiadas rim

breccias (phb) mantling the flanks of the volcano. ¢ Las
Calvas del Teide (from the Spanish calvo = bald)—thick
slabs of indurated, bare whitish breccias (phb) interbed-
ded within the final phonolitic lavas of the old Teide
Volcano. The explosive, surge-type episodes that pro-
duced these deposits, are probably related to snow-melt
interacting with the shallow magma during the eruption
(photographs Sergio Socorro)

concentrated in the NWRZ (Figs. 7.21 and 7.22;
Chap. 4). This rift was active long before the
200 ky lateral collapse that removed part of the
volcanic super-structure, and during the last
30 ky while the remaining structure was buried
by Pico Viejo lavas or more recent eruptive
products. Consequently, pre-collapse volcanics
from this rift zone are only exposed at the most
distal westernmost edge of the Teno massif.
However, volcanic sequences of this pre-collapse
volcanism can be observed inside galerias.


http://dx.doi.org/10.1007/978-3-642-25893-0_4
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Fig. 7.16 Schematic diagram showing the relationship
between the increasing lithostatic pressure (LP) of a
growing stratocone (e.g. Teide Volcano) and the mag-
matic overpressure (MOP) required for the magma to
ascend to the summit of the volcano. / When the critical
height (Hc) is reached, the vertical push of magma is
changed to lateral. 2 Bulging may result in radial dykes
(RD) and related radial fissures (RF). 3 Eventually,
evolved fissure eruptions (FE) from radial fractures
begin, with initial explosive phases. 4 Finally, effusive
phases produce thick evolved (phonolitic) lava flows and
coulées

119

Eruptive vents at the extension of the NW rift
into the Teno massif (distal end) are consider-
ably older (see Table 7.2) than those in the
central part of the NW rift and near the central
stratovolcanoes (proximal end), where the
younger eruptions from the NWRZ cap the
preceding  volcanism  (cross-section  in
Fig. 7.23). Frequent eruptions occurred along
this rift during the entire Holocene, including
four historical eruptions: Boca Cangrejo (1492),
Garachico (1706), Chahorra (1798) and Chin-
yero (1909).

Interesting examples of magma mixing are
found at the proximal end of the NWRZ, near
the central volcanoes (see Chap. 11). Here, a
lava unit from an eruption of Montafia Revent-
ada shows noteworthy magma mixing textures,
containing mingled basaltic and phonolitic lavas
(Arana et al. 1994; Rodriguez-Badiola et al.
2006; Wiesmaier et al. 2011). Similar processes
may have occurred at the distal end of the
NERZ.

The Holocene eruptions of the NWRZ cluster
along two distinct volcanic chains, the Chio and
the Garachico volcanic fractures, which are
separated by a saddle (Fig. 7.22). This feature is
crucial in the control of flow direction; the lava
flows from vents in the Chio chain consistently
spread down the southern flank of the rift, those
in the Garachico chain flow down the northern
flank, while those located between both struc-
tures generally flow along the saddle in a SE-
NW direction (e.g., Montafia Reventada,
Chinyero, etc.).

7.5.5 The North-East Rift Zone

The NE Rift (see also Chap. 5) extends from the
base of the Teide stratovolcano towards the NE
of the island, overlying the western flank of the
Anaga Mio-Pliocene shield volcano (Fig. 7.24).
The age of this rift zone probably extends back
to the Pliocene, interacting with the develop-
ment of the Las Cafiadas Volcano (Carracedo
et al. 2007, 2011). According to Marti et al.
(1994), Cantagrel et al. (1999), and Huertas et al.
(2002), basaltic fissure eruptions, with the
eruptive centres aligned in a similar pattern to


http://dx.doi.org/10.1007/978-3-642-25893-0_11
http://dx.doi.org/10.1007/978-3-642-25893-0_5
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Fig. 7.17 a Montafia de la
Arena, a group of basaltic
vents of the NERZ
attached to the rim of the
Las Cafiadas Caldera.

b Interbedded layers of
basaltic lapilli (b) and
phonolitic pumice (pm)
from coeval basaltic
eruptions of the NERZ and
phonolitic events from the
peripheral lava domes.

¢ Phonolitic lava dome and
coulées of Roques Blancos
attached to the NW flank of
the presumed Pico Viejo
stratocone. Despite their
presumed viscosity, the
flows are several
kilometres long (the
photograph is 7 km from
top to bottom).

d Characteristic rosette
shaped appearance, of very
viscous flows from one of
the peripheral phonolitic
domes of Teide Volcano
(Montafia Rajada)

Fig. 7.18 Peripheral lava
domes of the Teide-Pico
Viejo complex: / Roques
Blancos, 2 Montafia
Blanca, 3 El Boquer6n, 4
Los Gemelos, 5 Mancha
Ruana, 6 Montaia Majia,
7 Montaiia de La Cruz, 8
Abejera Baja, 9 Abejera
Alta, 10 Pico Cabras, 11
Abrunco, /2 Montafia de
las Lajas, /3 Montafia de
los Conejos, 14 Bocas de
Dofia Maria, 15 Montaifia
Negra
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Fig. 7.19 Geological map of the peripheral lava domes of the Teide-Pico Viejo Complex (modified from Carracedo

et al. 2007)

masl | p « Mha. Cruz  El Ciego Roques Blancos. . Latest eruption  Phreatomagmatic event Abejera Baja Bocas
deTea 2794BP 1714 BP  ElBoquerdn of Teide Volcano

of Teide Volcano 6 )

2500\ M. Chio| Cuevas / Las Lenguas 2528BP 1150 BP : Abejera Alta
39313 BP| Negras e A T . Pico Clabras 5911 BP
.....;/~ \/_.Z_ - M#a.

2000 (170 AN

Wi =

77 PICO VIEJO TEIDE VOLCANO Las Lajas
>17Ka o
N LAS CANADAS VOLCANO
15004 o
N >200 Ka 9 25 km

5496 BP Diia. Maria A

Miia. Negra|
9210 BP

Fig. 7.20 Geological cross section (NE-SW) of the peripheral lava domes of the Teide-Pico Viejo Complex

(modified from Carracedo et al. 2007)



122

J. C. Carracedo et al.

NW Rift Zone

ues Bianegs"._ =
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West flank of Pico Viejo

Fig. 7.21 View of the NWRZ from the top of Pico Viejo (photograph Sergio Socorro)

the present NE rift zone, alternate with the dif-
ferentiated eruptions of the central Las Cafadas
Volcano. In this setting, the TVC can be regar-
ded as the latest destructive and constructive
cycle of LCV.

NERZ eruptive activity related to the TVC
appears to be limited to the western part of the
rift, near the rim and inside the Las Caiiadas
Caldera (Figs. 7.25 and 7.26). The easternmost
vents are older than the 200 ky collapse
(Carracedo et al. 2011). As equally noted for the
NWRZ, volcanism seems to have been halted or
seems to have at least waned after the collapse
and during the main part of the nested volcanism
that constructed Teide Volcano, only resuming
at about 30 ky, after Teide was near completion.

Near the Las Caifiadas Caldera, the NE Rift
comprises a cluster of basaltic vents (Montafia
Guamasa, Montaia de Enmedio, Montana
Cerrillar) formed between 31 and 37 ky, which
fed flows that extend down both flanks of the
ridge into the Orotava Valley and towards the
SE flank of the island (see Table 7.2 and
Fig. 7.25). The intracaldera part of the rift is
formed by younger eruptions. Basaltic vents

(Montafia Mostaza and Montafia Arenas Negras)
form the distal part of the intracaldera rift
(Fig. 7.26), with ages constrained between the
underlying Old Teide phonolites (33 ky), and the
overlying lavas of Volcén del Portillo, dated by
4C at 13,005 & 132 and 13,889 + 163 year BP
(Fig. 7.25). A concordant *He/*He exposure age
of 15 ky for Montafia Mostaza is quoted in
Ablay and Marti (2000).

A distinct bimodal distribution similar to that
observed in the NWRZ occurs in the NERZ,
with the felsic (phonolitic) eruptions located at
the proximal end of the rift and the mafic
eruptive vents along the distal part, close to the
Caldera scarp.

Overview of the Volcanic
Stratigraphy

7.6

A synthesis of the main volcano-stratigraphic
units of the TVC is outlined in Fig. 7.27. Nested
volcanism filling the 200 ky Icod collapse
embayment is clearly separated from the pre-
collapse, extra-Caldera formations.
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Fig. 7.24 View of the NE rift zone from the summit of
Teide Volcano. The older (Mid-Pleistocene) distal end of
the rift (forested upper left part of the picture) has been
deeply eroded by three successive giant landslides,

Based mainly on the ages determined the
entire TVC and the rift zones behave as an
integrated and interactive volcanic system.
Periods of volcanic growth alternate between the
different parts of the volcanic system, apparently
in relation to the critical elevation attained for
the main stratovolcano and ridge-like edifices.

The principal period of growth of the TVC
starts immediately after the lateral collapse,
nested inside the collapse depression. This phase
of intense, voluminous and continued volcanism
coincides with a decline or pause in activity of
both the NW and NE rift zones that only
resumed more intense activity after the devel-
opment of Teide volcano was nearly completed
and upon reaching a critical elevation of
3,500 m a.s.l. at about 30 ky. At this point the
development of Pico Viejo stratocone began, as
an adventive centre attached to the western flank
of Teide, probably coinciding with renewal of
eruptions at the NERZ. Subsequently, once Pico
Viejo also attained a critical elevation, eruptions
resumed over the entire volcanic system (both
intra and extra-Caldera), as felsic peripheral
domes at the basal perimeter of the stratocones,
and predominantly basaltic fissure eruptions on
both rift zones.

Rifts form by the accumulation of eruptions
fed by magma supplied through fissures (dikes).
As rifts evolve (Fig. 7.28-1), the system

e
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showing its internal structure and a tightly-packed dyke
swarm. The more recent (Upper Pleistocene) proximal
part of the rift shows a dense cluster of basaltic cinder
cones, oriented along the N-E axis of the rift zone
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S
T

becomes progressively fixed and this regime
persists as a well-established plumbing system
until volcanic activity ceases or the rift grows to
instability and collapses (Fig. 7.28-2) (Walter
et al. 2005; Delcamp et al. 2010).

Flank collapses at the rift catastrophically
disrupt the established fissure plumbing system.
Collapse unloading (i.e., decompression, gas
expansion, and possibly isostatic rebound)
facilitates the ascent and eruption of mafic, high
density, and crystal-rich fractions of magma
(Longpré et al. 2009; Manconi et al. 2009) that
resided in the lower part of the magmatic con-
duits prior to the collapse (Fig. 7.28-3).

Plumbing disruption and fracturing favours
emplacement and residence of magmas at
increasingly shallower depths, thus allowing for
magmatic differentiation leading to progressive
shift toward intermediate and felsic nested
eruptions (Fig. 7.28-4). If volcanism continues,
a central volcano may develop (e.g., the TVC)
(Carracedo et al. 2011).

If the edifice reaches a critical height and a
physical limit for summit eruptions nested vol-
canism changes to felsic lava dome eruptions
around the base of the stratovolcano (e.g., Te-
ide). Volcanism progressively declines, rift
activity resumes, and a new cycle might com-
mence after some hiatus or with no apparent
time delay in between.
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8.1 Introduction

Abstract

Volcanic activity, involving both mafic and felsic eruptions, has been
relatively frequent in the Teide Volcanic Complex over the last
2,000 years. Moderately explosive phonolitic events were endured by
the aborigines, the most relevant being the Montafia Blanca subplinian
event and the last summit eruption of Teide some 1,240 years ago. An
eruption reported by Christopher Columbus, while passing the island in
1492, generally thought to relate to the latest eruption of Teide’s summit,
has been determined by radiometric dating to have occurred on the NW rift
zone. This increases the number of Tenerife’s eruptions during recorded
historical time to five (1492, 1705, 1706, 1798, and 1909). Relationships
and distribution of lava types show two main regimes at play; the basanite
fed rift zones and the phonolite dominated central complex.

The most recent volcanism found in the vol-
canic stratigraphy of Tenerife is the “Serie

The Pudt Od eruption is generally accepted as
one of the longest-lived historical eruptions of
Kilauea Volcano, in spite of the vent being
almost 20 km distant from what can be consid-
ered the centre of the volcano, the Kilauea
Caldera and the Halemaumau crater. However, it
is less straightforward to associate the 1706
Garachico eruption on Tenerife with Teide
Volcano, which is only 10 km distant (Fig. 8.1).
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Reciente”, as derived by Fuster et al. (1968).
Based mainly on lithological criteria, two coeval
subseries were defined: the Recent Acid Series
(Serie Reciente Acida) and the Recent Basic
Series (Serie Reciente Bdsica). On the geologi-
cal map compiled by Fuster et al. (1968), the
Recent Acid Series comprises all of the differ-
entiated eruptions of Teide and Pico Viejo vol-
canoes, including the phonolitic peripheral
domes and the latest eruption of Teide.

The Serie Reciente Bdsica includes the “well
preserved” basaltic eruptions, comprising the
historical (last 500 year) events along with
Holocene and some pre-Holocene eruptions.

As outlined in Chap. 4, these recent (mainly
Holocene) phonolitic and basaltic eruptions are
end-members of a deep, primitive (rift) and a
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Fig. 8.1 The 1706 volcanic eruption of Garachico in an
anonymous contemporary painting copied by Ubaldo
Bordanova in 1898. The lava flows cascaded down the

shallow, differentiated (central volcano) magma
series that form a bimodal compositional distri-
bution, but with local mixing between the two.
This intermix of the two sequences hinders an
accurate chronological separation of these latest
eruptive phases of the Teide Volcanic Complex.

Taking advantage of abundant new radiometric
ages (Carracedo 2006; Carracedo et al. 2007b),
geochronological criteria were used in Chap. 7 to
define the recent —Holocene— volcanism of the
TVC. However, we can apply a different, non-
geological, approach and consider the last
2000 years, the period in which the island was
already inhabited. Although the pre-Hispanic
inhabitants (Guanches) did not possess a system of
writing, some information about the eruptions they
witnessed was retained through toponyms and oral
traditions. The historical eruptions, described in
eyewitness accounts, have been recorded since the
Spanish colonization of the island in 1496.

The ten eruptions documented on Tenerife in
the last 2 ky all belong to the TVC (Fig. 8.2).
The historical events are exclusively fissural
basaltic eruptions, generally strombolian, and of
short duration (months); the pre-historical ones

cliff and partially filled the harbour, the most important
trading port with South America in the Canaries

are predominantly phonolitic, longer-lasting
(probably years), and considerably more explo-
sive. These explosive eruptions took place dur-
ing the Guanche period, probably explaining the
word Echeide (“Hell” in the Guanche language)
that gave rise to Mt. Teide.

8.2 The Pre-Historical Record:
Mafic Eruptions of the TVC

in the Last 2 ky

References to alleged eruptions of the TVC,
mainly associated with Teide Volcano, are
numerous but for the most part, likely erroneous.
The frequent presence of orographic clouds (the
well-known “toca del Teide” or Teide’s head-
dress shown in Chap. 1, Fig. 1.5), phases of
intense fumarolic activity within Teide’s crater,
or forest fires (either natural or caused by the
pre-Hispanic Guanche inhabitants), may explain
the recurrent references to possible eruptions of
Teide. The majority of these are from fifteenth
and sixteenth century sailors who passed by the
island at a considerable distance from the coast.


http://dx.doi.org/10.1007/978-3-642-25893-0_7
http://dx.doi.org/10.1007/978-3-642-25893-0_1
http://dx.doi.org/10.1007/978-3-642-25893-0_1#fig5

8 The Last 2 ky of Eruptive Activity

131

CUEVAS
NEGRAS

: g NLARGE
AREA

= i S
o | I Historical eruptions (from 1492 A.D.)

| [ Pre-Historical eruptions (2000-1496 A.D.)
= v |:| Basanites and basalts
| E<27 Intermediate (tephrites, phonotephrites)
- | 7] Phonolites
Mixed magmas (basanite-phonolite)
@® “Cages (yrBP)

Fig. 8.2 Pre-historical (orange) and historical (red) eruptions of the TVC. Lava flows from most of these eruptions (9
out of 12) stopped on the flanks of the NW rift and did not reach the coast

Errors regarding historical eruptions are also due
to the subsequent incorrect translation or inter-
pretation of accounts written at the time of an
event. A detailed study of the last stage of
eruptive activity of Tenerife, particularly the
Holocene, involving mapping and dating (using
'4C), now permits correlation of these possible
eruptions of Teide to actual events (Fig. 8.3).
The latest summit eruption of Teide is now
established to have occurred in the Middle Ages
at 1,150 £ 140 BP (Carracedo et al. 2007b).

8.3  Historical Eruptions of the TVC
An overestimation of the number of eruptions of
the TVC from written accounts was apparent
when the volcanic history was reconstructed in
detail after mapping and dating of the successive
events (Fig. 8.3).

The most controversial of these events was
the latest eruption of Teide, generally related to
a reference made by Christopher Columbus to
“a fire on the sierra of Teide” when sailing past
the south coast of Tenerife in August 1492.

However, a 43¢ age dated the last summit
eruption to 1,240 £ 120 year BP (calibrated age
660 to 940 A.D.). This medieval age (Early
Middle Ages) age excludes a Teide summit
eruption in 1492.

Columbus probably intended a clear distinc-
tion when referring to the “fire” he reported to
be located on the “sierra” (the ridge or mountain
range) of Tenerife (“scoglio” in the original
document, Colombo (1571), not on the Pico (the
Peak), as the Teide Volcano was known in that
epoch).

It is unlikely that an eruption, presumably of
long duration and located at high altitude, would
have passed unnoticed and unreported, since La
Gomera and Gran Canaria, only 40 and 80 km
distant, were colonized several years before.

8.4 The Christopher Columbus

Eruption

Columbus sailed on August 24 from La Gomera to
Gran Canaria to make the final preparations to his
ships for his first voyage to America (Fig. 8.4). He
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reported in the ship’s log that at night, passing
close to Tenerife “...they saw a great fire on the
sierra of Tenerife, very high...” (“dal cui scoglio,
che ¢ altissimo, vediano uscir grossissime fiam-
me”). To calm his crew’s fears “...he explained to
them the cause of that fire with the example of
Mount Etna, in Sicily, and many others, where the
same thing has been observed: “... ad intendere il
fondamento, e la causa dico tal fuoco, verificando
il tutto con lo essempio del monte Ema in Sicilia, e
di molti altri monti, dove si vedere il medesimo”
(Colombo 1571).

Once the successive eruptions of the TVC
were dated and their stratigraphic position
determined only one eruption complied with
Columbus’s description, the Boca Cangrejo
Volcano, located 1.2 km to the south of
Chinyero Volcano, that hosted Tenerife’s latest
eruption in 1909 (Fig. 8.5).

The 1492 eruptive centre is a multi-cratered
breached vent. Tephrite lavas spread in numer-
ous branches from the main vent along the NW
rift zone, finally merging in a single flow that

cascaded into the Santiago del Teide valley, and
stopped about 600 m from the coast (Fig. 8.6).

Charcoal found underlying the lava, where
abundant tree moulds were observed, gave a
radiocarbon calibrated age of 400 £ 110 year
BP, equivalent to the period 1,440 to 1,660 A. D
(Carracedo et al. 2007a). This interval is over-
lapping with the report by Christopher Colum-
bus in 1492. Therefore, the 1492 Boca Cangrejo
eruption can be considered to be the first erup-
tion in the historical record of Tenerife.

8.5 Eighteenth Century Eruptions

in the TVC

Three of the five historical (<500 year) eruptions
that took place in the TVC occurred in the eigh-
teenth century and in different settings: in the NE
and the NW rift zones in 1705 and 1706,
respectively, and on the southern flank of Pico
Viejo in 1798, although this is also likely to be
related to the NW rift zone.
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Fig. 8.4 Routes sailed by Columbus in August—September

1492 between La Gomera and Gran Canaria. On the night

of August 24, they observed “a big fire on the sierra of Tenerife” (modified from Carracedo et al. 2007a)

Fig. 8.5 Eruptive vent
and lava flows of Boca 3 (1909)
Cangrejo Volcano, the > g
eruption reported by
Christopher Columbus in
1492. This volcano is very
close (1 km to the north) to
Chinyero Volcano,
Tenerife’s latest eruption
in 1909 (Google Earth

Chinyero’ flows
image) # i

8.5.1 The 1705 Fissure Eruption

of Arafo-Fasnia-Siete Fuentes

Following a long period of eruptive repose (213
years after the 1492 Boca Cangrejo eruption),
new vents opened after a week of strong seis-
micity that, according to eyewitness accounts
(Viera y Clavijo 1776), caused more damage
and concern in the population than the sub-
sequent eruptive events themselves. Earthquake
swarms of increasing intensity and number
began on Christmas Eve 1704, and were par-
ticularly strong and frequent on 27 and 28
December. Seismicity affected the entire NE rift
zone, where “... earthquakes shook and moved
the earth making waves as in the sea, while
churches and buildings collapsed in La Orotava,
Los Realejos, Giifmar and Candelaria”.

Chinyero

“Boca Cangrejd_

N (1492774

4

Apparently local intensities up to VII-VIII on
the Mercali scale were recorded, similar to the
Jedey earthquake (July 2) during the 1949
eruption of La Palma (Bonelli Rubio 1950). The
absence of eruptive activity in this rift zone
during the last 30 ky and the probable loss of
“thermal memory” in the rift may explain the
difficulties encountered by the basaltic feeder to
progress, therefore causing the strong precursory
seismic activity.

This volcanic event is a good example of
basaltic fissure volcanism, with 3 vents aligned
along a 10 km long volcanic trend parallel to the
NE rift axis (Fig. 8.7a and b). The first vent to
open, on Christmas Eve 1794, was Siete Fuentes
volcano at the western end of the eruptive fissure
(Fig. 8.7c), constructing a small cinder cone and
erupting a short (1 km) lava flow.



J. C. Carracedo

CANGREJOVOLCANO]
. 2J (1492 S
&

Fig. 8.6 Geological map of the Boca Cangrejo erup-
tion, reported by Christopher Columbus during his first
expedition to America in August 1492. This eruption is

On the 6 Jan 1705, the Volcan de Fasnia
opened less than 2 km farther northeast along
the eruptive fracture (Fig. 8.7¢c); some 30 initial
small vents eventually concentrated to form 2
main cinder cones (Fig. 8.7d), erupting several
short (<0.5 km) lava flows, and a longer one
(~5 km), all channelled through the Barranco
de Fasnia, also known as Barranco del Volcin
(Fig. 8.8a). This episode ended on January 14.

Finally, on the 2nd February the last effusive
vent opened on the southern flank of the NE rift
zone, nested in the Giifmar Valley, at an altitude
of 1,500 m (Fig. 8.7¢ and f). A 100 m high
cinder cone, Volcan de Arafo, formed and lava
poured downslope forking in the valley at about
500 m.a.s.l. One flow stopped close to Giiimar,
while the second fork of the lava flow passed

the first documented historical eruption of Tenerife (from
Carracedo et al. 2007a)

close to Arafo and stopped 1 km from the coast
on 27 March, 1705 (Fig. 8.8b).

This 3 month-long eruption demonstrates the
characteristic pattern of multi-vent fissure erup-
tions on the flank of rift zones, with the upper
vents predominantly outgassing the volcanic
system and generally accompanied by a limited
eruptive volume, while the lower ones concen-
trate the emission of lavas (e.g., the 1712 and
1949 flank eruptions of Cumbre Vieja, La Palma).

8.5.2 The 1706 Eruption of Garachico
Volcano

Although the 1705 eruption apparently ended in
February (Cabrera Lagunilla and Hernandez-
Pacheco 1987) or March (Romero 1991),
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Fig. 8.7 Different views of the eruptive centres of the
1705 eruption on Tenerife. a Aligned vents of the
eruption viewed from the NE: / Siete Fuentes, 2 Fasnia,
and 3 Arafo (Google Earth image). b Oblique aerial view
from the E of the 1705 vents. ¢ Another oblique view

historical records report that seismic activity
continued in Tenerife until a new vent,
Montafia Negra, opened and the Garachico
eruption started on May 5, 1706. Therefore,
this new 1706 vent can be considered to be
either the continuation of the 1705 eruption or
a different eruption altogether. An unpublished
contemporary document by Martinez de

Fasnia

from the SW. d Cinder cones of Volcin de Fasnia.
e Volcan de Arafo (or Montafia de Giiimar), nested in the
lateral collapse scar of the Giifmar Valley. f Oblique view
of Volcan de Arafo from the E

Fuentes reports: “Although finally that volcano
(Montafia de Arafo) shut down, earthquakes
persisted for more than a year... shaking
buildings along with underground rattling,
clearly indicating that the heated minerals were
not yet completely evacuated, and were getting
ready deep inside for an even more violent
eruption”.
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Fig. 8.8 a Geological map of Siete Fuentes and Fasnia
volcanic vents from the 1705 eruption in the NERZ.
b Geological map of Volcan de Arafo (or Montafia de

The eruption started on May 5, 1706 at
3:30 pm after a series of strong earthquakes the
night before. The eruption began unexpectedly
as earthquakes, frequent and persistent during
the previous year, were no longer effective as a
forewarning. In addition, the eruptive vent
opened on a steep slope on the flank of the NW
rift, only 6 km away from the town of Garachico
(Fig. 8.9). In the afternoon lava flows were
perched atop the cliff above Garachico, where
they formed seven branches (see Fig. 8.1). The
eastern ones partially filled the harbour, the most
important port of the province of Tenerife in the
sixteenth century (Fig. 8.10). Although this
eruption caused moderate damage to the town
and there were no casualties, it is considered to
be the most disruptive of all historical eruptions
of the Canary Islands, as the destruction of the

Giifmar), the easternmost vent of the 1705 eruption. Lava
flows from these eruptions consistently ran out on the
flank of the rift without reaching the coast

port put a temporary stop to trade with the
Americas and forced a complete reorganisation
of the socioeconomic structure of the island.
This setback was only fully resolved when the
main port and capital were eventually estab-
lished in Santa Cruz de Tenerife.

Eyewitness accounts primarily emphasise this
damage to Garachico port. Viera y Clavijo
(1776) described the devastation: “Vineyards,
springs, birds, port, trade and neighbours dis-
appeared and a lava branch filled the harbour
and forced the sea to retreat, leaving a cove
impracticable even for small boats”.

In the early stages of the eruption a row of
vents fed by a 500 m-long fissure emitted
basaltic ‘a‘a lavas for 8 days (Phase I in
Fig. 8.9b). A new flow on May 12 progressed
from the easternmost edge of the fissure towards
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Fig. 8.9 a Google Earth image of the 1706 Garachico eruption. b Geological map showing the eruptive vent and the

main phases of the eruption (from Carracedo 2006)

Garachico (Phase II in Fig. 8.9b), and destroyed
the town centre. The later flows stopped close to
the main vent without causing any further
damage (Phase III in Fig. 8.9b). During the
course of the eruption a 115 m-high volcanic
cone (Montafia Negra) developed. The date of
conclusion of the eruption is uncertain, although
several contemporaneous accounts mention a
duration of 40 days.

8.5.3 The 1798 Eruption of Chahorra
Volcano

This late eighteenth century eruption (9 June
1798) has been described in detail in several
contemporary accounts. The eruptive vents
formed along a 1.2 km-long radial fracture on the
southwest flank of Pico Viejo stratocone, fol-
lowing precursory seismicity felt by the
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New harbour
(under construction)

Fig. 8.10 Oblique aerial view from the N of the 1706
eruption lava flows cascading down the then cliff. The
old town of Garachico was built on a lava platform
formed during a previous eruption (Montafia Abeque,
8250 BP), with curved streets adapted to the lava delta.

population since 1795 (Cologan Fallow 1798).
The eruption was mainly strombolian, but violent
explosive events (probably phreatomagmatic)
were reported: “Ashes fell in other islands and
were found on leaves over the entire island of
Tenerife” (de Le6n and Cioranescu 1978).

Although located on the flank of the Pico
Viejo felsic stratocone (Fig. 8.11a), the Cha-
horra eruption is likely related to the NW rift
zone. The Chahorra magma composition is
intermediate (tephriphonolite), originating from
the mixing of deep, mafic magmas with phono-
lite magma from the shallow and differentiated
magma reservoirs of the central felsic strato-
cones. This gives rise to a distinct bimodal ser-
ies, with basanites and phonolites respectively as
the two end-members, and intermediate erup-
tions found in the central part of the rift zones
(See Fig. 4.15).

As occurred in La Palma in 1949 and 1712,
the 1798 eruption on Tenerife is another exam-
ple of a multi-vent fissure eruption located on a
steep slope, where the upper vent degasses the
system and is more explosive (strombolian),
while the lower emits scoria and lava flows, and
the lowest only lava flows. This is reported by

The figure shows the part of the town destroyed by lava
and fires (in yellow), and the partially filled harbour (in
red). Inset: An old picture showing the bay, pre-eruption,
functioning as a natural harbour. The location of the old
dock is also shown

Segundo de Franqui (1799) “the first and highest
vent spewed dense spirals of fume, the second
stones and fire, and the third and lowest one only
fire”.

Lava flows poured downslope and ponded to
a considerable thickness (15-20 m in places)
confined by the Las Cafiadas Caldera rim
(Figs. 8.11b, ¢ and 8.12). The area covered by
the lavas (4.9 km?) and their estimated volume
(30 x 106 m3) are consistent with the duration
of the eruption, which ended “mid September,
1798” (Cologan Fallow 1798) after 3 months
and 6 days according to von Humboldt and
Bonpland (1805). Thus, the 1798 Chahorra
eruption is the longest among the historical
eruptions of Tenerife and the second longest in
the Canary Islands (after the Timanfaya erup-
tion, Lanzarote, 1730-1736).

8.6 The Twentieth Century

Eruption of the TVC

Only one eruption took place on Tenerife in the
twentieth century, the Chinyero 1909 eruption,
which was located at the western edge of the NW
rift zone (see Figs. 8.2 and 8.13). Detailed
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Fig. 8.11 The 1798 Chahorra eruption. a Eruptive vents
viewed from the south (the main road). b Oblique view of
the main, upper vent of the Chahorra eruption. ¢ View

descriptions of this eruption were made and were
widely distributed in both scientific articles and
newspaper reports, providing the first ever pho-
tographs of an eruption in the Canary Islands
(Fig. 8.14).

The eruption was preceded by more than one
year of earthquake activity (since March, 1908),
several individual events reaching intensities of
VII on the Mercalli scale, were felt by the
population mainly in the north of the island
(Monge 1980). The eruption started in the
afternoon (14:30) on November 18, 1909, in a
remote and deserted, 1,490 m-high area of the
NW rift zone (Ponte y Cologan 1911), as a W-E
trending fissure with 5 different strombolian
vents that merged into one main cinder cone,
which eventually grew to an elevation of 80 m
(Fig. 8.14a, b). Early in the eruption, a lava pond
confined by adjacent cinder cones split into two

from the summit of Pico Viejo of the vents and lava flows
of the Chahorra eruption, nested within the Caldera de
Las Cafadas

branches and flowed towards the north and the
west (Fig. 8.14c). The northern flow halted after
about 1.7 km and solidified, while the westward
one continued for another 3 km and then bifur-
cated, partly encircling Montafia Bilma
(Figs. 8.14c, d and 8.15).

This basaltic eruption, studied and mapped by
Fernandez Navarro (1911), lasted only 10 days
(18 to 28 November, 1911) and covered an area
of about 2.7 kmz, with a total volume of some
11 x 10° m>. The eruption caused little damage
(localised forest fires) and no casualties and was
considered more as a spectacle and less as a
hazard by the population.

Excursions were organised by boat from
Santa Cruz de Tenerife to Garachico and from
there to the eruption site, where many visitors
admired the front of the advancing lava flows
(Fig. 8.144d).
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Fig. 8.12 a Google Earth view of the Chahorra eruption. b Geological map indicating the main vents and lava flows
(from Carracedo 2006)

Fig. 8.13 Panoramic view of Chinyero vent and lava flows from Montaiia de La Cruz (to the W), with Teide and Pico
Viejo volcanoes in the background

stratocones and the peripheral phonolitic lava

8.7 Felsic Eruptions of the TVC domes around the two central volcanoes (see
Chap. 7).
Felsic eruptions are an important aspect of TVC The four felsic eruptions that took place in

volcanism, constructing the later and more the last 2 ky in the Teide Complex (Fig. 8.16)
evolved parts of the Teide and Pico Viejo represent a range of styles, eruptive mechanisms


http://dx.doi.org/10.1007/978-3-642-25893-0_7

8 The Last 2 ky of Eruptive Activity

141

Fig. 8.14 a, b. Chinyero volcano (contemporary pho-
tographs, Centro de Fotografia Isla de Tenerife). ¢ Map

of the Chinyero eruption by Fernandez Navarro (1911).

d People closely watching a lava front of the 1909
eruption near Montafia Bilma (contemporary photograph,
Centro de Fotografia Isla de Tenerife)

i s s (o o

-

Fig. 8.15 The 1909 Chinyero eruption in Tenerife. a Google Earth view of the eruptive vent and lava flows.
b Geological map showing the main eruptive vent and lava flows, encircling Montafia Bilma in their final course

and morphologies: (1) Summital eruption of the
Teide stratocone (the latest Lavas Negras sum-
mit eruption), (2) Simple lava dome growth
(Roques Blancos), (3) Composite lava dome
growth (Montafia Blanca), and (4) Eruption with
mixing of basaltic and phonolitic magmas
(Montafia Reventada).

8.7.1 The Latest Eruption of Teide

Volcano

The latest felsic volcanic activity of Teide
occurred in 1150 BP (Carracedo et al. 2007a).
This eruption built the 220 m summit cone of
Teide, increasing its elevation from about
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:tha. Reventada
(895+155)

I:l Rogues Blancos
(1714+151 and 1974+147)

- Lavas Negras

3 Iatést eruption of Teide
; I:I(-g—(ﬂéjoﬂlw) )

Mfia. Blanca
(1996:+165)

Fig. 8.16 Felsic eruptions of the TVC in the last
2000 years indicated on a satellite view by NASA

3,500 m to the present 3,718 m (Fig. 8.17).
Approximately 0.66 km® (32.8 km?) of lava
spread radially from the summit crater, partially
covering the former stratocone with thick,
blocky flows of glassy (obsidianic) phonolites
with an intense black colour (Lavas Negras,
black lavas in Spanish) (Fig. 8.18a—f).
The summit crater after the eruption was origi-
nally narrower and deeper before intensive

Fig. 8.17 The latest (medieval) eruption of Mt. Teide.
a Google Earth view of the eruptive vent (the summit
cone) and lava flows. b Geological map outlining the

mining of fumarolic sulphur sublimates took
place during World War I (Fig. 8.18d).

Phase equilibrium experiments carried out by
Anddjar et al. (2010) to determine the pre-
eruptive conditions of the phonolitic magma
giving rise to Teide’s latest eruption constrain
the magma storage depth to about 5 &+ 1 km
below the current summit of Teide volcano.
These authors suggest that magma from this
eruption may still remain stored at a similar
depth, retaining both the thermal and rheological
conditions. However, previous work by Albert-
Beltran et al. (1990) considered a 3,700 m deep,
30 km® chamber at 430 + 50 °C. Deep seismic
profiles detected a very low-velocity zone 4 km
under the Teide caldera (Banda et al. 1981;
Surifiach 1986), that the authors interpret as
representing the magma chamber.

Studies of seismic activity in Tenerife
(Mezcua et al. 1992) indicate a silent area in this
low velocity zone and a concentration of hypo-
centres around the same, which is consistent

Lavas Negras phonolites forming a dense network of
intertwined meandering flows with conspicuous levees
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Fig. 8.18 Different views of Mt. Teide’s latest summit
eruption. a Southern face aerial view of the summit cone
and the phonolitic flows encircling part of the “Old
Teide” crater rim. b View of the stratocone from the W
showing the channelled lava flows and their characteristic
dendritic pattern. ¢ Closer oblique aerial view of one of
the southbound flows with a prominent lava channel
confined between levees. d Aerial view from the SW of

the interior of the Mt. Teide summit crater. The white
colour is due to hydrothermal alteration. Patches of
sulphur sublimate are seen in yellow. e Front of a lava
flow (directed towards Pico Viejo) with its characteristic
blocky morphology. f Obsidianic phonolite accretionary
lava ball (locally Huevos del Teide or Teide’s eggs)
detached from the front of a lava flow descending the
steep northern flank of Montafia Blanca
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with the presence of this chamber (see Chap. 13
for further explanation).

8.7.2 Roques Blancos Lava Dome
Eruption

The Roques Blancos lava dome is the youngest
(**C ages of 1714 =+ 151 and 1974 + 147 years
BP) of the cluster of phonolitic lava domes
encircling the central Teide and Pico Viejo
stratocones. Located on the NW flank of Pico
Viejo at an altitude of 2,700 m (see Figs. 8.16
and 8.19a), Roques Blancos is composed of a
summit dome (Fig. 8.19b) and a complex sys-
tem of ramified coulées, thick phonolitic flows
with a blocky, steep front and conspicuous
levees (Figs. 8.19¢ and 8.20c, d). A notable and
characteristic feature of these flows is the

" PicoViejo

Fig. 8.19 The Roques Blancos eruption. a Roques
Blancos dome and coulées viewed from the W.
b Oblique aerial view from the north of the Roques
Blancos dome. ¢ Oblique view from the south of
anastomosing lava flows from the Roques Blancos dome.

abundance of obsidian, which commonly dis-
plays layered structures and folds due to
differential laminar motion.

These viscous lavas rarely extend more than a
few kilometres from their vents, often forming
thick flows that move much slower than their
basaltic and intermediate counterparts. The larg-
est known Quaternary silicic lava body in the
world is the 14 km-long coulée of Cerro Chao in
north Chile (de Silva et al. 1994). However, the
Roques Blancos phonolitic lava flow is longer,
reaching the coast 14.7 km distant (Fig. 8.20).

The Roques Blancos flows and several simi-
lar lava domes (e.g., Pico Cabras, Abejera Alta)
have similar lengths to the NW rift zone
basanitic and transitional flows (see Fig. 14.10
and Table 14.1). Although the rheological
behaviour allowing long flows (i.e. a low

Roques Blancos

d Characteristic banding in one of the Roques Blancos
obsidianic phonolite flows. The alternating bands of
different colours are caused by variations in microcrys-
tallinity or microvesicularity. Often the layering can be
distorted or folded
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(a)

Fig. 8.20 a Google Earth view of the largest known
Quaternary silicic (dacite) lava body in the world, the
14 km-long dacitic coulée of Cerro Chao in north Chile.
b Google Earth view of Roques Blancos, a 14.7 km-long

viscosity) is expected of basanitic and interme-
diate flows, it is unusual with these more silicic
and more viscous phonolitic obsidian lavas.

The surface textures and internal structure of
these phonolitic flows show characteristic fea-
tures: thick flow margins that are tens of metres
high and well-developed lava levees and flow
ridges (ogives). The levees form as the central part
of the flow keeps moving, whereas the margins of
the flow subside as the lava cools down and
solidifies (Fig. 8.21a). Ogives are transverse rid-
ges on the central part of a phonolite flow that form
as a result of compressional forces parallel to the
course of the coulée (Fig. 8.21b).

These flows show a massive external lava
carapace contrasting with a more brecciated
interior (Fig. 8.21c): This outer shell likely
produces an effective thermal isolation of the
lava, allowing flows to remain hotter for longer
and thus travel longer distances.

The duration of these silicic lava dome
eruptions is probably considerably greater than

©

2.00 3 - .

R Nta k!
o

" ROQUES
BLANCOS

phonolitic coulée of the TVC. ¢ Geological map of
Roques Blancos showing the eruptive vent and branching
and anastomosing lava flows. The ages of the northbound
longer lava flows are also indicated

that of basaltic and intermediate events, which
generally last only a few months to, at the most,
a few years (e.g., Timanfaya 1730-1736,
Lanzarote). Indeed, the duration of the Chao
eruption is thought to have been about 100 to
150 years (de Silva et al. 1994). The difference
in the radiocarbon ages obtained for the two
different Roques Blancos lava flows (see
Fig. 8.20b) also suggests a long period of erup-
tive activity (Carracedo et al. 2007b). The
anomalous size and duration of these eruptions
may be related to the steep local slope onto
which they were erupted (~ 10°) and the avail-
able volume of magma.

8.7.3 Montana Blanca Composite Lava
Dome

Just as Roques Blancos may be considered a
representative slope-lava dome eruption of the
TVC, the Montafia Blanca eruption represents a
lava dome located on the nearly flat floor of Las
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N/

Ogives

Fig. 8.21 a Schematic model of the formation of a
channelled phonolitic coulée. The outer massive cara-
pace thermally isolates the lava within, which can flow
for distances up to 15 km. b Ogives formed in a thick

Fig. 8.22 The Montaiia
Blanca group of domes and
coulées viewed from Teide
summit

Cafadas Caldera. Here, flows tend to pile up
over the vents building endogenous domes with
a characteristic “rosette” structure (e.g., Mont-
afia Rajada in Fig. 8.22), or alternatively run for
short distances forming thick lava flows that are

Roques Blancos flow in response to compressional forces
parallel to the course of the coulée. ¢ Detail of the outer
massive carapace

soon confined by the Las Cafiadas Caldera rim
(Figs. 8.22 and 8.23).

The Montafia Blanca eruption has been
studied and mapped in detail. Ablay et al. (1995)
defined three eruptive units, the uppermost one
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Fig. 8.23 The Montafia Blanca composite lava dome.
a Google Earth view of the domes and lava flows.
b Geological map of the Miia. Blanca composite cluster
of endogenous domes. Located on the almost flat floor of

corresponding to the Montafia Blanca (MB)
dome complex, subdivided by these authors into
a Lower and Upper MB sub-members, the
younger dated by '“C at ~2 ky (Ablay et al.
1995). Carracedo et al. (2007b) defined eight
different eruptive episodes during the Montaifia
Blanca events, which produced both lavas and
pumice, although only the younger deposits are
well exposed at the summit of Montafia Blanca.
Charcoal under a Montafia Blanca-derived
pumice deposit north of Teide has yielded a
calibrated age of 1986 + 165 year BP
(Carracedo et al. 2007b) similar to that obtained
by Ablay et al. (1995). The second youngest of
the eight eruptive phases (VII in Fig. 8.23) is
analogous to the unit dated at ~2 ky by Ablay
et al. (1995). Lavas not covered by pumice air-
fall are mainly short tongues extruded from a
late flank fissure (Phase VIII).

Most of the Montaiia Blanca pyroclasts
comprise pumice lapilli and bombs of fallout
origin. Isopach maps (see Fig. 14.18) indicate
that the vents were located at the summit of
Montafia Blanca (Ablay et al. 1995) and that the
subplinian Montafia Blanca eruption is the only
significant explosive event of the TVC.

347,000

343.000

345.000
o 3

Las Canadas Caldera, lava flows run for short distances
forming thick flows that pile close to the eruptive vents
with a characteristic “rosette” structure

8.7.4 The Montana Reventada Magma
Mixing Event

Dated using '*C to 990 & 70 year BP (900 to
1210 A.D. calibrated age), Montafia Reventada
is the youngest pre-historical eruption of the
TVC, and represented the final eruption before a
~ 600 year repose interval, which was eventu-
ally interrupted by the 1492 Boca Cangrejo
event.

Montafia Reventada consists of a group of
aligned eruptive vents located within the
Northwest rift zone (Montafia Reventada and
Las Lenguas) close to the central felsic Teide
and Pico Viejo stratocones (see Fig. 8.16).
Several lava flows from Montafia Reventada run
along the flank and the saddle of the Northwest
rift (Fig. 8.24), covering a surface area of about
22 km’.

As described in detail in Chap. 11, the most
interesting feature of this eruption is the pres-
ence of a composite flow or cooling unit with a
lower felsic and an upper mafic member
(Fig. 8.25), initially thought to reflect an erup-
tion from a large, stratified magma chamber.
However, the Montafia Reventada composite
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La Palma

Teno massif

Las Lenguas

Fig. 8.24 The Montaiia Reventada eruption. a Oblique
aerial view from the NW of the eruptive vent and lava
flows. b Close-up view from the west of Montafia
Reventada, with Teide and Pico Viejo in the background.
¢ View of Montafia Reventada from the summit of Pico

Lapilli and e
explosive breccia .

Viejo. The three coulées of phonolite lava in the
foreground belong to the Montafia Reventada eruption.
d Oblique satellite view of the two-armed Montafia
Reventada composite lava flow (image: Google Earth)

333000

331000

329000

327000

3134000 3132000 3130000 3128000 3126000

Fig. 8.25 Google Earth view and geological map of Montafia Reventada. The circle in centre of image indicates the
location of the outcrop shown in Fig. 9.27 (from Carracedo et al. 2007b)
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Fig. 8.26 a Photograph of
the main outcrop of the
Montaiia Reventada
composite flow with
human figures on top for
scale. b Simplified
stratigraphic column of the
outcrop. Note the opened
fracture within the basanite
(F) that has been filled with
phonolite (after Wiesmaier
et al. 2011)

flow is now thought to be composed of a basa-
nite lava that erupted immediately prior to a
phonolite lava, the latter with abundant dark
inclusions (Arafia et al. 1994; Wiesmaier et al.
2011). A sharp interface separates the basanite
and phonolite domains, and chilled margins at
this contact, as well as phonolite filled fractures
within the basanite, indicate that the basanite
was still hot upon emplacement of the phonolite.
This means the two magmas erupted in very
quick succession (Fig. 8.26).

Analysis of basanite, phonolite and inclusions
for major, trace and Sr, Nd and Pb isotopes
shows the inclusions in the phonolite to be
derived from binary mixing of the basanite and
phonolite endmembers (Wiesmaier et al. 2011).
Although the basanite and phonolite magmas
were in direct contact for at least a short time,
contrasting 2°°Pb/***Pb ratios show that they are
genetically distinct.

The process driving the formation of the
Montafia Reventada composite flow is the
physical mingling and progressive mixing
accompanied by a decreasing temperature

Massive
phonolite

Mafic inclusions
by
A Y

Massive
asanite
\

: ,;a;;fa?;e;;

contrast between the basanite and phonolite end-
members. The Montafia Reventada basanite and
phonolite first came into contact just prior to
eruption and therefore had only limited interac-
tion time. Montafla Reventada erupted within
the transition zone between two plumbing
systems, the phonolitic Teide-Pico Viejo com-
plex and the basanitic Northwest rift zone
(Carracedo et al. 2007b). A basanite dyke sim-
ilar to those feeding eruptions of the NW and NE
rift zones most likely intersected a previously
emplaced phonolite magma chamber related to
the central Teide-Pico Viejo volcanoes. This led
to the eruption of geochemically and texturally
unaffected basanite, with the inclusion-rich
phonolite subsequently flowing into the estab-
lished conduit (Wiesmaier et al. 2011).

The Montafia Reventada composite flow is
not an isolated case in TVC volcanism. Other
eruptions in the vicinity (e.g., Cuevas Negras
volcano) show similar features. This marked
compositional bimodality displaying a range
from mafic lavas to highly differentiated felsic
lavas with some transitional products can be
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Fig. 8.27 Temporal
distribution of the
successive eruptions of the
TVC during the Holocene.
The inter-eruptive periods
of repose (/EP in the
figure) range from 1 to
528 years, making
statistical predictions very
difficult. The frequency of
Holocene eruptions in
Tenerife varies from 2 to 7
events per millennium
(EMIL in figure), much
lower than the widely
assumed 1 eruption per
century. Red and blue dots
indicate phonolitic and
basaltic eruptions
respectively
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Fig. 8.28 Spatial distribution of Holocene eruptions of
the TVC. Note the clustering of felsic lavas in the central
Teide-Pico Viejo volcanoes. The mafic lavas define the
rift zones, with the transitional lavas falling into the
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geographical and chemical transition zone between the
rifts and the central felsic phonolitic lavas (data from
Rodriguez-Badiola et al. 2006)
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Fig. 8.29 a Samples of the <2 ky eruptions of the TVC
plotted on a total alkali versus silica diagram (TAS) after
Le Bas et al. (1986). Note the well-defined general
bimodal trend and the specific case of the Montafia

clearly observed in this part of Tenerife.
To highlight the temporal component, the com-
positional evolution of lavas at the TVC shows
initially mafic lavas (200-30 ky) and late highly
differentiated phonolite (30 ky-recent). This is
discussed in greater detail in Chap. 7.

The effect of spatial distribution is illustrated
by the compositional bimodality present in the

Reventada eruption. b Similar TAS diagram from lavas
of the TVC throughout its development, closely mim-
icking the pattern of the latest volcanism (data from
Rodriguez-Badiola et al. 2006)

NWRZ between the now-felsic Teide—Pico
Viejo to the east, and the exclusively mafic lavas
of the western edge of the rift. Intermediate
composition magmas have erupted only in the
middle part of the rift zone (Ablay et al. 1998;
Carracedo et al. 2007b). Intermediate magmas
on Tenerife may thus form through the interac-
tion of two end-member-type magmas: basanite,
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from the rift zones, and phonolite, from evolved
shallow magma chambers of the central complex
(Wiesmaier et al. 2011, 2012).

General Features and Trends
of the Last 2 ky of TVC
Volcanism

8.8

The scant number of eruptions during the recent
(last 2 ky) volcanism of the TVC prevents the
possibility of obtaining significant statistics and
trends in their temporal evolution. A more
complete overview is gained by considering the
entire Holocene, during which the eruptions
have shown a wide variety of repose periods
between consecutive events (Fig. 8.27), render-
ing any statistical approach to eruption predic-
tion in Tenerife a “game of small numbers”.
The frequency of eruptions has been overesti-
mated until recently because calculations were
based on historical events, and included several
reported eruptions of Teide Volcano that have
now been proven to be erroneous (see Fig. 8.3).
After detailed stratigraphic correlation and dat-
ing of the TVC (Carracedo et al. 2007b), the
number of eruptions seems now to be reduced to
a few per millennium (13 in the last 2 ky or
about 0.6 per century).

The spatial distribution of eruptions, how-
ever, shows distinct patterns. The eruptive vents
cluster tightly along the NW and NE rift zones
(Carracedo et al. 2007b, 2011), whereas at their
junction, inside the Las Cafiadas Caldera, vents
tend to group at the basal perimeter of the two
main stratocones, Teide and Pico Viejo.

A distinct pattern is also observed in the
petrological characteristics of the erupted lavas.
The distal and central parts of both rift zones
erupt only basanite lavas, with transitional
eruptions located at the proximal edges of the
rifts, close to the central volcanic complex,
which itself erupts only differentiated phonolites
(Fig. 8.28). This marked bimodality from mafic
rift composition to highly differentiated central
complex phonolite is clearly shown in the TAS
diagram of lavas erupted from the TVC
(Fig. 8.29). The transitional composition of

J. C. Carracedo

some lavas is probably a result of magma mixing
between rift basanites and the evolved magmas
feeding the central complex.
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Abstract

Several cycles of initially mafic to progressively felsic activity have
given rise to large volume felsic deposits on Tenerife that serve as prime
examples of pronounced magmatic differentiation in an ocean island
setting. The Teide-Pico Viejo succession is the most recent of these
cycles to show a systematic evolution from initially basanitic to
phonolitic eruptions. Basanite lava flows bear olivine, pyroxene and
occasionally plagioclase, while phonolites mainly display alkali feldspar
with subordinate pyroxene, amphibole, biotite and oxides. Three groups
of eruptives can be discerned based on their trace element composition:
(1) Mafic lavas that show typical OIB signatures, (2) Transitional lavas,
which are enriched in incompatible trace elements but may be depleted in
Ba and Sr and (3) Phonolites, which are more enriched in incompatible
trace elements, but show the strongest negative Ba and Sr anomalies.
Linking the spatio-chronological distribution of eruptions with these
compositional groups shows a progressive migration of mafic activity
from the outskirts of the rift zones towards the central complex over the
last 30 ka. The arrival of mafic activity at the central complex coincided
with the onset of more evolved eruptions at Teide, thought to be triggered
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by mafic underplating. The distribution of mafic activity at the surface
may thus be related to the volume of mafic underplating beneath the
volcanic edifice at a given time.

9.1 Introduction

Magmatic differentiation is the modification of a
magma’s composition from its original primary
make up. Primary magmas are melts that are
assumed to have been generated by equilibrium
partial melting of mantle rocks. As such, they
can show certain variability in their composi-
tion, depending on mantle lithology and degree
of partial melting involved. However, lava and
intrusive rocks, which represent solidified
magma, span a much wider compositional range.
This implies that primary magmas are—more
often than not—overprinted by processes that
change their composition subsequent to their
initial formation in the mantle.

The Teide—Pico Viejo succession represents a
unique opportunity to investigate magmatic dif-
ferentiation and the resulting felsic rock suites, in
a young and very accessible ocean island setting.
The Canary Islands form on top of slow-moving,
thick oceanic lithosphere and show a relatively
low magma-supply rate, only about one-tenth of
that of the Hawaiian Islands (Sleep 1990). This
increases the residence time of magma in the
oceanic crust and the island edifices and results in
cooling, crystallisation, magmatic differentiation
and magma mixing. In contrast, highly produc-
tive hotspot settings, such as Hawaii, allow only
for relatively short intervals of magma residence
in the crust and thus reflect processes at greater
depth, i.e. in the mantle. As a result, felsic
material is nearly absent in the hotspot type-
locality Hawaii, whereas large volumes of
strongly differentiated, felsic rocks abound in the
Canary Islands (e.g., Fuster et al. 1968;
Schmincke 1969, 1976; Ridley 1970) and must
represent the products of large-scale and volu-
minous magmatic differentiation.

The degree of differentiation that magma of a
given volcano may reach directly influences that
volcano’s hazard potential. Differentiation

generally increases the silica content of magma
and so governs whether an eruption will be a
comparatively passive outpouring of lava or, in
contrast, a large cataclysmic explosion that may
ravage proximal and distal (e.g., populated) ter-
ritories. This is because silica increases the
polymerisation in magma and can raise its vis-
cosity by orders of magnitude (e.g., Hess and
Dingwell 1996). Such high viscosity of e.g.,
rhyolitic or phonolitic magma is one of the fun-
damental drivers of explosive volcanism, because
only high viscosity magma can be fragmented on
alarge scale during eruption (Webb and Dingwell
1990; Dingwell 1996), a phenomenon which is
promoted at high silica concentration.

Two main processes of magmatic differenti-
ation are known to change the composition of
magma towards high silica values: fractional
crystallisation and assimilation (e.g., DePaolo
1981). Fractional crystallisation, on one hand, is
the commonly assumed way of magma evolu-
tion on cooling, whereby newly formed crystals
are removed from the melt, for example by
gravitational settling (e.g., Bowen 1928; Wager
and Brown 1967). Because the most common
magmatic crystals are combined of only a small
number of components assembled in varying
proportions, they deplete the remaining mag-
matic liquid in the elements they take up to
grow, while the unused components become
enriched in the magma. As a result, differenti-
ated magma (often also called ‘evolved’) expe-
riences a change in chemical composition,
which usually manifests in an increased SiO,
concentration associated with high concentra-
tions of large ion lithophile elements such as Rb,
Na and K. The magma becomes more felsic
(Fig. 9.1).

Assimilation, on the other hand, describes the
reaction of hot magma with the surrounding
country rock that forms the boundary walls of a
magma reservoir. Any magma that cleaves
through the Earth’s crust is likely to encounter a
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variety of rock types that the crust is built of. At
deep levels below Tenerife, the ultramafic rocks
of the mantle grade into a sequence of rocks that
are typical for the oceanic crust (e.g., gabbros,
dykes and pillow lavas). Moreover, at shallow
levels, the rocks from the volcanic edifice itself
have to be passed by newly ascending magma.
How intensely the ascending magma can be
changed in composition by assimilation depends
on three factors: the solidus of the wall rock, the
compositional gradient between wall rock and
magma, and the temperature of both magma and
wall rock, i.e. the amount of energy released by
the cooling magma that leads to melting of wall
rock. The solidus of different wall rock lithologies
varies strongly with their composition and the
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may occur in a crustal magma chamber (courtesy of F.

fusion enthalpies of their mineralogy, but most
wall rocks will become partially unstable when
exposed to temperatures of 1,200-1,300 °C (cf.
Spera and Bohrson 2001). Wall rock composi-
tions that are distinct from the magma may result
in strong disequilibrium kinetic reactions that
dissolve wall rock minerals prior to melting (e.g.,
Watson 1982; Deegan et al. 2010, 2012). Finally,
the volume and temperature of magma versus that
of the wall rock delimits the energy available for
consumption of the wall rock. It follows that the
type and the amount of rock that exists at depth
beneath a volcano may have considerable influ-
ence on magma type and, hence, on its eruptive
behaviour. This influence has to be determined
for each volcano individually (Fig. 9.1).
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The two differentiation processes, assimila-
tion and fractional crystallisation, are comple-
mented by magma mixing, which describes the
homogenisation of two melts of different com-
position to produce a new magma of hybrid
composition, e.g., mixed silica concentration
(e.g., McBirney 1980). Less frequently observed
in nature is liquid immiscibility, i.e. the
unmixing of components from a multi-compo-
nent silicate melt (e.g., Best 2003).

Tenerife has displayed several cycles of
mafic to increasingly felsic eruptions throughout
the last 2 Ma, indicating a systematic evolution
of the magmatic system with pronounced mag-
matic differentiation being at work in Tenerife’s
interior. Overall, Tenerife shows a marked
increase in volume of erupted felsic material
throughout its subaerial history of about 12 Ma,
with the post-shield Las Cafiadas Volcano
(<3.5 Ma) having developed towards very large
volume cataclysmic felsic eruptions (e.g.,
Ancochea et al. 1999). Comparable to the pre-
vious cycles of the Las Cafiadas Volcano, Ten-
erife’s youngest eruptive succession, the
products of Teide—Pico Viejo show a complete
sequence from early mafic eruptions to pro-
gressively more differentiated compositions of
the alkaline series up to phonolites. Because of
their young age and a lack of overlying units to
bury them, it has been possible to document the
stratigraphy, age and compositional variation of
this lava succession to superb detail (Rodriguez-
Badiola et al. 2006; Carracedo et al. 2007,
2008). The age and stratigraphical constraints
used here are presented in Chap. 7 and further
information on the quantification of differentia-
tion processes can be found in Chap. 10.

9.2 The Significance of Felsic

Volcanism in Ocean Islands

In a setting devoid of large regional tectonic
influences and thick continental crust, crystal
fractionation had commonly been proposed as the
principal differentiation process forming abun-
dant felsic volcanic material (e.g., Cann 1968;
Schmincke 1969; Clague 1978; Garcia et al.
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1986; Thompson et al. 2001). This is at odds,
however, with the frequently observed bimodal-
ity of lava compositions (Chayes 1963). Early
investigations of the compositional bimodality of
volcanic matter [the “Bunsen-Daly Gap”, after
Bunsen (1851) and Daly (1925) and later expan-
ded on by Barth et al. (1939)] were largely con-
cerned with the discussion of whether or not a gap
actually existed between mafic and felsic end-
member compositions (e.g., Chayes 1963; Baker
1968; Cann 1968). This manifested itself in an
argument about potential sample bias and sug-
gestions for more detailed geological work
(Harris 1963; Baker 1968; Cann 1968). As a
result, Schmincke (1969) identified a Bunsen-
Daly gap in Gran Canaria, as did Ridley (1970)
for erupted compositions in Tenerife. Fister et al.
(1968) suggested its presence in Fuerteventura,
La Gomera, El Hierro as well as Lanzarote
eruptives. The Bunsen—Daly gap was commonly
argued to be a consequence of fractional crystal-
lisation (e.g., Cann 1968; Schmincke 1969; Cla-
gue 1978; Garcia et al. 1986; Thompson et al.
2001), but the potential influences of partial
melting were also suggested (Chayes 1977).

In continental epeirogenic settings, arguably a
tectonically more complex environment com-
pared to ocean islands, strong bimodalities also
exist among the compositions of erupted mate-
rial. For example, in the east African Gregory Rift
Valley the eruption of Miocene flood basalts was
rapidly followed by large volume plateau phon-
olites (Baker et al. 1971). Estimated ratios of
felsic to mafic eruption volumes range between
roughly 0.5 and 1.5 for between the Miocene to
Holocene epochs, showing an overabundance of
felsic material compared to what is expected from
pure fractional crystallisation scenarios (Wil-
liams 1972). The lack of intermediate composi-
tion lavas was invoked to have originated either
from partial melting of upper mantle by either a
reduction in pressure by crustal upheaval or,
alternatively, from an upper mantle, which is
hotter and thus more susceptible to partial melting
(Williams 1970). Hypotheses on the origin of
Kenyan phonolites that invoked partial melting of
upper mantle material were criticised by Lippard
(1973). Due to the trace element patterns of these
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highly differentiated phonolites, it was argued
that they cannot have formed by mere partial
melting of mantle lithologies.

Explanations for this bimodality started to
diversify considerably in the 1980s. Crystal
fractionation models were modified to allow for
large crystal loads that restrain convection and
induce bimodality in erupted compositions (e.g.,
Marsh 1981; Brophy 1991 and references
therein). Bailey (1987) suggested an upper man-
tle origin for trachytic melts, while Bonnefoi et al.
(1995) invoked a model of critical cooling
dynamics to be responsible for observed com-
positional relationships. More recently, assimi-
lation of country rock has gained renewed
momentum in differentiation models for magmas
erupted in oceanic islands and is increasingly
recognised (e.g., Thirlwall et al. 1997; Bohrson
and Reid 1998; Garcia et al. 1998; O’Hara 1998;
Harris et al. 2000; Troll and Schmincke 2002).

In Tenerife, too, fractional crystallisation was
long considered the main differentiation process
for the formation of felsic material (Wolff 1983;
Wolff and Storey 1984). Relatively recently,
recycling (i.e. partial or bulk melting) of rocks
from within the island has been suggested to
contribute to the evolution of felsic magmas in
Tenerife (Wolff and Palacz 1989; Wolff et al.
2000), which would explain the large volumes of
felsic material in some of the successions.
However, the Teide—Pico Viejo stratovolcano
was suggested to have mainly formed by frac-
tional crystallisation with only minor assimila-
tion of zeolite and/or hydrothermally altered
material to explain deviations in trace element
concentration from the fractionation trend (Ab-
lay et al. 1998). Until then, systematic studies of
the isotopic composition of Teide-Pico Viejo
lavas to clarify the extent of assimilation at work
had not been attempted.

9.3  Petrological History of Tenerife

Island Prior to Teide Formation

Three overlapping shield volcanoes (Roque Del
Conde, Teno and Anaga) formed between 11.9
and 4 Ma and constitute the subaerial foundation
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of Tenerife (Carracedo 1979; Ancochea et al.
1990; Thirlwall et al. 2000; Guillou et al. 2004;
Paris et al. 2005; Walter et al. 2005). The first
shield to emerge was the central shield, or
Roque Del Conde, followed by the peripheral
shields Teno and Anaga in the northwest and
northeast, respectively.

As is typical for shield volcanoes, mainly
mafic volcanism occurred, i.e. basanites, picro-
basalts and alkali basalts. Picrobasalts are an-
karamites with 40-60 % phenocrysts, mainly
pyroxene and olivine, which are very likely of
accumulative origin. All other volcanic rocks in
Tenerife remain mostly below 20 % pheno-
crysts. Up-section in the stratigraphy of each of
the three shield volcanoes, minor amounts of
trachytic and phonolitic dykes, plugs and lavas
and occasionally pyroclastic deposits are found
(e.g., Walter et al. 2005; Longpré et al. 2009).

After the peripheral shields, Teno and Anaga,
went extinct, the volcanic activity returned to the
centre of the island at around 3.5 Ma, to build
the Las Cafiadas Volcano on top of the Roque
Del Conde shield (Marti et al. 1994; Ancochea
et al. 1999). Eruptive episodes in the Las Cafi-
adas Volcano tended from scattered eruptive
activity to distinct cycles of mafic to felsic
eruptions, indicating the development of a cen-
tral system of felsic magma chambers. The Las
Canadas Volcano consists of a complex Lower
Group formation that comprises multiple and
scattered eruptive centres and a three-cycle
Upper Group, of which each cycle broadly
evolved from subordinate, primitive effusion to
large-volume felsic eruptions. The 2" and 3™
cycle of the Upper Group culminated in the
caldera-forming ignimbrite formations of Gra-
nadilla (~570 ka) and Abrigo (~ 180 ka),
respectively (e.g., Wolff 1983; Martf et al. 1994,
1997; Bryan et al. 2000; Brown et al. 2003;
Brown and Branney 2004; Edgar et al. 2007).

In the terminal stage of the Las Cafiadas
Volcano, the Diego Hernidndez Formation, a
spectacular caldera-forming sequence, was
erupted from various phonolite magma cham-
bers, often, it seems, triggered by mafic recharge
(e.g., Wolff 1983; Bryan et al. 1998; Wolff et al.
2000). For example, in the Poris member of the



160

Diego Herndndez Formation, four types of
magma have been distinguished; a high-Zr
phonolite (most abundant), a low-Zr phonolite
with higher MgO that is often intermingled with
a tephriphonolite and, finally, a phonotephrite.
The phonolite pumices contain alkali feldspar,
biotite, sodic salite and Fe-Ti oxides, but in the
high-Zr phonolites titanite also occurs. Inter-
mediate composition pumices contain kaersutite,
plagioclase, low-Na salite and Fe-Ti oxides,
whereas the most mafic magma contains olivine,
titanaugite and calcic plagioclase (Edgar et al.
2002). The large variability in lithic blocks
contained in pyroclastic deposits of the Las
Canadas Volcano and the large volumes of the
terminal members of individual Las Cafadas
cycles (e.g., Granadilla, Abrigo ignimbrites)
testify to the disruptive and catastrophic nature
of these mixed eruptions, which most likely
formed sub-circular caldera depressions (cf.
Edgar et al. 2007). The Abrigo event, the last
phase of cataclysmic eruptions of the Las Cafi-
adas system, was probably closely associated
with the ~200-180 ka Icod landslide (Watts
and Masson 1995; Carracedo 1999; Carracedo
et al. 2007; Marquez et al. 2008). The pre-
existing vertical collapse structures probably
contributed to the lateral instability of Las
Cafadas volcano (e.g., Marti et al. 1994, 1997;
Troll et al. 2002), but have probably been largely
mass-wasted by the landslide. The Icod landslide
relieved the magmatic plumbing system in the
centre of the island of a large volume of over-
burden, unroofing the junction of the three-
armed rift zone system and very likely, resetting
the system to the eruption of mafic materials
such as picrites and ankaramites (cf. Longpré
et al. 2009; Manconi et al. 2009). Of the three
rifts, the northwest and northeast arms are cur-
rently active and extend from underneath Teide—
Pico Viejo volcano into the Teno and Anaga
massifs (Carracedo et al. 2007, 2011; Chaps. 4
and 5). These rifts control the overall structure
of Tenerife and show dominantly mafic volca-
nism in the form of basanites to rarer phono-
tephrites that erupt along elongated arrays of
monogenetic cones (Chap. 4). The Icod land-
slide then triggered extensive amounts of mafic
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eruptions, as evidenced by the horizontal sec-
tions obtained from various galerias that pene-
trate the infill sequence (Chap. 7). The
uncapping of the rift system marked the onset of
a new cycle of eruptive activity in Tenerife by
promoting rapid ascent of new and deep mafic
magma into the collapse scar and thus initialis-
ing the construction of Teide—Pico Viejo central
volcanic complex. Even more regular in its
evolution from mafic to highly differentiated
lavas than the previous cycles, the formation of
Teide—Pico Viejo central complex concentrates
Tenerife’s non-rift activity into a single central
and felsic edifice.

9.4  Petrological Description
of the Teide-Pico Viejo

Succession

The petrological traits of Teide—Pico Viejo have
been the focus of several research publications
(Fuster et al. 1968; Araifia et al. 1989a, b; Ablay
et al. 1998; Ablay and Marti 2000; Rodriguez-
Badiola et al. 2006). Here, the main petrological
features of the Teide—Pico Viejo succession are
summarised, following the latest account of
Rodriguez-Badiola et al. (2006).

9.4.1 Mafic Lavas

9.4.1.1 Basanites and Tephrites

Basanites are highly abundant in all volcanic
sequences in Tenerife, both in the Teide—Pico
Viejo succession as initial collapse fill and as the
main constituent of the northeast and northwest
rift zones. The initial mafic eruptions of Teide—
Pico Viejo are petrographically indistinguishable
from the synchronous rift zone eruptions. These
early eruptions are the most primitive lavas found
in the Teide—Pico Viejo succession and comprise
basaltic rocks that bear olivine, clinopyroxene
(titanaugite) and magnetite in variable propor-
tions (locally reaching ankaramitic character)
along with scarce plagioclase in a fine-grained
groundmass. The matrix varies from micro- to
hypocrystalline, is sometimes vesicular, and
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Fig. 9.2 a Olivine pyroxene basalt. Phenocrysts of
titanaugite (cpx), olivine (ol) and opaque oxides in a
hypocrystalline, mafic matrix (PP; 10x). b Olivine
pyroxene basalt with plagioclase. Phenocrysts of augite

usually consists of laths of plagioclase and micr-
olites of clinopyroxene, olivine and Fe—Ti oxides,
but can also be more glassy locally (Fig. 9.2).
This group also includes some olivine, clinopy-
roxene and plagioclase basalts with abundant
plagioclase, indicating a slightly higher degree of
differentiation within the basanite field, although
still maintaining an overall mafic character.

9.4.1.2 Plagioclase Basalts
This group effectively combines all pahoehoe
flows of the Teide—Pico Viejo succession. These

(cpx), olivine (ol), sieve-textured plagioclase (plag) and
opaque oxides in a hypocrystalline matrix with plagio-
clase microlites. (XP; 10x)

lavas are characterised by their long, tabular and
thin plagioclase phenocrysts with frequent sieve
textures, and they carry subordinate olivine and
clinopyroxene, supported by a hypocrystalline
and vesicular matrix. A variation of this type of
lava is micro-plagioclase basalt, in which feld-
spar crystals of limited size are embedded in a
hypocrystalline matrix of feldspathic composi-
tion (Fig. 9.3). On the surface, this lava type is
only found within the initial flow sequence of
Pico Viejo, but subterraneously this type
abounds in the interior of galerias (e.g., Galeria
Salto del Fronton).

Fig. 9.3 a Plagioclase basalt from pahoehoe flow with
predominant plagioclase phenocrysts, and less augite and
olivine in a hypocrystalline matrix (XP; 10x). b Micro-

plagioclase basalt. Mesocrystals of plagioclase dominate

over mafic minerals in a feldspathic matrix (XP; 10x)
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9.4.1.3 Trachybasalts

This group includes hawaiites and potassic
trachybasalts and was recognised in Tenerife by
Fuaster et al. (1968). Typical trachybasalts are
characterised by abundant plagioclase pheno-
crysts of intermediate composition together with
slightly sodic augite, oxides and subordinate
olivine, suspended in a hypocrystalline matrix
(Fig. 9.4). They are mainly found in galerias,
for example in the Galeria Salto del Frontdn,
where they occupy an extended part of the
galeria wall (500-1,000 m) and in the lavas of
Bocas de Diia. Maria, a satellite vent of Teide.
In some examples of this lava type, amphibole is
present as stable phenocryst phase and these
lavas may be intercalated with more evolved
ones such as the intermediate Pico Viejo lavas
that flowed south.

9.4.2 Transitional Lavas

Between 30 and 20 ka, the Teide—Pico Viejo
edifice and its flank vents began to erupt more
differentiated material (Carracedo et al. 2007).
These lavas fall into the compositional fields of
phonotephrite and tephriphonolite in the total
alkali versus silica (TAS) diagram and show a
large diversity in alkali concentration and
petrography. At the mafic end of this group,
alkaline feldspar (anorthoclase) occurs together

with sodic augite, oxides and amphibole crystals
with oxidation rims (Fig. 9.5). Often relict
olivine is present. The more evolved lavas of
this group show anorthoclase crystals together
with euhedral amphibole, which indicates vola-
tile saturation in the trachytic matrix at this stage
of differentiation (Fig. 9.6). These lavas occur
between the mafic and the felsic groupings in the
stratigraphy of Teide—Pico Viejo central com-
plex and, although rarely, are also found in the
rifts.

9.4.3 Felsic Lavas

The highest degree of differentiation so far
reached in the Teide alkaline series was the
eruption of phonolite, the dominant lava com-
position of the last 20 kyr at Teide complex.
These phonolites are occasionally intercalated in
the stratigraphy with tephriphonolites and
sometimes approach trachytic composition, as in
the case of some domes of the Montafia Blanca
sequence (Ablay et al. 1998). Typically, the
phonolites contain alkaline feldspar (anortho-
clase to sanidine), scarce aegirine-augite and
alkaline amphibole, biotite and oxides embed-
ded in a frequently glassy and often flow-banded
matrix (Fig. 9.7).

During the progressive evolution of Teide—
Pico Viejo from an initially mafic character to a

Fig. 9.4 a Trachybasalt from the Galerfa Salto del
Frontén (560 m), containing frequent plagioclase of
sodic composition together with augite and subordinate

olivine in a hypocrystalline matrix. (XP; 10x). b Aphyric
basanite bearing mesocrystals of plagioclase with scarce
mafic microlites in a felsic matrix. (PP; 10x)
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Fig. 9.5 Mafic tephriphonolite from the Galeria Salto  kt), oxides and relict olivine in a hypocrystalline matrix
del Frontén (2,200 m), with plagioclase phenocrysts, with indications of immiscibility (a PP & b XP; 10x)
titanaugite, Ti-amphibole with oxidation rims (kaersutite,

Fig. 9.6 Amphibole-bearing phonotephrite from the Galerfa Salto del Frontén (400 m). Anorthoclase phenocrysts
(afsp) and ampibole in a microcrystalline matrix displaying flow lineations. (a PP & b XP; 10x)

Fig. 9.7 a Lavas Negras, the product of the last eruption  hypocrystalline matrix. b Felsic phonolite from the
from the peak of Teide. Phenocrysts of anorthoclase and  Galeria Salto del Frontén (360 m) showing anorthoclase
sanidine, aegirine-augite and scarce opaques in a and sanidine crystals in a trachytic matrix. (PP; 10x)
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highly differentiated central volcano, the adja-
cent rift zones continued to produce mafic
activity, with on average one eruption per cen-
tury. In the boundary zone between the rift zones
and the central complex, magma mixing of ba-
sanite (from the rift zone) and phonolite (from
the central complex) frequently occurred (Arafia
et al. 1994; Wiesmaier et al. 2011, see Chap. 11),
indicating that interaction between the two
regimes is common. Ultimately, Teide—Pico
Viejo has been constructed by initially mafic
magma fed into the junction of the two rift zones
(~200-40 ka) and has only subsequently
developed highly differentiated compositions
(~40-0 ka), while the rifts continued with mafic
activity. Both regimes, rift zone and central
volcano, are thus closely related and may be
regarded as a single larger system.

9.5 Trace Element Characterisation
of the Teide-Pico Viejo

Succession

In order to compare the many lavas of one
succession, it is useful to group those lavas
sharing common geochemical traits. This is
usually done in a TAS diagram (Le Bas et al.
1986). Rocks from the Teide—Pico Viejo suc-
cession plot as an alkaline trend from basanites
to phonolites with some excursions into the
trachytic series. The dataset comprises 97 % of
the known eruptions of the last 200 ka, with only
one sample per unit presented to avoid over-
representation (Fig. 9.8).

At a single volcanic centre, additional infor-
mation may also be gathered by grouping the
eruptive deposits according to their trace ele-
ment characteristics. Here, the Teide-Pico Viejo
lavas are categorised by parallel trace element
patterns, i.e. trends that do not cross-cut each
other. Parallel patterns indicate combinations of
trace element ratios that are related and thus
represent similar geochemical histories. Positive
or negative anomalies in the elements Pb, Ba
and Sr further characterise the Teide—Pico Viejo
lavas (Fig. 9.9). Three groups can be inferred
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from the trace element patterns, which we label
the mafic, transitional and felsic lavas.
Throughout this and the following chapter, the
terms mafic, transitional and felsic are used in
the context of the trace element classification
devised below.

The mafic lavas (yellow squares) comprise all
basanites and tephrites from the rift zones, one
foidite, one basaltic trachyandesite and several
intra-caldera and Teide—Pico Viejo phonoteph-
rites and trachybasalts. They possess a negative
Pb anomaly relative to the neighbouring ele-
ments in a multielement variation diagram. The
mafic lavas are the most abundant (n = 40).

The transitional lavas (orange diamonds)
range from trachyandesites to trachyte and from
tephriphonolites to phonolites. These samples
show positive Pb anomalies, negative Sr anom-
alies and a small to absent negative Ba anomaly.
The transitional lavas (n = 10) erupted from the
margins of Teide—Pico Viejo complex or vents
inside the Las Cafiadas Caldera and frequently
define the compositional boundary between the
rift zones and central complex.

The felsic lavas (red triangles) are exclu-
sively comprised of phonolites that erupted from
Teide—Pico Viejo or the flank vents of the vol-
cano. The felsic lavas (n = 12) include, but are
not limited to, Montafia Blanca, Roques Blancos
and the last eruption from Teide‘s central vent
(Lavas Negras, 1,150 £ 140 years BP). They
are defined by strongly negative anomalies in
both Sr and Ba, with Sr always showing values
<10 (normalised to primitive mantle).

Combining the trace element grouping with
the TAS diagram, mafic lavas show a continuous
trend towards transitional compositions, but with
a decrease in variability of the alkali elements
(Fig. 9.9). Transitional lavas appear much more
scattered and comprise loosely grouped tephri-
phonolites, phonolites and trachytes. Felsic lavas
define a trend at a steep angle to the classic
differentiation trend established by the less
evolved samples. Geographically, the vents of
the three compositional groups display a con-
centric arrangement around the central volcano
Teide (Fig. 9.10).
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Fig. 9.8 Teide-Pico Viejo samples plotted on a total
alkali versus silica diagram after Le Bas et al. (1986).
Note the well-defined trend of the mafic lavas, the loose
clustering of transitional lavas and the sub-vertical trend

The strongly negative anomalies of Ba and Sr
found in Teide felsic lavas were traditionally
considered a hallmark of feldspar fractionation,
the only mineral in these rocks to include these
two cations in significant amounts. At Teide—
Pico Viejo, this argument is seemingly

defined by the felsic group. Data from Rodriguez-Badiola
et al. (2006), Thirlwall et al. (2000) and Neumann et al.
(2002)

supported by the fact that most of the differen-
tiated lavas bear this mineral, so at first glance it
appears that feldspar fractionation depleted Ba
and Sr in Teide’s phonolite magmas. Along
these lines, Ablay et al. (1998) constructed a
detailed model of fractional crystallisation,
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Fig. 9.9 Multi-element variation diagram (spiderdia-
gram) for post-collapse lavas of Tenerife, normalised to
primitive mantle after McDonough and Sun (1995). Inset
shows averages for each group. Note the enrichment of

10 km

A Felsic 2
< Transitional
Mafic

Fig. 9.10 Distribution of vents of the Teide-Pico Viejo
succession in Tenerife. Triangles felsic lavas, diamonds
transitional lavas, squares mafic lavas. The black circle
indicates Montaifia de los Conejos, an eruption for which
whole-rock data is not available. Note the clustering of
felsic lavas within the central complex. The mafic lavas

focussing on major and trace element data. As a
result, they interpreted Teide phonolite lava to
be a residual melt of around 12 % of the original

Pb Nd Sr Sm Zr Hf Eu Gd Tb Dy Y Ho Er Yb Lu

most incompatible elements with degree of differentia-
tion. In turn, MREE and Sr, Ba and Eu become
increasingly depleted

define the rift zones, but also occur in the older products
of the central complex. The transitional lavas fall into the
geographical and chemical transition between the mafic
and felsic regimes, i.e. the two rift zones and the central
complex respectively

mafic melt, the remaining 88 % having been
removed from the magma by crystal separation.
Disparities between natural and modelled trace
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element concentrations were explained by minor
assimilation of zeolite or hydrothermally altered
materials. End-member contaminant data were
not presented nor were isotope data, which
means that their interpretation can be tested by
means of isotopic analyses (see Chap. 10).

9.6 Volumetric and Spatio-
Chronological Characterisation
of the Teide-Pico Viejo

Succession

Tenerife is a mature volcanic island that under-
went multiple mafic-to-felsic eruptive cycles in
the post-shield Las Cafiadas succession (e.g.,
Ancochea et al. 1999). The latest eruptive cycle
of Teide—Pico Viejo thought to succeed Las
Cafiadas, has been volumetrically estimated at
160 km”, divided into ~62 km’ of initial fill in
the collapse embayment (dominantly mafic),
~70 km® for the old Teide edifice (mafic to
transitional), ~ 15 km? for Pico Viejo volcano
(mafic to transitional), ~6.5 km> for Teide
satellite vents (felsic) and ~0.7 km® for the final
construction of the Teide stratocone (felsic)
(Carracedo et al. 2007). Rift zone eruptives are
estimated during Teide’s construction period to
be around 32 and 9 km® for the NWRZ and
NERZ, respectively. The distinction between
mafic, transitional and felsic lavas is not always
clearly defined in these estimates, due to partial or
complete burial of units older than 15 ka. It was
possible, however, to constrain the volume of
individual, more recent eruptions at Teide—Pico
Viejo (<15 ka) (Fig. 9.11; Carracedo et al. 2008).

Eruption frequency appears to decline with
degree of differentiation. Teide—Pico Viejo
phonolites erupted seldom ( ~every 1,000 years),
but with much larger volumes compared to the
small, mafic rift zone eruptions that occured up to
10 times as often. Eruptive frequency of transi-
tional lavas also appears to have declined over the
last 15 ka and fall below mafic lavas in terms of
total volume. The felsic lavas, in turn, volumet-
rically dominated over the last 15 ka. Considering
the large volumes of mafic lavas that initially fil-
led the collapse scar, transitional lavas are

167

probably subordinate to both felsic and mafic la-
vas. The compositional bimodality of the lava
flows is thus evident in both, eruptive frequency
and estimates of erupted volume.

The distribution of eruptive activity through
time offers further insight. Figure 9.12 is a dia-
gram of vent location (longitude) versus the age
of an eruption. There, the evolution of Teide—
Pico Viejo from eruption of mafic to felsic lavas
results in a present day shadow zone of exclu-
sively felsic eruptions (red), in which no mafic
material is transported to the surface. The
activity in the rift zones, however, has migrated
through time (diagonal arrows). A systematic
shift in activity has taken place in both rift zones
from the distal parts of the rift to the more
proximal parts, closer to the perimeter of Teide—
Pico Viejo complex, beginning at around 35 ka
in the NERZ and at 20 ka in the NWRZ. At
approximately the same time mafic activity
‘arrived’ at the central complex, the first transi-
tional lavas (PT-INE) erupted from the complex.

Crustal recycling very likely occurred during
the petrogenesis of these transitional and felsic
lavas (see Chap. 10). The close spatial associa-
tion of mafic activity in the proximal parts of the
rift and the initial transitional material erupted
may indicate that mafic magma became
increasingly arrested and that underplating
became a significant phenomenon at that point.
Underplating is the main heat source for crustal
recycling and occurs when magma reaches a
level in the crust of equal or lower density, with
the resulting neutral buoyancy causing it to stall
(cf. Walker 1993). As magma would continue to
be fed into the system from below into the centre
of the island, such a lens of underplated magma
may have caused a diversion of mafic magma,
initially from the centre of the island to the
outskirts of the rift zones. The subsequent
inward-shift of mafic activity towards the central
phonolitic volcano implies that from then on
mafic magma may have started to pool under-
neath this low density phonolite barrier and
potentially reactivated solidifying and semi-
solid felsic magma chambers that had formed
previously. Such an interaction of rift zone and
central volcano has been documented for
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Fig. 9.11 Cumulative eruption volumes of the Teide—
Pico Viejo succession of the last 15,000 years, grouped
by composition. The inset shows the average eruption
volumes of the three main groups, mafic, transitional and
felsic lavas. Note how the degree of differentiation
correlates with average and cumulative volumes. Mafic

example in the eruption of Montafia Reventada
(Wiesmaier et al. 2011; see Chap. 11) and also
manifests itself in the clustering of felsic and
mixed eruptions along the projections of both
the NERZ and NWRZ rift trends into the mar-
ginal areas of the central complex.

Based on the presented record, the future
activity of Teide—Pico Viejo seems to be in slow
decline. The record of explosive eruptions in the
Teide-Pico Viejo succession alone is too
ambiguous and with only a single explosive
episode recorded, the statistics are inconclusive
(see Chap. 13). However, the statistics could be
interpreted in several ways, either as knell to
more explosive activity, because one of the lat-
est eruptions at Teide was sub-plinian (Ablay
et al. 1995), or as the last gasp of a fading sys-
tem. Teide—Pico Viejo may well thus indicate a
consolidation of the Tenerife volcanic system
towards lower magma production rates, but with

lavas have overtaken transitional compositions in cumu-
lative volume due to their much higher eruptive
frequency. Eruption volumes Carracedo et al. (2008),
except for Montafia Blanca, which is from Ablay and
Marti (2000)

a potential for development of small- to med-
ium-scale explosive eruptions most likely from
satellite vents around the central complex.
Notably, the force and size of the Montafia
Blanca eruption was considerably smaller than
the large ignimbrite eruptions of the Pliocene
Las Cafiadas volcano. In contrast, the eruptive
record of the last 1,000 years shows that mafic
activity is scattered in comparison to the more
localised earlier trends observed (Fig. 9.12).
Apparently, the Teide phonolitic eruption has
initiated a wider dispersal of volcanic activity
(Fig. 9.12). For example, in the NERZ, mafic
eruptions occurred again after a pause of nearly
10 ka and likewise in the NWRZ several his-
torical eruptions occurred in the more distal
parts of the rift, contrasting the previous trend
that had converged towards the central volcano.
This may be interpreted as a quasi-relaxation of
the system, or as a new cycle of diversion of
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Fig. 9.12 Distribution of vent locations versus eruption
age. Round symbols denote eruptions for which a volume
estimate is available; in these cases, the size of the
symbol correlates with the erupted volume. Square
symbols have no estimate of eruption volume. Note
how the activity of central edifice, NERZ and NWRZ
migrate towards each other after 30 ka followed by a

mafic magma to the sides of the central complex
due to underplating below Teide’s edifice. Since
the volume of felsic magma generated by un-
derplating is necessarily limited by the amount
of mafic magma present for either fractionation
or remelting, both models would imply a waning
magmatic system at Teide—Pico Viejo complex.
That said, Teide—Pico Viejo is well-monitored
and any subsurface activity is certain to be
detected weeks to months prior to a potential
eruption. This has recently been evidenced in the
prelude to the 2011-2012 submarine eruption at
El Hierro, where seismic activity increased
several months in advance of the eruption,
despite the eruption itself being of relatively

dispersal of rift zone activity after the central complex
erupted significant volumes of felsic material from ~ 8 to
1 ka. Vent locations of rift zone eruptions prior to 30 ka
are not preserved. Eruptions volumes Carracedo et al.
(2008), except for Montafia Blanca, which is from Ablay
and Marti (2000)

small volume and magnitude (Carracedo et al.
2012; Troll et al. 2012).
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In Tenerife, lavas of the recent Teide—Pico Viejo central complex show a
marked bimodality in composition from initially mafic lava (200-30 ka)
to highly differentiated phonolite (30-0 ka). Groundmass Sr—Nd—Pb-O
and feldspar 'O data demonstrate open system behaviour for the
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addition of diverse '®0 assimilants, best matched by nepheline syenites
that occur as fresh and altered lithic blocks in voluminous pre-Teide
ignimbrite deposits. Rare earth element modelling indicates that neph-
eline syenite needs to be melted in bulk to form a suitable end-member
composition. Energy-Constrained Assimilation Fractional Crystallisation
(EC-AFC) modelling reproduces the bulk of the succession, which
implies that the petrogenesis of Teide—Pico Viejo lavas is governed by
the coupled assimilation of nepheline syenite during fractional crystal-
lisation. The most differentiated (and most radiogenic) lava computes to
>97.8 % assimilant, likely represented by a nepheline syenite bulk melt
that formed by underplating with juvenile mafic material. These recent
research developments therefore recognise a wider variability of
magmatic differentiation processes at Teide—Pico Viejo than previously

considered.

10.1 Introduction

In oceanic islands, the origin of large volumes of
felsic volcanic rock has long been a matter of
debate (Chap. 9). Due to the absence of large
regional tectonic influences and, for most ocean
islands, large sedimentary sequences, it had been
proposed that crystal fractionation must be the
dominant mechanism of differentiation (e.g.,
Cann 1968; Clague 1978; Garcia et al. 1986;
Thompson et al. 2001). At Teide—Pico Viejo,
too, the accepted model for magmatic differen-
tiation was for a long time one of pure fractional
crystallisation, essentially because detection of
assimilation was not possible by traditional
petrological means (e.g., Ablay et al. 1998).
Major and trace element variations of the Teide—
Pico Viejo complex combined with geothermo-
barometry and estimates of pre-eruptive volatile
contents have allowed the establishment of a
fractionation sequence that invoked 88 %
removal of crystals for the generation of pho-
nolite. Moreover, the presence of amphibole in
some Pico Viejo lavas indicated the presence of
two distinct petrological lineages for Pico Viejo
and Pico Teide and, hence, two plumbing sys-
tems were postulated to exist with different
depths for their main magma chambers. This
interpretation of Teide-Pico Viejo magmatic
differentiation processes involved fractional
crystallisation exclusively, and hence the model

described Teide as a closed system, i.e., a system
in which no external material enters the magma
and only energy is exchanged with the sur-
rounding wall rock (e.g., cooling). Ablay et al.
(1998), however, noted that certain trace ele-
ment variations were not explained by the pure
crystal fractionation model. The authors invoked
small additions of zeolite and hydrothermally
altered material to explain these variations, but
until recently no in-depth petrogenetic investi-
gation using isotopic methods was available to
test this model. The focus of this chapter is the
quantification of crustal influences using Sr, Nd,
Pb and O isotope geochemistry.

10.2 The Application of Radiogenic
Isotopes in Igneous Petrology

A reliable way to resolve whether a magmatic
system is open or closed to the influx of foreign
material is the study of radiogenic isotopes ratios in
minerals and rocks. If the mantle-derived mag-
matic source is assumed to have a relatively con-
stant isotope composition at a certain point in time,
as is the case in Tenerife (Simonsen et al. 2000),
isotope ratios in magma may change only by two
principal means, radioactive decay and/or mixing
with material of differing isotopic composition.
Radioactive decay requires millions of years
to change the isotope ratios of Sr, Nd and Pb at a
detectable level. For example, the half-life of
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87Rb, which decays to ®’Sr and thus slowly
increases the ratio of 87Sr/%Sr, is thought to be
48.8 Ga (e.g., Dickin 2005). However, over the
geologically brief episode in which the Teide—
Pico Viejo edifice has been constructed
(<200 ka), radioactive decay is too minute to
significantly affect the %’Sr/*°Sr ratios of the
Teide—Pico Viejo rocks and, thus, the ratios
would effectively remain constant in a closed
system situation.

In turn, if the magmatic system is open,
assimilation of external material may change the
isotopic composition of magma when material
of a distinct isotopic composition is admixed.
Consider a magma with an Sr isotope ratio of
0.703 that assimilates material, e.g., country
rock with an Sr isotope ratio of 0.705, in this
case more °’Sr than ®°Sr is fluxed into the
magma, consequently raising the ratio of
87Sr/%°Sr in the now contaminated magma mix-
ture (e.g., Duffield and Ruiz 1998). The final Sr
isotope ratio of this mixture will fall somewhere
between 0.703 and 0.705, depending on the
respective Sr concentrations in magma and
country rock and the relative volumes of magma
and country rock involved.

As isotope ratios are virtually unaffected by
radiogenic decay in a young system such as
Teide-Pico Viejo, they become an extremely
powerful tool for the detection of assimilation.
Measured isotope ratios that are different from
the mantle source must have formed by modi-
fication of the magma by the addition of external
material with a different isotopic composition.
Isotope ratios can thus be used as fingerprints to
identify rock types that may have been assimi-
lated during magma evolution and furthermore
allow calculation of the amount of material that
must have been assimilated (e.g., Troll et al.
2005; Meade et al. 2009). Assimilation can
strongly alter and accelerate magmatic differ-
entiation and promotes felsic magma production,
making this an important aspect of magma
development to understand.

As the Teide—Pico Viejo system is geologi-
cally speaking very young (<200 ka), it provides
an ideal testing ground for the application of
radiogenic isotopes in constraining magma
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chamber processes and potential crustal
influences on ocean island magmatic suites.
Here, a thorough update of the magmatic dif-
ferentiation processes that are recognised at
Teide-Pico Viejo using Sr-Nd-Pb and O
isotopes is summarised from the work of
Wiesmaier (2010) and Wiesmaier et al. (2012).

10.3 Previous Work and Research
Techniques

In a recent study, the radiogenic isotope com-
position of 58 of the 64 known eruptions of the
Teide—Pico Viejo succession have been analysed
(Wiesmaier et al. 2012). Some of these eruptions
comprise multiple phases (Carracedo et al.
2007). A total of 61 groundmass samples were
analysed from the three groups of Teide—Pico
Viejo lavas (mafic, transitional and felsic), for
their Pb, Sr and Nd isotopic composition. Fresh
groundmass represents the very last melt com-
position before complete solidification and is,
when properly separated, completely unaffected
by any masking effects from the accumulation of
pheno-/xenocrysts and thus allows melt pro-
cesses to be constrained reliably (e.g., Marsh
2004; Kinman et al. 2009). Moreover, five sed-
imentary rocks of exhumed pre-island seafloor
from Fuerteventura were analysed to serve as
potential end-members for the isotopic compo-
sition of non-magmatic rocks that may lie
underneath or within the islands (e.g., Stillman
et al. 1975; Hobson et al. 1998; Hansteen and
Troll 2003).

Feldspar separates from 15 lava flows were
also analysed for their 6'%0 composition at the
University of Oregon, USA. Plagioclase pheno-
crysts were analysed by laser fluorination to
determine 6'%0 values, the maximum analytical
uncertainties on 6'%0 measurements are esti-
mated at 0.15 %o. For details of the analytical
methods for both radiogenic and stable isotopes
the reader is referred to Wiesmaier (2010) and
Wiesmaier et al. (2012). A summary of results
for all three sets of radiogenic isotope systems
and oxygen isotopes are reported in Table 10.1.
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Table 10.1 Overview of the isotope composition of Teide—Pico Viejo deposits and Fuerteventura sediments.

Isotope Mafic Transitional Felsic Sediment

systems

87Sr/30Sr 0.703040(21)-0.703229(18)  0.703094(20)— 0.703091(2)- 0.703473(21)—
0.703332(17) 0.704900(16) higher ~ 0.707684(21)
comparable to mafic than mafic/transitional

BNA/"Nd  0.512901-0.512991 (£ 6-45)  0.512916-0.512956 0.512924-0.512950
narrower range than yez narrower range
mafic

205pp/204pp  19.5050(22)-19.8142(22) 19.7493(26)— 19.7541(28)— 18.5307(13)-
19.7743(26) narrow 19.7816(24) narrow 19.7447(01)
range compared to range compared to
mafic mafic

207pp204pp  15.5919(22)-15.6456(24) 15.6102(24)— 15.5288(22)— 15.6263(26)-
15.6337(28) narrower  15.6174(26) much 15.6767(14)
range than mafic lower than mafic/

trans.

208pp/204pp  39.4490(68)-39.6371(68) 39.5536(70)- 39.5316(72)- 38.2678(70)-
39.6067(80) narrower  39.6001(68) narrower  39.6810(42)
range than mafic range than mafic

580 [%o] 5.43-5.84 5.46-5.88 comparable  5.88-5.99 higher

to mafic

values

Results from groundmass isotope analyses. Errors for Sr, Nd and Pb isotope ratios are 2 x Standard Deviation. Felsic
lavas show an elevation in Sr isotope ratios compared to the other lavas. Compared to mafic lavas, in turn, transitional
and felsic lavas show a strong confinement in '**Nd/'**Nd and *°°Pb/***Pb ratios. Oxygen isotope values of feldspar
phenocrysts show rather heterogeneous values in mafic and transitional lavas, and a small increase in felsic lavas. Data

Wiesmaier (2010) and Wiesmaier et al. (2012)

10.4 Sr-Nd-Pb-O Systematics
at Teide-Pico Viejo

Mafic and transitional lavas overlap considerably
in 87Sr/30Sr ratios, whereas the felsic lavas yield
87Sr/8°Sr ratios of 0.703091(2)-0.704900(16),
significantly higher than the mafic and the tran-
sitional compositions. The sediment samples are
higher than both mafic and transitional samples,
but partly overlap with the felsic lavas.

Mafic lavas yield variable '**Nd/***Nd ratios
of 0.512901-0.512991. Transitional samples
also show some variation, but are confined to a
smaller interval of '*Nd/'**Nd. Felsic samples
plot in an even tighter '**Nd/'**Nd range from
0.512924 to 0.512950.

The *°°Pb/***Pb ratios of transitional and
felsic lavas show a peculiar behaviour compared
to the mafic lavas. Mafic lavas show a spread in

values that is consistent with previously
published data from other mafic deposits in
Tenerife. The transitional and felsic lavas, in
turn, are confined to a very narrow interval of
206pp/2%%ph values, with felsic lavas yielding
much lower values for *°’Pb/***Pb than what is
found in the mafic lavas. In 2°%Pb/?**Pb, mafic
lavas completely encompass the felsic and
transitional lava data range in their variability.

Oxygen isotope ratios in feldspars from mafic
lavas (presented relative to the international
standard SMOW) range from +5.43 4 0.11 %o
to +5.84 + 0.02 %o. Feldspars from transitional
lavas display values from +5.82 £ 0.29 %o to
+5.88 & 0.11 %0, with the exception of one
outlier at +5.46 &£ 0.11 %o. The felsic lavas give
feldspar oxygen isotope values that range from
+5.88 £ 0.11 %o to +5.99 £ 0.11 %o, i.e., only
marginally higher than those from mafic
samples.
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Fig. 10.1 The twin Pico
Viejo and Teide volcanoes
are a spectacular example of
felsic strato-cones in
oceanic islands (www.
fotosaereasdecanarias.com)

10.5 Discussion

The data permit several simple qualitative
deductions that will set the scene for a more
in-depth interpretation. Most importantly, the Sr,
Nd, Pb and O isotope data of Teide—Pico Viejo
lavas show a strong variability in isotope ratios,
which exceeds the variability of the uncontam-
inated mantle signal in Tenerife. For example,
the ®”Sr/*Sr ratio of the mantle signal is thought
to range between 0.7031 and 0.7033 (Simonsen
et al. 2000). Although this is consistent with the
bulk of Teide lavas that show a common
8781/%°Sr range of 0.7031-0.7033, two felsic
lavas (phonolites) exceed this Sr isotope base-
line considerably and reach up to 0.7049
(Table 10.1). This implies that at some stage
during the evolution of Teide magma, material
of a different isotopic composition was intro-
duced. The magmatic plumbing system beneath
Teide—Pico Viejo must therefore be open in
order to undergo chemical exchange with fluids
and/or surrounding wall rock (Fig. 10.1).

The Pb isotope data of felsic Teide—Pico
Viejo lavas have a very uniform 2°°Pb/***Pb
ratio. This is, once more, distinct from the mafic
lavas, which are variable in 206pp,204ph and so
delineate a field of ‘baseline’ Pb isotope ratios
comparable with other ocean islands (Fig. 10.2).
This alone would not be unusual, but in addition,

the felsic lavas possess much more variable
207pp/2%4Pb ratios than the mafic lavas. Although
the *°°Pb/***Pb and **’Pb/***Pb ratios in felsic

lavas are consistent with the range of Pb isotope
data so far found in Tenerife rocks, the combi-
nation of uniform *°°Pb/**Pb and very low
207pb/*%*Pb composition in the Teide felsic lavas
is uncommon. The Sr and Pb isotope ratios
therefore indicate that the Teide-Pico Viejo
succession has formed by open-system pro-
cesses, assimilating a component of distinct
isotope composition during the differentiation of
the most evolved (i.e., most felsic) magmas at
the Teide—Pico Viejo central complex.

10.5.1 Sediment Contamination?

Judging from the Sr isotope data alone, it
appears possible that sediment may have been
taken up by magma consequently altering its
87Sr/%°Sr  composition. The Jurassic oceanic
crust below Tenerife is overlain by thick sedi-
mentary sequences with elevated ¥’Sr/*®Sr that
magma has to traverse before reaching the sur-
face (Sun 1980; Hoernle et al. 1991; Hoernle
1998; Hansteen and Troll 2003; Aparicio et al.
2010; Troll et al. 2012). Atlantic sediment may
also be uplifted into the island’s core and is thus
potentially present during magmatic ascent in
the Canaries (Stillman et al. 1975; Robertson
and Stillman 1979; Hansteen and Troll 2003).
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Fig. 10.2 Results from Pb isotope analyses combined
with histograms of 2*°Pb/***Pb and *°’Pb/***Pb ratios of
the Teide—Pico Viejo succession. All errors are 2SD and
are included in the symbols. Note the lack of a trend in
the Teide—Pico Viejo succession towards Atlantic sedi-
ment compositions. Transitional and felsic lavas show a
peak in 2°°Pb/***Pb ratio distribution at around 19.76,
similar to mafic lavas. In contrast, felsic lavas are off this

However, since sediment also contains sig-
nificant amounts of Pb, sediment contamination
would have to be detected in both the Sr and the
Pb isotope systems, but this is not the case.
Atlantic  sediments always have lower
206pp/294ph and much higher 2*’Pb/***Pb com-
positions (Fig. 10.2). In the Teide—Pico Viejo
succession, a Pb isotopic trend toward sediment
composition is not discernible. Despite the
comparable ®’Sr/*°Sr ratios in sediment and
phonolite, Atlantic sediments are therefore
unlikely to have entered the magmatic plumbing
system of Teide—Pico Viejo in appreciable
quantities. This implies, in turn, that the high Sr
isotope ratios found in some of Teide’s most
evolved phonolites must stem from material
other than sediment.

mafic peak in 2°’Pb/***Pb ratio, indicating an open
system. Note the confinement of transitional and felsic
lavas to a narrow range of 2°°Pb/***Pb ratios. Data for
Tenerife are from Sun (1980), Simonsen et al. (2000),
Abratis et al. (2002), Gurenko et al. (2006), and Wolff
et al. (2000); data for oceanic crust and Atlantic sediment
were taken from Sun (1980), Hoernle et al. (1991) and
Hoernle (1998)

10.5.2 Constraints on the Assimilant

So far we have established that the open system of
Teide—Pico Viejo volcano assimilated a non-
sedimentary component. This yet to be defined
assimilated material (or assimilant), can be further
constrained by Sr—Nd isotope modelling. Isotope
modelling allows us to calculate the isotopic
composition of a mixture of two different end-
members. The resulting mixing curves, or mixing
hyperbolae, trace the possible mixtures of the two
end-members, from 100:0 to 0:100 (end-member
A:B). Of course, magmatic processes are not
bound to simple mixing, but this type of model
helps to detect first order genetic relationships in a
sequence of rock samples and helps to further
constrain the composition of the assimilant.
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Fig. 10.3 ®7Sr/%°Sr versus
'3Nd/"**Nd of Teide-Pico
Viejo lavas compared to
data from the Granadilla
ignimbrite (Palacz and
Wolff 1989). Granadilla
ignimbrite data are the only —
available high ®Sr/%0Sr
data from Tenerife, but are
insufficient to explain the
Teide—Pico Viejo isotopic
variations in full
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In the case of Teide—Pico Viejo, a high
87S1/%°Sr assimilant is required. As sediment has
been ruled out, we need to look for an end-
member that may be part of the island itself. The
~570 ka Granadilla ignimbrite is the only
known deposit in Tenerife with ¥’Sr/*®Sr ratios
sufficiently high to serve as a potential assimilant
(Palacz and Wolff 1989). The Granadilla ignim-
brite is the product of a caldera-forming eruption
within the Upper Group of the Las Cafiadas
Volcano deposits (Wolff and Palacz 1989; Mart{
et al. 1994, 1997; Bryan et al. 2002) and bears
abundant nepheline syenite blocks of co-genetic
composition. This material very likely abounds at
depth below Teide volcano, and is thus theoreti-
cally available as an assimilant.

However, the Granadilla ignimbrite data also
fail to reproduce the full pattern defined by the
Teide—Pico Viejo lavas. The two Granadilla—
Teide mixing curves in Fig. 10.3 demonstrate
this. Furthermore, Granadilla ignimbrite samples
also possess lower *°Pb/>**Pb ratios than the
felsic lavas (19.621-19.734 versus 19.754—
19.782). Thus, Teide-Pico Viejo differentiated
magma has not been strongly affected by mate-
rial of the Granadilla eruption.

0.7040
881/ %Sr

0.7050 0.7060

However, this exercise does provide addi-
tional information on the assimilant. We know
that the assimilant must have had a higher
87Sr/%°Sr ratio than sample MB7
®7St/%0Sr = 0.7049). From 153 measurements
found in the literature and the data presented
here, we also know that in Tenerife, high
87Sr/%Sr ratios are only found in rocks of low Sr
concentration. This implies a highly differenti-
ated rock, comparable to the Granadilla ignim-
brite. Moreover, 2°°Pb/?°*Pb values of the
contaminant are required to be similar to the
ratios found in felsic lavas but need to be lower
in 2°’Pb/***Pb. Few rocks have these character-
istics, but the Diego Herniandez Formation
basalts for example, provide suitable Pb isotope
ratios. Finally, mafic Las Cafiadas rocks possess
appropriate  '**Nd/'**Nd values, which are
higher than the relatively low Granadilla values
(see Simonsen et al. 2000).

Mixing modelling can also be performed with
a hypothetical assimilant. The aim is to ascertain
what type of assimilant would best reproduce the
compositional features of the Teide—Pico Viejo
succession. This hypothetical assimilant is based
on the Granadilla ignimbrite composition, but
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Fig. 10.4 Plot of ¥Sr/*°Sr versus '**Nd/'**Nd of
Teide—Pico Viejo lavas, modelled by using a hypothetical
assimilant (black cross). Four representative mixing
hyperbolae are presented between the hypothetical
assimilant and three mafic lavas (curves: red, black and
blue) and one felsic lava (green curve). Numbers indicate

with  higher '"®Nd/'**Nd and suitable
206pp/2**Pb values. The mean Nd ratio of the
Teide-Pico Viejo felsic lavas was assumed as the
'Nd/'**Nd value for the assimilant (0.512937,
n = 6), and the uniform *°°Pb/>**Pb ratios of the
same felsic lavas were used as the Pb isotope
ratio of the assimilant. Using comparable Sr and
Nd concentrations and, consequently, a low Sr/
Nd ratio in the hypothetical assimilant ensures
that the assimilant bears the Sr, Nd and Pb sig-
natures of an idealised highly differentiated
Tenerife rock.

The resulting mixing hyperbolae not only
encompass the felsic lavas within a single mix-
ing relationship, but also include all transitional
and mafic lavas, that is, the entire differentiation
sequence from mafic to felsic lavas (Fig. 10.4).
Being able to model an entire volcanic succes-
sion by invoking a single, isotopically feasible,

percentage of assimilant involved in the mixture. Hyper-
bolae of all remaining calculations are shown in the inset.
The true assimilant likely was of felsic composition as
low Sr/Nd ratios are required by the shape of the mixing
hyperbolae. Note that to successfully model the sample
MBY7, between 97.8 and 99.5 % assimilant is required

end-member suggests a convincing genetic
relationship for the Teide—Pico Viejo lavas and
indicates that similar material was assimilated
throughout the 200 ka of Teide—Pico Viejo
evolution. In addition, the curvatures of the
mixing hyperbolae provide strong evidence for
the composition of the assimilant. To reproduce
the Teide-Pico Viejo data, the mixing hyper-
bolae require a low Sr/Nd ratio in the assimilant,
if this ratio is changed, the curves no longer
reproduce the Teide data. A low Sr/Nd most
likely represents an assimilant of felsic
composition.

Furthermore, mafic lavas seem to include
rather little assimilant, but the more felsic the
lavas become, the higher the percentage of
assimilant they appear to have incorporated. The
Sr-Nd fingerprints of felsic lavas contain
between 77 and 99.78 % of this hypothetical



10 Magmatic Differentiation in the Teide-Pico Viejo Succession 181

assimilant, regardless of whether the composi-
tion of a mafic, a transitional or a low—37Sr/30Sr
felsic lava is used as magmatic end-member.
The felsic lava with the highest *’St/*°Sr ratio,
sample MB7, requires an end-member percent-
age of >97.8 % of the hypothetical felsic
composition. The isotopic composition of
Teide—Pico Viejo felsic lavas therefore displays
a strong influence from a highly differentiated
assimilant that increases dramatically with
degree of differentiation.

These indications for a felsic assimilant dur-
ing Teide-Pico Viejo magmatic evolution are
consistent with phase equilibria considerations,
melt inclusion analysis and geothermobarometry
experiments, which indicate a shallow depth of
origin for felsic magmas in Tenerife (Wellman
1970; Anddjar et al. 2008, 2010). From these
experiments, it is possible to infer the pressure at
which a certain phenocryst or a crystal assem-
blage may have formed. The experimental
results suggest that nepheline syenite (the deep
plutonic equivalent of the pre-Teide Las
Canadas ignimbrites) and Teide phonolite both
crystallised at 4-6 km depth, i.e., when Teide
phonolite magma crystallised inside the volcano
it was likely surrounded by these pre-Teide
nepheline syenite rocks.

10.5.3 Heterogeneous Oxygen Isotope
Composition of the Assimilant

The 6'®0 ratios in feldspar crystals and ground-
masses are consistent with open system
differentiation. Closed-system fractional crystal-
lisation is thought to continually raise 6'%0 val-
ues at a small, but defined rate with differentiation
(grey fields in Fig. 10.5), whereas uptake of non-
magmatic material usually generates a deviation
from this pattern. At Teide—Pico Viejo both low
and high 6'®0 components are discernible, albeit
only in single eruptions and hence not systemat-
ically. Most data points plot within error of the
closed system field for the alkali-rich series, with
three samples yielding values significantly lower
than that (Fig. 10.5). At very high degrees of
differentiation, two groundmass samples show
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Fig. 10.5 Oxygen isotope ratios of feldspar and ground-
mass separates versus whole-rock SiO,. Triangles,
squares and diamonds represent feldspars, circles are
groundmass. Grey shaded arrays denote closed-system
oxygen isotope fractionation (from Bindeman 2008).
Teide—Pico Viejo data deviate from these arrays and thus
demonstrate an open system. To the right: grey bars are
data from the Diego Herniandez Formation from Wolff
et al. (2000). Teide data overlap with the range of values
found in Diego Herndndez ignimbrites and nepheline
syenites, consistent with Diego Herndndez-type rocks
being a potential assimilant

high 6'%0 values, which are not reproduced by
the feldspar crystals hosted in these samples,
indicative of the late-stage addition of a high-
5'80 component to the melt.

The 6'®0 data of the highly differentiated
members of the Diego Herndndez Formation and
the enclosed nepheline syenite blocks (Wolff
et al. 2000) show an even larger variability in
5'%0, which moreover, overlaps the values
found for the Teide—Pico Viejo succession. Such
a heterogeneous assimilant is likely to produce
variability in 6'80 ratios across a series of
eruptions separate in time. The 6'®0 signatures
found in Teide—Pico Viejo lavas are therefore
best explained by the uptake of highly differ-
entiated material of a heterogeneous 4'%0
composition.

10.5.4 Bulk Melting of Country Rock

An important question for the assimilation of
foreign material into magma is whether entire
fragments of country rock (i.e., xenoliths) or a
partial melt of this country rock is
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incorporated. Partial melting describes the
selective melting of a protolith, i.e., those
phases with a lower melting point melt first
(e.g., Duffield and Ruiz 1998). For example, a
50 % partial melt of a rock is not simply
cutting the rock in half and melting one of the
two halves, but rather selectively melting 50 %
of its constituents, particularly those that melt
at lower temperatures. As a result of partial
melting, the melt produced usually has a dra-
matically different composition from the ori-
ginal protolith (e.g., Holloway and Bussy
2008). This is best reflected in the trace ele-
ment concentrations of a partial melt. Incom-
patible elements are trace elements that do not
fit well into crystal lattices of common mag-
matic crystals because of their large ionic
radius. Instead, these elements prefer the liquid
phase and will therefore be enriched in the
partial melt and depleted in the solid residue.
Thus incompatible elements are particularly
useful as tracers of partial melting.

Batch partial melting calculations of the
Diego Hernandez nepheline syenite allow us to
estimate both the degree of partial melting and
the composition of the partial melt produced.
The Rare Earth Elements (REE) are especially
well-suited for use in partial melting calcula-
tions, because of their systematic variation of
ionic radius at a near-constant valent state, the
so-called lanthanide contraction. This means
that the relative behaviour of two neighbouring
elements is very predictable, as these cations
systematically partition into crystals or melt. In a
plot of Gd/YDb versus La/Sm, for example, lower
degrees of partial melting cause higher Gd/Yb
and La/Sm ratios (and vice versa).

Using partial melts of the Diego Herndndez
Formation nepheline syenite as an assimilant,
the mixing model only reproduces Teide—Pico
Viejo phonolites above a melt fraction of ca.
F = 0.95. Using bulk melts of nepheline syenite
however, (F = 1) reproduces the felsic Teide
lavas well. Note that ‘altered’ nepheline syenite
provides the best fit in these calculations, and is
thus more likely than assimilating a ‘fresh’
nepheline syenite (Fig. 10.6).

S. Wiesmaier et al.
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Fig. 10.6 Results of rare earth element modelling, using
the mixing percentages derived from isotope modelling.
To constrain the degree of partial melting of country
rock, Teide—Pico Viejo lavas (squares, diamonds, trian-
gles) are compared with mixtures of Diego Herndndez
batch melts and Teide—Pico Viejo lavas (crosses). The
degree of partial melting of Diego Herndndez rocks is
given in the upper right-hand corner. Teide felsic lavas
are best reproduced by mixing Teide mafic lava compo-
sitions with bulk melts of Diego Herndndez samples.
Lower degrees of partial melting of Diego Herndndez
rocks (< 0.95) shifts the resulting mixtures towards
higher La/Sm ratios that increasingly differ from the
observed Teide lava compositions

10.5.5 Quantification of Differentiation
Processes at Teide-Pico Viejo

In the preceding discussion, radiogenic and sta-
ble isotope data from Teide—Pico Viejo lavas
were shown to demonstrate the influence of a
highly differentiated igneous assimilant. More-
over, the underlying calculations support the
bulk incorporation of that assimilant. While
these mixing calculations are a perfectly valid
first order approximation, magmatic differentia-
tion is commonly attributed to assimilation and
fractional crystallisation (DePaolo 1981). To
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quantify the interplay of fractionation and
assimilation at Teide-Pico Viejo, the EC-AFC
model after Spera and Bohrson (2001) was
employed. This complex but user-friendly code
embeds assimilation and fractional crystallisa-
tion into a geochemical, isotopic and thermo-
dynamic framework and thus permits more
realistic assumptions on the intensity and inter-
play of the various differentiation processes
(Spera and Bohrson 2001, 2002, 2004).

Here, an EC-AFC model is shown for one
batch of hot, mafic magma that thermally equil-
ibrates with a surrounding, cooler and highly
differentiated assimilant of nepheline syenite
composition. All information that has been
gathered so far is included in this model: isotope
and geochemical data on both Teide—Pico Viejo
and the hypothetical assimilant, crystallisation
depths and a steep geothermal gradient of 100 °C/
km, observed at Teide (http://www.petratherm.
com.au/_webapp_117699/Canary_Islands). Spe-
cific heat capacities and crystallisation/fusion
enthalpies were calculated using the average
compositions of Tenerife Granadilla ignimbrite.

The felsic assimilant and the chosen thermal
parameters reproduce the geochemical and iso-
topic variations in Teide-Pico Viejo lavas well
(Fig. 10.7). The EC-AFC curves match the entire
differentiation sequence in Pb, Zr and Hf com-
position. Sr, Ba and Nd curves reproduce all
compositions except for the samples of interme-
diate concentrations. This, however, is an artefact
of the EC-AFC code, because abrupt changes in
bulk compatibility of trace elements, a likely
phenomenon in nature, are not accounted for.

Isotope ratios are well reproduced, too. As Pb
and Nd ratios are very variable in mafic lavas,
several mafic end-member compositions were
tested (see model curves in Fig. 10.7). All of the
mafic end-members trend towards the same felsic
end-member isotope composition during thermal
equilibration and replicate the naturally occurring
pattern of isotope compositions. Equally, the
87Sr/%°Sr ratios of the Teide succession are well
explained by these mixing hyperbolae, except for
one outlier. By and large, the EC-AFC model
demonstrates that the formation of felsic Teide—
Pico Viejo magma is consistent with assimilation
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of felsic rock with simultaneous crystal fraction-
ation from a mafic parent.

The model also confirms details revealed by
the REE batch melting calculations and Sr—Nd
isotope modelling results. Firstly, the EC-AFC
model requires felsic country rock to be melted
wholesale, and secondly, assimilation appears
more dominant with higher differentiation of
magma.

10.5.6 Mechanisms for Crustal Melting

The only sample composition that is not being
replicated by EC-AFC is one sample from
Montaia Blanca (MB7). This is the lava with the
highest degree of differentiation found in the
entire Teide—Pico Viejo suite. Perhaps processes
additional to combined assimilation and frac-
tional crystallisation have influenced this par-
ticular magma.

In a plot of 8781/%0Sr versus I/SGSr, the felsic
lavas either show high ¥’Sr/*®Sr ratios, low °Sr
concentrations (high I/BGSr) or a combination of
both. The felsic samples RBL-02 and BOQ plot
to the right hand side at high 1/%°Sr values
(Fig. 10.8). Using the felsic assimilant deduced
from isotope and trace element constraints, the
EC-AFC curves reproduce the samples BOQ and
RBL-02, but fall short of explaining the Sr iso-
tope composition of sample MB7. Instead, four
of the felsic lavas (including Montafia Blanca)
define a linear array, which indicates a mixing
relationship with the felsic assimilant. We pre-
viously mentioned that fractional crystallisation
and assimilation would be the main drivers of
magmatic differentiation. For this individual
lava, however, the isotope data point to more
than 98 % of assimilant involved in the forma-
tion of sample MB7 (Montafia Blanca). This
supports the view that phase 7 of the Montafia
Blanca volcano was formed by large scale
crustal melting with only minor amounts
(~2 %) juvenile magma. Essentially, such large
amounts of assimilant imply that the MB7
magma was a crustal melt and was ‘contami-
nated’ to a small percentage by mafic magma.

It is therefore maybe not surprising that the
EC-AFC model failed for this sample. The EC-
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<« Fig. 10.7 Results from EC-AFC modelling. Teide—Pico
Viejo succession in yellow-orange-red symbols, “Xx”
marks the assimilant composition. Zirconium was used as
an index of differentiation on the x-axis. Trace elements
Sr, Nd, Pb, Zr, Hf and Ba and isotope ratios 87Sr/86Sr,
I3Nd/'*Nd and 2°°Pb/?**Pb have been modelled; black
curves are model results. All trace elements and isotope

ratios are well reproduced, indicating a strong agreement
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between our model and the inferred differentiation
processes at work. One exception however, is, when
bulk partition coefficients change from incompatible to
compatible, at this point intermediate compositions are
not well reproduced by the code employed. Note that the
sample with the highest 8’ Sr/*°Sr ratio (MB7) is also not
always reproduced by the model (see text for details)
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Fig. 10.8 Groundmass 87Sr/%0Sr versus 1/%°Sr of Te-
ide-Pico Viejo lavas. The Sr concentration of the
hypothetical end-member used for EC-AFC modelling
was computed to be 5.89 ppm, using Granadilla ignim-
brite Sr isotope ratios. Errors (2SD) are contained within
symbols when invisible. Strontium concentrations of
Fuerteventura sediments are from Deegan (unpublished
data). Samples BOQ and RBL-02 plot at low 86Sr

AFC model describes the combined effects of
wall-rock assimilation and fractional crystalli-
sation within a single magma chamber. How-
ever, when pockets of felsic melt (e.g., molten
country rock) form around mafic magma
chambers without touching them or if they are

T I
3

concentrations and are successfully modelled by EC-
AFC. Sample MB7 cannot be modelled by EC-AFC
using the thermal constraints inherent to the Tenerife
setting. Instead, this sample opens a straight mixing
array with other felsic lavas and the assimilant, indicat-
ing a crustal melt origin. End-member data are from
Palacz and Wolff (1989), Simonsen et al. (2000) and
Abratis et al. (2002)

physically unable to mix (e.g., Marshall and
Sparks 1984), it is mainly heat that is trans-
ferred from the magma for assimilation and no
significant chemical exchange takes place
(Petford and Gallagher 2001; Holloway et al.
2008). In this case, AFC models are not
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Fig. 10.9 Interpretative East-West cross-section of the
current plumbing system of Tenerife (1.8 x vertical
exaggeration). Teide—Pico Viejo deposits are colour-
coded after compositional group. Note the greater degree
of differentiation up-section. Deep island core and ocean
crust lithology are represented in this sketch for orien-
tation, but may in fact have been largely reworked by
Tenerife’s igneous activity since Miocene times.
Included is information from the following publications:
crustal structure, Krastel and Schmincke (2002); se-
amount sequence, Staudigel and Schmincke (1984);
Teide—Pico Viejo and underlying units, Carracedo et al.
(2007); height of landslide breccia, Mdarquez et al.

applicable, since the lack of a common diffu-
sive interface between magma and assimilant
will preclude the uptake of crustal melts into
resident magma. In other words, while

(2008); inverse geothermal gradient, Annen and Sparks
(2002). Lower crustal/upper mantle as the main crystal-
lisation level has been invoked by multiple workers
(Ablay et al. 1998; Hill et al. 2002; Spera and Bohrson
2004). In the Canary Islands specifically, intermediate
levels of short-term magma residence were inferred from
the re-equilibration of CO,-inclusions in mineral phases
(Kliigel et al. 2005b; Galipp et al. 2006; Longpré et al.
2008). Underplating of hot, mafic material underneath the
central Teide—Pico Viejo complex may cause formation
of crustal melt pockets that are sometimes decoupled
from the juvenile material providing the heat (see text for
details)

fractional crystallisation is necessarily associ-
ated with the liquid magma, crustal melting
may occur in the absence of direct contact with
the heat-providing magma.
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Because AFC processes and assimilant vari-
ability are both insufficient to explain the com-
position of phase 7 of the Montafia Blanca
eruption in full, Wiesmaier et al. (2012) sug-
gested that this lava is the product of a >98 %
melt of pre-Teide nepheline syenite with very
little juvenile material directly involved. All
other phonolites and less differentiated lavas can
be derived from juvenile mafic magma by vari-
ous degrees of assimilation and fractional crys-
tallisation. Direct mixing between mantle and
crustal melts is also a possibility and may have
modified some samples considerably (see also
Chap. 11).

10.6 Petrogenesis at Teide-Pico
Viejo

In the terminal stage of the pre-Teide Las
Canadas Volcano, the caldera-forming Diego
Herndndez phase was accompanied by the Icod
landslide, which unroofed the junction of the
two active rift zones and probably caused
accelerated ascent of mafic magma from depth
(cf. Longpré et al. 2008, 2009). This led to
renewed and abundant mafic activity (Carracedo
et al. 2007), and resulted in the “old” Teide
eruptions (~200-100 ka), which were basanitic
in composition. At this stage, older felsic intru-
sive material was not subjected to large-scale
remelting. This may be because mafic eruptions
in the Canaries are known to ascend swiftly via
dyke systems (rift zones) with little to no resi-
dence time at shallow depth (cf. Kliigel et al.
2005a; Stroncik et al. 2009; Troll et al. 2012)
and because the magma supply may have been
strong directly after the landslide, ‘flushing’ the
system with mafic melt (e.g., Longpré et al.
2009; Manconi et al. 2009).

The increasing portion of crustal melts
involved in the formation of higher differenti-
ated lavas, all younger than 15-30 ka, indicates
that at some point during the Teide—Pico Viejo
history, felsic country rock began to be recycled
to a significant degree. This was probably
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triggered by an increase in residence time of
magma at shallow crustal levels. A potential
explanation for this could be density filtering
due to the increasing load exerted by the grow-
ing Teide—Pico Viejo edifice (cf. Pinel and
Jaupart 2000) or, alternatively, the formation of
‘density barriers’ of partially molten and thus
less dense felsic country rock that causes denser
mafic magma to become neutrally buoyant
(Huppert and Sparks 1988). The resulting un-
derplating of mafic melts would have steepened
the geothermal gradient and thus helped to
eventually provide the energy for the wholesale-
melting of the country rock (Fig. 10.9), cf. An-
nen and Sparks (2002).

The onset of crustal assimilation must have
been progressive with the initial and relatively
little contaminated transitional lavas erupted at
around 30 ka, i.e., before the first felsic lavas
appeared. The culmination of felsic activity at
Teide took place with the eruption of high
87Sr/%Sr  deposits around 2,000 years ago
(Montafia Blanca and El Boquerén). According
to EC-AFC modelling, the amount of pre-Teide
felsic assimilant in these rather recent lavas is
quite large. This implies that juvenile mafic
magmas act as a heat source at depth to melt
country rock, but are not always directly in
contact with this newly forming crustal melt, or
are unable to mix with it (Fig. 10.9). New, lar-
gely autonomous pockets of felsic magma are
thus thought to be involved in the eruption of
recent Teide phonolite.

Compositional bimodality has been demon-
strated to exist in the case of Teide—Pico Viejo.
The most primitive compositions evolve towards
intermediate levels mainly by means of frac-
tional crystallisation and variable, but small
degrees of assimilation. In turn, highly differ-
entiated magma broadly formed by AFC pro-
cesses or by wholesale melting of felsic country
rock and incomplete mixing. The observed
contrast in differentiation processes between
mafic and felsic lavas explains the bimodality
and the temporal sequence of erupted lavas in
the Teide—Pico Viejo succession and thus allows
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to establish a temporally, compositionally and
geographically consistent model for the nature
of phonolite volcanism on recent Tenerife.
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Magma Mixing in the 1100 AD Montana 1 1

Reventada Composite Lava Flow:
Interaction of Rift Zone and Central
Complex Magmatism

Sebastian Wiesmaier, Frances M. Deegan, Valentin R. Troll,
Juan Carlos Carracedo, and Jane P. Chadwick

Abstract

Zoned eruption deposits frequently show a lower felsic and an upper mafic
member, thought to reflect eruption from a large, stratified magma
chambers. In contrast, however, the Montafia Reventada composite flow in
Tenerife consists of a lower basanite and a much thicker upper phonolite. A
sharp interface separates the basanite and phonolite, and a chilled margin at
this contact indicates the basanite was still hot upon emplacement of the
phonolite, i.e. the two magmas erupted in very quick succession. Three
types of mafic to intermediate inclusions are found in the phonolite, which
comprise foamy quenched ones, inclusions with chilled margins and those
that are physically mingled, reflecting progressive mixing with a
decreasing temperature contrast between the end-member magmas
involved. Analysis of basanite, phonolite and inclusions for majors, traces
and Sr, Nd and Pb isotopes show the inclusions to be derived from binary
mixing of basanite and phonolite end-members in ratios of 2:1-4:1.
Although basanite and phonolite magmas were erupted in quick
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succession, contrasting 2°°Pb/***Pb ratios show them to be genetically
distinct. The Montafia Reventada basanite and phonolite first came into
contact just prior to eruption and had seemingly limited interaction time.
Montafia Reventada erupted from the transition zone between two
plumbing systems, the phonolitic Teide-Pico Viejo complex and the
basanitic Northwest rift zone. A rift zone basanite dyke most likely
intersected a previously emplaced phonolite magma pocket, leading to
eruption of geochemically and texturally unaffected basanite, followed by
inclusion-rich phonolite that exploited the already established conduit.

11.1  Introduction

Magma mixing occurs when two liquid magmas
of distinct composition interact with each other
over a defined period of time. However, time-
scales of magma mixing may be highly variable
and range from hours to tens and hundreds of
years. Large ignimbrite eruptions, for instance,
have frequently been associated with voluminous
stratified magma chambers, in which the com-
positionally distinct magmas formed over long
time-scales from the same parent magma (e.g.,
Sparks et al. 1977; Blake 1981; Huppert
et al. 1982; Wolff and Storey 1984; Blake and
Ivey 1986; Freundt and Schmincke 1992;
Calanchi et al. 1993; Kuritani 2001; Troll and
Schmincke 2002). Alternatively, the origin of
mixed magmas has also been explained by the
forced intrusion or fountaining of a genetically
distinct magma into another, whereby the newly
arriving magma may trigger an eruption due to
super-heating and re-mobilisation of the previ-
ously emplaced, already cooled pocket of magma
(e.g., Turner 1980; Campbell and Turner 1986;
Turner and Campbell 1986; Eichelberger et al.
2000; Izbekov et al. 2004; Troll et al. 2004). For
example, Izbekov et al. (2004) suggested that in
1996, a mafic dyke had dissected a resident
andesite magma chamber, triggering the inter-
mittent eruption of a range of mixed products at
Karymsky volcano, Kamchatka.

Various mechanisms for the mixing of mag-
mas have been postulated, for example, (1)
buoyant rise of mafic magma caused by a den-
sity decrease from strong vesiculation, (2) con-
vective stirring or viscous coupling caused by

thermal contrasts between mafic and felsic end-
members, (3) forced intrusions of mafic magma
into highly viscous and thus more competent
felsic magma, and (4) mixing within the conduit
during magma ascent (cf. Eichelberger 1980;
Bacon 1986; Coombs et al. 2003; Troll
et al. 2004; De Campos et al. 2008). The cir-
cumstances of magma mixing for a given
deposit are thus a result of the dynamics and
compositional controls of the related magmatic
plumbing system. Key issues for understanding
magma mixing are therefore: (a) how long have
the compositionally distinct magmas interacted
with each other? (b) are these compositionally
distinct magmas co-genetic, i.e., derived from
the same parental magma? or (c) are they
genetically unrelated and met only prior to
eruption? This chapter will try to answer these
questions through a summary of detailed studies
of the compositionally mixed Montafia Revent-
ada lava flow (Arafia et al. 1994; Wiesmaier
et al. 2011), one of the most recent deposits
within the Teide—Pico Viejo succession in Ten-
erife. At Reventada, a basanite lava flow erupted
and was shortly followed by the eruption of
phonolite lava from the same vent, thus forming
a composite flow or cooling unit. The phonolite
part of the flow contains abundant dark inclu-
sions that appear to be related to the basanite
part. Earlier studies on Montafia Reventada
(Arafa et al. 1989, 1994) provided mass balance
calculations that, combined with mineral abun-
dances, allowed them to exclude continuous
closed system fractional crystallisation as the
origin of these inclusions, but supported a hybrid
(mixing) origin instead. The lack of mingling
textures within the phonolite matrix led the
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Fig. 11.1 Picture of
Montafia Reventada.
Montafia Reventada, the
edifice of a complex
eruption located in the
zone of interaction
between the NW rift zone
and the central felsic
volcanoes Teide and Pico
Viejo. This eruption
involved mixing of mafic
and felsic magmas

authors to believe that the intermediate inclu-
sions formed exclusively through diffusional
hybridisation, which would require a long-lived,
diffusional interface between basanite and pho-
nolite in the Reventada magma chamber. A
long-lived stratified magma chamber, however,
is inconsistent with the relatively small volume
of the Reventada eruption (0.1 km?®) as thermo-
dynamic considerations indicate that compara-
bly small magma chambers are likely to solidify
completely before significant diffusional gradi-
ents can develop (cf. Hawkesworth et al. 2000).
Equally, the eruption order, i.e., basanite before
phonolite, does not agree with common models
of stratified magma chambers (Hildreth 1979;
Blake 1981; Troll and Schmincke 2002), which
are believed to hold the denser magma (here
basanite) below the less dense one (here
phonolite).

In the study of Wiesmaier et al. (2011), new
isotope and geochemical data have been merged
with those of Arafa et al. (1994), and combined
with a detailed textural analysis of inclusion
types. This approach resulted in a refined model
of magma mixing that is consistent with field
and textural constraints and allows for a sub-
stantial revision of the magmatic processes
ongoing during the Montafia Reventada erup-
tion, with implications for the interaction of
distinct magma plumbing systems in Tenerife.

11.2 The Montana Reventada Lava
Flow

Montafia Reventada consists of a small group of
vents and associated flow lobes, which have
been radiometrically dated at 895 &+ 155 a BP
(Carracedo et al. 2007). Two exceptional road-
cuts at 330437/3128642 (UTM 28R =+ 15 m) at
either side of the road TF-38 (locally referred to
as “Carretera Boca Tauce—Chio”) provide a
cross-section through the complete stratigraphy
of this eruption, including the bottom contact
with older lavas (Fig. 11.2). This roadcut, at the
base of Pico Viejo in the NWRZ, has been
previously described by Arafia et al. (1994).
The Montafia Reventada stratigraphy com-
prises the following components from bottom to
top: (1) A red basal breccia of about 10-20 cm
thickness, composed of scoriaceous basanite,
which is scarcely porphyritic and shows flow
banding in some clasts. (2) A lower basanite layer
of variable thickness (20-200 cm), composed of
massive, dark, mainly aphyric lava with flow
banding that is frequently folded (Fig. 11.2a).
Laterally, the massive parts grade into welded
scoria, where the scoria clasts are of variable
vesicularity. At 1-2 km downhill from the out-
crop described here, the basanite contains abun-
dant plagioclase. (3) An upper phonolite layer of
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Transitianal
| vas

Fig. 11.2 Picture of outcrop and map inset. a A pho-
tograph of the main outcrop of the Montafia Reventada
composite flow with people for scale. b A simplified
stratigraphic column of this main outcrop. ¢ A location
map after Carracedo et al. (2007). d An opened fracture

10-12 m thickness that is massive, light-coloured
and porphyritic. The contact between the basanite
and the overlying phonolite is sharp and undu-
lating, lacking both top and basal brecciation. In
places, the phonolite intrudes the lower basanite
or appears to “lift out” basanite blocks (up to
50 cm). At one location, the intruding phonolite
caused a chilled margin in the underlying basa-
nite, indicating a considerable temperature con-
trast (Fig. 11.2d). Within the first metre above the
basanite-phonolite contact, vesicles up to 10 cm
are abundant. These are elongated parallel to the
contact and grade into equant shapes some 40 cm
above the contact. The phonolite hosts frequent
dark inclusions of varying texture that range in

) &\ Massive,

Top breccia

] Porphyritic
phonolite

Aphyric
inclusions

~14m

Mafic,
porphyritic
inclusions

Massive
basanite

within the basanite that has been filled with phonolite.
e Vesicle-rich and plagioclase bearing basanite can be
found at the flow front. f Mingled appearance of a light-
coloured inclusion. g Degassing halo around an inclusion
in host phonolite

size from a few cm to 50 cm across and appear to
gradually decrease in abundance up-section. The
phonolite becomes pink in the uppermost half
metre (oxidised top). (4) A top breccia to the
phonolite of up to 1.5 m in thickness that consists
of large clinker fragments and glassy blocks.

11.3 Research Techniques

To define the lithological units and constrain the
processes that gave rise to the Montafia Reventada
composite eruption, Wiesmaier et al. (2011)
analysed 20 samples from the outcrop for their
major- and trace element concentrations as well as
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for their Sr, Nd and Pb isotopes. The composi-
tional data are complemented by field and petro-
graphical evidence from the outcrop as well as
hand-specimen samples and thin-sections. The
sample set comprises 14 whole-rock and six
groundmass samples collected from the two road
sections at TF-38. Of the whole-rock samples,
three basanite, seven phonolite and four inclusion
samples were selected for whole-rock analyses
and groundmass measurements included two ba-
sanite and four phonolite samples.

Results are listed in Table 11.1 with all errors
reported as 2SD. A detailed documentation of
the analytical methods applied can be found in
Wiesmaier et al. (2011).

11.4 Petrological and Geochemical
Observations

11.4.1 Petrography

The petrographic description of the samples
allows the distinction of basanite, phonolite and
in total four different types of mafic inclusions.

11.4.1.1 Basanite

Plagioclase phenocrysts and vesicles are abun-
dant in the flow front of the basanite lava. In
contrast, at the outcrop described here, Revent-
ada basanite is essentially aphyric and vesicle-
free with only scarce plagioclase phenocrysts.
The microcrystalline, melanocratic groundmass
consists of lath-shaped plagioclase, pyroxene
microlites with high birefringence colours and
opaque Fe/Ti-oxides. The groundmass shows
abundant flow lamination, which is frequently
folded (Fig. 11.3a).

11.4.1.2 Phonolite

The overlying phonolite contains 10 % alkali
feldspar, 3 % opaque minerals and scarce
clinopyroxene and amphibole with dehydration
rims. Feldspar may be intergrown with opaque
minerals and/or pyroxene. Feldspar also often
displays sieve textures and occurs as single,
euhedral crystals with rounded corners and
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abundant Carlsbad twinning or, less often, as
glomerocrysts of up to 10 mm across.

The microcrystalline, leucocratic phonolite
groundmass is holocrystalline and consists
mainly of feldspar and opaque minerals. Vesi-
cles are abundant and make up ~ 10 vol.% of
the rock close to the contact with the lower
basanite, but this decreases to ~ 1 vol.% farther
away from the basanite (Fig. 11.3c).

11.4.1.3 Inclusions
Inclusion textures range from frothy and vesicle-
rich through scarcely porphyritic and banded to
porphyritic and mingled. Four major types are
distinguished. Type I: finely vesicular with a
cryptocrystalline groundmass (diktytaxitic tex-
ture, cf. Bacon 1986), sometimes containing
alkali feldspars with an anhedral relict appear-
ance. This type of inclusion has angular outlines
and is occasionally intruded by phonolite and
thus appears to have behaved competently
against the liquid phonolite magma (Fig. 11.3d,
e). Type II: dark-coloured, feldspar-bearing
inclusions with a lobate, sometimes chilled
margin that indicates fluidal behaviour at the
time of formation. Type II inclusions contain
nodules of darker material (Fig. 11.3f, g). Type
III inclusions are lighter coloured than type II,
are feldspar-bearing and show a coarser-grained
groundmass of microlites, feldspars and amphi-
boles. These inclusions have lobate and diffuse
margins (blob-like), and filaments and blobs of
dark magma are visible within them. Inclusions
of about 1 cm or less in size may show a sharp,
well-defined contact, or a diffuse transition
between inclusion and phonolite  host
(Fig. 11.3g, h). Glomerocrysts of feldspar inter-
grown with opaque oxides, clinopyroxene and
amphibole occur. Type IV: dense inclusions with
scarce feldspar that show flow-banding. Pheno-
cryst orientations generally appear to follow the
observed groundmass lamination. The contact to
the host phonolite is sharp and angular
(Fig. 11.31).

Feldspars within the inclusions show anor-
thoclase compositions but also a range of lab-
radorite to oligoclase (Wiesmaier 2010).
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Basanite Contact

Inclusions:

Fig. 11.3 Photomicrographs and scans of thin-sections.
Thin-section images of Montafia Reventada rocks (scans:
a, b, d, i; photomicrographs: c, e, f, g, h). a basanite,
b diffuse contact between basanite and phonolite, ¢ pho-
nolite, d—e type I inclusions, frothy and vesicle-rich,

11.4.2 Whole-Rock and Groundmass
Composition

11.4.2.1 Major Elements

In the Total Alkali versus Silica diagram (TAS;
Le Bas et al. 1986), the lower lava layer clas-
sifies as basanite and the upper one as phono-
lite, while inclusions contained within the
phonolite represent variable compositions
between the two, plotting as either basanite,

Sharp contact td_
- S phGnolite FuE
5 .\. > : '|\ 7 ...__I@ -*

e

Phonolite

Mingled

Type IV

f—g type II inclusions, crystal-rich and possessing a
chilled margin, h type III inclusions massive, crystal-
rich, and mingled, i type IV inclusions, flow-banded.
Scale bar in 1 cm divisions. Sieve-textured feldspar
occurs in all samples

phonotephrite or tephriphonolite (Table 11.1,
Fig. 11.4). Inclusion data from Arafia et al.
(1994) plot in the same linear array between
basanite and phonolite, with higher alkali ele-
ment and silica concentrations. In fact, all
major element data form linear trends between
basanite and phonolite and the gap between the
two principal lava types is always bridged by
inclusions of intermediate composition from
both data sets (Fig. 11.5).
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Fig. 11.4 TAS diagram. 14
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diagram after Le Bas et al. C.) :;dus'jns A amass)
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compositions | Dacite
Andesite
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Basalt
Picro-
basalt
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11.4.2.2 Trace Elements 0.703062(9) (groundmass: 0.703032(9) to

In a multi-element variation diagram normalised
to primitive mantle, basanite and inclusion
samples show comparable patterns, apart from
the Large Ion Lithophile Elements (LILE) Cs,
Rb and Ba and the High Field Strength Elements
(HFSE) Th and U, in which inclusions appear
more enriched. Phonolite samples are more
enriched than basanite in the LILE, but display a
pronounced negative Sr and positive Zr anomaly
and an overall depletion in MREE (Table 11.1).

When whole-rock trace element data are
plotted against Zr concentration as an index of
differentiation (cf. Wolff et al. 2000), basanite
and phonolite samples again plot as end-
members, with the inclusions generally filling
the space in-between. However, phonolites show
a rather widespread array in several incompati-
ble trace elements, while the basanites appear
closely spaced.

11.4.2.3 Isotope Data

Basanite whole-rocks have %’Sr/*°Sr values of
between 0.703032(9) and 0.703040(7) (ground-
mass: 0.703024(10) to 0.703046(9)). The pho-
nolite whole-rocks range from 0.703032(7) to

0.703082(7)). The inclusions display values
from 0.703032(7) to 0.703059(9).

Basanites show '*“*Nd/"**Nd ratios from
0.512855(38) to 0.512896(46) and phonolites
from 0.512848(42) to 0.512910(46). Inclusions
show a range in Nd ratios between 0.512871(46)
and 0.512899(42). All Nd ratios are within error
of each other.

The 2°°Pb/?**Pb ratios range from 19.7193(21)
to 19.7418(31) versus 19.7528(14) to
19.7660(16) versus 19.7671(18) to 19.7807(23),
for basanite, inclusions and phonolite, respec-
tively, with significant differences among these
three groups. In contrast however, basanite,
inclusion and phonolite samples overlap in their
207pp/2%4PY ratios (15.6122(34) to 15.6213(17)
versus 15.6117(17) to 15.6196(29) versus
15.6168(30) to 15.6232(28), respectively). The
208pp/294Pp ratios partially overlap between ba-
sanite, inclusions and phonolite (39.5423(43) to
39.5720(29) versus 39.5603(29) to 39.5858(46)
versus 39.5769(39) to 39.5997(45), respectively),
but with each group reaching higher values. The
results for Sr, Nd and Pb isotopes agree well with
existing data for Tenerife igneous rocks (Palacz
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Fig. 11.5 Harker diagrams with graphical mixing solu-
tion. Whole-rock major element composition of the
Montaiia Reventada eruption. Fe data recalculated to
FeOy, using the formula FeO, = FeO + 0.899 Fe,0;
(Bence and Albee 1968). All major elements define
straight trends when correlated to SiO,, which indicates

and Wolff 1989; Simonsen et al. 2000; Abratis
et al. 2002; Gurenko et al. 2006). All errors are
reported as 2SD (Table 11.1).

11.5 Emplacement and Formation
of the Montana Reventada

Lava Flow
11.5.1 Subaerial Emplacement of Lava

Several lines of evidence allow us to establish
that the basanite and phonolite were part of the

the origin of the inclusions to be mixing of the two
principal components basanite and phonolite, rather than
by fractional crystallisation. Note graphical mixing lines
that indicate the percentage of phonolite material for
intermediate compositions

same eruption. Firstly, the focus will be on the
eruption dynamics at the surface.

The basanite shows a chilled margin where
the phonolite intruded (Fig. 11.2d), implying that
the basanite was still hot at the time the much
cooler phonolite came in contact with it. Further
evidence for this is the vesiculation of the pho-
nolite, which is limited to a zone of one metre
upwards from the basanite-phonolite contact.
This localised zone of vesicles is probably the
result of inclusions that were reheated at atmo-
spheric pressure within the phonolite and which
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consequently liberated volatiles (see inclusion
degassing halos in Fig. 11.2g). The basanite and
the phonolite are thus effectively contempora-
neous. Only an underlying basanite that was still
hot can have caused the inclusions to decompose
and develop a chilled margin.

The sharp contact in-between basanite and
phonolite holds further clues to the emplacement
process. Common ‘a’a lava flows form by
developing a chilled crust against the air which
brecciates and gives an ‘a’a flow its character-
istic rugged surface appearance. During flow,
this brecciated top is continuously transported to
the flow front, where it rolls onto the ground
(Merle 1998) and is consequently run over by
the proceeding lava. As a result, the standard
stratigraphy of an ‘a’a lava flow consists of a
basal breccia, a massive inner part and a top
breccia (Cas and Wright 1987).

However, at Montafia Reventada, the contact
between basanite and phonolite is sharp, i.e., the
basanite lacks a top breccia and the phonolite
lacks a bottom breccia. The missing breccias are
either not preserved or have never formed.
However, the type IV inclusions (massive, flow-
banded and angular) closely resemble the lami-
nated texture of the underlying basanite, hence,
they have most likely been picked up by the
phonolite while overriding the basanite. It thus
seems likely that the phonolite rafted on top of
the ductile basanite, at least in the area of the
outcrop. Rafting would allow it to erode the
basanite top breccia and pick up the breccia
clasts while not developing its own bottom
breccia. The lack of a top basanite breccia and
bottom phonolite breccia therefore provides
further evidence in support of the two magmas
of Montafia Reventada having been emplaced
almost simultaneously.

11.5.2 Origin of Inclusions

11.5.2.1 Major and Trace Element
Constraints

Whole-rock major element trends are linear for

all oxide data from both Araiia et al. (1994) and

Wiesmaier et al. (2011). Together they form a

semi-continuous compositional sequence, with
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intermediate inclusions bound by the basanite
and phonolite end-member compositions
(Fig. 11.5). As the major element patterns are
exclusively straight, lacking the typical kinks
expected from fractional crystallisation (cf.
Geldmacher et al. 1998), physical and chemical
mingling and mixing are thought to be the
dominant processes active during formation.
Such straight trends should not be confused with
the much more complex and fluctuating geo-
chemical trends that are produced by the diffu-
sive gradients between two magmas. Although
these diffusive gradients are the fundamental
driver of mixing and homogenisation, they occur
on diffusion distances of sub-cm scale and in
single samples only (De Campos et al. 2008).
However, for analysis each sample has to be
homogenised, including those that show various
degrees of magma mixing. As a result complex
S-shaped diffusional trends are not preserved
and the analysis of a sample suite will produce
straight mixing trends, such as observed at
Reventada. Alternatively, inclusions may have
been thoroughly hybridised when still liquid, so
that straight geochemical trends may also be
interpreted to reflect an advanced stage of mix-
ing. The straight trends observed at Montafia
Reventada thus point towards a mixing origin
for the mafic inclusions that are found in the
phonolite.

These straight mixing trends allow calcula-
tion of the proportions of each component
involved during the mixing process. Trace ele-
ment and major element oxide concentrations in
inclusions were modelled as two-component
bulk mixtures of basanite and phonolite and the
respective maximum and minimum concentra-
tions found for each major and trace element
were used.

For most major and trace elements, the
inclusions can be equated to mixtures of
between 66:34 basanite to phonolite (E206A,
E206B and E206D) and 80:20 basanite to pho-
nolite (E204F). This agrees well with graphical
mixing solutions in the Harker diagrams, where
the three inclusions (E206A, E206B and E206D)
cluster together but the latter (E204F) shows a
slightly more mafic composition (Fig. 11.5).



202

S. Wiesmaier et al.

15
1600 Ba 1600 Sr Hf o
[}
m 1200
¥
1200 - @ 104 L3
E‘ ° ’ .Ak Oox E [EL]
S . o 8001 o &
h 800 2™ a4 \ 5
7 #x % h
400 -
> 8 & s w
400 | % 0 “ 0
25 Thl 12 U] 250 Nb
20 [ 200 -
8-
T 15/ N 150 ~
QU
S 10 . 100]  ors
4. -] j ® o
5| Md e .
1 A v P B 50 -
0 0 0
12 Ta 120 Ro ™ 12 Pb
[ ] % [
' &
| | ] m
B Phonolite (A groundmass) T 8 % I"‘ 80 x 8 Bt
@ Inclusions S % b LIy
[ Basanite (A groundmass) = mA ) Y
K Trachyte 41 401 .‘.A u 4 Ilﬁ o
% Enclaves Arana et al., 1994 .. ®
% Basal Mixing arrays
asal 0 0 0
200 400 600 800 200 400 600 800 200 400 600 800
Zr [ppm] Zr [ppm] Zr [ppm]

Fig. 11.6 Matrix of trace element plots. Selected trace
elements are plotted versus Zr concentration. The crosses
denote data from Arafia et al. (1994) for comparison.
Note the linear variation among the sample suite in most
trace elements. Ba, Sr and Rb may be affected by crystal

Two-component bulk mixing of basanite and
phonolite yields matches for the major oxides
Si0,, MgO, Fe,O3 and TiO,. The two major
element oxides MnO and P,Os are within
0.01 wt% of the model limits, which we deem a
satisfactory fit. Most trace elements are mod-
elled satisfactorily too.

Deviations in element concentrations from
ideal mixing behaviour are few and can be well
explained by diffusive phenomena. Slightly
lower K,O concentrations than expected may
indicate uphill diffusion of K,O towards the
phonolite (cf. Watson and Baker 1991; Bind-
eman and Perchuk 1993; Arafia et al. 1994;
Bindeman and Davis 1999), which would be in
line with the enhanced diffusivities of this ele-
ment (Walker et al. 1981; Watson 1982; Walker

transfer of feldspar between the end-member magmas,
the dominant mineral phase at Montafla Reventada.
Phonolite samples show a wide spread in trace element
concentrations, which is possibly a result of diffusional
hybridisation

and DeLong 1982; Lesher 1986; Lesher and
Walker 1986). The higher than expected con-
centration of Al,O3 and Na,O in all inclusions
is, in turn, suggestive of anorthoclase added
from the phonolite magma (Fig. 11.6).

Trace elements that deviate by more than
10 % from the linear two-component bulk
mixing interval are mainly the lithophile ele-
ments Li, Sc, Cs, Rb and U. These elements are
depleted in inclusions, which can also be
explained by uphill diffusion, previously recog-
nised for Li, Cs and Rb in basalt-rhyolite sys-
tems (Bindeman and Davis 1999). The
siderophile element Ni and the chalcophile ele-
ment Cu are also depleted in the inclusions with
respect to the mixing calculation (Table 11.2).
Barium, in turn, is enriched in the type I inclu-
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Table 11.2 Modelling of inclusion compositions.

Inclusion Basanite (%) Phonolite (%) Compared with calculated mixture
Enriched in: Depleted in:

E206A 66 34 - Li, Cu

E206B 66 34 - Sc, Cu

E206D 66 34 - -

E204F 80.4 19.6 Ba Ni, Cu, Cs, Rb, U

Percentages of two-component bulk mixtures between basanite and phonolite that reproduce inclusion compositions.
Some trace elements were enriched or depleted in the real samples compared to the theoretical mixture, but variations

remain unique to each sample

sion E204F, which may be explained by the
addition of Ba-rich anorthoclase from Montaifia
Reventada phonolite.

In summary, the majority of major and trace
elements agree with the ideal mixing trend and
apparent deviations are in line with well-
documented diffusive or accumulative mechanisms.

11.5.2.2 Isotope Fingerprinting
of Basanite, Phonolite
and Inclusions

Although the inclusions occupy intermediate
values between basanite and phonolite, all three
rock types overlap within their analytical
uncertainty in Sr and Nd isotopes (not shown)
and are thus indistinguishable from each other
for these components. The Pb isotopes, however,
show distinct *°°Pb/***Pb signatures for basanite
and phonolite. The basanites, phonolites and
inclusions show similar 2*’Pb/?°*Pb ratios, but
systematic variation in 2°°Pb/?**Pb. An impli-
cation of the significant difference in the
observed Pb isotope ratios between basanite and
phonolite is that they cannot be co-genetic. This
is consistent with the recent phonolite eruptions
from the Teide-Pico Viejo central complex
incorporating variable amounts of crustal com-
ponents, i.e. they are likely isotopically distinct
from the rift zone basanites that are compara-
tively free from crustal assimilation (Chap. 10).

The distinct Pb isotope signatures of basanite
and phonolite also allow testing whether or not
the inclusions are intermediate to these end-
members. From the dataset (n = 20), all inclu-
sion samples can be explained as isotopic
mixtures between the basanite and phonolite

end-members. This divides the components of
Montafia Reventada into three arrays, with the
mafic to intermediate inclusions placed in-
between the basanite and phonolite (Fig. 11.7).
The magmatic inclusions are therefore direct
evidence of basanite—phonolite interaction at
depth. In the next section, a detailed textural
analysis of these inclusions will help to decipher
the magma chamber configuration and the
mechanism that led to mixing of the two end-
member magmas.

11.5.3 Subsurface Dynamics

Altogether four types of inclusions were recor-
ded in the Reventada phonolite. Since the fol-
lowing discussion is concerned with processes at
depth prior to and during eruption, type IV
inclusions, which have been identified as pick-
up clasts, i.e. as subaerially solidified rocks, will
not be mentioned here. The remaining inclusion
types, I through III, record a progressive
sequence of basanite-phonolite interaction,
reflecting a continuous interaction while tem-
perature differences between the end members
gradually dissappear.

11.5.3.1 Type I Inclusions

Type I inclusions in the Montafia Reventada
phonolite are angular fragments of a vesicle-
rich “mafic foam” (a term coined by Eichel-
berger 1980), indicating that a large temperature
contrast must have led to rapid crystallisation of
the hotter, mafic magma (cf. Bacon and Metz
1984; Bacon 1986). The resultant exsolution of
volatiles in the residual melt raises the melt’s
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Fig. 11.7 Pb isotope plot.
Pb-Pb isotope systematics
of the Montafia Reventada
eruption. Errors are 2SD.
Fields denote existing data
from the Tenerife Teide-
Pico Viejo complex and
rift zones (Wiesmaier
2010): in yellow primitive
rift zone basanites, in
orange intermediate rocks
and in red phonolites.
Basanite and phonolite
data from this study define
independent sub-vertical
trends. Mafic to
intermediate inclusions
that are found in the
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solidus and hence enhances solidification in the
residual melt (cf. Sparks et al. 1977; Hammer
et al. 2000). The result is a boundary layer of
foamy, vesiculated material that is interpreted to
form upon initial contact of hot, mafic with cool,
felsic magma (Eichelberger 1980) and we
interpret type I inclusions accordingly. By
implication, the phonolite was probably rather
cool when the basanite first arrived, but must
have been conductively heated by the basanite.
The initially quenched and almost solid, vesic-
ular boundary zone was subsequently disrupted,

19.75

205 P /204Ph

19.775

creating the angular fragments of type I inclu-
sions and allowing for direct contact between the
liquid portions of the basanite with the heated
phonolite magma.

11.5.3.2 Type Il Inclusions

In comparison to type I inclusions, type II
inclusions are indicative of a lesser, but still
considerable temperature contrast. Instead of the
angular outlines characteristic of type I inclu-
sions, the smooth and undulate contacts of type
IT inclusions resemble liquid blobs and show that
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the basanite was at some point able to undergo
ductile deformation. The temperature difference
between the two bodies of magma was still
sufficiently large to cause chilled margins (cf.
Sparks et al. 1977; Eichelberger 1980; Marshall
and Sparks 1984). The two magmas were
therefore far from thermal equilibrium, which
implies a close temporal relationship between
the formation of type I (mafic foam) and type II
inclusions. Type II inclusions are interpreted to
result from entrainment of mafic magma into
reheated and hence re-mobilised phonolite
magma. Type II inclusions have thus likely
formed after the initial contact zone had been
disrupted to form type I inclusions (cf. Troll
et al. 2004).

11.5.3.3 Type lll Inclusions
Type III inclusions are a lighter colour, with fil-
aments and blobs of darker, mafic magma within
them (see Fig. 11.2f). Physical mixing (mingling)
of two liquids results in active regions of intense
mingling (filaments), and coherent regions lar-
gely unaffected by mingling (blobs) (Perugini
et al. 2003). The banded textures of type III
inclusions demonstrate that a phase of mingling
occurred at some point during basanite-phonolite
interaction. To allow such intimate mingling, a
reduced viscosity contrast must have prevailed
between basanite and phonolite (cf. Jellinek
et al. 1999), otherwise all other inclusion types
ought to show comparable filament textures. The
filaments and blobs in type III inclusions are thus
most probably the result of intense physical
mingling of cooled basanite and heated-up pho-
nolite, i.e. magmas of similar or near-identical
viscosities (cf. Perugini et al. 2003). Further
evidence for reheating of phonolite is provided by
sieve textures in anorthoclase crystals, which are
interpreted to originate by remelting of the crystal
(cf. Hibbard 1995; Stewart and Pearce 2004). As
such, type III inclusions are indicative of
advanced thermal equilibration between basanite
and phonolite, which makes them the youngest
inclusions to have formed during interaction of
these two magmas.

This mirrors the results of several studies that
have suggested that magma mixing is a
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progressive interplay of initially dominant min-
gling and successively more important diffusion
(e.g., Kouchi and Sunagawa 1985; Perugini
et al. 2003; ZimanowsKki et al. 2004).

To achieve hybridisation of two magmas
within a short timeframe, it is vital that intense
physical mingling takes place first. Type III
inclusions are thus interpreted to be the result of
physical interaction between the basanite and the
phonolite magma, suggesting that the interaction
was not limited to diffusive hybridisation as
suggested by Arafa et al. (1994), but was locally
associated with intense physical mixing. The
succession of type I through III inclusions thus
indicates the progressive interaction of two
magmas that were initially distinct in composi-
tion, temperature and viscosity. Upon interac-
tion, they began to thermally equilibrate and
approached each other in their viscosities to
allow progressive hybridisation.

11.5.4 Timescale of Basanite-Phonolite
Interaction

The preservation of textural transitions in the
inclusions from initial formation of mafic foam
through quenching and chilled margin develop-
ment to final liquid-liquid interaction indicates a
rapid succession of events. The formation of
chilled margins in type II inclusions must have
swiftly followed the initial quench-type inclu-
sions in type one inclusions, for the thermal
contrast between basanite and phonolite to still
be strong enough to allow chilled margins to
form. The transition between type II and type 111
inclusions is less clear, but a close temporal
relationship is likely. By using the MELTS
algorithm in combination with cooling and
decompression experiments, Coombs et al.
(2003) temporally constrained the formation of
inclusions and chilled margins between an
andesite and a dacite to be on the order of hours
only. The duration of mixing at Montafia
Reventada was therefore probably on a similar
order of magnitude (hours to days).

This has implications for the configuration of
the magma chamber at depth, because short
interaction between basanite and phonolite on
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the order of few hours is inconsistent with the
concept of a long-lived, stratified magma
chamber, in which compositionally distinct
magmas develop by magmatic differentiation for
decades prior to eruption as postulated by Arafia
et al. (1994). Such a compositionally stratified
body of magma is thought to possess stable,
diffusive gradients between distinct magmas. In
such a magma chamber, quenched material, like
that found at Montafia Reventada, is less likely
to form because thermal gradients are smooth.

Furthermore, the groundmass of both basanite
and phonolite appear to be relatively free of
physical mixing; it is only the inclusions that are
the result of magma mixing. The total volume of
mixed inclusions therefore is restricted at
Reventada, with inclusions estimated to amount
to less than 1 vol.% of the total deposit volume
(Arana et al. 1994). Mingling of basanite and
phonolite appears to have been confined to a
spatially small zone of interaction, and took
place after an initial carapace of quenched ba-
sanite (mafic foam) had been disaggregated. In
order to efficiently mix two magmas, their vis-
cosities need to be comparable and it has been
suggested that only thermal equilibration may
reasonably cause approaching viscosities
(Campbell and Turner 1986). According to these
authors, this may occur either in long-lived,
stratified magma chambers or as a spatially
restricted phenomenon during fountaining or
forced intrusion, creating a small-volume,
hybrid boundary layer between mafic and felsic
magma. Since at Montafia Reventada a rather
short period of interaction is indicated and a
relatively small volume of hybrid inclusions is
observed within the host phonolite, Wiesmaier
et al. (2011) postulated a forced intrusion of
basanite into an ambient body of phonolite
magma.

11.5.5 Mixing Mechanism

In the previous section it was shown that basa-
nite and phonolite likely interacted over a short
time-scale by means of a forced intrusion of
basanite into phonolite. The following discus-
sion will now establish the detailed
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mechanism(s) by which the basanite and pho-
nolite mingled to produce the observed range of
hybrid inclusions. Viscous coupling has been
suggested in a comparable case in which the
mafic member of an eruption was emplaced
before the felsic one. Pinatubo erupted andesite
before dacite in 1991, the latter of which com-
prises the bulk of the final deposit (Pallister
et al. 1992). Snyder and Tait (1996) tested the
Pinatubo scenario experimentally by using the
viscous coupling of magmas driven by thermal
convection (after Huppert et al. 1983, 1984). It
was found that a strong temperature contrast
between mafic and felsic magma may trigger
local convection within the felsic member,
thereby entraining mafic liquid by viscous cou-
pling. Their mafic magma analogue liquid
reached the roof of the chamber as a mixed
layer, thus providing a model for the eruption of
mixed andesite erupting before pristine dacite
(as at Pinatubo in 1991).

The Pinatubo model, however, does not sat-
isfactorily explain the situation at Reventada.
First of all, at Pinatubo hardly any quenched
inclusions have been found, whereas at
Reventada these type I and type II inclusions are
ubiquitous, indicating a larger temperature con-
trast between basanite and phonolite compared
to andesite and dacite. Furthermore, the first-
erupting andesite at Pinatubo is of hybrid origin
followed by a pristine dacite, while at Reventada
the situation is reverse; the basanite appears
texturally and compositionally pristine. Viscous
coupling may thus not be the driving mechanism
for magma mixing at Montafia Reventada.

In turn, Reventada phonolite, i.e., the later
erupted magma, is indeed affected by mixing
demonstrated by the inclusions that originate
from initial contact between the two magmas. It
appears that the phonolite collected the leftover
basanite material that had initially quenched
against the phonolite. Two possible configura-
tions of interaction were thus suggested. Either
the basanite was able to largely bypass the
phonolite chamber at its side and only tap it
peripherally, or the basanite formed a dyke
through the phonolite, being shielded from
interaction by the early-formed quench horizon.
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(a) Initial basanite-phonolite contact.

Mafic foam shields dyke from interaction.

Quench zone
(mafic foam)

(b) Phonolite re-mobilisation

Phonolite disrupts basanite and follows.

T [
LN N

TR

Disruption of quench zone forms type |
inclusions (angular).

Intense mingling forms type Il and IlI
inclusions.

Fig. 11.8 Quench sequence of basanite and phonolite.
Schematic representations of the immediate contact
between basanite and phonolite. a At first contact
between basanite and phonolite, the basanite develops
a vesicular, solid layer of quenched material (mafic
foam) that isolates the bulk of the basanite from
interaction with the phonolite. However, the lifespan of

In both scenarios, the phonolite must have
followed the basanite through its conduit. A
comparable mechanism has been found in the
Katmai region, Alaska. There, the default type
of eruption has been described as coming from
small, andesite magma chambers that experience
mafic recharge. At low recharge vigour, the
basalt mixes with the andesite. However, when
unmixed mafic scoria is erupted, this is inter-
preted as basalt magma passing through the
andesite chamber with limited interaction only
(Coombs et al. 2000; Eichelberger and Izbe-
kov 2000). At Montafia Reventada, the phono-
lite was probably rather cool prior to interaction,
indicating a high viscosity body into which the
basanite intruded, a Katmai-type scenario is
therefore highly conceivable. The basanite
would initially quench at the interface with the
phonolite (mafic foam, type I inclusions,
Fig. 11.8a). Type II inclusions would form when
the reheated and partly re-mobilised phonolite
would have started to enter the established ba-
sanite conduit, collecting the type I fragments
(the former quench zone) and commencing

this screen of quenched material may be short. b Both
magmas equilibrate thermally, thus remobilising the
phonolite. After the basanite eruption wanes, the
phonolite exploits the pre-established conduit, collecting
angular fragments of mafic foam and mingling with the
remains of liquid basanite on the way to the surface

interaction with the liquid basanite magma that
is left within the conduit. Because of the on-
going thermal interaction between the phonolite
and the basanite, the temperature contrast pro-
gressively lowered, allowing for converging
viscosities that increasingly permitted mingling
to form the type III inclusions (Fig. 11.8b).

Equally plausible, however, is the notion that
the basanite was blocked by the phonolite
chamber, thereby partly intruding it, but even-
tually continuing to ascend to the side of it.
Again, type I inclusions would have formed at
initial contact, while type II and type III would
have been generated when the re-heated pho-
nolite exploited the basanite conduit afterwards.
Examples for a similar scenario have been found
at Karymsky (Kamchatka), Katmai/Novarupta
centre  (Alaska) and also the 2010
Eyjafjallajokull/Fimmvorduhéls eruption in Ice-
land, where mafic dykes first opened a fissure at
the flank of these volcanoes before triggering
more silicic eruptions from central vents
(Eichelberger and Izbekov 2000; Gertisser 2010;
Gudmundsson et al. 2010).
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(a) (b)
Dyke intrudes
magma chamber,
chills partly against it
) and heats up
Cool, phonollte the phono"te
magma chamber
Hot, mafic dyke,
ascending
(c) (d)

Dyke traverses phonolite body
or ascends to the side of it and
erupts mafic lava,

the phonolite continues
heating up

Ascent of the mafic magma
ceases and the phonolite
(which is less viscous

now) starts
following the
open conduit

Fig. 11.9 3D Sketch of subsurface interaction between
phonolite and basanite. Sketch of the envisaged subsur-
face dyke ascent and magma chamber dynamics. At
Montaiia Reventada, two possibilities of dyke ascent are
conceivable; a basanite dyke taps a phonolite body
peripherally, or a basanite dyke cuts through a cool
phonolite magma chamber. a A mafic dyke encounters a

For the reasons outlined, the interaction of a
relatively small pocket of phonolite magma with
a basanite dyke is envisaged at Montafia

phonolite body in its ascent path. b The dyke taps the
phonolite magma and initially quenches against it due to
a large temperature contrast. ¢ The dyke either intrudes
the phonolite or cuts it peripherally and erupts before the
phonolite. d The phonolite follows the basanite into its
conduit after the basanite eruption wanes

Reventada (Fig. 11.9). The thermal contrast
between cold phonolite and hot basanite inhib-
ited hybridisation, and mixing only initiated
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after some thermal equilibration had occurred.
This interaction was limited to the remainders of
the basanite dyke, which must have ceased
erupting at that point.

11.6 Eruption Sequence

At Montafia Reventada, hybridisation remained
incomplete as mixing was interrupted by erup-
tion, and the inclusions reflect only short-term
interaction between basanite and phonolite.
However, prolonged interaction of basanite and
phonolite would likely lead to homogenisation
of the liquid magma portions and may be one of
the processes responsible for producing inter-
mediate magmas in the Canary archipelago and
ocean islands elsewhere.

Most likely, a pre-existing phonolite magma
pocket of the central Teide-Pico Viejo complex
was cut by an ascending mafic dyke of the NW
rift zone (Fig. 11.8a, b). From the isotopes it is
evident that the phonolite had formed by pro-
cesses that are unrelated to the basanite and the
two magmas must have met just prior to erup-
tion. The distinct Pb isotope signatures of
basanite and phonolite magmas support the view
that the two magmas were co-eruptive, but not
co-genetic. When the basanite dyke intruded the
phonolite magma chamber, it partly quenched
against it, forming solidified, vesicular mafic
inclusions within the phonolite. The subsequent
entrainment of liquid basanite magma into the
phonolite liquid gave rise to type II and III mafic
inclusions that were locally hybridised by min-
gling and mineral exchange along with diffusion.
Apart from the resulting hybrid inclusions, both
end-members remained largely mechanically
and chemically distinct.

The Montafia Reventada composite flow,
therefore, is a direct manifestation of the petro-
genetic bimodality in recent Tenerife activity.
Reventada is located above the assumed
boundary of the central Teide-Pico Viejo com-
plex with the NW rift zone. In recent times,
Teide and Pico Viejo have erupted phonolite
from shallow magma chambers (below sea level,
e.g., Ablay et al. 1998), whereas the rift zones
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have continued to produce lavas of primitive
composition that ascended in dykes from upper
mantle or lower crustal levels (Carracedo
et al. 2007). In the border zone between these
two plumbing systems, not only Montafia
Reventada shows a lower mafic and an upper
felsic member, but so do the lavas of Cuevas
Negras which also erupted successively during a
single event (Carracedo et al. 2008). The
Reventada eruption thus occurred in the transi-
tion zone between the central, phonolite-erupt-
ing Teide-Pico Viejo complex and the basanite-
erupting NW rift zone, implying that two
genetically distinct magmas have accidentally
met to form this composite eruption.
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Abstract

The wide variety of volcanic products composing the Teide Volcanic
Complex (TVC) reflects an unusual assemblage of eruptive styles, with a
wide range of phenomena represented and only plinian and phreato-
plinian styles truly lacking. This diversity is due to spatial and temporal
variations in magma composition (mafic magmas of the rift zones and
felsic magmas of the central edifice), variable magmatic volatile contents
and the interaction of magma with external water (snow, groundwater,
etc.). Overall, strombolian eruptions are the most frequent eruptive style
at the TVC. Explosive eruptions of felsic material tend to be of low
volume, for example, the largest explosive event during the Holocene,
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Montafia Blanca (ca. 2 ka), produced ~0.2 km® DRE of phonolitic
pumice during an eruptive sequence that reached explosivity of sub-
plinian magnitude. Examples of phreatomagmatic activity (surge depos-
its) have been described both on the northern flanks of Teide volcano as
well as from the summit area of Pico Viejo volcano. Until now most
studies on volcanic hazard assessment have focussed on ash fall and lava
flow hazards in the Canary Islands, but phreatomagmatic eruptions and
their potential effects may have to be seriously considered as well.

12.1 Introduction

The definition and classification of volcanic
eruptions is a challenging task because of the
inherent complexity of the eruptive process and
the number of parameters involved (e.g. tem-
perature, silica content, and volatile content of
the magma, the presence of external water and
the structural state of an edifice). During its
evolution, the eruptive activity of a volcano can
hence display a variety of styles, some of them
very different from previous eruptive stages.
These styles may change drastically even in the
course of a single eruption, and in the Teide
Volcanic Complex (TVC) perhaps the best
examples of these changes are derived from the
interaction of magma with meteoric water
(including snow) and groundwater.

Attempts to classify eruptions using different
characteristics (genetic, descriptive, etc.) have
resulted in an abundance of terms, many of them
redundant and of unclear significance. The
simplest classification, however, distinguishes
“magmatic” and “phreatomagmatic” eruptions,
and depends on the presence or absence of
external water (e.g. from the sea, lakes or
groundwater) during the eruptive process.

Magmatic eruptions are driven essentially by
the magma and its contained gases, and the
different eruptive styles which then ensue from
variations in magmatic composition and rheol-
ogy. Following Walker (1973), a widely accep-
ted classification of magmatic eruptions defines
types (with progressively increasing explosivi-
ty), such as Hawaiian, Strombolian, Vulcanian
and Plinian eruption styles. All except the Pli-
nian type are represented in the volcanic

succession of the TVC. Hawaiian and Stromb-
olian eruptive styles, commonly grouped as
effusive eruptions, are characterised by mafic
and intermediate lava compositions, and on
Tenerife frequently form multiple vents along
fissures parallel to the rift zones (fissure erup-
tions) (Fig. 12.1). Vulcanian (narrow conduit)
and Plinian (wide conduit) eruptive styles are
classified as explosive eruptions, and are com-
monly associated with felsic magma composi-
tions on Tenerife (Wolff and Storey 1983).
Phreatomagmatic  eruptions (e.g. Woh-
letz 1983; Lorenz 1987) occur when large vol-
umes of hot magma mix with water (e.g.
groundwater, sea water, lake water and snow
and ice melt water). Highly explosive eruptions
occur if the magma/water interaction is efficient,
i.e. if the balance between fuel and coolant
allows for explosive energy release. Transfer of
heat (fuel) to water (coolant) becomes more
effective as the contact area between hot magma
and water increases, for example with initially
fragmenting magma. This is because the inten-
sity of phreatomagmatic explosions results from
the expansion of heated water and is therefore
proportional to the area of water/magma contact
during the eruption (Biittner et al. 1999; Mor-
rissey et al. 2000). In this context, highly frag-
mented magma and an intermediate magma/
water mass ratio produce the most explosive
eruptions. In general, felsic magmas yield more
efficient “fuel-coolant” interactions than mafic
magmas, so phreatomagmatic eruptions vary
from the lower end of the explosivity range, for
example in Surtseyan types (interaction of water
with mafic magmas) to the very explosive
phreatoplinian types, caused by interaction of
water with felsic magmas, which are often an
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Fig. 12.1 Panoramic
photograph of the
Chinyero volcano (Nov.
1909), the latest eruption
on the island of Tenerife
(Maximilian Lohr,
Fotografia Alemana)

order of magnitude more energetic (Morrissey
et al. 2000).

Explosive eruptions are in general relatively
scant in the TVC, despite the abundance of felsic
volcanism (Arafia et al. 1989a; Ablay
et al. 1998; Rodriguez-Badiola et al. 2006; and
Chaps. 9 and 10). In contrast, highly explosive
(Plinian) events are frequent in the older volca-
nic phases of the Las Cafiadas Volcano. The
total volume of these older explosive, predomi-
nantly phonolitic, eruptions has been estimated
at ca. 150 km>, with single events of about
20 km® e.g. Edgar et al. (2007). Marti
et al. (2008) defined this difference as follows
“Pre-Teide central activity is mostly character-
ised by large-volume (1 —> 20 km>, DRE)
eruptions of phonolitic magmas, while Teide—
Pico Viejo is dominated by effusive eruptions”.
The lower volatile contents (particularly H,O)
and lower viscosity of the peralkaline TVC
magmas may account for their lower explosivity
(Araiia et al. 1989a; Albert-Beltran et al. 1990;
Ablay et al. 1995;  Rodriguez-Badiola
et al. 2006; see also Chaps. 9 and 10). Even
mixing of mafic and felsic magmas, a relatively
frequent event in the TVC, tends to produce
effusive eruptions (Arafa et al. 1989b; Rodri-
guez-Badiola et al. 2006; Wiesmaier et al. 2011;
and Chap. 11), with the exception of the Mont-
afia Blanca subplinian event (Ablay et al. 1995).
The explosive eruptions that have occurred have
mainly been of phreatomagmatic style (Pérez
Torrado et al. 2004, 2006; del Potro et al. 2009).
From the geological record it thus appears that

Strombolian eruptions, producing both mafic
and felsic magmas, are the most frequent erup-
tive style found in the TVC.

12.2 Effusive Eruptions in the TVC

Magmas contain a significant proportion of
magmatic gases at high pressure, which are
usually liberated to the atmosphere in the initial
stages of an eruption. Consequently, eruptions
tend to be mildly more explosive at the onset
(e.g. Strombolian), fragmenting the lava and
producing pyroclasts such as lapilli (Fig. 12.2a),
spatters and bombs, some of which reach a
considerable size (Fig. 12.2b). After most of the
gas has been released, the eruptive style may
change to a more effusive one where lava flows
are predominant.

In the TVC, the vents of effusive eruptions
are largely clustered along the rift zone axes.
Therefore, pyroclasts abound at the crest of the
rifts, whereas lava flows are more prevalent on
the rift flanks. Lava predominantly forms ‘a’a
type flows, whereas pahoehoe morphologies are
less abundant, except in the oldest sequences of
Teide and Pico Viejo stratocones. There, abun-
dant, smooth to ropy surfaced plagioclase basalt
flows occur (Fig. 12.2¢). Phonolitic lavas, that in
turn frequently form blocky flows, present a
wide range of increasingly rough and irregular
morphologies (Fig. 12.2d). ‘A’a and blocky lava
morphologies are known in the Canary Islands
as “malpaises” (badlands).
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<«Fig. 12.2 Examples of characteristic features resulting
from effusive eruptions in the TVC. a Basaltic lapilli fall
deposit from the Montafia de Garachico eruption.
b Basaltic bomb from the area of Montafia Reventada.
¢ Pahoehoe lavas from the initial phase of Pico Viejo.
Road near the town of Chio, south Tenerife. d Charac-
teristic rough surface ‘a‘a lava flow from Boca Cangrejo
volcano. e Internal structure of a channelled basaltic lava
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flow lobe with radial cooling joints. f Interior of the
Cueva del Viento lava tube, formed in pahoehoe lavas
during the initial stages of Pico Viejo eruptive activity
that flow all the way to the sea. This lava tube is the 5th
longest volcanic cavity in the world (after Hawaiian lava
tubes). g Strombolian cinder cone of Montaina de Arafo
(1705 A.D.) h Hornito in deposits of the Montaiia de
Garachico eruption (1706 A.D.)

Fig. 12.3 Eruptive vent
distribution and flow run-
out length in the TVC.
Note that a number of
felsic as well as mafic
flows reach the sea in north
and west Tenerife
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Associated with effusive eruptions in the
TVC are spectacular features like accretionary
lava balls (Fig. 12.2e), lava tubes (Fig. 12.2f),
cinder cones (Fig. 12.2g), and hornitos
(Fig. 12.2h). Detailed morphological descrip-
tions of volcanic cones and lava flows found in
the TVC are presented in Chap. 3.

12.2.1 Eruptive Vent Distribution

The distribution of mafic and felsic eruptive
centres shows a clear pattern (Fig. 12.3). Mafic
eruptions tend to group in the rift zones and form
multiple vents from fissures broadly aligned with
the main direction of the rift (see Chap. 4). Felsic
vents, however, are restricted to the interior of
the Las Canadas Caldera, and often show con-
centric patterns, forming domes located around

the base of the Teide and Pico Viejo stratocones
(see also Chaps. 9 and 10). As a result, felsic
flows are often thicker than mafic flows on
Tenerife but are comparable in total surface area
and run-out length, accommodating the larger
eruption volumes of the felsic TPV events.

12.2.2 Lava Run-Out Lengths

Mafic and felsic lavas in the TVC differ con-
siderably in thickness, but their total run-out
lengths are seemingly similar (Fig. 12.4a).
Generally, felsic flow lengths are significantly
shorter in other volcanic settings because of their
higher viscosity (Fisher and Schmincke 1984;
Cas and Wright 1987). Therefore, the total run-
out length of felsic (phonolitic) lavas associated
with the Teide and Pico Viejo volcanoes


http://dx.doi.org/10.1007/978-3-642-25893-0_3
http://dx.doi.org/10.1007/978-3-642-25893-0_3
http://dx.doi.org/10.1007/978-3-642-25893-0_4
http://dx.doi.org/10.1007/978-3-642-25893-0_4
http://dx.doi.org/10.1007/978-3-642-25893-0_9
http://dx.doi.org/10.1007/978-3-642-25893-0_9
http://dx.doi.org/10.1007/978-3-642-25893-0_10

218
(a) 50 - E =
40 u
E 30; = = -
(/2]
] [ ]
£
© 201 m u |
£
= u
10 1 | » D
o oo °
Fo ." @0 B oo o o
0 r : r .
0 4 8 12 16

Run-out length (km)

Fig. 12.4 Thickness and covered area vs. total run-out
length of mafic and felsic lavas of the TVC. Although the
flow thickness of the two compositions differs, flow

suggests the influence of parameters other than
the rheological properties of the lavas alone.
Rodriguez-Gonzalez et al. (2012) analysed the
run-out lengths of Holocene mafic flows on Gran
Canaria and concluded that eruptive rates, total
erupted volume and the topography over which
lava flows travel may be as important as lava
composition for determining their final run-out
lengths. Another aspect affecting the total run-
out length of phonolitic lava flows of the TVC is
the formation of an external lava carapace (see
Fig. 8.21), which generates effective thermal
isolation of the lava, and allows flows to travel
longer distances producing run-outs approaching
those of mafic lavas.

Notably, when run-out lengths are compared
with total surface covered by the lava flows,
mafic and felsic lava flows frequently show
different patterns (Fig. 12.4b). The explanation
probably lies in the compositional differences of
the two types of lavas. Although felsic lava
flows are volumetrically superior (even by some
orders of magnitude) to mafic lava flows, they
are unable to expand laterally due to their
somewhat higher viscosities and thus form
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lengths are similar for both types indicating that compo-
sition (i.e. viscosity) is not the sole factor controlling lava
flow run-out in the TVC

pronounced levées that effectively channel the
flow downslope (see Fig. 12.5h).

12.3 Magmatic Explosive Eruptions
in the TVC

In contrast to the Hawaiian Islands, where
eruptions of felsic magmas are scarce to absent,
Tenerife and the TVC display a wide variety of
these products and associated features
(Fig. 12.5), representing probably one of the
best examples of felsic volcanism in an oceanic
island setting. However, highly explosive erup-
tive events related to the felsic magmas in the
TVC are relatively infrequent and tend to be of
low volume. Occasional collapses of asymmet-
rical domes and phonolitic lava flow fronts cause
Vulcanian events, but Plinian eruptions, very
common in the older Las Cafiadas Volcano, are
not preserved in the TVC geological record. So
far, the subplinian Montafia Blanca phonolitic
event, some 2,000 years ago, appears to have
deposited the most explosive eruption sequence
within the TVC succession (Ablay et al. 1995).
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<«Fig. 12.5 Characteristic felsic products and features of
the TVC. a Strombolian phonolitic cone of Montafia
Majida. b Montafa Blanca-derived airfall pumice in the
saddle between Teide and Pico Viejo. The red colour is
caused by oxidation of the frothy pumice. ¢ Bread-crust
phonolitic bomb, Montafia Blanca. d Large accretionary
lava ball (locally known as Huevos del Teide or Teide’s
Eggs). This one detached from the front of the Lavas
Negras flow (ca. 1240 B.P.), northern slope of Montafia
Blanca. e Very rough surface typical of phonolitic

12.3.1 The Montana Blanca Subplinian
Event

Montafia Blanca is a large volcanic dome com-
plex formed by phonolitic lavas on the eastern
flank of Teide stratocone, nearby the Las Cai-
adas Caldera region influenced by the NERZ
(see Chaps. 7 and 8). The Montafia Blanca
eruption can be divided into multiple events,
which have been dated at ca. 2 ka (Ablay
et al. 1995; Carracedo et al. 2007). A map of
this volcanic complex and stratigraphic rela-
tionships is provided in (Fig. 8.23). Ablay
et al. (1995) also made a detailed study of the
different eruptive styles involved in this erup-
tion. The eruption began with lava extrusion,
followed by subplinian explosive activity, which
produced large volumes of pumice and ash. The
eruption ended with lower energy vulcanian and,
eventually, dome-building activity. The bulk
volume of the pumice and ash deposit from
Montafia Blanca 1is estimated at about
0.815 km® (~0.17-0.25 km® DRE),  emitted
from a NW-SE fissure located at the most ele-
vated area of the Montafia Blanca dome com-
plex. Except at some proximal localities, the
pumice deposit consists of a single, well-sorted,
massive bed of pale green, crystal-poor, phono-
litic, angular pumice lapilli (Fig. 12.6a). The
coarseness, good sorting, angularity and grain
size characteristics clearly indicate its fallout
origin. Isopach and isopleth maps show the
deposit to be elongated in SW-NE direction.
Ablay et al. (1995) determined a pyroclastic
column height of about 15 km, a wind speed of
10 m/s and a minimal area of 40 km?” covered by
pyroclastic fall deposits (see Fig. 14.18).
Magma mixing (phonolitic and phonotephritic

F. J. Perez-Torrado et al.

blocky lava flows, Lavas Negras. Encircled people for
scale. f Chaotic assemblage of angular blocks of obsidian
phonolites from the Montafia Blanca group (El Tabonal
Negro). Encircled is a person for scale. g An example of
a short-length phonolitic flow: Los Gemelos, north of
Pico Viejo (image is 600 m across). h Pronounced levées
in phonolitic flows of Roques Blancos (image is 150 m
across). Note that the best growth conditions for the pine
trees are found inside the former flow channels, where
pumice and rubble accumulate and preserve humidity

compositions), a shallow magma chamber and a
relatively high percentage of volatiles are the
main parameters invoked by Ablay and others to
explain the most explosive phase of the Montafia
Blanca events.

12.3.2 Gravitational Collapse
of Phonolitic Domes and Lava
Flow-Driven Explosive Eruptions

Small and disperse outcrops of phonolitic vol-
caniclastic deposits have been recently reported
on the northern slopes of the TVC (del Potro
et al. 2009; Garcia et al. 2011). The eastern
outcrops on that slope are located close to the
western flank of Pico Cabras, in the area of Los
Benjamines (del Potro et al. 2009), and the
western outcrops close to El Boquerén and Ro-
ques Blancos (Garcia et al. 2011). These volca-
niclastic deposits are estimated to be of Holocene
age by correlation with the general stratigraphy
previously defined by the abundant radiometric
ages found in Carracedo et al. (2007).

Volcaniclastic deposits of both these areas
(the western and eastern outcrops of Teide’s
northern slope) present similar characteristics:
poor lateral continuity, deposit slope angles of
20-30°, variable thickness (<1 to several
metres), massive with no bedding or internal
flow structures, matrix-supported and a consis-
tently monogenetic (phonolitic) nature of clasts
and matrix (Fig. 12.6b). According to del Potro
et al. (2009) these features point to a block-and-
ash flow deposit derived from gravitational
collapses of incandescent asymmetrical domes
and/or fronts of lavas flowing over break-in-
slope areas.
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Garcia et al. (2011) described another type of
volcaniclastic deposit found near the Abrunco
volcano, which they interpreted as pumice-rich
ignimbrites (Fig. 12.6c). Due to the presence of
these pyroclastic deposits, the authors argue for
potentially higher explosivity in the volcanic
history of the TVC than generally assumed:
“The fact that the volume of pyroclastic deposits
visible today is small compared to that of lavas
does not necessarily imply that explosive activity
has been insignificant in the recent evolution of
Teide—Pico Viejo. On the contrary, we claim
that phonolitic explosive activity has been more
significant than previously thought in Teide—
Pico Viejo during the Holocene. The evidence
we have presented for the syn-depositional ero-
sion of ignimbrites suggests that heavy rainfalls
may have occurred in the area during these
eruptions, which could explain the rapid disap-
pearance of a significant part of these deposits”.

This type of pyroclastic deposit, however, has
not been observed in abundance in the older
TVC stratigraphic sequences, either along sur-
ficial outcrops or along the galerias (water tun-
nels) crossing the north flank of Teide at
different locations and depths (e.g. Carracedo
et al. 2007; Marquez et al. 2008; Boulesteix
et al. 2012). Moreover, the rapid erosion, sug-
gested by these authors as the rationale to
explain the scant volume of these deposits,
should have affected the Las Cafiadas Volcano
succession in the same way, and yet, pyroclastic
deposits related to magmatic explosive eruptions
are highly abundant there (e.g. Huertas
et al. 2002; Edgar et al. 2007).

12.4 Phreatomagmatic Explosive
Eruptions in the TVC

Phreatomagmatic explosive eruptions involving
both mafic and felsic magmas, are relatively
frequent in the geological evolution of the TVC,
but voluminous deposits are scarce. The main
outcrops are located at the northern flank of
Teide (Calvas del Teide) and encircle the sum-
mit of Pico Viejo (Fig. 12.7). There, the water

'lce'-r?t;h‘ faalg _'

Fig. 12.6 Close-up view of some pyroclastic deposits in
the TVC. a Pumice pyroclastic fall deposits from
Montaiia Blanca eruption mantling previous topography.
b Block-and-ash deposit at Los Benjamines outcrop
formed by gravitational collapse of a phonolitic dome
(from del Potro et al. 2009). ¢ Close-up photograph of El
Abrunco ignimbrite showing matrix-rich and pumice-rich
facies at Abrunco outcrop. Note the encircled walking
stick handle-15 cm for scale) (from Garcia et al. 2011)

involved in the magma-water interaction must
have been derived from snow and ice that
accumulate during winter periods.
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Fig. 12.7 Map showing
the extent of
phreatomagmatic deposits
of Las Calvas del Teide
and Pico Viejo
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12.4.1 Las Calvas del Teide

This very visible formation was first identified as
a phreatomagmatic eruption from Teide during
the geological mapping of the TVC carried out
between 2003 and 2006 (Pérez Torrado
et al. 2004; Carracedo et al. 2007). The deposits
appear as thick and off-white, indurated volca-
niclastic slabs, devoid of any vegetation (locally
known as Teide’s bald patches) (Fig. 12.8a and
b). Pérez Torrado et al. (2004) described them as
being interbedded with thin “Old Teide” pho-
nolitic lava flows (>30 ka), and capped by flows
of Pico Viejo volcano (>17 ka). The entire
sequence is partially covered by the latest
(1150 £ 140 yr BP) phonolitic Teide event (see
Fig. 12.8a and b). The scattered outcrops appear
along the gullies that cut into the NW flank of the

% Pico Viejo
phreatomagmatic deposits

SLCT

Teide stratocone (Fig. 12.9) and give a sense of
the depth of erosion and the subsequent infill of
younger lavas. The full stratigraphic column has
been resolved by correlation of partial exposures
at different localities, which all have slopes that
are consistently ~35° (see Fig. 12.9).

The stratigraphic column is composed of six
distinct units (Fig. 12.10) (Pérez Torrado
et al. 2004, 2006). Thin (<1 m) phonolite flows
form the bottom and top (Fig. 12.10a and f) and
appear interlayered between the pyroclastic
deposits (Fig. 12.10c). Volcaniclastic units show
two different lithofacies: laminated, fine grained
(Fig. 12.10b and e), and coarse-grained, massive
beds (Fig. 12.10d). The laminated deposits appear
as alternating layers of coarse (5-10 cm) and fine
(1-15 mm) clasts, embedded in an intensely
indurated cineritic matrix (Fig. 12.8c and d).
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Fig. 12.8 Images of the Las Calvas del Teide phreato-
magmatic deposits. a General view of the area. Note the
indurated and thick white volcaniclastic slabs devoid of
any vegetation (Teide’s bald patches). b Close-up view
of the volcaniclastic slabs covered by the Lavas Negras
flows. ¢ Phreatomagmatic volcaniclastic deposits of Las
Calvas del Teide (/) alternating with phonolitic lava

Teide (3718 m)
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Fig. 12.9 Outcrops of the volcaniclastic and associated
deposits from the Las Calvas del Teide phreatomagmatic
eruption. / Lavas Negras (ca. 1.2 ka). 2 “Old” Teide
(>30 ka). 3 Las Calvas del Teide inferred phreatomag-
matic vent. 4 Summit cone of the Lavas Negras eruption

flows of “Old” Teide (2). d Close-up view of laminated
volcaniclastics deposit (LV) topped by an “Old” Teide
phonolitic lava flow (LF). e Volcaniclastic deposit
outcropping down-slope at Las Calvas del Teide, inter-
preted as a debris flow deposit. f Detail of the debris flow
deposit in (e)

Internal depositional features including par-
allel and low-angle cross-lamination, scour and
fills and bomb sags, have been identified in the
fine grained layers. Coarse-grained beds show
erosive bases, a clast-supported matrix, and a
diffuse clast-size distribution with a tendency
towards normal grading of the size and number of
clasts. Both lithofacies show angular and poorly
vesiculated clast types, some of them obsidian.

Of these clasts, del Potro et al. (2009) dis-
tinguished two types with similar characteristics
to the interbedded lava flows, which they inter-
preted to be a co-magmatic feature. These clasts
are affected by pervasive networks of micro-
fractures, which are typical of magma-water
interaction. Del Potro and co-workers suggested
that the characteristic induration of the thin
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laminated matrix-supported units could have
been derived from near-syn-depositional alter-
ation of the vitric components by means of a
geo-autoclave-type mechanism (Gottardi 1989;
Pérez-Torrado et al. 1995). Alteration to zeolite
facies would have occurred during the initial
cooling of the pyroclastic deposit, implying the
involvement of a significant hydrous component
during the eruption.

The observed features suggest that these
deposits have formed as phreatomagmatic sur-
ges. The alternating fine and coarse-grained
laminations and the interlayered lava flows point
to changing conditions in the magma-water
interaction at different eruptive stages, and imply
the proximity of the emission vent (c.f. Clarke
et al. 2009). The most likely eruptive scenario
involves the opening of a lateral vent during a
period when the stratocone was covered by a
thick cap of snow or ice (Fig. 12.11), a setting
first proposed by Pérez Torrado et al. (2004,
2006) and later confirmed by del Potro
et al. (2009). Pérez Torrado et al. (2004) inter-
preted the bulge observed on the mid-northern
flank of Teide as being a reflection of the phre-
atomagmatic vent. An earlier interpretation by
Ablay and Marti (2000), however, related the
bulge to the scarp of the Icod lateral collapse.

The Calvas del Teide phreatomagmatic
deposits change down-slope into debris flow and
colluvium deposits (see Fig. 12.9), although the
actual transition is covered by later lavas and
scree deposits. Therefore, it is currently impos-
sible to determine if a continuous lateral change
from pyroclastic to debris flow facies exists.
Alternatively, the latter may have formed from
erosion of the former (see Fig. 12.8e and f).

Finally, an aspect to analyse is the presence of
a N-S trending, sub-vertical dyke intruding the
basal flows (Fig. 12.12a) of the stratigraphic
sequence. The dyke feeds a thin, scoriaceous flow
with abundant olivine phenocrysts (Fig. 12.12b).
This mafic intrusion in a highly differentiated
stratocone supports the idea that magmas con-
structing Teide volcano derive from a common
deep source that also feeds rift zone volcanism
(see Chap. 7). On the other hand, the arrival of
mafic magma to the flank of Teide without signs
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Fig. 12.10 Schematic stratigraphic column of the Las
Calvas del Teide area: volcaniclastic deposits (B, D,
E) are intercalated with phonolitic lava flows of “Old”
Teide (A, C, F) (modified from Pérez-Torrado et al. 2004)

of mixing with felsic magma supports the notion
that the current felsic holding chambers beneath
Teide are small or largely solidified. This would
be consistent with the progressive reduction of
phonolitic eruptions of Teide itself over the last
30 ka (Carracedo et al. 2007).

12.4.2 Phreatomagmatism in the Pico
Viejo Volcano

Deposits derived from a phreatomagmatic
eruption, similar in many aspects to those of the
Calvas del Teide, outcrop inside the Pico Viejo
crater and mantle the summit slopes of the vol-
cano (Fig. 12.13). The area covered by this Pico
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Fig. 12.11 Sketch depicting the probable cause of the
Las Calvas del Teide phreatomagmatic event—by the
interaction of magma with snow-ice meltwater. SC,
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stratigraphic column in Fig. 12.10 (modified from Car-
racedo et al. 2008)
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Fig. 12.12 Basaltic dyke cutting a phonolitic flow of “Old” Teide (>30 ka), a relationship that implies the ultimate

feeder system to Teide is the same as that of the rift zones

Viejo phreatomagmatic eruption is notably
smaller than that of Calvas del Teide (see
Fig. 12.7). The relative stratigraphic position of
the Pico Viejo deposits indicates a younger age
than that of the Calvas del Teide deposits. Ablay
and Marti (2000) relate part of this formation to
the eruption of Roques Blancos, dated at
1790 &+ 60 yr BP (Carracedo et al. 2007).

A detailed study of these deposits was carried
out by Ablay and Marti (2000). They describe a
40-80 cm thick layer of weakly indurated, cross-
laminated, red-grey surge deposits (Fig. 12.14),
dominated by 1-10 mm sized juvenile fragments

of plagioclase-basanite scoriae in a heterolithic
matrix. Above this lies a scoriaceous plagioclase-
basanite spatter and a short-flowing a’a lava
originating from the Pico Viejo crater rim (L in
Fig. 12.13c). A final layer of unconsolidated
explosion breccia (Fig. 12.13d), composed of
angular rock fragments up to 1 m across and
without juvenile components, can be correlated
with the formation of an explosion pit in the SW
part of the crater floor (see Fig. 12.13a—c). The
onset of this phreatomagmatic eruption may have
been caused, as in the Calvas del Teide event, by
the interaction of magma with snow and ice
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Explosion
< breceia.

Fig. 12.13 Features of the phreatomagmatic eruption of
Pico Viejo. a View from the western rim of Pico Viejo
crater. b Southern part of the Pico Viejo crater wall
showing the flat top of the crater-filling sequence. SD:
surge deposits. Sub-horizontal flows (HF) are covered
with explosion breccia deposits from the phreatomag-
matic eruption. ¢ Aerial view of the Pico Viejo crater

Fig. 12.14 Close-up view
of pyroclastic surge
deposits from the Pico
Viejo phreatomagmatic
eruption outcropping in the
wall of the explosion pit
(SD in Fig. 12.13b), which
are similar to those
mantling the sub-
horizontally bedded lava
flows (HF Fig. 12.13 b and
©)

showing the extensive explosion breccia deposits (grey
colour). A lava flow (L) on the eastern side post-dates the
phreatomagmatic event. d Close-up view of the explo-
sion breccia deposit mantling the sub-horizontally bed-
ded lava flows that partially fill the Pico Viejo crater (HF
in b and ¢)
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Fig. 12.15 Sketch illustrating the probable cause of the
Pico Viejo phreatomagmatic event—by the interaction of
magma with snow-ice meltwater. a Approaching magma
heats the crater floor and melts snow producing

accumulated inside the Pico Viejo crater
(Fig. 12.15). The presence of a permanent aquifer
or lake in this area is improbable due to the very
high porosity of the volcanic summit deposits.

12.4.3 Phreatomagmatism
in the Canary Islands

Besides the outlined examples at Teide and Pico
Viejo, examples of phreatomagmatic eruptions
exist on all the Canary Islands (Fig. 12.16), with
felsic phreatomagmatic events being generally
less frequent. Local place names in the archi-
pelago frequently refer to the characteristic
white and yellow tones of hydrothermally
altered basaltic tuffs (e.g. Caldera Blanca, Lan-
zarote; Montafia Amarilla, Tenerife), and to
wider craters and lower aspect ratio cones of
such composition (e.g. Montafia Escachada,
flattened mountain, Tenerife). The morphology
and size of these phreatomagmatic cones is
varied, with numerous examples of tuff-cones,
maars, and tuff-rings, particularly on the littoral
platforms and outcrops in marine cliffs (Carra-
cedo et al. 2001). The majority of these erup-
tions are triggered by direct interaction with sea
water (e.g. Montafia Amarilla, Tenerife; La
Caldereta, La Palma; Montafia Escachada, Ten-
erife, etc.). In this type of eruption the source of
water is unlimited, and the eruption remains
phreatomagmatic throughout (e.g. Montafa
Amarilla). However, the transition from phre-
atomagmatic to purely volcanic mechanisms
during a single eruption is also observed in some
examples [e.g. Montafia Los Erales, (Clarke
et al. 2005, 2009)]. The eruption of La
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considerable amounts of meltwater. b Water filters
through the highly porous volcanic lapilli and fractured
lavas, interacting with the shallow-level magma to cause
phreatic explosions (modified from Carracedo et al. 2008)

Caldereta, a large tuff cone near Santa Cruz on
La Palma, is an example of this, as during the
final stages, a small Strombolian vent formed
with lava flows nested in the centre of the vol-
cano. Another instance is the El Golfo vent on
Lanzarote, where magma encountered a finite
amount of water at its initial stage of eruption
and variable additions of water during sub-
sequent eruptive styles.

Further recorded cases of volcanic activity
that have been influenced by magma-water
interaction are summarised in Table 12.1. The
majority of these phreatomagmatic eruptions are
basaltic, but some spectacular felsic events have
also occurred in Tenerife [e.g. the phonolitic-
trachytic Caldera del Rey twin caldera (De la
Nuez et al. 1993)]. Sea water is assumed to be
the primary hydrological source, e.g. Caldera
Blanca and El Golfo (Lanzarote), Montaiia Go-
teras and La Caldereta (La Palma), La Isleta
(Gran Canaria) and Montafia Amarilla and
Montafia Escachada (Tenerife). Yet, phreato-
magmatic activity is not explained by seawater
interaction in all cases, as examples exist far
inland as well, such as the Hoyo Negro eruption
in La Palma in 1949 (Kliigel et al. 1999; White
and Schmincke 1999). The Hoyo Negro vent
complex on La Palma is located significantly
above sea level (at 1,880 m elevation) and
extends 400 m along the north—south trending
rift that runs along the centre of the southern half
of the island. Here, the onset of the 1949 San
Juan eruption was characterised by phreato-
magmatic activity emanating from a series of
vents around the Duraznero crater (Kliigel
et al. 1999; White and Schmincke 1999). At
such altitude, a direct or indirect seawater
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Fig. 12.16 Examples of phreatomagmatic eruptions in
the Canary Islands. a Caldera Blanca (Lanzarote).
Seawater is assumed to be the primary water source for
this eruption, which occurred on a shallow coastal
platform. b The phreatomagmatic eruption of Hoyo
Negro (1949, La Palma). The vent is located far inland, at
the summit of the Cumbre Vieja rift, thus groundwater or
surface water was most probably involved in the
eruption. Note the height of the phreatomagmatic column
can be estimated by comparison to the brave person
venturing dangerously close to the eruptive vent. ¢ Los
Erales, a strombolian vent that began with a hydrovol-
canic explosive eruption (/ in the figure), and ended with
an entirely dry solely magmatic strombolian eruptive
style (3), after a transitional stage during which the water
source became progressively exhausted (2)

influence appears most unlikely. In this scenario,
groundwater or surface water may have been
present due to ephemeral pools that formed on
the surface of older impermeable ash deposits,
hence the name of this area ‘Llanos del Agua’,

referring to the presence of water (Carracedo
and Day 2002). Other examples of phreato-
magmatic activity without seawater interaction
are Caldera de los Marteles (Pleistocene) and
Caldera de Bandama (Holocene) on the island of
Gran Canaria. Caldera de los Marteles, with its
crater base located at 1,458 m above sea level,
formed within a steep-sided valley (Barranco de
Guayadeque), which suggests that phreatomag-
matism was induced when rifting along fissures
commenced and surface water gained access to
the magmatic heat source (Schmincke
et al. 1974). On the other hand, Caldera de
Bandama, located along a watershed boundary
area with its crater base at 217 m above sea level
and about 150-200 m depth to the pre-eruption
surface, is inferred to have formed by magmatic
interaction with shallow groundwater sourced in
a detritic layer interbedded in the volcanic sub-
stratum (Rodriguez-Gonzalez et al. 2012).

Despite a high abundance of felsic rocks in
the TVC, explosive magmatic eruptions are
scarce and produce mainly low-volume deposits.
One exception is the Montafia Blanca subplinian
event, however. Extensive volcaniclastic
deposits in the TPV derive from explosive
events related to phreatomagmatic eruptions
involving both felsic (Las Calvas del Teide) and
mafic (Pico Viejo) magmas. Effusive eruptions,
mainly of strombolian type, are the most fre-
quent eruptive style observed in the TVC, again
with mafic and felsic magmas displaying this
mode of eruption.

Araiia et al. (2000), in proposing a surveil-
lance network for the island of Tenerife, con-
sider the main volcanic hazards to be lava flows
and ash fallout, with little reference to the
potential of phreatomagmatic eruptions. A clear
record of recent and historic eruptions that dis-
play a hydrous influence exists both at Teide and
on the other Canary Islands (Table 12.1). The
realisation of phreatomagmatism as an uncertain
variable in an otherwise low-explosivity erup-
tive regime (e.g. on the rifts), increases the need
for improved understanding of this eruptive style
in the Canary Islands and needs to be taken into
account for the evaluation of societal vulnera-
bility and risk assessment (see Chap. 14).
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Table 12.1 Examples of historic and recent phreatomagmatic eruptions in the Canary Islands

Eruption

Island

Phreatomagmatic eruptions

Escachada
Montafia Amarilla
Caldera del Rey

Teide (Calvas del
Teide)

Pico Viejo crater
La Caldereta
Montafia Goteras

Montafia Amarilla

Caldera Blanca

Caldera de Los
Marteles

Caldera de
Bandama

La Isleta
Mixed eruptions
El Golfo

Los Erales

San Juan (Hoyo
del Banco,
Duraznero, Hoyo
Negro)

Fuencaliente

El Charco

Tinguaton Tao

n.k. not known

Tenerife
Tenerife
Tenerife

Tenerife

Tenerife
La Palma
La Palma

La
Graciosa-
Lanzarote

Lanzarote

Gran
Canaria

Gran
Canaria

Gran
Canaria

Lanzarote

Tenerife

La Palma

La Palma

La Palma

Lanzarote

Date/age

Pleistocene
Pleistocene
Quaternary

Pleistocene

Holocene
Pleistocene
Holocene

Quaternary

Quaternary

Quaternary
Holocene

Quaternary

Quaternary

Quaternary

1949

1677

1712

1824

Duration
(days)

n.k.
nk.
n.k.

n.k.

n.k.
n.k.
n.k.
n.k.

nk.
n.k.

n.k.

n.k.

n.k.

n.k.

38

66

56

90

Composition

Basaltic
Basaltic

Phonolitic/
trachytic

Phonolitic

Basanitic
Basaltic
Basaltic

Basaltic

Basaltic
Basaltic

Basanitic

Basaltic/
basanitic

Basaltic

Basaltic

Basanitic/
tephritic

Basanitic

Basanitic/
tephritic
Basaltic

Eruptive style

Phreatomagmatic
Phreatomagmatic
Phreatomagmatic

Phreatomagmatic

Phreatomagmatic
Phreatomagmatic
Phreatomagmatic

Phreatomagmatic

Phreatomagmatic

Phreatomagmatic
Phreatomagmatic

Phreatomagmatic

Phreatomagmatic
opening phase-
Strombolian
Phreatomagmatic
opening phase-
Strombolian
Phreatomagmatic
opening phase-
Strombolian

Strombolian with
phreatomagmatic
phase
Strombolian-
phreatomagmatic
Strombolian with
final
phreatomagmatic
phase

229

Proximal
to
shoreline

Yes
Yes
Yes

No

Yes

Yes

No

Sources Kliigel et al. (1999); Carracedo et al. (2001), (2007); Carracedo and Day (2002); Clarke et al. (2009);
Rodriguez-Gonzalez et al. (2009)
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13.1 Introduction

Abstract

While our geological understanding of Tenerife and that of the TVC has
experienced significant advances in the last decades, comprehensive
geophysical investigations into Teide’s volcanism are still in their
infancy. Geophysical data, however, are essential to the identification of
deep features and processes relevant to the current state of activity of the
TVC, such as the presence or absence of active magma chamber(s), their
precise location, and their potential eruptible volume(s). This chapter
gives an up-to-date summary of the currently ongoing geophysical
studies concerning the TVC complex, and addresses the P-T conditions
of the current Teide magma chamber system derived from gas emission
data, gravimetry, aeromagnetics, seismicity, and from ground deforma-
tion studies.

of its structure, and crucially, establishing the
presence or absence and exact location of any
active magmatic chamber(s), thus making

The geological understanding of the Teide Vol-
canic Complex, the most recent phase of volcanic
activity of Tenerife, has significantly advanced
over the last decade (e.g., Ablay et al. 1998;
Carracedo et al. 2007; Wiesmaier et al. 2011). An
even more complete understanding of this vol-
canic complex requires more precise knowledge
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geophysical investigations essential. Low erup-
tive and seismic activity (Fig. 13.1 and Chaps. 7
and 8) has, however, hindered geophysical inter-
est in Teide for a considerable time.

The analysis of published geophysical data
shows that the main research efforts have tradi-
tionally been focussed on a few specific topics.
The first modern geophysical studies in the
Canary region gave priority to the analysis of the
continental vs oceanic nature of the crust under-
lying the multiple islands composing the archi-
pelago (MacFarlane and Ridley 1968; Rothe and
Schmincke 1968; Dash and Bosshard 1969;
Bosshard and MacFarlane 1970), a topic still of
interest today (e.g., Geyer and Marti 2010, 2011;
Carracedo et al. 2011). Later, Banda et al. (1981)
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Fig. 13.1 The May 1989 earthquake, located off the south coast of Tenerife, with a magnitude of 5.3 on the Richter
scale, is the biggest earthquake recorded in the Canary Islands to date

provided compelling evidence in favour of an
oceanic crust underlying the entire Canarian
archipelago. In the following years marine geo-
physical studies explored the ocean floor around
the Canaries, identifying magnetic anomaly
lineations and other crustal structures. (Uchupi
et al. 1976; Roeser 1982; Dafiobeitia and Colette
1989; Holik and Rabinowitz 1991; Roest et al.
1992; Watts 1994; Watts et al. 1997; Canas et al.
1998; Urgelés et al. 1998; Martinez and Buitrago
2002).

In the wake of the Mount St. Helens eruption
in 1980, many of the marine geophysical and
geological surveys in the Canaries began to
focus on gathering seismic and sonar data to
evaluate the number and characteristics of giant
landslide deposits present on the flanks of the
islands (Watts and Masson 1995; Masson 1996;
Urgelés et al. 1997, 1999; Gee et al. 2001;
Masson et al. 2001; Watts and Masson 2001).

Onshore surveys on Tenerife were largely
centred on the task of gathering information to
support or contrast the different models for the
origin of the Las Cafadas Caldera, the two main
schools of thought being on the one side those
that favour a “Krakatau style” vertical collapse
caldera (Arafa 1971), with those on the other
supporting a lateral gravitational collapse
mechanism (MacFarlane and Ridley 1968).
Garcia et al. (1989) and Pous et al. (2002) gave
priority in their studies to the morphology of the
basal structure of the Las Caifiadas Caldera,

which they used as the best approach to under-
stand its origin. They analysed the internal
structure of the area by means of magnetotelluric
(MT) profiles measured on the northern and
western flanks of Las Cafiadas Volcano.

For the remainder of the chapter, however,
we shall summarise the work pertaining to the
Teide-Pico Viejo (TPV) complex. We will
address, in fumarolic sequence, the fumarolic
activity, gravimetry, aeromagnetics, seismicity
and ground deformation at the complex to gain a
better understanding of the current state of
activity.

13.2 Resolving the Current P-T
Conditions of the Teide
Magma Chamber Using Gas
Emission Data

The island of Tenerife shows spectacular evi-
dence of fumarolic activity and hydrothermal
alteration related to the past emission of volcanic
gas (i.e., Los Azulejos, Fig. 13.2a). Volcanic gas
emission and elevated temperatures are fre-
quently found inside galerias, posing a significant
hazard to miners and scientists alike. (Fig. 13.2b).
The analysis of fumarolic activity at the summit
crater of Teide (Fig. 13.2c—f) is used by several
authors to obtain information on the characteris-
tics of the magma chamber system beneath Teide
Volcano. This involves determination of the
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Fig. 13.2 Different expressions of fumarolic activity in
the TVC. a Los Azulejos, pre-Teide (Las Cafiadas
Volcano) hydrothermal fluid alteration is clearly visible
in the field displaying bluish, greenish, and yellowish
colours. Analcime and clay minerals from the smectite
and illite groups, together with iron and manganese oxides
are widely found in this area. b Galerias in Tenerife and

temperature and pressure at which the gas frac-
tions formed, thus allowing assessment of the
current activity of the magmatic system.

VAN %

RENERIFER™ N\ 25
: =R e

¢ Fumaroles in the summit crater of Teide Volcano. d Hot
steam and SO, producing yellow sulphur deposits at the
summit crater of Teide. e Aerial view of the medieval
summit crater of Teide Volcano showing hydrothermal
alteration (white). f Close-up view of the rim of the “Old
Teide” volcano with clear signs of hydrothermal alter-
ation and sulphur sublimation (yellow patches)

According to Albert-Beltran et al. (1989), the
gas geochemistry and isotopic ratios of Teide
fumaroles correspond to temperature and
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Fig. 13.3 Size, depth and temperature defined for the magma chamber of Teide. Thermodynamic model modified

after Diez and Albert-Beltran (1989)
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pressure conditions of 400 °C and 200-300 bar.
The isotopic composition of gases measured
within galerias (Albert-Beltrdn et al. 1990),
however, indicates a significantly lower tem-
perature (250 °C), probably due to hydrothermal
alteration in the underlying hot rock (Fig. 13.3).

Diez and Albert-Beltran (1989) proposed a
thermodynamic model that advocated a 400 ky-
old, 4 km-diameter (30 km®) spherical magma
chamber at 400 °C, with its top located
approximately at sea level. These studies
emphasise the fact that 400 °C is the tempera-
ture of solid rock. The analysis of gas emissions
therefore points to the absence of a shallow
magma body capable of erupting or even caus-
ing microseismicity.

More recently, a deep borehole drilled inside
the Las Cafiadas Caldera to monitor water table
changes allowed analysis of volcanic and

44— VOLCANIC GASES — )  ¢—ATMOSPHERIC GASES —
i N H i N i

atmospheric gases to a depth of 450 m into the
volcanic sequence (Fig. 13.4). Through the
analysis of CO, degassing at Teide Volcano
crater, Melidn et al. (2012) reported an increase
in magmatic gases and total diffuse CO, associ-
ated with the main peak of seismic activity dur-
ing 2004. They argued that “associated temporal
changes in seismic activity and magmatic
degassing indicate that geophysical and fluid
geochemistry signals are related in this system”.

13.3 Gravity Modelling

The first, and probably the most influential,
gravity survey of Tenerife was carried out by
MacFarlane and Ridley (1968). The Bouguer
anomaly map they compiled shows a three-
pointed star shape with a well-marked positive
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Fig. 13.5 Bouguer anomaly map of the Teide Volcano
and the Las Canadas Caldera. Note the presence of
positive anomalies in the Las Cafiadas Caldera rim,
particularly high (over 60 mGal) in its western part (Boca
de Tauce), interpreted as connected to a 10 km deep
plutonic body. Surficial (3—4 km deep), low-density
negative anomalies appear associated with Teide Vol-
cano and the northern wall of the Caldera (after Vieira
et al. 1989)

gravity ridge trending northeast and less-pro-
nounced gravity ridges trending northwest and
south (see Fig. 4.3). A marked gravity maximum
of approximately 100 mgal magnitude is located
slightly west of the Boca de Tauce escarpment.
Comparing the Bouguer anomaly of Tenerife
with those observed on the Hawaiian Islands,
MacFarlane and Ridley (1968) interpreted the
gravity ridges as reflecting a high concentration
of dykes (i.e. volcanic rift zones). In their model,
the island body is heavily intruded to form a
high density (3.2 g/cm?) conical core of mantle-
like material, extending from the Moho to within
~4 km of the surface. The overlying, 2.9 g/cm”,
1.5 km thick layer would represent derivative
rocks produced by fractionation.

It is worth noting that in their gravimetric
analysis of Tenerife, MacFarlane and Ridley
(1968) were the first to point out that the Portillo
and Boca de Tauce escarpments may “not rep-
resent the bounding walls of a Krakatoan cal-
dera but the head region of a massive landslide
area, partially filled with the later volcanics
from Pico Viejo and Teide”. Disregarding the
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ideas of MacFarlane and Ridley (1968), Arafia
(1971) concluded his study of the pre-Teide Las
Canadas Volcano proposing a vertical collapse
for the origin of the Las Cafiadas Caldera, cre-
ated in a massive caldera-forming volcanic
eruption. This idea started a long-lasting con-
troversy, until Watts and Masson (1995) identi-
fied the deposits from a giant landslide north of
Tenerife using swath bathymetry side-scan
sonar. This they suggested resulted from the
formation of the Las Caifiadas Caldera (the Icod
giant landslide).

In contrast, the first detailed gravity study to
focus on the central part of Tenerife defined a
negative Bouguer anomaly coinciding with the
Teide-Pico Viejo volcanic complex itself
(Fig. 13.5; Vieira et al. 1989). Arafia et al.
(2000) interpreted their own gravity data by
defining three zones at different depths,
approximately coinciding with inversion sec-
tions of the gravity model: a deep zone (below
12 km b.s.l.), corresponding to the basement of
the island; an intermediate zone (12 km b.s.1. to
1 km a.s.l.), forming the submarine shield edi-
fice; and the surficial zone (above 1 km a.s.l.),
matching the Las Cafiadas Volcano and the
Teide Volcanic Complex.

More recently, Ablay and Kearey (2000)
carried out a detailed gravity study of Tenerife
to analyse the internal structure of the central
part of the island and its active magma system.
The maximum Bouguer anomaly is located near
the rim of the western part of the Las Cafiadas
Caldera, and extends along the NW and NE rift
zones. These authors attribute the main gravity
high (asterisks in Fig. 13.6) to a large buried
mafic volcano (Boca de Tauce volcano), which
hosts a very dense plutonic complex. This
“high-density body” might approximate the
core of the Central Miocene shield, the first
constructional stage of Tenerife as proposed by
e.g. Guillou et al. (2004) and Carracedo et al.
(2007). This core has been observed in galerias
to form the central part of Tenerife to an ele-
vation of about 1500 m (Coello 1973; Carracedo
1979), although this shield only outcrops at
present in the Roque del Conde massif.
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Fig. 13.6 a Bouguer anomaly contour map for the
central part of Tenerife. Contour interval is 50 gu (1
gu = 0.1 mGal). Asterisk indicates the inferred location
of the central vent systems of the Boca de Tauce volcano.
b Map showing contours on the surface of a gravity
model derived from the Bouguer anomaly map in a.
Major surface structural features are shown for reference.

Gottsmann et al. (2008) analysed the “mass
loss” identified by Vieira et al. (1989) in the
Teide-Pico Viejo complex in detail, suggesting
as a cause the low-density differentiated rocks
that form these volcanoes, coupled with central
hydrothermal alteration. The low-density anom-
aly associated with the central stratocones is, in
their view, a shallow feature that extends from
the surface down to about sea level. A deeper
(>4 km b.s.l.) high-density body, however,
forms the core of the central volcanic complex
(Gottsmann et al. 2008). Their model favours a
vertical collapse origin for the Las Cafiadas
Caldera but they point out that their gravity data
are unsuitable to resolve present-day reservoirs
that could contain eruptable material.

More recent research (Camacho et al. 2011)
defines in detail the subsurface density structure
of central Tenerife: a shallow (above sea level)
low-density area matching the central strato-
cones and continuing northwards along the Icod
Valley (Fig. 13.7a). The deeper structure (below
~2,000 m b.sl.) appears as a diverse, high-
density body (Fig. 13.7b), suggesting a complex

Inset: W-E cross section through the gravity model,
showing the dense (3.2 g/cm®) body, probably corre-
sponding to the plutonic core of the Central Miocene
Shield of Guillou et al. (2004). Observed gravity
anomalies (red line) and that calculated from the model
(dashed line) are shown (modified from Ablay and
Kearey 2000)

composite plutonic structure, from Boca de
Tauce to Montafia Blanca. Below about 6,000 m
b.s.l., a positive anomaly appears, underlying the
entire central part of the island (Fig. 13.7c). This
is interpreted as a cumulate complex of mafic—
ultramafic intrusions formed by fractionation of
mantle-derived magma, similar to those
observed in other oceanic islands (e.g., Hawaii;
Borgia and Treves 1992). A W-E section of the
model shows a low-density shallow feature
(Fig. 13.7d), corresponding to the less dense
volcanics of the central stratocones and the fill-
ing of the Las Canadas Caldera. An alternative
or complementary interpretation of the low
density anomaly would be related to the pres-
ence of hydrothermally altered products.

13.4 Aeromagnetic Surveys

Aeromagnetic studies carried out in Tenerife
provided new insights into the magnetic prop-
erties of subsurface rocks and the depth of the
main magnetic layers, valuable information for
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Fig. 13.7 Horizontal cross sections at various depths
(+1,000, —2,000 and —6,000 m) in the 3D model for
anomalous density (a, b and ¢ in the figure). a WE
vertical section (X-X’ in b) is shown in (d). The main
body of positive density (dark red) dominates the deep

the definition of the internal geological structure
of the island.

Arafia et al. (2000) compiled a magnetic
anomaly map of Tenerife before and after
removing the effect of above-sea-level sources.
The magnetic anomaly map was low-pass fil-
tered to remove the subaerial magnetic sources,
leaving only those originating from features
located below sea level, thus distinguishing
anomalies created by bodies deeper than 5 km
b.s.l. from those shallower than 5 km b.s.l.
(Fig. 13.8a, b respectively). The intense linear
positive anomaly of Fig. 13.8a is interpreted by
these authors as an uplifted block of oceanic
crust. Forward modelling resulted in a
40 x 8 km strongly magnetised prismatic
source, located between 5 and 12 km depth
(Fig. 13.8¢c), probably formed by ultramafic
cumulates. Superimposed on the deep linear
anomaly, the model also showed two less intense

structure of the central part of Tenerife. However, in
contrast, a low-density shallow structure corresponds to
the Central Volcanic Complex and the less dense
volcanics filling the Las Cafladas Caldera (modified from
Camacho et al. 2011)

positive anomalies, located below the Teide-
Pico Viejo stratocones and the NE Rift Zone
(Fig. 13.8d). A later high-resolution aeromag-
netic anomaly map of Tenerife (Garcia et al.
2007) confirmed the previous results, defining
both the Teide-Pico Viejo and the anomaly
corresponding to the NE Rift Zone in yet more
detail (Fig. 13.9a, b).

13.5 Seismicity
13.5.1 Seismic Profiles

Seismic data have been used to determine the
upper mantle and crustal structure of Tenerife.
Bosshard and MacFarlane (1970) were the first
to carry out marine refraction seismic investi-
gations to define the depth of the mantle (15 km
deep north of Tenerife) and confirm the oceanic
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Fig. 13.10 a Crustal models for Tenerife constructed
from gravity and seismic refraction data. A high-density,
high-velocity body of “mantle-like material” underlies
the central part of Tenerife, at about 5.5 km below the

character of the crust under the island
(Fig. 13.10a). These early data and interpreta-
tions were later confirmed by abundant gravity
and seismic investigations.

Banda et al. (1981) repeated the refraction
seismic survey of the Canaries, confirming the
depth of the Moho (15 km in Tenerife), reaching
several interesting new conclusions, i.e., the
oceanic character of all the islands, the absence
of a common basement for the entire archipel-
ago, the different islands constructed as inde-
pendent volcanic edifices and, finally, the
structural similarities between the island crust in
the Canaries and in other oceanic islands
(Fig. 13.10Db).

Surifiac (1986) reported low velocities in the
central part of Tenerife, suggesting the possi-
bility of magma chamber(s) underneath the Te-
ide volcanic complex. Watts et al. (1997)
provided an interpretive two-dimensional model
for Tenerife based on offshore seismic reflection

Teide-Pico Viejo central complex (modified from Boss-
hard and MacFarlane (1970). b Crustal model for
Tenerife (from Banda et al. 1981)

and gravity profiles, seismic refraction data, and
assumed relationships between seismic velocity
and density. Their NE-SW cross section
(Fig. 13.11) showed a volcanic core of 2.7 g/
cm® overlain by a carapace of lower density
material (2.5-2.3 g/cm?).

However, wide-angle seismic investigations
on the structure of Tenerife (Canales et al.
2000), which used a quasi-circular seismic pro-
file around Tenerife, and airgun shots fired from
the RRS Charles Darwin every 40 s, afforded a
rather different conclusion. Seismic data
revealed the absence of travel-time delays that
could be associated with the presence of magma
chambers. The authors, however, do not entirely
exclude their existence, suggesting that either
they are too small for the spatial resolution of
the method applied, or the magma reservoirs
feeding the recent volcanism of the Teide Vol-
canic Complex have cooled and largely crys-
tallised. Another interesting conclusion of this
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Fig. 13.11 a Gravity anomaly and best-fit velocity
model (b) of Tenerife in a NE-SW profile (modified
from Watts et al. 1997)

work is the recording of negative residual travel-
times, indicating that the southwestern part of
Tenerife is characterised by a high P-wave
velocity zone, coinciding with a gravity maxi-
mum previously modelled as a high-density
body. In both cases, the data fit with the presence
of the dense core of an old, large mafic pluton
(and likely an associated volcano) north of the
Miocene Roque del Conde massif. Once more,
this high-density body is consistent with the
plutonic core of the Central Miocene shield
postulated by Guillou et al. (2004) and Carra-
cedo et al. (2007), as mentioned above.

The latest seismic tomography survey, com-
pleted in 2007, focused on the Central Volcanic
Complex of Tenerife (TOM-TEIDEVS), ana-
lysing the 3D structure of P-waves (Garcia-Ye-
giias, 2010). This research, prompted by the
increased seismicity in Tenerife in 2004, raised
high expectations of solving the ambiguities still
existent at the Teide Volcanic Complex (i.e., the
presence, state of activity and eruptability of
magmatic chambers). The results mainly con-
firmed the conclusions of the previous gravity
and seismic studies outlined above, reaffirming
the presence of a high-velocity central core of
the island from 10,000 m b.s.l. and the high-
velocity feature centred around Boca de Tauce

V. Soler-Javaloyes and J. C. Carracedo

(Fig. 13.12). The latter, comprising most of the
southwest of Tenerife, probably corresponds to
the plutonic core of the Central Miocene shield
of Guillou et al. (2004). The shallower sections,
from 1,900 m b.s.l. to 1,000 m a.s.l., show low
velocities around Montafia Blanca, interpreted as
possibly related either to magma, or to hydro-
thermally altered products (Arafia et al. 2000;
Gottsmann et al. 2008). The depth of this
anomaly (3,100 m b.s.l.) apparently suggests the
presence of melt under Montafia Blanca, a
complex of felsic lava-dome eruptions that
formed 2,000 years B.P. However, the main
objective of the TOM-TEIDEVS project, to
provide a high resolution survey, was limited by
the exclusive focus on artificial P-waves in their
experiment (Garcia-Yeguas 2010).

13.5.2 Microseismicity

Seismicity associated with the Central Volcanic
Complex of Tenerife is of low frequency and
very low magnitude, particularly if compared
with the island of Hawaii. The highest magni-
tude earthquake recorded in the Canaries
(M 5.3) occurred in May 1989, and only a few
events have since been noticed in Tenerife
(i.e., a few in 2004). Hazards related to seismic
activity at Teide Volcanic Complex are thus
negligible (except during true volcanic unrest
and eruptions).

Instrumental microseismicity, even of a very
low rate (Mezcua et al. 1989), is an important
tool in defining the internal structure of the
volcanic system and as an early precursory sig-
nal to eruptions. However, a long recording
period with a dense network of seismic stations
around the volcano is needed to be able to
analyse S-wave traveltimes and to define the
presence of potential eruptable magma. This
dense network and a long period of observation
are essential in establishing a reliable baseline
for forecasting eruptions, thus avoiding false
alarms. Unfortunately, the approach has been the
opposite, with some authors explicitly advising
against the deployment of a dense network of
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Fig. 13.12 Horizontal sections of the 3D model in
different parts of Tenerife: a SW Tenerife section at
5,500 m.b.s.1. showing the high-velocity feature possibly
related to the Central Miocene shield (Guillou et al.
2004); b 5500 m.b.s.I. section of Las Cafiadas Caldera,
comprising a high-velocity body without any indication

permanent seismic stations around the central
volcanoes of Tenerife (Mezcua et al. 1989), and
only after the impact of the 2004 seismic events,
which received intense media coverage was the
number of seismic stations installed on Tenerife
increased (see Fig. 14.8).

One of the main problems encountered in the
analysis of microseismicity in Tenerife is the
presence of strong background noise at low
frequencies, interpreted as caused by oceanic
load. Noise levels are too high to detect other
seismic waves of similar frequencies (Almend-
ros et al. 2000). Further studies have shown the
presence of background noise in the Teide
Volcanic Complex at most operational frequen-
cies (Almendros et al. 2004).

of magma chambers beneath the central volcanoes;
c¢ Idem at sea level showing a low-velocity feature
focused on Montafia Blanca. d Map of TOM-TEIDEVS
3D tomography area showing air-gun shots (coloured
lines), and station locations (black dots) (from Garcia-
Yeguas 2010)

During one of the most active seismic phases
(May 12-31, 2004) three seismic antennas were
deployed in Las Cafiadas Caldera, allowing for
the first time the precise localisation of seismic
sources (Almendros et al. 2006). The greater
part of the earthquakes recorded before the tre-
mor started occurred at depths between 15 and
20 km (Fig. 13.13a), and clustered north of Te-
ide Volcano (Fig. 13.13b) after the tremor star-
ted, there was greater dispersion in the depth of
events, with epicentres spreading under Las
Canadas Caldera (Fig. 13.13c). These data
exclude any activity related to a shallow magma
chamber under Teide Volcano, suggesting that,
if it does exist, it is largely solidified and without
large volumes of eruptible magma.
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Fig. 13.13 a Main characteristics of the temporal
distribution of distance, depth, apparent slowness and
back-azimuth (arrows in b and ¢) estimated from seismic
events recorded in the central part of Tenerife in 2004.
The dashed line marks the start of a tremor signal (on

13.6 Ground Deformation

Teide is frequently claimed by geoscientists and
particularly the media to be structurally unsta-
ble. However, as yet no compelling evidence has
been published to substantiate this view.

Early investigations using a geodetic network
indicated the absence of significant deformation
in the area of the Las Cafiadas Caldera and Teide
Volcano (Sevilla and Martin 1986; Vieira and
Sevilla 1989). Additional work, applying Syn-
thetic Aperture Radar Interferometry (InSAR) in
Tenerife, in combination with Global Position-
ing System (GPS) data, confirmed the lack of
significant deformation at Las Cafadas (Ferna-
ndez et al. 2004, 2005). Later data, obtained
using Differential Synthetic Aperture Radar
Interferometry (DInSAR), detected a subsidence
of 3-5 mm/yr at the NW, NE and S rift zones,
which was particularly significant (15 mm/yr) at
the location of the last historical eruptions on the
island (Fernandez et al. 2009) (see Fig. 14.8).
This work was apparently capable of detecting a

May 18). b Epicentres of earthquakes recorded before the
onset of the tremor. ¢ Epicentres of earthquakes recorded
after the beginning of the tremor (after Almendros et al.
2006)

continuous long-term subsidence of the central
area of Tenerife (3—4 mm/yr), in connection
with the gravitational sinking of the dense core
of the island. More localised deformation pat-
terns were correlated by these authors with water
table depletion caused by groundwater
extraction.

Berrocoso et al. (2010) used data from a
different GPS to point out that the main geo-
logical structures of the island (rift zones and the
Las Carfiadas Caldera) are the main cause of
current deformation on Tenerife. These authors
repeated the experiment after the period of
increased seismicity in Tenerife in 2004 (using
radar images acquired from 1992 to 2005 by the
European Remote Sensing satellite (ERS),
apparently observing variations in the deforma-
tion time series of the selected pixels associated
with the beginning of the seismic crisis in 2004.

These observations, however, show a general
SW-NE displacement of Tenerife and the
Canaries coherent with the movement of the
African plate, with a mean velocity between 20
and 25 mm/yr (Fig. 13.14a). When the effect of


http://dx.doi.org/10.1007/978-3-642-25893-0_14

13 Geophysical Investigations of the Teide Volcanic Complex 245
700 168°300 AT00 16730
(a); (b) =T
b ! 0 =
LPALL #LrAL
28" ) ; : [ = J =) I_: L
28°30 _ oasr 2880 _ Has oo
18" 18" 18" i Ul
: O/lcoo
e‘DI?A
Gl.’l? G—"PNAL (?
aRos, —— )0+ 2mmear
1 .
28°00 | o 2800 | 2 : M | 28°00°

A7°00

1700 -16°30°
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the plate displacement is removed, the data are
scattered and difficult to interpret (Fig. 13.14b).

13.7 The Broader Picture

The study of the main characteristics of the
possible magma chamber(s) of Teide and the
assessment of its potential eruptibility has been
approached using different geochemical and
geophysical methodologies.

Several gas geochemistry, isotope geochem-
istry and modelling studies concur in relating the
gas system of the TVC (both in galerias and at
the summit of Teide) to an essentially magmatic
source located approximately at sea level
beneath the volcano. The temperature of this
spherical, 4 km diameter post-caldera magma
chamber has been estimated at about 400 °C.
Independent and isolated smaller (about 200 m
in diameter) magmatic bodies associated with
the NW and NE rift zones show lower temper-
atures (250 °C).

Gravity (Bouguer anomalies) surveys have
revealed important structural features in Tene-
rife: (1) A three-pointed star gravity ridge sys-
tem, interpreted as being associated with the
Tenerife rift zones, (2) A gravity minimum
in the Teide area, attributed to the Teide-Pico
Viejo stratocones, and probably related to the

low-density differentiated rocks forming these
volcanoes, increased by hydrothermal alteration,
and (3) A marked gravity maximum in the
western rim of Las Cafiadas Caldera, interpreted
as a buried old volcano (Boca de Tauce
volcano), with a very dense plutonic complex,
that likely represents the core of the Central
Miocene shield, the first constructional shield of
Tenerife.

Several seismic tomography studies carried
out on Tenerife have been effective in obtaining
three-dimensional images of the island. Active
seismic surveys using air guns and a dense net-
work of seismic stations, either onshore or on the
ocean floor around the island, were intended
primarily to define low-velocity anomalies that
could be related to the postulated Teide magma
chamber, since low velocities are related to
partially molten rocks. However, active seismic
experiments have a fundamental shortcoming
because they can only generate P-waves, the S-
waves being associated only with natural seis-
mic activity that is insufficient on the island for
this purpose. Nevertheless, the various tomo-
graphic surveys agree in the lack of any evi-
dence of extensive magma reservoirs underneath
the central volcanoes. Tenerife shows a high-
velocity central core and high-velocity anoma-
lies parallel to the NW and NE rift zones,
encircled by low-velocity anomalies at the flanks
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of the island, interpreted as a dense intrusive
plexus with lighter and more porous and frac-
tured rocks surrounding it. The size and density
of the high-velocity bodies increase with depth,
apparently extending down to 15-20 km.

Considering the very low magnitude and
frequency of natural seismicity and volcanic
eruptions on Tenerife, a more precise under-
standing of the deep structure of the Teide
Volcanic Complex may require long periods of
recording and implementation of a sufficiently
dense network of seismic stations.

The 2004 increase in low-magnitude seis-
micity in Tenerife, suggested by several authors
to be “volcanic unrest”, was most probably
related to a deep injection of magma that was
arrested at an early stage (Gottsmann et al.
2008). This seems coherent with a similar pro-
cess that took place on the island of El Hierro in
2011, which culminated in a submarine eruption
(Carracedo et al. 2012a, b). Whilst in 2004
seismicity on Tenerife was of low rate and
magnitude (only a few earthquakes of M 2.0-M
2.6), on El Hierro in 2011 more than 10,000
events were recorded, 95 of them with magni-
tudes between M 3.0 and M 4.6. A particularly
strong (M 4.4) seismic event probably coincided
with the opening of the eruptive conduit and the
onset of the submarine eruption there.

Differences in the pattern and intensity of
seismicity in 2004 on Tenerife and 2011 on El
Hierro suggest that an injection of deep magma
was in both cases the source of seismicity. As
may be expected, these deep intrusions seem to
be a relatively frequent process and a common
prelude to many Canarian submarine and sub-
aerial eruptions. However, only a small fraction
of such intrusions are capable of perforating the
crust to produce a volcanic eruption. The
majority of them probably become arrested
before boring through the crust, and may be the
source of several recorded seismic crises that
ended without any surficial volcanic manifesta-
tion in the Canaries, as for example occurred in
1793 on El Hierro (Darias Padrén 1929;
Hernandez Pacheco 1982) and in 1936 on La
Palma (Martel San Gil 1960).

V. Soler-Javaloyes and J. C. Carracedo
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activity are also considered and although possible, with phreatomagmatic
eruptions being the most likely style anticipated, explosive events are of
relatively low probability at Teide in the near future.

R tectonism (Frizon de Lamotte et al. 2000;

14.1 Introduction (

Geological hazards are comparatively moderate
in the Canary Islands in general, and in partic-
ular in the TVC. Rock falls, road blocks, coastal
cliff slumps and barranco flash floods are, by
far, the main cause of loss of life and property,
mainly at the lower part on the northern, leeward
side of the TVC (Fig. 14.1).

This chapter analyses the most characteristic
and significant hazards associated with the TVC
as an active volcanic complex, namely seismic
hazards, eruptive hazards and those derived from
ground deformation.

In an early and very influential geophysical
study on the Canaries, Dash and Bosshard (1969)
and Bosshard and MacFarlane (1970) postulated
large, regional “crustal fractures” related to the
African tectonics that apparently pre-date the
formation of the Canaries. This seminal idea
opened a long-lived debate not only on the origin
of the Canaries, but on the potential risk of major
“tectonic” earthquakes in the archipelago.

Geophysical and geological information
increasingly favours the construction of the
Canary Islands in relation to a mantle plume on
a passive continental margin disassociating the
Canaries from northern African seismicity and

Fig. 14.1 Rockfall and associated road blockage on a
road on the northern slopes of the TVC (July 5, 2011,
www.laopinion.es)

Martinez and Buitrago 2002; Faccenna et al.
2004) (Fig. 14.2). The intense and abundant
seismicity concentrated in the plate boundary
zone between the converging African and Eur-
asian plates fades in the oceanic prolongation of
the Atlas fault system, creating a seismic gap
between Africa and the Canaries (Fig. 14.3).
This reflects the difficulties encountered by tec-
tonic stresses to propagate from the weaker
continental to the stronger oceanic crust (Stec-
kler and Tenbrink 1986).

Geological hazards in the Canaries are thus
correlated with a separate geodynamic frame-
work, characterised by low magnitude seismicity
(only 1 event M > 5 in the recording period),
and volcanic eruptions where the majority of
Holocene eruptions have VEI < 3.

In addition to the favourable geological and
geodynamic setting of the Canary Islands in
relation to natural hazards, passive margins
around the Atlantic Ocean are characteristically
aseismic, which contrasts, e.g., with the
Hawaiian Islands. Consequently, the Canaries
are at low risk of significant tsunamis induced by
large earthquakes, which in turn frequently
reach the Hawaiian Islands (Wood et al. 2007).

By comparing the islands of Tenerife and
Hawaii (the classical example of an age pro-
gressive island chain fed from a hotspot source
fixed in the mantle), it becomes apparent that the
larger volume and more active mantle plume of
Hawaii explains the considerably greater sever-
ity of geological hazards there, at least in the
historical period of both archipelagos.

14.2 Seismicity and Seismic Hazards
in the TVC

Although intraplate earthquakes do occur in some
continental lithospheric plates (e.g., North
American, Eurasian), seismicity is generally


http://www.laopinion.es
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Fig. 14.2 a Correlation established by Anguita and
Hernan (1975) between the main phases of Canarian
volcanism and the three orogenic pulses involved in the
genesis of the Western High Atlas structures (Ambroggi

Fig. 14.3 The abundant
seismicity in North Africa
fades in the oceanic
prolongation of the Atlas
towards the Canary
Islands, creating a seismic
gap that apparently
contradicts the alleged link
of the archipelago with the
Atlas tectonics. The figure
shows earthquakes with

M > 4 recorded from 1901
to 2004 (modified from
Serpelloni et al. 2007)

negligible in the interiors of the lithospheric plates
without the presence of oceanic islands (e.g.
Hawaiian and Canary Islands in Fig. 14.4).
Hawaii, for example, is far removed from geo-
logical fault lines, but the hot spot below the
Hawaiian Islands causes sufficient stress in the
crust to render Hawaii a very active seismic region
(e.g., Klein et al. 2001). Earthquakes in these
settings are thus mainly generated by plume
related magmatism and the stresses caused by
island growth and associated lithospheric loading.

Some authors, following the early ideas of
Dash and Bosshard (1969) and Bosshard and

1963). b Cenozoic evolution and active deformation in
the North African margin (from Frizon de Lamotte et al.
(2000). ¢ Atlas folding apparently began in Early
Pleistocene (from Faccenna et al. 2004)

-20°
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MacFarlane (1970) relate seismicity in the
Canaries with regional crustal fractures or to the
Atlas system (Anguita and Hernan 1975, 2000;
Geyer and Marti 2010; Mezcua et al. 1992).
However, no compelling evidence has been
found to support the existence of any major fault
connecting the Atlas with the Canaries in
detailed geophysical studies of the area (Marti-
nez and Buitrago 2002) or around the Canarian
archipelago in general (Watts 1994, 1997; Funck
et al. 1996; Urgeles et al. 1998; Krastel et al.
2001; Krastel and Schmincke 2002; Carracedo
et al. 2011).
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Fig. 14.4 M > 3.5 earthquakes (200,855 events) regis-
tered in the period 1963-1998. Seismicity in the interior
of the plates is mainly related to the construction of the
oceanic islands (from Earthquake Seismicity Catalog

(2012), NOAA, National Geophysical Data Center,
World Data Center-A  Solid Earth Geophysics.
http://www.ngdc.noaa.gov/hazard/earthgk.shtml)

Active
volcano

Fig. 14.5 Different types of earthquakes in oceanic
islands: /-2 earthquakes caused by volcanic eruptions
(submarine or subaerial), including harmonic tremor
generated in the eruptive conduits; 3—4 seismicity related
to hydraulic fracturing by dykes in the crust or in the
island edifice, that seldom reach the surface to produce a
volcanic eruption; 5 earthquakes caused by inflation of

In his work on the Andes, von Humboldt
affirmed that “the large destructive earthquakes
have no direct connection with volcanic activity,
that only cause small local seismicity...” (von
Humboldt and Bonpland 1805). Klein et al.
(1987) deduced from studies in Hawaii that “All
earthquakes in Hawaii are ultimately attributable
to volcanism...”, defining those earthquakes as
“volcanic” that are in or immediately adjacent
to magma conduits, and “tectonic” earthquakes
as those that are removed from a magma conduit

cumulitic

Active submarine

Denser

shallow magmatic chambers; 6—7 earthquakes due to
gravitational normal faulting; 8. earthquakes associated
with low-angle, inverse faults that originate by gravity-
driven lateral escape of island sectors in the denser island
basement, e.g. Volcano spreading (Carracedo et al.
2005). See text for explanation

but derive their driving stress from dyke intru-
sion or volcano growth and deformation. In
agreement with these concepts, seismic hazards
decrease in the Canarian Archipelago with
island age, as do both magmatic activity and
edifice instability. Earthquakes in oceanic
islands thus have different causes that group in
two main categories: those associated with
magmatic processes, and those originated by
instability in the islands (Fig. 14.5). Earthquakes
caused by volcanic eruptions (submarine or


http://www.ngdc.noaa.gov/hazard/earthqk.shtml
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Fig. 14.6 Earthquakes recorded by the Spanish Geo-
graphical Institute (IGN) in the period 1980-2010,
arranged as a function of their magnitude. The greater
part of this seismicity has magnitudes below M 3.0. Only
one earthquake of M >5 has been recorded in the
Canaries (M 5.2, May 1989). The epicentre distribution

subaerial) belong to the first group and include
harmonic tremor generated in the eruptive con-
duits (1 and 2 in Fig. 14.5). This category also
includes the seismicity related to hydraulic
fracturing by dykes in the crust or within the
island edifice, that seldom reach the surface to
produce a volcanic eruption (3 and 4 in
Fig. 14.5); or that caused by inflation of shallow
magmatic chambers (5 in Fig. 14.5).

The second category comprises earthquakes
due to gravitational normal faulting (6 and 7 in
Fig. 14.5), or associated to low-angle, inverse
faults that originate by gravity-driven lateral
escape of island sectors in the denser island
basement, e.g. volcano spreading (8 in Fig. 14.5).

The majority of earthquakes in the Canaries
in the period 1980-2010 (Fig. 14.6) have mag-
nitudes between M1 and M3. The greater part of
this seismicity is concentrated in the area of
Tenerife, with two apparently different sources,
one focused between Tenerife and Gran Canaria,

lacks any concordance with linear structures, such as the
alleged faults of Geyer and Marti (2010) (white dashed
lines), which are actually artifacts from ship track lines
(Google Earth image). The asterisk shows the location of
an active submarine volcano (Krastel and Schmincke
2002)

and the other in the western part of Tenerife. The
former is clearly defined by M 3-4 events
forming a tight cluster, whereas the latter group
is more disperse and shows only magnitudes
M < 3.

The group of epicentres between Tenerife
and Gran Canaria coincides with the alleged
fault of Dash and Bosshard (1969) (dashed lines
in Fig 14.6) and with a group of submarine
volcanoes, some of them (e.g., Hijo de Tenerife)
likely active (Schmincke and Rihm 1994;
Schmincke and Graf 2000). As shown in
Figs. 14.6 and 14.7, the epicentres between
Tenerife and Gran Canaria present a Gaussian
rather than the linear distribution which would
be expected in case of fault-related seismicity
(Carracedo et al. 2011).

The seismicity recorded for the island of
Tenerife is comparatively low, particularly if
compared with the island of Hawaii for a similar
period of time (Fig. 14.7).
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Fig. 14.7 Comparison of
the M > 2.0 seismicity of
Tenerife and Hawaii in the
period 1960-2012 (IGN
and USGS Earthquake
Hazards Program,
Rectangular Area
Earthquake Search
http://earthquake.usgs.gov/
earthquakes/eqarchives/
epic/epic_rect.php)

In the Hawaiian Islands, where high-quality
earthquake hypocentre data have been collected
by the Hawaiian Volcano Observatory since the
late 1950s (the Hawaiian Volcano Observatory
(HVO) has collected earthquake data since 1912,
but its seismic network was modernised in the
late 1950s). A wealth of information on seismic
and magmatic processes is available from over
60 stations on the Big Island set up to monitor
volcanic and tectonic features. In the Canaries,
the period of adequate instrumental seismic data
collection is very short and the number of seis-
mic stations scant. The analysis of seismicity
and assessment of seismic hazards associated
with the TVC, in turn, has been hindered by the
lack of instrumentation and, consequently, a
database capable of establishing a baseline to
define potential unrest episodes. The increase in
the number of low magnitude events (M < 2.0)
in May 2004, with several felt in the NW of the

TENERIFE

1960-2012
M>2.0

1960-2012
M >2.0

M6.7
(2006)

island according to IGN reports (M 2.0 to M 2.6,
yellow dots in Fig. 14.8), was considered by
some authors to be unusual “with much evi-
dence pointing to a reawakening of volcanic
activity” (Garcfa et al. 2006; Gottsmann et al.
2006; Marti et al. 2009; Dominguez-Cerdefia
et al. 2011). However, other authors contested
this alarming claim based on the lack of baseline
data to detect and interpret which movements
are normal for the area and which might indicate
volcanic unrest (Carracedo et al. 2005; Carra-
cedo and Troll 2006).

Notably, this apparently “anomalous” seis-
mic activity coincided with the upgrade of the
seismic network of the island (one station loca-
ted in the northeast of the island and one inside
the Las Canadas Caldera). After the 2004
alarm—that ended without any observed volca-
nic manifestation but had a strong negative
impact in the local and international media—the


http://earthquake.usgs.gov/earthquakes/eqarchives/epic/epic_rect.php
http://earthquake.usgs.gov/earthquakes/eqarchives/epic/epic_rect.php
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Fig. 14.8 Seismic network on Tenerife by the Spanish
Geographical Institute (IGN) and M > 2.0 earthquakes
recorded both before and after 2004. The seismic

seismic network was upgraded to the present
configuration of 5 stations, 4 of them deployed
around the TVC (Fig. 14.8).

The origin of these earthquakes sparked much
controversy within the scientific community.
Although a deep magmatic intrusion was the
favoured hypothesis, several different models
were proposed. Using InSAR and GPS networks,
Fernandez et al. (2003) detected deformation in
the NW part of Tenerife, interpreted as subsi-
dence caused by groundwater pumping opera-
tions performed on the island. These authors later
associated the seismic crisis in 2004 to localized
deformation correlated with the observed water
table changes (Fernandez et al. 2005).

Gottsmann et al. (2006) observed gravity
changes in the central part of Tenerife, relating
the 2004 reactivation to a sub-surface mass
addition without any significant widespread
surface deformation, most likely caused by fluid
migration at depth (arrival of new magma at
depth, migration of hydrothermal fluids, or a
combination of both).

network deployed on the island of Hawaii is shown in
the inset for comparison (from Shiro et al. 2009)

Marti et al. (2009) regarded the unusual
behaviour starting in spring 2004 as unequivocal
evidence of volcanic unrest, based on the sig-
nificant increase in seismicity onshore, the
presence of volcanic tremor, the perturbation of
the gravity field, the increase in fumarolic
activity at Teide’s crater and the opening of a
new fracture with gas emission in the Orotava
Valley.

Although a deep intrusion is a plausible
explanation as to the origin of this perturbation,
the alleged signs pointing to more specific vol-
canic unrest (e.g. harmonic tremor and anoma-
lous gas emissions in the summit crater and
inside the Orotava Valley) are far from evident.

The 2011/2012 volcanic eruption at El Hier-
ro, with initially similar amplitudes, sheds new
light on the 2004 Tenerife unrest. Numerous
earthquakes M < 3.0 were recorded north of El
Hierro by the Spanish Instituto Geogréifico
Nacional (IGN) since July 2011 related with
intrusion of magma within the lower oceanic
crust. However, conversely to what occurred in
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Fig. 14.9 a Vent with vapour emissions with tempera-
tures of 15-30 °C in the Orotava Valley, interpreted as a
new fumarole in 2004 related to a N-S trending fracture.
b Geological cross-section illustrating another explana-
tion—the residual vapour emissions of hot water used for
cleaning the equipment of a cheese factory located 80 m
distant (after Carracedo and Troll 2006)

2004 in Tenerife, shifting seismic foci suggested
that magma progressively accumulated and
expanded laterally in a southward direction,
causing a vertical surface deformation of about
40 mm (data from IGN). In October and
November earthquake magnitude increased sig-
nificantly (M > 3.0), with 5 events of M > 4.3
(IGN). The scenario changed dramatically at
about 4 am on October 10, 2011, when the now
frequent and strong seismicity ceased and was
rather abruptly replaced by a continuous har-
monic tremor, indicating the opening of a vent
and thus the onset of the submarine eruption
(Carracedo et al. 2012a, 2012b). A similar pro-
cess of deep magma intrusion probably started in
2004 in Tenerife, but halted before approaching
shallow levels to induce strong seismicity,
ground deformation and eruption.

Almendros et al. (2000) carried out a field
experiment in the TVC in 1994 with two short-
period small-aperture seismic antennas. The
objective of the experiment was to detect,
evaluate and locate the local seismicity, partic-
ularly the background seismic noise to investi-
gate the possible presence of volcanic tremor.
From their work they concluded that at fre-
quencies lower than 2 Hz, the oceanic load
signal was predominant over other signals,
consequently masking any weak volcanic tremor
or other volcanic signals with predominant
peaks below 2 Hz present in the Teide area.

Ten years later Almendros et al. (2007)
repeated a similar experiment (with three seis-
mic antennas deployed in the Las Cafiadas
Caldera) during the most active period of seis-
micity in the area (May—July 2004). This time
they detected a continuous tremor (small
amplitude, narrow-band signal with central fre-
quency in the range 1-6 Hz) that started on May
18 and lasted for several weeks. This was the
first time that volcanic tremor had been reported
at Teide volcano. The model these authors out-
lined to explain the origin of the volcanic tremor
is based on a deep magma injection under the
northwest flank of Teide volcano. The primary
process driving the tremor would be related to
interactions between a shallow aquifer and an
increased discharge of magmatic gases supplied
by deep magma injection.

Finally, the new fracture with gas emission
claimed to have opened in December in the
Orotava Valley (Marti et al. 2009) is not a
fracture but a lava flow cut by a barranco
(Fig. 14.9). On cold days residual vapour emis-
sions of a cheese factory located 80 m distant
can be observed flowing through the porous
basal scoria (Carracedo and Troll 2006). The
cheese factory is operative and vapour emission
is still active, despite the lack of continuous
strong seismicity.

Low-magnitude seismicity has been continu-
ously recorded on the island of Tenerife. Jime-
nez and Garcia-Fernandez (2000) carried out an
experiment from December 1987 until October
1992 using a vertical-component seismic station
from the network deployed by the Estacion
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Volcanoldgica de Canarias (CSIC) at the foot of
Teide volcano (3 km from the summit). Routine
analysis of this station’s analog records during
that period shows the occurrence of microseis-
mic activity (only recorded at this station, and
thus impossible to locate), that these authors
correlated with intense precipitation periods and
fluid circulation through fractures. Tarraga et al.
(2006) and Carniel et al. (2008) interpret the
seismic noise recorded in the island of Tenerife
either as anthropogenic, or due to tectonic
events.

In any case, the existence of anthropogenic
and meteorological noise should be considered
to allow better identification and discrimination
of local seismicity associated with volcanic
activity, to improve eruptive surveillance and
prevent false alarms.

14.3 Volcanic Hazards in the TVC

A significant difference between Hawaiian and
Canarian volcanism is the abundant felsic and
potentially more hazardous eruptions in the lat-
ter (Clague 1987; Ablay et al. 1998; Rodriguez-
Badiola et al. 2006; and Chaps. 9 and 10 in this
volume). As illustrated in Fig. 1.16, the mag-
matic series of the TVC includes evolved rocks
(phonolites, trachytes) and, therefore, eruptive
mechanisms may be explosive, as described in
Chap. 12.

el
A K
MAFIC  FELSIC

10-5ka 10-5ka
5-2ka 5-2ka
. Em21ka MEE21ka
Bl 1-0ka

: 10km

Fig. 14.10 Holocene distribution of mafic and felsic
eruptions in the Teide Volcanic Complex (from Carra-
cedo et al. 2007)
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The interaction of the NW and NE rift zones
of Tenerife in the construction of the post-Las
Canadas Caldera central Teide-Pico Viejo com-
plex explains the coeval but distinctly separate
mafic and felsic eruptions. The former relate to
the rifts, particularly the NW rift zone, whereas
the felsic volcanism is only associated to the
central volcanoes, implying that explosive haz-
ards are geographically confined (Fig. 14.10).

14.4 Lava Flow Hazards

Eruptive activity is relatively intense in Tene-
rife, especially in the rifts, even though the
island is at present in the post-erosional rejuve-
nation stage (Carracedo 1994; Navarro and
Farrujia 1989). During the Holocene, lava flows
from the TVC have resurfaced a great part of the
centre of Tenerife (Fig. 14.11). However, the
potential for resurfacing large areas is consid-
erably higher in the shield-stage islands, La
Palma and El Hierro. In comparison, the greatest
rate of resurfacing is found in the island of
Hawaii, where historical eruptions (since 1778
A.D.) have covered most of Mauna Loa and
Kilauea volcanoes (Fig. 14.12). The percentage
area covered by lava in the last 750 years is >65
in the rift zones of both volcanoes (Mullineaux
and Peterson 1974; Mullineaux et al. 1987).

The age and the main petrological and mor-
phological features (Table 14.1), as well as the
evaluation of cumulative volumes of lava flows
(Fig. 14.13) of the recent volcanism are essential
parameters to assess the eruptive hazards posed
by the TVC. An important tool is a normalised
lava flow resurfacing map that counts the number
of lava flows on each given area of the volcano.

With this basic information, hazards related
to lava flows can be summarised by answering
some of the following questions: Which areas
are most affected? What distance can lava flows
travel considering their composition and vis-
cosity? What volumes can be emitted and over
what duration?

Calculations of the percentage area covered
by lava flows in the TVC during the last 12 ky
(Fig. 14.14) show that the NW rift-zone has


http://dx.doi.org/10.1007/978-3-642-25893-0_9
http://dx.doi.org/10.1007/978-3-642-25893-0_10
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Fig. 14.11 Cumulative resurfacing of the Teide Volca-
nic Complex by lava flows in the last 10 ky (from
Carracedo et al. 2007)

always been the most active with 95 % of its
areal extent being renewed (covered) by lava
flows. Despite minor historical eruptions
(1704-1705), the NE rift-zone appears to be

declining (resurfaced area <10 %). Almost
5.5 km® of lava flows were emplaced during the
last 14 ky in Tenerife (Table 14.1), 1 km?® from
the NW rift-zone and 4.4 km® from the central
edifices (Teide and peripheral domes). The thick
felsic (phonolitic) flows from peripheral domes
have greater volumes (e.g. 1.4 km® for Roques
Blancos), whereas the basic lava flows of the
NW rift-zone have volumes rarely exceeding
0.1 km® (e.g. 110 x 10° m*® for Montafias de
Chio).

Both felsic and basic flows are able to reach
the coast, thus covering distances of 10-15 km.
Lava flows in Hawaii reach exceptional lengths
(>50 km) and eruption durations are sometimes
very long (e.g., Mauna Ulu, Pu‘u ‘O‘0), not only
because of the greater rates and volumes and
frequent formation of lava channels and tubes,
but also because of the longer distances of
eruptive centres (generally at the rift zones) from
the coast in Hawaii. In both islands, the majority
of lava flows reach the sea (see Figs. 14.11 and
14.12). Therefore, for hazard assessment, lava
flow length is not a distinctive parameter, and
hazard maps must consider that lava will flow
over the “maximum” distance, i.e., all the way
to the coast.

The cumulative volumes of basic and felsic
lavas emitted during the last 15 ky in Tenerife is
controlled by two pulses of felsic volcanism
(~5000 BP and 1800-1200 BP), whereas the
production of basic volcanism appears continu-
ous through time at a rate of ca. 66 x 10° m*/
ky).

The eruptive rates of the observed historic
eruptions along the NW rift-zone of Tenerife
were determined using the total erupted volumes
and the duration of the eruptions (Table 14.1).
The high eruption rate of the 1706 Garachico
eruption (71 m?/s) is of the order of the 1669,
1980 and 1989 eruptions of Etna, and the
1977-1984 eruptions of Krafla (Harris et al.
2000; Crisci et al. 2003). The other historic
eruptions in Tenerife were less productive
(<13 m3/s), similar to the 1983-1987,
1991-1993, 1999 and 2001 eruptions of Etna
(Calvari et al. 1994). Considering the range of
eruption rates and aspect ratios, the duration of
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Fig. 14.12 Recent

(<50 kyr) volcanism on
the island of Hawaii. Note
that historical eruptions
(orange and red colours)
have resurfaced the greater
part of Kilauea Volcano
and the rifts of Mauna Loa
Volcano (US Geological
Survey)

past eruptions of the NW rift-zone may have
been typically in the order of 10 days to one
month. With individual volumes greater than
500 x 10° m®, the phonolitic eruptions of Ro-
ques Blancos, Pico Cabras, Abejera Alta and the
latest eruption of Teide, the Lavas Negras, may
have lasted for several months.

14.5 Hazard Maps

The main features of volcanism in the TVC
served to compile a map of lava flow hazards
and make comparisons with that of the island of
Hawaii (Fig. 14.15). These maps need to be
simple, with a limited number of zones, to
capture the fundamental basis for models and
risk mitigation efforts. The comparative analysis
of lava flow hazard maps of both islands yields
interesting conclusions. In both cases the areas
with greater hazards are the rift zones. In Ten-
erife, significant hazards are also associated with
the main central complex (Fig. 14.15a), whereas
in Hawaii this is related to the main shield vol-
canoes, particularly the younger Mauna Loa and
Kilauea (Fig. 14.15b).

In Tenerife, the greater part of the economic
activity and the main settlements are concen-
trated in areas of old volcanism (the Mio-Plio-
cene shield volcanoes and the eastern part of the
NE rift zone). This “spontaneous” land use is
the result of agriculture having been the main

economic resource of the island, with the sen-
sible tradition of avoiding areas of recent vol-
canism, especially the rugged surfaces of ‘a‘a
flows, which are locally referred to as “mal-
paises” (badlands).

Historically, therefore, the capital and the
main populated areas, the airport, the harbour
and the touristic areas were initially located in
the NE of the island, on the eastern edge of the
NE rift and the Orotava and Giifmar Valleys.

Since 1960, massive new tourist develop-
ments have been established on the south flank
of the island. This coincides with the advantage
provided by the rim of the Las Cafiadas Caldera,
efficiently acting as an obstacle to the southward
flow of lavas and small pyroclastic eruptions
from the TVC, creating a topographically pro-
tected area (Fig. 14.14a).

In contrast, the economy and population of
Hawaii is less protected from lava flow hazards.
The capital, airports, harbours and the main
tourist resorts have been built on the flanks of
the very active Mauna Loa and Kilauea volca-
noes (Fig. 14.15b).

In recent years there has been a growing
tendency to “exaggerate” the geological hazards
(seismic and eruptive) in the Canary Islands.
Recent examples of these overstatements are the
2004 “reawakening of Canary Island’s Teide
volcano” (Garcia et al. 2006), and the alleged
potential collapse and tsunami at La Palma
(Ward and Day 2001).
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Fig. 14.13 Cumulative volumes of mafic and felsic
volcanism during the last 15 ky in Tenerife. The most
voluminous eruptions are indicated by arrows

Although the island of Tenerife (2,034 km2,
population 905,000 with 440 per km?, >5 mil-
lion annual visitors) is more densely populated
than Hawaii (10,400 km?, population 150.000
with 18 per km?, 1.5 million annual visitors),
the frequency and size of lava flows in Tenerife
(volume, area covered, etc.) is lower than in
Hawaii by about an order of magnitude. Fur-
thermore, the historical distribution of popula-
tion and economic infrastructure in Tenerife are
in better “balance” with its volcanic history and
eruptive hazards (Carracedo et al. 2006, 2007).

14.6 Topographic Control on Lava
Flow Paths and Lava
Inundation

The statement made by Klein (1982) that
“Hawaiian eruptions are largely random phe-
nomena displaying no periodicity; that is, future
eruptions are relatively independent of the date
of the last eruption” can be equally applied to
eruptions in the Canaries, Tenerife and the TVC.
In order to minimise the risk imposed by future
eruptions the only means available are the
detailed reconstruction of eruptive history to
understand the scale of phenomena and adequate
monitoring to give early warnings of imminent
eruptive activity.

Simulations of patterns of lava flow paths and
lava inundation in different scenarios and com-
parison with the actual progress of well-known

5 - Icod de los Vinos
6- Garachico

7 - Guiade Isora

8 - La Orotava

9 - Fasnia

10 - Glifmar

Fig. 14.14 Maps of percentage area covered by lava
flows during the last 12, 6 and 2 ky, calculated after
numerical mapping of the flows in a geographical
information system (GIS). Main zones were defined
using the topographical boundaries (hydrological basins)
given and the pathways of recorded lava flows

events (particularly historical eruptions), can
provide useful information to better anticipate
the behaviour of future events contrary to the
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Fig. 14.15 a Lava flow hazard zone map of Tenerife.
Hazard zones from lava flows are based chiefly on the
location and frequency of Holocene eruptions (modified
from Carracedo et al. 2007). b Current map showing

statement by Klein (1982). Geographic Infor-
mation System (GIS) and detailed geological
mapping may provide valuable details to facili-
tate the design of strategic plans and to antici-
pate preventive measures.

The recently compiled GIS geological map of
the TVC (Carracedo et al. 2007) provides a basis
to assess the behaviour and effects of eruptions.
A test of the “reliability” of these observations
is to try to reconstruct historical eruptions by
removing the lavas from the pre-eruption
topography. Two examples are analysed here:
the simulation of an eruption similar to the 1706
Garachico event (Fig. 14.16), and a simulation
of the conditions required for an eruption to
overflow the Las Cafiadas Caldera and spill over
the southern flank of the island (Fig. 14.17).

14.6.1 Inundation by a Potential
Eruption Close to the 1706
Garachico Event

Figure 14.16 shows the location of a potential
eruption that reproduces a situation similar to the
1706 event. Slope control will result in the
partial inundation of the town of Garachico with

(b)

volcanic hazard zones on the island of Hawaii, based on
the probability of coverage by lava flows (USGS
Hawaiian Volcano Observatory (HVO), http://pubs.usgs.
gov/gip/hazards/maps.html)

an assumed lava thickness of 5 m reaching
Garachico. Using a theoretical 10 m of lava to
reach Garachico, most of the town will be
flooded and the new harbour threatened. The
harbour will be inundated and even buried if the
eruption was to continue to the equivalent of
15-20 m thickness.

14.6.2 Overflow of the Las Canadas
Caldera

The topographic barrier formed by the wall of
the Las Canadas Caldera prevents lava flows
from Teide and Pico Viejo volcanoes reaching
the southern flank of the island. However, this
topographic protection is incomplete because of
several “portillos” (breaches), formed by
backward erosion of the main barrancos
(Fig. 14.17a). Some of these gaps, under 10 m
high, can theoretically be overflown by volcanic
eruptions similar to the 1798 Chahorra event.
A GIS simulation (Fig. 14.17b) shows that a
20 m thick layer of lava is required to allow the
lava to enter Barranco de Erques directed
towards the southern coast. However, even with
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Fig. 14.16 GIS _—

32?000

339000

simulation of a potential
eruption that could inundate
the town of Garachico, to a
similar exent as the 1706
event (a), and inundating it
entirely (b)

e s
i
iy

I

lﬁfiiﬁ-mﬁ" 3

larger volumes of lava, the hazard for the pop-
ulated areas at the coast will be rather limited
because the flow will still be confined inside the
deep barranco and because the coast directly at
the mouth of this barranco is uninhabited.

Eruptions with vents located close to the
Chahorra volcano could take advantage of a
similar gap at the head of Barranco del Fraile
(Fig. 14.17a) to overflow the caldera rim and
reach the coast. This scenario implies a more
significant risk, since the village of Playa San
Juan (5,000 inhabitants) is located at the mouth
of this barranco, the foreseeable path of the lava
flow. However, significant eruptive volumes
would be required for this scenario.

14.7 Hazards Related to Felsic
Volcanism in the TVC

Relatively frequent felsic explosive eruptions
have taken place in the TVC during the Holo-
cene (but none in the last thousand years), all of

them located inside the Las Cafiadas Caldera
(see Fig. 14.10).

Contrasting the very explosive volcanism of
the Las Cafladas Volcano (LCV) prior to the
200 ky Icod lateral collapse, the post-collapse
nested construction of the TVC has overall been
characterised by low-explosivity magmas. As
described in Chaps. 10 and 12, despite the sig-
nificant volume of felsic (phonolitic) volcanics
(Ablay et al. 1998; Rodriguez-Badiola et al.
2006), there is no evidence in this latest volcanic
cycle of the abundant plinian episodes of the
pre-TVC activity of the Las Cafiadas Volcano
(>150 km?® according to Edgar et al. 2007).

Low-explosivity eruptions, mainly mafic and
felsic strombolian, characterise the TVC volca-
nism. However, there are some interesting
examples of more violent episodes: the subpli-
nian Montafa Blanca eruption (Ablay et al.
1995), and hydromagmatic eruptions of Pico
Viejo and Calvas del Teide (Pérez Torrado et al.
2004; Pérez Torrado et al. 2006; del Potro et al.
2009). Garcia et al. (2011) reported the presence
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Fig. 14.17 a Oblique view from the NW of the southern
wall of the Las Cafadas Caldera showing the breaches
(portillos) carved by the backward erosion of the main
barrancos. These gaps would be the pathways for a

of density current deposits, including ignimb-
rites and block and ash deposits, in the Holocene
eruptive history of the Teide-Pico Viejo strato-
volcanoes, probably associated with the gravi-
tational collapse of domes or the front of
phonolitic flows.

The Montafia Blanca eruption exemplifies the
main explosive event in the TVC and the haz-
ards that this type of volcanism presents. From
this point of view, the most interesting episode
of this complex (see Fig. 8.33) is the Montafia
Blanca pumice fallout deposit, a single well-
sorted massive bed extending northeast towards

potential overflow of lava for future eruptions inside the
Las Cafadas Caldera, threatening villages on the south-
ern coast. b GIS simulation shows that for overflow to
commence a 20 m thick lava flow is needed

El Portillo in an elongated area reflecting south-
west dominant winds during the pumice eruption
(Ablay et al. 1995).

Ablay et al. (1995) carried out a detailed
study of the pumice bed from sixty pits up to
3.5 m depth, constructing isopach and isopleth
maps (Fig. 14.18). According to the criteria of
Walker (1973) and Pyle (1989), these authors
classify the deposit as subplinian, since the 0.01
Thmax isopach greatly exceeds 40 km? and is
probably of the order of 100-200 km?.

According to Ablay et al. (1995), a repetition
of this eruption would devastate downwind areas
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Fig. 14.18 Isopach map of the Montafia Blanca pumice
deposit (contours in centimetres). Modified from Ablay
et al. (1995). These authors claim that a repeat of this
eruption would devastate downwind areas between the
centre of Tenerife and the north-east coast within 20 km

between the centre of Tenerife and the north-east
coast within about 20 km of the vent, and per-
haps affect air traffic and even have widespread
repercussions. However, the main impact of
such an event would probably be confined inside
the Las Cafiadas Caldera and would depend on
the wind direction and strength during the
eruption.

Eruptions triggered by magma mixing have
been relatively frequent in the TVC. This
mechanism commonly produces very explosive
events, but those recognised (e.g., Montaifia
Reventada) are consistently of relative low ex-
plosivity (Rodriguez-Badiola et al. 2006; Wie-
smaier et al. 2011) and are restricted to the rift
zone-central complex boundary (see Chap. 7).

of the vent. However, the most significant adverse effects
would be confined within the Las Cafiadas Caldera,
although some disruption may be caused at greater
distances, mainly by pumice and fluorine dispersal,
depending on wind direction and strength

14.8 Ground Deformation Hazards

Ground deformation is a main source of hazard
in the Hawaiian Islands but is less significant in
the Canaries. In Hawaii, vertical and horizontal
motions of as much as 3-5 m occur in associa-
tion with large earthquakes and the shallow
migration and eruption of magma; slower
motions of as much as 20 cm/yr are almost
continuous, particularly near Kilauea’s summit
(Kauahikaua et al. 1994).

Ground deformation in Tenerife is very lim-
ited in comparison and related hazards appear
negligible. Deformation is restricted to long-
term gravitational sinking of the dense core of
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of Tenerife

Fig. 14.19 Differential
(1993-2000) showing two areas of subsidence inter-
preted to result from water table changes due to intensive
extractions (from Fernandez et al. 2005)

interferogram

the island. More localised deformation in the
west of the island (1 and 2 in Fig. 14.19) has
been associated with water table changes due to
intensive extractions (Fernandez et al. 2005),
and present a very isolated hazard only. These
areas are well known and hence represent little
danger to the population of the island.

14.9 The Present State of the TVC
Plumbing System

In contrast to the relatively well-known volcanic
plumbing system of Hawaiian volcanoes (e.g.,
Kilauea Volcano; Ryan 1987), very little infor-
mation is available on the subcaldera magma
reservoir of the TVC. Attempts to define the
main features of the TVC plumbing system have
led to contradictory interpretations. Albert-Bel-
tran et al. (1986, 1990) and Diez Gil and Albert
(1989) identified a central post-caldera mag-
matic chamber located at sea level, relatively
small (~4 km in diameter) and at ~400 °C.
Valentin et al. (1989) based their characterisa-
tion of this magmatic chamber on gas isotope
geochemistry, concluding that the source of
gases from Teide proceed from a 400 °C post-
caldera magmatic chamber approximately at sea
level depth underneath Teide.

Fatalities

3.0 3.5 4.0 4.5 5.0 5.5 6.0
Magnitude

Fig. 14.20 Number of potential fatalities versus the
magnitude of an eruption. The model shows that the
major impacts (red curves) are produced by the Teide
summit and north flank vents. According to this model
“the emergency plan for Tenerife must provide for the
evacuation of more than 100,000 people” (from Marrero
et al. 2012)

In contrast, Ortiz et al. (1994) postulated a
deeper magmatic chamber, almost completely
solidified, sustaining that the Teide volcano is
practically extinct: “The highest temperature of
the 6 km deep Teide magmatic chamber is
400 °C, the final stage of cooling from the
geological point of view”. Arafia et al. (1989)
argued that this magmatic chamber is in a quasi-
terminal state, probably formed by independent
small magma bodies with temperatures as low as
250 °C. These authors claim that “the scientific
thermodynamic models show that the present
cycle of activity of Teide is in a terminal stage
and, consequently, the explosivity of expected
eruptions of Teide is similar to that of any other
eruption in the Canaries”. Arafia et al. (1989)
conclude that “We can assure that an eruption of
Teide is virtually impossible, that it is an
exhausted system”. Ortiz et al. (1994 insisted in
stating that “The work carried out by using
petrology, fluid geochemistry, geophysics, etc.,
denotes the absence of magmatic chambers with
the capability to produce explosive eruptions in
the Teide central volcano. The hazards are
magnified by the media and ‘unscrupulous’
research groups believing that overstating the
risk will bring funds and promotion”.
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Fig. 14.21 Horizontal section at sea level of the seismic tomography model of Tenerife (from Garcia Yeguas 2010)

This general notion changed with the increase
in the number of low-magnitude events in May
2004 that was considered by some authors as
unusual and pointed to a reawakening of Canary
Islands’ Teide Volcano (Garcia et al. 2006;
Gottsmann et al. 2006; Marti et al. 2009; Do-
minguez-Cerdefia et al. 2011). In a recent article,
Marrero et al. (2012) assessed the impact that a
possible eruption from the Tenerife Central
Volcanic Complex would have on the population
at risk, and urged the need to foresee “evacuating
more than 100,000 persons in the case of an
eruption warning in the Central Volcanic Com-
plex of Tenerife Island. This situation would be
similar to that of Vesuvius” (Fig. 14.20).

This assumption is at odds with the results
obtained in a tomography study (performed
using airgun shots) of Tenerife (Garcia Yeguas
2010). In this model, the island of Tenerife
shows a central nucleus of high velocities
encircled by low velocity areas (Fig. 14.21).
High velocity of seismic waves is commonly
associated in oceanic islands to dyke swarms

(rifts), plutonic bodies derived from the cooling
of shallow magma reservoirs or dense cores of
cumulates. The low velocity areas extending on
the flanks of the island are probably associated
with fractured and porous formations.

The only area of low velocity in Teide appears
under Montafia Blanca in the section of the
model corresponding to sea level and above
(Fig. 14.22), but not in a deeper section (5,500 m
b.s.l.). This has been interpreted by Garcia
Yeguas (2010) as associated with zones of
hydrothermal alteration or with a shallow magma
intrusion, although the latter interpretation is
uncertain as only P-waves were used in this study.

14.10 The Present Risk Mitigation
Challenge

Naturally, Teide poses hazards and we have now
established that lava flow-, pyroclastic flow- and
air-fall hazards are present at Teide (see also
Marti et al.,, 2012). Of these, air-fall events
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Fig. 14.22 Sections at
different depths of the
seismic tomography model
of Tenerife. An area of low
velocity appears at shallow
depths in the zone of
Montaiia Blanca and the
Abejeras-Pico Cabras lava
domes (from Garcia
Yeguas 2010)

probably represent a more serious risk than for
example lava flows, but the most serious of these
is the potential threat of a large pyroclastic
eruption (e.g., Marti et al., 2012; Marrero et al.,
2012). Probabilities for such an event are low
(e.g. with about 21 % likelihood during the next
100 years; Marti et al., 2012), but estimates of
casualties of the order of 100,000 inhabitants are
predicted for such a scenario if no precautions
are taken (e.g. if no evacuation is performed).
On the other hand, large eruptions, for all we
know, do not happen instantaneously, i.e. they
do not occur without premonition. Volcanoes
usually display periods of significant unrest prior
to eruption (e.g., Carracedo et al. 2012a; Druitt

et al. 2012) and large eruptions do signal their
arrival. Teide, like all other volcanoes, is likely
to signal frequently on its changing condition,
allowing us to take precautions and move out of
the way. This precursory behaviour should allow
us to readily identify an impending eruptive
scenario weeks to even months in advance,
giving ample preparation and response time if
thoroughly planned and managed well (cf. Car-
racedo et al. 2012a, b).

Given today’s volcano-monitoring capabili-
ties, future eruptions should cause limited dam-
age if handled effectively and with foresight. It
is noteworthy in this context that none of the
historical eruptions in the Canaries have caused
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a single fatality as yet. It is up to us to learn to
read Teide’s messages correctly and prevent
fatalities in the future as well to eventually
achieve a life in symbiosis with the volcano, and
move out of harm’s way should Teide need to
clear its throat again.
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