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Preface

More than ten years have passed since the landmark 2011–2012 submarine
eruption in El Hierro Island. This eruption represented a revolution for the
Spanish volcanology. It provided with a real, sometimes unpleasant, testbed
of the strengths and weaknesses in the regional volcanic eruption manage-
ment systems. Almost exactly a decade later, this professional and scientific
experience demonstrated to be invaluable, when another eruption, in this case
on land, struck the Canary Islands. The 19th of September–13th of December
2021 Tajogaite volcano eruption in La Palma was confronted with a much
more organized scientific, emergency and decision-making strategies (e.g.,
the PEVOLCA legal framework). Nevertheless, the La Palma volcano crisis,
including pre-eruptive, eruptive and post-eruption phases, showed also new
challenging aspects from which we will learn new lessons for future volcano
crises. The successful response in La Palma would have not been possible
without the in-depth study of the 2011–2012 El Hierro submarine eruption.
The wealth of data collected and analyzed on the wake of the submarine
eruption sprung into new knowledge about the behavior of the volcanic
system, including the eruption impact in the environment and society. In the
summer of 2022, for example, a total of 1930 results can be retrieved when
searching for “El Hierro” “eruption” in Google Scholar.

The current book is a necessarily partial and biased tour of the wide
knowledge of the eruption and El Hierro as volcanic system. Such infor-
mation has the benefit of the hindsight and reflection over a meaningful
period of time, around a decade of intense research. The scope of the current
book is explained by the challenging circumstances of working during a
period marked by the COVID-19 global pandemic and the, at the time,
ongoing 2021 Tajogaite volcano eruption in La Palma. In fact, in October
2021, a dedicated workshop where discussions among potential book con-
tributors had to be cancelled was planned on the same week that marked the
10th anniversary of the 2011–2012 submarine eruption in El Hierro. Despite
these difficulties, the authors submitted contributing chapters, and we could
carry out a rigorous peer-reviewed process resulting in the current volume—
El Hierro Island. The topics in the book are a representative sample of what
the volcano science is, knowledge always in progress. I hope that the read-
ership should consider the covered topics as a useful starting point of
discussion and opportunities of their own future research.
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Last but not least, something I am very proud of editor was promoting
gender equality. In fact, a glad surprise was to achieve it on our first round of
list of corresponding and leading authors of the book. Such balance between
male and female contributors to this book should be interpreted that the
Spanish volcano science community is making positive strides. However, we
should not be complacent. This is not the end of the road for a fair research
environment. Less visible barriers, related with social and cultural diversity,
should be considered with the aim to achieve a healthy respectful, diverse,
equitable and justice community.

San Cristóbal de La Laguna, Spain Pablo J. González
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1El Hierro Island Volcanological
Science: An Overview

Pablo J. González

Abstract

El Hierro Island, the youngest of the Canary
Islands, and its latest eruption in 2011–2012
have been a playground of fruitful decade-
long studies. In this book, we summarize and
provide future venues of action to solve
outstanding questions. The topics cover geo-
logical studies of Holocene volcanism so it
informs past, present and future activity. Its
active magmatic system from a petrological
and geophysical lens. How monitoring of
volcanic activity can be optimized and how to
read the data streams in a meaningful way.
The marine environmental effects of a sub-
marine eruption are covered in detail, as well
as how the society could be properly engage
to reduce the risks associated to it, and
appreciate and benefit from it. So, in each
chapter the reader should find inspiration and
future challenges waiting to be solved.
Remaining puzzles pieces about how volcan-
ism works and how it affects its environment.
An effort to provide food for thoughts of

future Canary Islands volcanological research,
and in particular El Hierro.

Keywords

Ocean island volcano � Intraplate volcanism �
Volcanology and hazards � Environmental and
social effects of volcanism � Volcanic risks �
Canary Islands

1.1 Introduction

El Hierro represents the emergent part of a vol-
canic edifice which rises * 5500 m from the sea
bottom. Its subaerial part emerges 1501 m.a.s.l.
and it has a surface area of about 269 km2. El
Hierro Island, with a surface area of approx.
270 km2, is the smallest of the major islands of
the Canary Islands archipelago. It is located
around latitude 27.7 north and 18° west within
the Nubian plate away from plate boundaries. El
Hierro Island is the youngest of the Canary
Islands, with its emerged part rising above sea
level 1.2 Ma ago. Therefore, El Hierro is at an
early growth stage with signs of very active
eruptive activity, e.g., the largest density of pre-
served strombolian cones in Canary Islands,
although, count-intuitively there were no credible
reports of historical eruptions until 2011. The
islands morphology is dominated by three rift
zones, which separate massive gravitational col-
lapses (Carracedo et al. 2001). Particularly
interesting is the north collapse, El Golfo, a

P. J. González (&)
Volcanology Research Group, Department of Life
and Earth Sciences, Instituto de Productos Naturales
y Agrobiología, Spanish National Research Council
—Consejo Superior de Investigaciones Científicas,
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1400 m-high scarp, thought to be the youngest
massive gravitational collapse in the Canary
Islands (Longpré et al. 2011).

The El Hierro Island became a scientific rel-
evant spot for volcanology due to its recent
eruption in 2011–2012. After several months of
seismic unrest, a submarine eruption that lasted
5 months occurred off the southern tip of the
island, near the town of La Restinga. Occurring
in the 2010s and in a developed country, Spain,
meant that a rapid response and monitoring effort
provided with an unprecedented level of scien-
tific data and sample collection. The datasets and
samples were analyzed by local and international
researchers over the next decade. Much of what
we know today and eventually facilitated a suc-
cessful response to the 2021 La Palma eruption
(10 years later) started in 2011 and the following
decade of volcanological progress.

Here, I aim to review the geodynamic context
on which the following chapters should be
framed, as well as an overview of covered topic,
and the main recommendations for future works.

1.1.1 El Hierro: An Overview
of Its Geodynamic
Framework

1.1.1.1 Geodynamic Background
El Hierro Island is located in the Canary Islands.
An archipelago made up of seven large islands,
situated between 27°38′ and 29°25′ of north lat-
itude and 13°20′ and 18°9′ of west longitude.
The Canary archipelago forms an alignment of
volcanic islands of about 500 km in length
between its ends, separated by only 100 km from
the African coast. Together with the archipelagos
of the Azores, Cape Verde and Madeira, it forms
the Macaronesia region. Except for the Azores,
which are more related to the Mid-Atlantic
Ridge, the rest of the archipelagos form a very
active volcanic province in the last 20 Ma.

The Canary Islands are located within the
African (Nubia) plate in an intraplate setting. In
particular, the Canary Islands were formed over
Jurassic-Cretaceous oceanic crust near the edge
of Africa's continental lithosphere (Fig. 1.1).

Although, the northwestern African continent
margin is passive, the intense tectonic and mag-
matic activity of the nearby Atlas suggests an
atypical origin of those volcanic archipelagos.
Positioned in a transitional lithosphere, with the
westernmost islands sitting on top of pure ocea-
nic lithosphere and the eastern (Canary Ridge)
islands on a transitional (thinned) continental
lithosphere.

All Canary Islands are independent volcanic
systems rising from 3 to 4 km depth ocean floors,
except for the Lanzarote and Fuerteventura
which are resting on shallower ocean floor and
can be consider geologically a single “Island”. It
shares a common and continuous coastal abra-
sion platform. Considering the emerged and
submerged volumes of each volcanic system, one
can observe that there is an East-West trend,
from larger volumes on the East towards less
voluminous islands in the West. Moreover, the
volume could be only an indirect indicator of the
total volcanic material emitted and because the
islands seem to have experience important ver-
tical movements. In the case of Fuerteventura (in
the East), uplift has resulted on outcrops of cre-
taceous ocean sediments (*100 Ma) now at the
surface: Those rocks being the oldest outcrop-
ping rocks in the archipelago. Conversely, simi-
lar (although younger) rocks has been found at
the bottom, at 2700 m depth, of a deep borehole
in nearby Lanzarote. An uplift processes have
also observed in some of the Western islands (La
Palma). The vertical patterns are complex with
uplift, and perhaps subsidence, processes reach-
ing substantial values in spatially localized areas.

The Canary Islands magmatism is dominated
by basaltic lavas, but felsic magmas are also
present (trachytic to phonolitic) (Fig. 1.2). TiO2-
rich alkaline basalts predominate in mafic mag-
matism, which also includes hypersthene-
normative tholeiitic basalts to strongly silica-
undersaturated nephelinites (e.g., Schmincke
1982). On Fuerteventura, a variety of rock types,
including carbonatites and ijolites, can be found
in the earlier volcanic complex (e.g., Le Bas et al.
1986; Balogh et al. 1999). Lanzarote and El
Hierro show the least abundance of high-silica
content rocks (< 1%), followed with intermediate
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abundance of * 3% in La Palma, La Gomera
and Fuerteventura, and finally the most abun-
dance in the central islands of Gran Canaria and
Tenerife (>10%).

Magmatism in the Canary Islands, as other
intraplate volcanic islands, can be roughly split
into three main stages (Ramalho 2011): an older
shield-building stage that was followed by a
younger phase of activity that resulted in exten-
sive volcanic sequences on some of the islands
(such as Teide on Tenerife) as well as a large
number of cinder cones (e.g., Schmincke 1982).
Finally, after a pause in volcanic eruption,
renewed eruption occur on the so-called post-
erosional phase.

The Canary Islands volcanoes exhibits a
broadly westward age-decreasing pattern. This
pattern was broadly recognized since the 1970s,
e.g. Abdel-Monem et al. (1971). The youngest

subaerial volcanism found on the westernmost
islands of La Palma and El Hierro, and the oldest
in Fuerteventura, 23 Ma (Fig. 1.3). The north-
eastern seamounts—e.g., Dacia and Conception
Bank—are generally older and show a general
trend to age-decrease in the southwest (Geld-
macher et al. 2005). However, there are sea-
mounts on the southwest of the archipelago,
representing a previous episode of magmatism in
this region from 142 to 91 Ma and hence
breaking the age progression (van den Bogaard
2013). With the western and eastern islands
showing varying times of development, the
Canary Islands form an E-W pattern. La Palma
and El Hierro, the western islands, are currently
in the juvenile shield stage (Carracedo et al.
2001). The eastern islands, Fuerteventura and
Lanzarote, are undergoing a stage of erosion and
are positioned parallel to the margin of NW

Post-shield stage,
12-0 Ma

Post-shield
stage,
12-1.9 Ma

Post-erosional stage,
14.5-0 Ma

Post-erosional
stage,
20.6-0 Ma

Post-erosional
stage,
15.5-0 Ma

Shield stage,
2-0 Ma

(18 Ma)

(47 Ma)

(55 Ma)

(126 Ma)(142 Ma)

M25 (154Ma)

Shield stage,
1.1-0 Ma

(12 Ma)

(133 Ma)

Chron M25

Mapped after
Roest et al., (1991)

interpolated after
Roest et al., (1991)

African continent
(Nubian plate)

Present-day
Nubian (African) Plate
velocity according to 

Kreemer et al., (2014)

Fig. 1.1 Canary Islands archipelago geodynamic context
off the passive northwestern margin of the African
continent. Seamount ages as within parenthesis. Measured
and interpolated segments of the last well-mapped and
identified Cretaceous age geomagnetic chron of oceanic
lithosphere, M25 of age 154 Ma (after Roest et al. 1992).

Current present-day African plate motion towards the
Northeast (Kreemer et al. 2014). LZ: Lanzarote and La
Graciosa Islands; FV: Fuerteventura; GC: Gran Canaria;
TF: Tenerife; LG: La Gomera; LP: La Palma; EH: El
Hierro. Basemap using GeomapApp
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Africa. Despite this, activity was present on all
islands during the Holocene, with the exception
of La Gomera (Paris et al. 2005). In particular,
there has been historical eruption in Lanzarote,
Tenerife, La Palma and El Hierro (Longpré and
Felpeto 2021).

1.1.1.2 Lithosphere Structure
The Canary Islands are sitting over Jurassic-age
oceanic lithosphere on the West, clearly evi-
denced by the M25 chron anomaly, 157 Ma. The
central and eastern part of the archipelago lies on
lithosphere without magnetic anomalies, corre-
sponding to the Cretaceous magnetic calm.
Hence, the age and nature of the lithosphere have
been derived indirectly by seismic refraction
lines, and it is considered that the central and,
particularly the eastern islands (Canary Ridge)
were built on top of thinned continental litho-
sphere or transitional lithosphere.

The Canary Islands’ lithosphere beneath the
archipelago is only relatively thinner than thick-
nesses expected for a normally cooling old
oceanic lithosphere, 130 km (Fig. 1.4). The most
recent estimates using seismic data, the surface
elevation (isostasy), and the gravity field indicate
a thickness of approximately 110 km (Fullea
et al. 2015). The same authors also suggest a sub-
lithospheric mantle abnormally hotter by roughly
100 K. These authors linked the widespread
prevalence of melt beneath the islands to the low
velocity layer. Hence, regional sublithospheric
seismic models point towards a modest thermal
anomaly beneath the Canary Islands, broadly
agreeing with thermodynamic considerations,
based on calculations of primary magma com-
position suggesting that Canary Islands show one
of the lowest temperatures of all the ocean‐island
basalt lavas, * 1420–1480 °C (T excess: 70–
130 °C, Herzberg and Asimow 2008).

Fig. 1.2 Total alkali versus silica diagrams (TAS) with analyses of Canaries volcanic rocks, in orange colors, and on
blue colors for El Hierro Island rocks (Carracedo et al. 2001)

6 P. J. González



Seismic imaging certainly has consistently
indicated that low-velocities are present beneath
the Canary Islands, with very wide spread lateral
extension from more localized imaging to
regional extension reaching the Betics and Atlas
Mountains (Duggen et al. 2009; Miller et al.
2015). Moreover, the interpretation of the seis-
mic imaging studies discards the presence of
large productivity of upper-mantle melts (Civiero
et al. 2019). Tomographic models face the chal-
lenge of poor resolution due to lack of consistent
local/regional seismicity and poor aperture of
seismic stations. Therefore, the upper mantle
structure above the 440 km discontinuity is not
well mapped. Local and shallow high-rich melt
may exist, and unresolved yet using seismic
tomography methods. Indeed, studies of the
Canary Islands, support the presence of a rich-
melt zone at a depth range of 70–100 km using
seismic receiver functions methods (Martinez-

Arevalo et al. 2013; Lodge et al. 2012), which to
a certain extent, supports geochemical models, at
least in the Western Canary Islands (Day et al.
2010; Klügel et al. 2005; Neumann et al. 2002).

From a mechanical and seismo-stratigraphic
point of view, the Canary Islands show a modest
flexural response to the progressive volcanic
loading (Collier and Watts 2001; Urgeles et al.
1998). The estimated sediment thicknesses are
consistent with a roughly east-west inception of
the islands, and an early barrier for continental
sedimentation on the Canary Islands northern
basin, that could go as far back as the Upper
Cretaceous, although it is clearer from Neogene/
pre-Miocene onwards (Collier and Watts 2001).
The loading modelling in this study indicates an
effective elastic thickness of around 35 km, in
line with previous estimates using gravity and
bathymetry admittance functions (Dañobeitia
et al. 1994).

Fig. 1.3 Reconstruction of continuous and episodic
volcanic eruptive phases for, mostly, subaerial volcanism
in the Canary Islands. Vertical upside red arrow indicates
the inception of volcanism (oldest dated rocks). In the
case of La Palma ridge the dated rocks were dredged from

seafloor. Figure was redraw based on results from Hunt
and Jarvis (2017). LZ: Lanzarote and La Graciosa Islands;
FV: Fuerteventura; GC: Gran Canaria; TF: Tenerife; LG:
La Gomera; LP: La Palma; EH: El Hierro
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At the crustal-scale, the structure seems to be
fairly homogeneous with most of the islands
showing a massive (high-density) central core,
detected by gravimetric methods: Lanzarote
(Camacho et al. 2001, 2018), Fuerteventura
(Montesinos et al. 2005), Gran Canaria (Blanco-
Montenegro et al. 2018), Tenerife (Ablay and
Kearey 2000; Araña et al. 2000; Gottsmann
et al. 2008; Sainz-Maza Aparicio et al. 2019), La
Gomera (Montesinos et al. 2011), La Palma
(Camacho et al. 2009), and El Hierro (Mon-
tesinos et al. 2006; Sainz-Maza et al. 2017). The
islands’ dense cores could be interpreted as net-
work of mafic intrusions or dense cumulates. The
dense cores seem to spatially disrupt the under-
lying structure with a flexed pre-island sediment
layer. Moreover, the shallow-crustal dense cores
could also possibly be correlated with evidence
of underplating just beneath the crust, under

Tenerife, Gran Canaria, Lanzarote and
Fuerteventura using seismic methods (Dañobeitia
and Canales 2000), in El Hierro using geodesy
(González et al. 2013) and in El Hierro and La
Palma using petrology (Klügel et al. 2005, 2015).
On the other hand, most local seismic tomo-
graphic models show vertically extended bodies
(Garcia-Yeguas et al. 2014; Martí et al. 2017).

1.1.1.3 Conceptual Models
for the Canary Islands

The origins and genetic models of the Canary
Islands remain heavily contested with multiple
different variations with more or less effects of a
sub-lithospheric mantle plume. However, the
geological and geophysical evidence clearly
violates a classical hot spot model based on
Hawaii. The volcanism is long-lived (>20 Ma)
for most of the islands, with a non-monotony age

Fig. 1.4 a Canary Islands setting with age of oldest dated
rocks. b (Left panel) Receiver-function seismic model of
the P-wave velocities under the Canary Islands, a low
velocity zone between 70 and 100 km depth is interpreted
as a prevailing presence of melts (Martinez-Arevalo et al.
2013). (Right panel) Schematic of an oceanic plate model

approximation to probable boundary layer structures at
old ages, e.g., Jurassic age (Richards et al. 2020). LZ:
Lanzarote and La Graciosa Islands; FV: Fuerteventura;
GC: Gran Canaria; TF: Tenerife; LG: La Gomera; LP: La
Palma; EH: El Hierro
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progression (Carracedo et al. 1998; van den
Bogaard 2013), with only La Gomera island
presently inactive (Paris et al. 2005). The amount
of melt production is on the lower end of all
ocean island volcanoes (Hoernle and Schmincke
1993; Herzberg and Asimow 2008) and there is a
large temporal and spatial range of volcanic
rocks derived from a wide range of magma
compositions (Hoernle and Schmincke 1993).
Finally, there is a lack of a broad topographic
swell and of a positive gravity anomaly (Watts
1994; Collier and Watts 2001; Urgeles et al.
1998). Evidence for a low seismic velocity in the
upper mantle supports sublithospheric “thermal”
source(s); as well as recent discovery of young
(Pliocene) sedimentary nanofossils beneath the
western Canary Islands (Zaczek et al. 2015).

Canary Islands genetic models range from
(a) those with strong to moderate influence of
regional tectonics (Staudigel et al. 1986; Anguita
and Hernán 1975; Araña and Ortiz 1991; Geyer
et al. 2016), (b) classical mantle plume views
with variations from a simple stationary source of
magma (Carracedo et al. 1998) to a highly
heterogeneous fusible mantle, aka the blob-
model (Hoernle and Schmincke 1993) beneath
a slow-moving African plate, or (c) a combina-
tion of both (Anguita and Hernán 2000; Blanco-
Montenegro et al. 2018). Alternatively, and more
recently, there has been renewed interest to
investigate the effect of local mantle flow using
two-dimensional numerical models to test edge-
driven convection contributions in the context of
the Canary Islands (Manjón-Cabeza Córdoba and
Ballmer 2021; Negredo et al. 2022). The model
proposes that upwelling can be generated due to
interactions between mantle flow and lateral
variations in the lithosphere. However, so far, the
tests failed, in itself with only edge-driven con-
vection component, to reproduce the location and
melt production of a voluminous volcanic
archipelago, such as the Canary Islands (Manjón-
Cabeza Córdoba and Ballmer 2021).

So, since the inception modern geological
ideas (global plate tectonics) in the 1960–1970s,
a geodynamic model that fit all the peculiar
aspects of the Canary Islands volcanoes remains
a challenge to the community. Therefore, as

Winston Churchill once said about the democ-
racy, the mantle plume model is the worst geo-
dynamic framework for the Canary Islands—
except for all the others that have been tried. The
formulation of an ultimate and satisfactory geo-
dynamic model will still drive a new generation
of volcanologists looking forward to solve one of
the remaining puzzles of how Earth works
beyond plate tectonics, continuing researching
the Canary Island, and in particular El Hierro.

1.1.2 What Was Learned in the Last
Decade?

This question is quite broad in its scope, and to
answer it, it helps to organize such large body of
knowledge. We focus on the study of its active
volcanism and the impact of the volcanic activity
on the ecological and social environment.
Therefore, we provide the reader with a book
which covers them in five broad sections. Each
section covers different aspects of El Hierro
Island volcanism. At the end of the book, a
newcomer to the study of El Hierro Island should
have a good understanding of what has been
done until the end of the 2010s decade, gather the
vision of the authors about what important
challenges remain unsolved and those that should
focus our attention in the future.

A first section of the book focuses on the past,
present and future eruptive activity as evidence
by land-based and near-shoreline geological
studies (Chaps. 2 and 3). We continue reviewing
our understanding of the magmatic architecture
of the islands’ volcanism and how it controls its
volcanic activity (Chaps. 4 and 5); The landmark
2011–2012 El Hierro submarine eruption and its
monitoring is inevitably mentioned across the
book but it is the main focus in the next section
(Chaps. 6, 7 and 8). The impact in the marine
environment is a novel aspect that has never been
studied in great detail, and this submarine erup-
tion in El Hierro has allowed to be dissected
(Chaps. 9, 10 and 11). Finally, the book ends on
the effects on the society of volcanism, by
describing secondary volcanic risks, such as
landslides and how volcanism could be turned

1 El Hierro Island Volcanological Science: An Overview 9



into a geotourism and geoheritage value (Chaps,
12 and 13).

El Hierro Island is, as presented in the previ-
ous section, the youngest island that emerged
from the ocean in the Canary Islands. Hence, the
study of its structure is important to reveal the
architecture and magmatism, a knowledge useful
to study older islands. To this end, the volcanic
history during the Holocene and its volcanic
structure has been revised by Meletlidis and
coauthors (Chap. 2). The revision provides an
overview of the volcanic activity of El Hierro
Island, mainly based on the published literature,
as well provide a most probable eruptive future
scenario. By revising the 150 years of vol-
canological studies in El Hierro, they point out
that the 2011–2012 eruption significance is truly
a breakthrough in knowledge, not only at a local
but also on a regional scale. The eruption cata-
pulted the number and quality of results about the
El Hierro volcanism, which crystalize on findings
like that a uniform (radial) stress field exert a
major control on the eruptive activity; a generally
low magma supply rate that does not support
large stalling of magmas in the crust and pro-
ducing strombolian monogenetic eruptions,
among other volcanic features. Those findings
are informative for the design of simulations of
the most expected event onshore (lava flows, ash
plume dispersion and vent locations). Comple-
mentarily, the next chapter deals with an appar-
ently minor, in volume, but probably highly
overlooked and underestimate hazard, submarine
and near-shoreline phreatomagmatic eruptions.
This might be due to a nearly inexistent record
during the written history of the Canary Islands
(last 550 years), particularly because we have not
witnessed phreatomagmatic/hydromagmatic
eruptive activity near the shorelines. Although,
that changed in 2011–2012 El Hierro submarine
eruption. Moreover, Guillén et al., review and
present the most up to date list of submarine
eruptions in El Hierro prior to Tagoro eruption
(Chap. 3). Their findings show evidence for
submarine eruptions at shallow and intermediate
water depths around El Hierro, even going fur-
ther and suggesting that some might have
occurred in historical times. A better

understanding of the near shoreline and sub-
marine eruptions should improve hazard assess-
ments and reduce volcanic risks. The authors
elegantly show that the shoreline is not a hard
boundary for volcanoes, and subaerial and sub-
marine activity is rather a continuum, that
requires taking into account sea level changes in
the past as well as in the future.

While the most visible effects of volcanism
are the eruptive products and landforms, this
activity is deeply rooted in its inner working. In
the following chapters, El Hierro magma storage
and transport system is discussed from a mainly
geochemical (Chap. 4) and alternatively geo-
physical perspectives (Chap. 5). Both chapters,
cross-reference the use of geophysics and geo-
chemistry, therefore a better understanding can
be achieved. In particular, Álvarez-Valero et al.,
make an effort to synthetize in few pages a
decades long number of studies and also com-
plement with new petrologic, geochemical and
physiographic observations. This detailed analy-
sis illuminates a complex evolution of the 2011–
2012 submarine eruption. The chapter discusses
the possible magma genesis processes, on the
basis of classical petrology (petrography, geo-
chemistry, and thermodynamics) on the volcanic
products erupted during the submarine eruption.
A multiparametric comparison complements the
work reviewing how geomorphology and geo-
physical data (magnetometry) could be correlated
with petrological changes. The conclusions are
that differentiation and mixing processes occur-
red, the residence times at depth seems to be
similar to previous eruptions. Therefore, the
study of the 2011–2012 could be regarded as
very informative of eruptive events in El Hierro.
The companion chapter in this section, by
Domínguez Cerdeña et al. reviews the geophys-
ical data from a magma storage and migration
perspective. The continuous monitoring geo-
physical data also allow to extend the period of
observation to non-eruptive periods, 2011–2014.
Seismicity and ground deformation was used to
illuminate the active magmatic system during
pre-eruptive (three months) unrest, eruptive (5-
month), and post-eruptive stalled magmatic
intrusions over a 2-year period. The geophysical
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analysis is consistent with independent petro-
logical and gravimetric studies. In conclusion,
the interpretation points towards the presence of
a main deep magma storage system in the center
of the island that is capable to feed sill-like
magmatic intrusions (one of them capable to
produce an eruption).

After 40 years of volcanic quiescence, the
2011–2012 Tagoro submarine eruption repre-
sented a unique opportunity and a challenge to
test the Spanish volcano monitoring experts.
Such challenge was exacerbated due to lack of
previous crisis management experience of most
involved, lack of preparedness (submarine erup-
tions were known but not planned for), tradi-
tionally secular lack of effective intergenerational
know-how transmission of knowledge in Spain,
and clear and obstructive rivalries among groups.
This eruption, although a lucky near miss with
little consequences for those involved, was a
catalysis for the clarification of responsibilities,
the proper design of a clear chain of command,
and an orderly multi-institutional scientific and
technical assessing board (PEVOLCA). This
legacy fruitfully exploited ten years later in the
2021 La Palma eruption. A successful story
steamed from the meticulous analysis of the
monitoring data obtained and carefully analysed
during the El Hierro submarine eruption. So, the
following chapters document this effort in great
detail. López et al., reviews the geophysical,
geodetic and geochemical evidence for precur-
sory Activity before the 2011–2012 Tagoro
submarine eruption. An observational database
that recorded the reawakening of volcanic and
magmatic system beneath El Hierro. López and
coworkers, in Chap. 6, show a multi-parameter
monitoring of precursors with emphasis on les-
son to future forecasting of eruptive activity. This
experience allowed for a better interpretation of
the observational data and the correct volcanic
risk assessment, in La Palma, and possibly dur-
ing future events. Chapter 7 provides a unique
perspective of the change in morphology of a
submarine eruption with a temporal sampling
rate as never observed before. Vazquez et al.,
utilized nineteen oceanographic cruises to
reconstruct the progressive rise from 400 to 88 m

water depth of a submarine cone. The presented
dataset documents that the construction process
was non-linear with phases of construction,
instabilities and destruction. The cone fed a long
apron where lavas, pyroclastic and debris flows
deposited in proximal, intermediate and distal
zones. The geomorphology could be an analogue
for similar, but long-lived volcanoes that grow in
steep seafloor and are dominated by pyroclastic
emissions. The monitoring of the eruption will be
not completed without the intense effects that a
submarine eruption has on the physical-chemical,
geological and biological ecosystem (Chap. 8).
A unique 10-year perspective that constitute a
baseline for future and similar shallow submarine
eruptions. Fraile-Nuez and co-workers’ efforts
document extreme changes in seawater temper-
atures of up to + 18.8 °C, water acidification
decrease of 2.9 units in pH, deoxygenation
reaching anoxic conditions and extreme metal
enrichment resulting in significant alterations of
the marine ecosystem. The monitoring effort is
not only unique during the eruption but the long-
lasting commitment to document the changes
after March 2012. The marine environment has
not yet recovered pre-eruptive conditions, and
showing positive thermal anomalies, negative
density changes, pH decrease, and high concen-
trations of metals and inorganic nutrients. It is
worth noting that the last feature resembles
conditions similar to oceanic upwelling zones.
This chapter review the most complete multi-
disciplinary time-series of a shallow submarine
volcano, supported by the carried out of 31
oceanographic expeditions. A valuable lesson of
how to conduct oceanographic studies for the
better understanding future or similar submarine
eruptions worldwide.

Although the physical conditions were already
discussed in Chap. 8, the following three chap-
ters dig deeper in the ecological and marine life
effects. An aspect that is mostly undocumented in
a mostly volcanological book series. The fol-
lowing Chaps. 9, 10 And 11, are testament of the
dramatic although transient effects to marine life,
ecosystem and environment. González-Vega
et al., starts by review the wealth of data (3300
water samples) around the magnitude and time-

1 El Hierro Island Volcanological Science: An Overview 11



scales of the dissolved inorganic nutrients that
Tagoro submarine volcano emitted during and
after its eruption. The Tagoro eruption dataset is
relevant not in itself but also as it is compared
against other eruptions and hydrothermal systems
worldwide. The importance is such that fluxes
are as high as those in coastal upwelling regions.
A remarkable observation that has implications
for ecosystems of superficial nutrient-poor
waters. Chapter 10 continues on the effect on
the microbial communities. Ferrera et al.,
undertake the opportunity to study how
microorganisms grow in underwater hydrother-
mal systems (hydrothermal plumes, metalliferous
sediments, or near-vent zones), because as seen
in the previous chapter this system is a nutrient-
rich environment. The authors go further and
present, discuss how a microbial community in a
shallow-water environment might differ with
respect to deep-sea hydrothermal vents, which
have previously been studied. The 10 years span
of those studies allowed to expand our knowl-
edge of the microbiology associated with this
volcano and its surrounding waters. The final
chapter of the effects on the marine ecology is
presented by Sotomayor-García et al. (Chap. 11).
The effects of a shallow volcanic eruption in the
Canary Islands’ benthic habits and its associated
biota has never been possible before El
Hierro eruption. Hence, Sotomayor-García and
coworkers go in a lot of detail to review the
marine environmental perturbations. She shows
that first, the eruption partly annihilated benthic
and demersal pre-existing biota. However, this
dramatic change was followed by a recovery
phase that allow to understand the dynamics of
colonization. Establishment of new marine
habitats, correlates with different submarine
volcanic deposits, with the most important dif-
ferences on whether the substrate was harder,
softer rock deposits or extreme hydrothermal
vents as there were more significant variations in
physical and chemical anomalies. The authors
explored what the typical fauna of the region
was, how the colonizers (benthic and demersal
communities) dynamically recovered habitats.
Those changes have implications in ichthyofauna
and local fisheries. Chapter 11 concludes with

future recommendations and steps to monitor
trends and environmental status of the benthic
and demersal communities.

The effects on the society is one of the main
drivers of the study of volcanoes. Those effects
are mainly thought in terms of disruption.
However, this is true even for secondary risks, as
such landslides (Chap. 12), less attention has
been paid to the positive impact in societies liv-
ing on volcanoes (Chap. 13). Galindo et al.
review the citizen science strategies to identify
and manage a transient and elusive secondary
and indirect volcanic risk: landslides and rock-
falls. She and her coworkers highlight that sec-
ondary volcanic hazards are usually overlooked,
but paradoxically they may cause more damage
(in terms of temporal frequency and cumulative
economic damage) than primary volcanic haz-
ards. That was the case during the El Hierro
Island eruption where secondary hazards (in
particular rockfalls) was the leading causes of
damage. Volcanic eruption related earthquake
shaking triggered multiple events of rockfall and
landsliding. In other periods of volcanic eruption
quiescence, such secondary risk will benefit of
comprehensive inventories to characterize the
triggering mechanisms and frequencies and
magnitudes. However, such tasks are daugthing
in terms of personal effort. In the last years,
Galindo et al. has tested a new venue: citizen
science. Local Civil Protection agents working
along with engaged citizens provide a substantial
amount of high quality data for rockfall risk
analysis. This case and similar approaches could
be extended to similar hazards and improve the
assessment and risk reduction efforts, in other
volcanic areas. Finally, the book ends with a
positive note. Vegas et al., in Chap. 13, critically
discuss the scientific value, geoconservation and
geotourism opportunities that the Tagoro sub-
marine volcano represents. As experts in geo-
heritage, an assessment clearly demonstrate the
high scientific value of this eruption in the con-
text of El Hierro. Therefore, the Tagoro sub-
marine eruption was included as a geosite in the
national inventory of geoheritage (Spanish
Inventory of Geological Sites of Interest). The
authors go into acknowledge the difficulties to
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appreciate a submarine eruption. Nevertheless,
the benefits outweigh the challenges including it
as a geotouristic resource. Challenges are directly
addressed by the use of new technologies, e.g.,
virtual reality presentation at the Interpretation
Center of the El Hierro UNESCO Global
Geopark. In addition, a series of recommenda-
tions are provided to disseminate its value, and
guaranteed its conservation. Such methodologies
and strategies should benefit similar volcanoes
worldwide.

1.1.3 Concluding Remarks
and Future Challenges

The book chapters aim to review not only the key
discoveries about each topic, but to highlight the
challenges that should be tackled in the future.
Chapter 1 (this chapter) should send a message
that more geological, geochemical and geo-
physical imaging of the lithosphere and its rela-
tion with the sublithospheric mantle is necessary
to formulate better geodynamic models for the El
Hierro and the Canary Islands (intraplate vol-
canism). Chapter 2 identifies that to strength
volcano monitoring and public hazard/risk
awareness, an improved legal framework and a
comprehensive research of monogenetic volcan-
ism are necessary. Chapter 3 highlights the off-
shore and on-shore hazards of hydromagmatism,
with a stark warning that the expected sea-level
rise might increase the hazard of future
Surtseyan-style eruptions. Therefore, this trend
combined with increase in population and coastal
social and economic activities should be taken
into account. Chapter 4 envisages that future
exhaustive microtextural studies will allow a
better understanding of the magma mixing
mechanisms at depth and sediments contribution
at surface. Combining this with diffusion
chronometry should increase our knowledge on
pre-eruptive processes and their timescales.
Chapter 5 revision suggests that El Hierro mag-
matic system is complex with a common deep
central main storage system from which radial
sills emanate. Nevertheless, more need to be
done to examine the collected geophysical and

geodetic data for clues to understand why initial
sill intrusions succeeded to progress towards the
surface, while most subsequent ones stalled at
depth. Chapter 6 highlights the importance of a
multiparametric approach to identify precursory
eruptive phenomena. It goes to suggest that
previous pre-eruptive phases in the Canary
Islands might underestimate the duration of
preparatory volcanic processes prior to eruptions,
due to the lack of the proper instrumentation.
Improved monitoring working 24-7 is then a
must to monitoring upcoming volcanic activity
on the El Hierro and in the Canary Islands.
Chapter 7 suggests that the future use of auton-
omous underwater vehicles (AUV) equipped
with multibeam echosounders should capture
future submarine eruption is much more detail
than the 2011–2012 El Hierro eruption. More
frequent seafloor bathymetric data and hydroa-
coustic sensing will capture geomorphological
changes and their relationship with eruptive
activity and gas emission.

Besides the recommendations about the study
of physical aspects of the volcanic and magmatic
system, almost half of the chapters focus on
reseathe impact in the society and environment is
the focus of almost half of the contributed
chapters.

Chapter 8 highlights that to improve infor-
mation on biological colonization, one could use
autonomous underwater vehicles and similar non-
invasive methods. A baseline of revisiting should,
at least, be done every 2 years. This periodicity
aims to detect the arrival of slow-growing
organisms. Although, the 3-years after the erup-
tion required more frequent visits to monitor
small opportunistic and fast-growing taxa.
Chapter 9 identifies as a pressing need that the
dynamics of the inorganic nitrogen emitted from
submarine eruptions, including their relative
concentrations at the source and during water
transport, should shed light on the impact of
phytoplankton communities of inorganic emis-
sions from volcanic and hydrothermal systems.
Backing up this is the conclusion that nitrate and
nitrite are not the main forms of nitrogen found,
and that ammonium may be the primary form in
the studied hydrothermal system. The chapter
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ends with a recommendation to continue with the
largest datasets of inorganic nutrients from an
active submarine volcano in the world. Chapter
10 follows with an interesting discrepancy in
previous studies on the relative importance of the
submarine emission on microorganisms. This
motivates that future efforts should be focused on
the design of a monitoring strategy that will test
the biological effect of volcanic inputs to the
water column, even under time lags, uptake and
dilution processes, to distinguish between water
masses affected by emissions and unaffected
control waters. Chapter 11 suggests to continue
with a long-term monitoring programme,
including non-invasive methods. This pro-
gramme is necessary to characterize benthic and
demersal colonization particularly as volcanic
habitats has been rarely studied in the Northeast
Atlantic or even globally. Periodical monitoring
of the marine resources and catches by the arti-
sanal fleet could reveal unsolved questions about
the effect of eruptive events in megafauna
communities.

The final two chapters involve a substantial
involvement of the wider public in their future
recommendations. Chapter 12 suggests to main-
tain the citizen’s science approach to engage and
expand databases to characterize elusive sec-
ondary volcanic hazards. Expand the programme
to schools in the form of challenges and games,
so to maximize gain and retention of contributors
to science via gamification. All those efforts to be
translated into improved multi-hazards manage-
ment during and after volcanic eruptions to
reduce volcanic risks. Chapter 13 emphasizes
different but complementary aspect of possible
future public engagement. Engagement focused
to protect, provide visibility, foster sustainable
tourism and promote the value of be familiar
with geological hazards and the geosites initia-
tive via the El Hierro UNESCO Global Geopark.
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2Past, Present and Future Volcanic
Activity on El Hierro

Stavros Meletlidis, Laura Becerril,
and Alicia Felpeto

Abstract

El Hierro, the youngest island of the Canary
Islands, emerged from the ocean floor only
1.2 Ma ago and it is still in its youngest stage
(shield volcanism). During its growth, the
island passed from the submarine stage to the
subaerial activity, constructing an island that
had been modified by at least six large
destructive flank collapses or giant landslides,
a common feature in the development of the
basaltic oceanic islands. Throughout the
period of its evolution, it showed different
eruptive styles, developing two main edifices.
The last 160 kyrs the activity has been
characterized by the rift volcanism, resulting
in a three-arms rift construction. This chapter
provides with a comprehensive picture of the
evolution of the island and generate a baseline
of knowledge that will encourage a further
study on volcanic processes related to the hot

spot volcanism. In this work, we describe, not
only the geological evolution of the island, but
also review the existed petrological, geochem-
ical and geochronological data. Furthermore,
we use this data to generate the probable
future eruptive scenarios. We conclude with
an updated and synthesized review of the
recent 2011–2012 submarine eruption.

Keywords

Volcanic hazards � Future scenarios �
Strombolian activity � Volcano-tectonics �
El Hierro

2.1 Introduction

One of the most studied volcanic zones in the
world is the Canary archipelago. Located off
northwest Africa, it has attracted many kinds of
scientists during the last five hundred years. The
volcanic activity in the region, a good example of
oceanic intraplate magmatism, started about
60 Ma ago (Carracedo et al. 1998), and is still
controversial as far as the genesis and evolution
of the islands is concerned. With the exception of
La Gomera, the rest of the islands have experi-
enced activity during the Holocene, and some of
them (Lanzarote, Tenerife, La Palma and El
Hierro, inset in Fig. 2.1) were also the site of
historical eruptions (1405 AD to today). The last
onshore eruption recently occurred in La Palma
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Island (Cumbre Vieja volcanic area, 2021), with
the last offshore event of the archipelago taking
place in El Hierro (submarine Tagoro volcano
2011–2012).

The Canaries, despite the fact that they
emerged and evolved independently from the
Atlantic seafloor, share some similar features in
the magma’s geochemistry, eruption types and
products, but mainly in their growth stages that
can be identified as a common occurrence in their
evolution. In this journey, since the magma first
arose from the mantle to the last erosion stage,
the islands experienced multiple intervals of
volcanic activity and quiescence periods,

involving an extreme range of magma composi-
tions and eruptive styles. However, during their
entire evolution we can distinguish three main
stages (Carracedo et al 2001) that represent a
summary of the stages proposed by Stearns
(1940) in Hawaii and revised and expanded
afterwards by Ramalho (2011): (1) a submarine
stage that constructed a shield volcano, elevated
from the ocean floor and emerged on the sea
surface, with high productivity of basaltic erup-
tions; (2) a pause of the activity which resulted in
the erosion of the volcanic edifice and, finally
(3) a post erosive rejuvenation stage of the island,
where eruptions commonly take place involving

Fig. 2.1 Simplified geological map of El Hierro Island
including eruptions less than 20 kyrs (see more details in
Becerril et al. 2016a, b); the recent eruption offshore the

island, the rift axis (red dashed lines), and the main
landslide headwall scars (black dashed lines)
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lower volumes of commonly less evolved mag-
mas that means more basaltic compositions. The
youngest and westernmost islands of the Can-
aries—El Hierro and La Palma—are still in the
first evolutionary stage of this cycle, where
subaerial basaltic eruptions are taking place quite
frequently (in a geological time frame) still
growing and developing the insular edifice. El
Hierro represents the emergent part of a volcanic
edifice which rises * 5500 m from the sea
bottom. Its subaerial part emerges 1501 m asl
and it has a surface area of about 269 km2.

This chapter presents an overview of the
volcanic activity of El Hierro Island, mainly
based on the published literature review. We
describe the evolution of the island, the variety of
forms, eruptive styles, products and deposits of
the eruptions, its volcanic structure, and analyse
the most probable eruptive future scenario on the
island with their associated hazards through the
simulation of the most expected forthcoming
event onshore. Petrological, geochemical and
geochronological data is also reviewed, with the
aim of understanding its eruptive dynamics.
Finally, we review and synthesise the 2011 El
Hierro eruption, based on the available petro-
logical data and the proposed models of the
plumbing system beneath the island, that will
help the reader to comprehend the processes that
took place before and during the eruption, which
are, quite likely, the same ones that have driven
the volcanic activity of the island in this partic-
ular phase of its youth.

2.2 Volcanic Activity and Evolution
of the Island

To rapidly understand the geological and tectonic
setting of El Hierro, which has controlled its
evolution and its volcanic activity, it is important
to mention that its origin is related to oceanic
intraplate hot spot magmatism with strong
influences of the regional tectonic environment,
built in the presence of regional stress fields
(Staudigel et al. 1986); Anguita and Hernán
2000; Blanco-Montenegro et al. 2018). In this
particular frame, El Hierro is allegedly located

directly on the top of a stationary source of
magma (mantle plume) on a slow-moving Afri-
can plate, thus with a 1.2-million-year-old
emerged edifice still in its juvenile stage (Car-
racedo et al. 2001).

The island rests as an independent edifice on
the Jurassic crust, rising 3700 m from the ocean
floor (Masson et al. 2002), as the summit of a
largely submarine volcanic shield edifice. The
most characteristic feature of the island is its
triple-armed edifice, moulded by several land-
slides that gave origin to wide, horseshoe-shaped
embayments, possibly as a result of a fast vol-
canic growth (Masson 1996; Urgeles et al. 1997,
1999; Carracedo et al. 1999, 2001; Masson et al.
2002; Longpré et al. 2011).

During the short subaerial volcanic history of
the island (1.12 Ma; Guillou et al. 1996), three
main constructive cycles have been proposed,
separated by erosion, short pauses of volcanism
and partial sector collapses. At least 6 large
destructive events have been identified, being the
El Golfo landslide one of the most recent (* 87–
40 kyrs) volcano flank collapses in the Atlantic
region (Longpré et al. 2011 and references
therein).

The oldest part of the island corresponds to
the Tiñor Edifice (Fig. 2.1) which has an age of
about 1.12–0.88 Ma (Guillou et al. 1996). It can
be mainly identified in the NE flank of the island
and the interior of the Las Playas embayment
(Fig. 2.1). The volcanic succession shows sub-
aerial outcrops with no compositional variation
with time, although three units can be recog-
nized, mainly associated with the morphological
evolution of the volcanic edifice. These can be
identified as: a basal unit of steep-dip lava flows,
an intermediate unit with lava flows, during the
shield construction, and an upper unit, with dis-
persed emission vents and their associated lava
flows (Carracedo et al. 2001). The construction
of this first edifice or volcano ended with a col-
lapse (Carracedo et al. 2001; IGME 2010), in
whose scar the second edifice, El Golfo-Las
Playas volcano, began to develop, widening the
island towards the west. The growth of this
second volcano lasted approximately 380 kyrs
(from 545 to 176 ka) (Carracedo et al. 2001;
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Guillou et al. 1996; IGME 2010). In that case,
two units can be identified, a basal one com-
prised of strombolian and surtseyan pyroclastic
products and cut by numerous dykes, and an
upper one composed mainly by lava flows with
differentiated lava flows of trachybasalts and
trachytes found at the top of the edifice and
interpreted as part of its later stage. (Carracedo
et al. 2001).

The island’s recent volcanic subaerial activity
(last 160 kyrs, Guillou et al. 1996) is charac-
terised by monogenetic volcanism within the
three rifts simultaneously active (Carracedo et al.
2001). The recent rift series products can be
found broadly on the top of the last major activity
(El Golfo-Las Playas volcano) and have filled the
embayments and covered most of the current
surface of the island (Fig. 2.1).

A radial strike distribution of dykes and
eruptive fissures is observed in the on-land and
submerged volcano-structures, which has been
related to uniform stress fields during construc-
tive episodes maintained during the growth of the
whole volcano edifice (Becerril et al. 2015). The
offshore continuation of the southern volcanic rift
is interpreted as an old edifice (Gee et al. 2001;
Schmincke and Graf 2000; van den Bogaard
2013).

According to the models proposed for the
plumbing system and magma storage beneath the
younger islands of the Atlantic region (Klügel
et al. 2005; Galipp et al. 2006; Stroncik et al.
2009; Jefferey and Gertisser 2018), small inter-
mittent magma pockets are generated in the
upper crust, from the mantle-derived mafic
magmas. New incoming magma batches proba-
bly mix with the previously emplaced magmas
and end up triggering further ascents and result in
an eruption. Eruptions tend to be strombolian in
style, with an explosive initial phase and minor
phreatomagmatic episodes mainly due to inter-
ference with underground water reservoirs or
during the onset of the eruptions in shallow sea
waters (Pedrazzi et al. 2014). Throughout its sub-
aerial history, the island showed a low magma
supply, with an estimated growth rate of * 0.2
km3/ka for the last 1.12 Ma (Carracedo 1999).
This condition is expected to inhibit the

development of large and/or long-lasting shallow
magma reservoirs, explaining the absence of
significant volumes of evolved volcanic products
in the island (Zanon et al. 2020).

As a typical expression of monogenetic vol-
canism, the recent volcanic activity on the island
resulted in small volcanic features such as cinder
cones, lava flows and not very extended pyro-
clastic deposits (e.g., Mt. Tesoro, Mt. Orchilla, El
Lajial or Mt. Chamuscada; Fig. 2.1). In this
regard, more than 220 cones onshore belonging
to the Rift Series were identified on the island,
making El Hierro the island in the archipelago
with the highest number of monogenetic volca-
noes per km2 (Becerril et al. 2015). Most vents
are located along the rift zones. Nevertheless,
several emissions centres are located inside the
El Golfo landslide depression and on its scar,
with their products partially refilling the collapse
embayment. This volcanic activity could have
been developed as a response of the plumbing
system to the flank collapse (Maccaferi et al.
2017). The reduction of the load above the
magma pockets, dykes and sills, possibly led to
disturbances in the state of stress of the island
magmatic system and generated the conditions of
magma degassing, remobilization and ascent,
favouring the formation of new eruptive centres
(Manconi et al. 2009; Longpré et al. 2009). The
most voluminous recent cone in the island is the
Tanganasoga volcano (Fig. 2.1), located almost
on the conjunction of the three rifts in the centre
of the island, inside the landslide depression of El
Golfo. This volcano exhibits multiple vents that
emitted large volumes of lava and ejected large
blocks due to phreatomagmatic episodes (Clarke
et al. 2009, Troll and Carracedo 2016).

The recent emission of lava flows on the
island, frequently resulted in the construction of
coastal platforms or cascaded over pre-existing
eroded cliffs, therefore younger than the last
glacial maximum (approximately 20,000 years
ago; Carracedo et al. 2001). The application of
such geomorphological criteria, in conjunction
with the available geochronological information,
allowed the identification of more than 20 recent
volcanic events (Becerril et al. 2016a, b), which
helped to determine more than 30 areas with
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recent activity, some of which experienced
multiple eruptive events (Fig. 2.1).

Regarding pyroclastic deposits, mafic cinder
and spatter cones are spread out along the rifts,
and lapilli and ash fall deposits are found around
them. The only explosive episode of felsic vol-
canism can be found on the top of the island and
is known as Malpaso Member (Pedrazzi et al.
2014).

Before the last offshore 2011–2012 eruption,
only one other eruption was assumed as histori-
cal (last 600 yrs.): the Lomo Negro eruption
(Hernández-Pachecho 1982), located on the
western rift (Fig. 2.1). Villasante-Marcos and
Pavón-Carrasco (2014) did a thorough paleo-
magnetic study of the lavas of Lomo Negro
obtaining three possible age ranges, and re-
computed the 14C age obtained by Hernández
Pacheco (1982) with an up-to-date calibration
curve. Taking into account both the palaeomag-
netic and recomputed 14C results, the most
probable date for the eruption is the interval
1499–1602 CE.

2.3 The Compositional Signature
of the Rocks

First petrological studies on the island date from
the XIX century. In 1863 Karl von Fritsch pub-
lished the first map of El Hierro, introducing the
primary geomorphological and geological fea-
tures of the island and collecting samples for
their posterior study. Some years later came the
first attempt to study the geology of El Hierro
(Walter 1894) using the samples that were taken
30 years earlier. This was the first comprehen-
sive geological and petrological study of the
island. Since then, a small number of scientists
have focused on the geology of the island, either
as a part of an extensive study of the Canary
archipelago, where only some lines were written
in relation to the island, or as an intent to explain
the origin of the El Golfo embayment. Among
them were: Simony (1890); von Knebel (1906);
Fernandez Navarro (1908, 1924, 1926); Gagel
(1910); von Wolff (1931); Jérémine (1935);
Benitez Padilla (1945). The 1908 report of

Navarro was likely the first one dealing with the
different rocks of the island and Jérémine (1935)
included the first analysis of a volcanic rock from
El Hierro, a sample of ankaratrite.

The interest in the volcanic history of the
island increased after the 1960s, mainly in the
frame of a global model regarding the origin of
the Canary Islands. The global research progress
in areas such as geochronology, oceanography,
seismology and petrographic techniques gave a
tremendous boost in the studies and investigation
on the evolution of the island. The first island
lavas dating was provided by Abdel-Monem and
co-workers in 1972, followed by Fúster et al.
(1993) that were revised afterward by Guillou
et al. (1996). It took more than a century, since
the first bibliographic reference, to see the pub-
lication of a more complete petrological and
geochemical study of El Hierro rocks that helped
to better understand the magmatic system
beneath the island. This study published by
Pellicer (1977, 1979), providing a comprehen-
sive geological and volcano-structural map along
with a petrological study, was delivered in the
late 1970s. Pellicer, through 91 lava flows and
dykes samples determined three rock series in the
evolution of the island that were called Ancient,
Intermediate and Recent.

Petrological studies of the earlier stages on the
island evolution, published during the last two
decades and those on the emitted products during
the 2011–2012 eruption, propose the presence of
two separate magma storage regions, lying in the
lower oceanic crust and in the uppermost mantle
(Carracedo et al. 2001; Stroncik et al. 2009;
Meletlidis et al. 2012; Becerril et al. 2013b;
González et al. 2013; Martí et al. 2013a, b;
Longpré et al. 2014; Klügel et al. 2015; Car-
racedo et al. 2015; Zaczek et al. 2015).

As mentioned above, the island is still in the
shield volcano stage of development, according
to the intraplate oceanic islands model (Walker
1990) characterised by monogenetic basaltic
activity. In this subaerial shield building stage,
where mafic to intermediate magmas are
involved, their products comprise picrite basalts
to mafic trachytes, with abundant intermediate
members, erupted during its three volcanic
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cycles. Studies of major and trace elements,
together with Sr and Nd isotopes, show the OIB
origin of the magmas (Day et al. 2010; Aulinas
et al. 2019). Furthermore, the observed mineral
phases and textures support magma mixing/
mingling together with fractional crystallization
and partial assimilation processes (Stroncik et al.
2009).

The first constructive cycle, the Tiñor Edifice,
that represents the oldest subaerial lavas of El
Hierro, is characterised by typical mafic basalts,
with porphyric to subaphyric texture with
microcrystals of plagioclase, clinopyroxene, Fe-
Ti oxides and phenocrystals of olivine (Car-
racedo et al. 2001) (Fig. 2.2). The same com-
position continues in the lower sequence of the
El Golfo-Las Playas volcano products, contain-
ing augite crystals, with more evolved products
such as trachytes (Fig. 2.2) with abundant phe-
nocrystals of plagioclase feldspar during the lat-
est stage of this cycle of activity (Carracedo et al.
2001). The Rift Series or Recent volcanism
shows a varied composition, comprising alkali

picrites and basanites to tephrites (Fig. 2.2), with
lack of trachytes. The increase of alkalinity with
respect to the two older cycles has been high-
lighted by many authors, attributing it to a
gradual decrease of partial melting degree in the
mantle (Pellicer 1977), and also to the effect of
the El Golfo gravitational collapse to the mag-
matic plumbing system (Manconi et al. 2009).

The composition of the Holocene products
ranges from picrobasalts to phonotephrites
(Fig. 2.2), being silica under saturated rocks (40–
50 wt.%). Pumice deposits of Malpaso Member
in the central part of the island, formed directly
from dilute PDCs (Pedrazzi et al. 2014), could be
attributed to small felsic pockets in the crust,
reactivated by the mafic intrusion. Such process
could be similar but more extended, to the one in
the 1971 Teneguia eruption (Araña and Ibarrola
1973) and the 2011–2012 submarine El Hierro
eruption (Troll et al. 2012; Meletlidis et al. 2012;
Sigmarsson et al. 2013). Besides, phonolitic
lavas were dredged on the submarine extension
of the southern ridge of El Hierro (Abratis et al.

Fig. 2.2 Total alkalis versus silica (TAS) plot showing
classification of El Hierro rocks (data represent the
existing bibliography uptodate). Yellow dots: 2011–
2012 eruptive products. Red dots: submarine products

from the rifts. Blue dots: products of the subaerial rifts.
Orange dots: products of El Golfo edifice. Green dots:
products of Tiñor edifice
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2002) but appear to belong to an older seamount
structure, overlaid by the younger insular edifice
(van den Bogaard 2013).

A special mention should be made on the
studies of mantle ultramafic xenoliths—inter-
preted to reflect metasomatism of lithospheric
mantle by young basaltic magmas—in order to
increase understanding of the internal structure of
the island and inner processes of magma crys-
tallization and depth of stagnation (Neumann
1991, Hansteen et al. 1991; Whitehouse and
Neumann 1995; Wulff-Pedersen et al. 1996;
Neumann and Wulff-Pedersen 1997; Neumann
et al. 2004; Oglialoro et al. 2017).

2.4 Volcanic Activity Through Time

The improvements of the geochronological
techniques during the last decades have allowed
the determination of more precise ages for the
geological formations on the islands, resulting in
a significant improvement of our knowledge
about the volcanic evolution of the Canary
region. In the case of El Hierro, however, on
account of a remarkable lack of reliable strati-
graphic markers for the whole island, the efforts
to date the eruptive products and constrain the
age of the volcanic activity and cataclysmic
events such as the giant landslides, are particu-
larly challenging.

Back in 1972, Abdel-Monem et al., as a
continuation of their 1971 geochronological,
stratigraphic and geomagnetic study of the Can-
ary Islands eastern province, extended their
studies on the rest of the islands including El
Hierro. That was the first attempt to deliver
quantitative correlations across the archipelago.
They dated only five samples, using K-Ar
method, on basalts, with sampling points cho-
sen in accordance with the geology aspects
indicated by Hausen (1964) and oriented to the
scarp of El Golfo landslide. The obtained ages
were between 3 and 0.19 Ma, for the base and
the uppermost rim of the El Golfo scarp respec-
tively. Also, they sampled more than forty lava
flows, in search of reversed polarity, but with no
success. This work, apart from establishing the

basis for further works on the geochronology of
El Hierro, evidences that a common evolution of
the island was not probable.

Pellicer (1975, 1977), in her PhD Thesis,
added the first 14C ages, from samples of char-
coal localized in deposits of evolved products
(trachytic pumices—Malpaso Member) in the
central sector of the island and in a cineritc
deposit right above them, with an age of 6.8 and
4.2 ka, respectively, assuming that period as the
beginning of the recent activity series.

A new 14C data was provided by Hernández-
Pacheco (1982), associated to the deposits of
Lomo Negro eruption, in the western part of the
island. The fresh aspect of the lava flows, in
conjunction with some historical documents
mentioning an intensive seismic episode in 1793
AD, and the lack of a more comprehensive cal-
ibration curve, led to an inaccurate estimation of
the period of the eruption.

A total of 10 new K-Ar ages were provided in
1993 (Fúster et al.) concerning the age of the
cycles of volcanic activity, concluding that the
recent activity was younger than 50 ka and the
age of the embayments of El Golfo and Las
Playas should be less than 0.5 Ma. Additionally,
the authors estimated an average eruptive rate
and growth rate of 0.5 km3 per kyrs.

The advent of oceanographic studies not only
improved the knowledge about the submarine
deposits and the structure of the island but also
permitted a comparison between the ages of the
submarine deposits with the mechanism that
produced them. Deposits from El Julan landslide
were dated older than 60 ka, in relation to a
Saharan debris flow (Holcomb and Searle 1991),
subsequently confirmed as a > 160 ka deposit,
with dates obtained from the lavas on the onshore
part (Carracedo et al. 1997; Day et al. 1997).
Later, Masson (1996), estimated an age of 10–
17 ka for the turbidites generated by the El Golfo
collapse, an age that was in agreement with the
later work of Guillou et al. (1996) who supported
that the landslide took place before 15 and after
45 ka. Research on the giant flank collapse of El
Golfo volcano continued and Longpré et al.
(2011), based on new 40Ar-39Ar ages on samples
of the rim and the base of the embayment,
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constrained the episode sometime between 87
and 40 ka, with the maximum age being the most
confident. Thus far, according to the different
works on the embayment, the failure could have
occured in two phases, first the collapse of the El
Golfo volcanic edifice itself, and then the col-
lapse of the volcanic platform generated from the
movement. This approach, according to Car-
racedo et al. (2001), is supported by observations
along excavated sub-horizontal water extraction
galleries and the geology of the marine abrasion
platform beneath the lava flows that later filled
the El Golfo Embayment. In any case, although
its age is still a matter of debate, the El Golfo
collapse should be considered as the most recent
gravitational collapse in the archipelago.

In their extensive study of paleomagnetic
polarities and K-Ar dating by Guillou et al.
(1996) dated eighteen samples and contributed to
the establishing of the main stages of evolution
for the island, and most importantly, defined a
maximum age of 1.2 Ma for the subaerial vol-
canism. The age obtained by means of 14C for
the Mt. Chamuscada lavas (Fig. 2.1), in the
central sector, is still considered one of the
youngest eruptions on the island, with an age of
2.5 ka. The same results were used later by Day
et al. (1997) to set the age of the aborted slope
failure developed by the San Andrés fault system
in the eastern sector of the island. Once again, in
1999, a new dating of the scarp of the El Golfo
was carried out along with the rifts formation
rocks (Széréméta et al. 1999), providing four K-
Ar ages from 0.35 to 0.13 Ma.

In the work of Carracedo et al. (2001), new K-
Ar ages and stratigraphic correlations contributed
to constrain the temporal evolution of El Hierro
and allowed the division of the subaerial rocks in
three main units, associating them to cycles of
development and destruction. Based on this
work, and in an in-depth study of the rifts
onshore and offshore products and structures,
Acosta et al. (2003), argued that their submarine
sections were active earlier than 0.5 Ma, with
periods of rejuvenation through the evolution of
the island.

For the Holocene age of two eruptive centres,
pointed out by Pellicer (1977) and Guillou et al

(1996), an age of 5 ka was speculated by
Lundstrom et al. (2003) for a sample taken
onshore of the southern rift, a couple of km from
the point of the upcoming 2011–2012 submarine
eruption. Furthermore, new 14C data was
obtained by Pérez-Torrado et al. (2011) for vol-
canoes in the central sector of the island. They
dated the same trachytic deposits that Pellicer
had done (1975, 1977) and also a deposit below
them. The obtained ages range from 3.9 ka for
the evolved material to 8 ka for the underneath
material, ages that could be considered coherent
with those reported in 1977. The third sample,
dated on a basaltic fallout deposit, gave an age of
almost 5 ka, situating the event between the other
two. In 2012, Rodríguez-Gonzalez et al. added a
new K-Ar age, * 9 ka, for the Holocene erup-
tion of Montaña del Tesoro, located at NE coast
of the island.

The age proposed for the Lomo Negro erup-
tion (Hernández-Pacheco 1982), was revised by
Villasante-Marcos and Pavón-Carrasco (2014)
by means of a paleomagnetic study, with 29
samples in six different locations. They obtained
three different age ranges, all of them belonging
to the prehistoric period for the island, with the
younger one between 1499 and 1602 AD.

A comprehensive geochronological appraisal
of the volcano’s stratigraphic sequence was
published by Becerril et al. (2016a, b). These
authors reviewed all previous geochronological
information and provided five new 40Ar-39Ar and
one 14C ages, and determined new relative ages
based on geomorphological criteria. Three new
ages came from Tiñor edifice products, and the
other three, including a charcoal sample, from
materials of the rift volcanism. The results,
regarding the samples of the older part of the
island, are consistent with the ages proposed by
Guillou et al. (1996). In relation to the samples
representing the rift activity, they yielded ages
between 2.3 and 22 ka, with the former being
close to the 2.5 ka eruption dated by Guillou
et al. (1996).

Lately, Risica et al. (2022) presented a new
study concerning the Holocene activity on the
island, where they combined paleomagnetic and
C14 datation methods. They obtained ages of
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eleven subaerial eruptions, some of them for the
first time, as in the case of the well-known Lajial
eruption in the south part of the island, dis-
tributed on the three rift arms. Also, they
revealed that the recent volcanic activity does not
follow a predetermine pattern and that periods of
high eruptive frequency could exist, identifying
two of them. Finally, the new data obtained in
this work of reconstruction, permit to rearrange
the ages of known Holocene eruptions, add new
ones, and improve our knowledge concerning the
rift volcanism.

2.5 Eruptive Styles, Volcano Types
and Volcanic Deposits

Eruptive activity in the emerged stage of El
Hierro has been dominantly effusive with fre-
quent generation of lava fields. Consequently, the
island edifice hosts a considerable number of
monogenetic volcanoes (* 220) that include
cinder and spatter cones, and tuff rings (the latter
related to hydrovolcanism), all of them associ-
ated with mild explosive activity, generating
dominantly basaltic (sensu latu) eruptive
products.

Based on the study of the most recent volcanic
record (Holocene period), the main eruptive
styles on El Hierro include: hawaiian, strombo-
lian and violent strombolian. The first two are the
most common eruptive styles observed on the
island, resulting in extensive lava flows fields
and spatter and cinder cones made of scoria
agglutinates and well-bedded lapilli, scoria and
ash, respectively. Most of the lava flows on El
Hierro, emplaced from cones located on and off
the rift zones, reached the sea forming lava-fed
deltas.

Violent strombolian activity, i.e., explosive
activity that produced sustained eruption columns
up to * 10 km high, without reaching the tro-
popause, and with the dominant clast sizes being
ash to lapilli (Valentine 1998; Arrighi et al. 2001;
Valentine and Gregg 2008), has also been recog-
nized through the presence of several distal ash
deposits on the geological record of the island
associated to Tanganasoga Volcano (Fig. 2.1).

Hydromagmatic eruptions include the inter-
action of magmas with both phreatic and sea
water (deep and coastal eruptions). Phreatomag-
matic episodes have been described for Ventejís,
La Caldereta and Hoya de Fileba (Fig. 2.1),
generating rhythmic laminated tuff sequences of
coarse juvenile ash and lapilli rich beds with
accidental lithic fragments, which also occurred
at the interior of the island but in less frequency
than those mentioned above (IGME 2010). In
addition, some hydromagmatic eruptions occur-
red along the coast producing tuff ring deposits
along the west part of the Island (Becerril 2009;
Carracedo et al. 2001; IGME 2010) (Fig. 2.1).

Eruptions related to felsic magmas and pro-
ducing either trachytic lava flows (Guillou et al.,
1996) or trachytic pyroclastic deposits (Pellicer
1977; IGME 2010), have also been described.
Noteworthy is the occurrence of a base-surge-
type explosive eruption that generated dilute
pyroclastic surge deposits covering an area of
more than 15 km2 around the Malpaso area,
called Malpaso Member (Fig. 2.1) (Pedrazzi
et al. 2014).

In addition to the subaerial volcanism,
bathymetric studies (Gee et al. 2001) have
revealed that a significant number of well-
preserved volcanic cones exist on the sub-
marine flanks of the island, in particular on the
continuation of the southern rift, which suggests
that significant submarine volcanic activity has
also occurred in recent times. As a confirmation
of this observation, a submarine eruption occur-
red in 2011–2012 on the southern rift zone, 2 km
off the coast of El Hierro (e.g., López et al. 2012;
Martí et al. 2013a, b). For more information, see
Chap. 12 (Galindo et al.) of this book.

Regarding the size of the El Hierro eruptions,
in terms of magnitude (Pyle 2015) or total vol-
ume of erupted material (Dense Rock Equivalent
—DRE)*, the largest eruptions occurring during
the last growing cycle of the island correspond to
volumes of the order of 0.042–0.15 km3 (Tan-
ganasoga and Mt. del Tesoro, the latter calcu-
lated by Rodríguez-González et al. 2012).
Tanganasoga represents one of the most impor-
tant eruptive episodes in the last few thousand
years on El Hierro (Fig. 2.1). This event occurred
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inside the depression of El Golfo along a N–S-
oriented fissure, no later than 20 kyrs ago (Car-
racedo et al. 2001). It resulted in the formation of
several cones and emission centres, giving rise to
one of the largest volcanic edifices on the island
via the accumulation of ankaramitic lavas and
pyroclastic deposits (Carracedo et al. 2001)
(Fig. 2.1). A minimum total volume of erupted
material value is estimated for Mt. Los Cascajos,
with 0.0016 km3. This volcano is located at the
NE rift of the island, and forms an eruptive fis-
sure formed by a few vents with N52°E direction
(Fig. 2.1). Its age was obtained through the 14C
method giving the most recent dated age for the
island so far (2.28 ka; Becerril et al. 2016a, b).
DRE volume of exposed materials in El Hierro is
similar to those assigned to other monogenetic
fields, which normally have volumes between
0.0001 and a few km3 for individual eruptions
(e.g., Kereszturi et al. 2013). For example, the
erupted volume of magma in the Canary Islands
typically ranges from 0.001 to 0.2 km3

(DRE) (Sobradelo et al. 2011). In the Garrotxa
Volcanic Field (Spain) the total volume of
extruded magma in each eruption ranges from
0.01 to 0.2 km3 (DRE) (Bolós et al. 2014). The
volumes of basaltic eruptions on Terceira
(Açores, Portugal) range in size from 0.1 km3 to
less than 0.001 km3 (DRE) (Self 1976). In the
case of Auckland (New Zealand), monogenetic
field volumes are in the range of 0.00007–0.698
km3 (Kereszturi et al. 2013).

Regarding the Volcanic Explosivity Index
(VEI) of El Hierro eruptions, most of VEI values
are in the range 0–2, whilst the erupted volume of
magma, using mean magma density of 2.8 g/cm3

and average rock density of 2.44 g/cm3 (obtained
from laboratory analysis of El Hierro samples), for
most of the recent eruptions on El Hierro lies
within the range 0.0001–0.1 km3(DRE). DRE
calculation was based on the volume of exposed
materials (lavas and pyroclastic deposits) noting
that total volumes are minimum estimates. By
comparing pre- and post-eruption high-resolution
bathymetries of the Tagoro eruption the total bulk
volume erupted during the submarine eruption of
2011–2013 was estimated at 0.33 km3 (Rivera
et al. 2013).

Footnote: The Volcanic Explosivity Index
(VEI) (Newhall and Self 1982) and Dense Rock
Equivalent (DRE) derived from the volumetric
data of the eruptions were also calculated using
the equation: DRE (km3) = volume of volcanic
deposit (km3) * density of volcanic deposit
(kg/m3) / magma density (kg/m3).

2.6 Volcano-Structural System

First volcano-structural studies on El Hierro were
mainly concerned with depicting general tectonic
elements and fractures on the island (Hausen
1964; Coello 1971). Pellicer (1977) developed
the first schematic volcano-structural map,
including eruptive vents and lineaments. This
was further refined and added to by Navarro and
Soler (1995) who analysed the island’s main
volcano-structural elements, paying special
attention to the distribution of dykes, particularly
inside water galleries. Day et al. (1997) focused
on the main fault system of the island, which was
also mapped by IGME (2010). Other works have
mainly focused on exploring the geologic and
tectonic evolution of the island (Carracedo 1996;
IGME 2010; Carracedo et al. 2001). Münn et al.
(2006) used scaled analogue experiments to
reproduce the geometry of rift zones and the
unstable flanks observed on El Hierro and to
associate them with gravitational volcano
spreading. Also, Manconi et al. (2009) suggested
that the stress perturbation caused by the for-
mation of the largest and most recent of these
flank collapses—the El Golfo landslide—likely
influenced the magma plumbing system of the
island, leading to the eruption of a higher pro-
portion of denser and less evolved magmas.

The superposition of constructive and
destructive episodes has led to a complex internal
structure in El Hierro that conditioned occasional
changes in the local stress fields. It is possible to
partially identify this structure along the direct
exposures created by erosion and/or landsliding
and in the water galleries or tunnels. The
uppermost part of the feeding-system forms a
sheet intrusion complex in which inclined sheets
(mostly dipping 80–90°) and their surficial

26 S. Meletlidis et al.



expression as eruptive fissures, developed pref-
erentially following NE, W and S trends parallel
to the rift systems (Carracedo et al. 2001).
Eruptions are then fissural fed mostly by sub-
vertical dykes. Nevertheless, a radial strike dis-
tribution, which can be related to constructive
episodes, is observed in the on-land structures
and also in the submarine eruptive fissures,
which are radial with respect to the centre of the
island suggesting the existence of a rather uni-
form stress field during the constructive episodes
that was maintained during the growth of the
whole island (Becerril et al. 2015). Other
volcano-structural features such as faults are also
recognizable on and offshore the island.

Volcanic vents and eruptive fissures are the
most distinguishable elements on the island and
can be also identified on the surrounding submarine
areas. Subaerial vents are distributed mainly along
the rifts, and only a few of them are located inside
the landslide valleys (Fig. 2.1). Submarine eruptive
vents are common around the island, except within
the submarine landslide valleys, where only a few
emission centres have been inferred.

Eruptive fissures defined by the alignments of
volcanic vents are mainly observed in the rift
zones and on the submarine area. Most have the
same trend as their associated rift (NE, W and S)
and the majority are related to the last cycle of
activity of El Hierro (the past 158 ka), these
often being partially buried by lava flows repre-
senting portions of originally more extended
lineaments (Figs. 2.1 and 2.3). By contrast, the
submarine fissures display a radial distribution
with respect to the centre of the island (Becerril
et al. 2015).

Faults are mainly exposed on the island’s NE
rift, where a graben system has been identified
(IGME 2010; Klimeš et al. 2016). These faults
are well exposed with steeply dipping planes
striking NE–SW (Day et al. 1997). In the
southern and western rifts a few outcropping
faults show N–S and E–W strikes, respectively.
There are also normal faults running parallel to
the scarp of El Golfo, some of which are gaping,
that is, open fractures. These latter, however, are
not related to regional tectonics but rather asso-
ciated with the more local sector collapses.

Fig. 2.3 Geomorphological and volcano-tectonic sketch of Orchilla, one of the most recent eruptions on El Hierro
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2.7 Future Potentially Hazardous
Volcanic Processes

Based on the premise that future eruptions will
be similar than past ones, the most likely future
volcanic activity on the El Hierro volcanic edi-
fice, both onshore and offshore, will be charac-
terised by mafic eruptions, fed by subvertical
dykes that will form eruptive fissures of several
hundred to thousand meters length. Their prod-
ucts will be lava flows (pahoehoe or a’a types),
with lengths longer than 8 km that most probably
will reach the sea, and mean thickness of 3 m.
The extension of ballistic projectiles and proxi-
mal fallout will be of the order of not more than
several km2, forming small scoria cones (less
than 0.1 km3 DRE). Offshore eruptions are the
most expected in the near future, since most of
the volcanic edifice is submerged. Another pos-
sible scenario, although less probable than the
aforementioned off and onshore eruptions, and
that is registered in geological times, would be
related to a coastal eruption. As it has been
described in Sect. 2.5, phreatomagmatic deposits
have been identified as phases within strombo-
lian eruptions, being also expected in the future
onshore activity.

According to the most common eruptive
styles (Hawaiian and Strombolian) and the esti-
mated explosivity of the volcanic activity (VEI:
0–2) on El Hierro, the most likely eruptions on
the island are not expected to have a significant
impact on a continental or global scale. Never-
theless, the products described by Pedrazzi et al.
(2014) on the top of the island were formed by a
more vigorous eruption. Therefore, we cannot
discard future violent strombolian activity on the
island, although these are less probable than the
previously-described scenarios.

The volcanic activity of El Hierro, although
quite rare at a human time scale, may greatly
affect the local socio-economic system, a case in
point being the last submarine eruption of the
island that brought a negative impact on the
tourism and the local economy. It is clear that the
development of an eruption onshore or along the
coast may have more serious consequences for

the local population than the impact of the last
submarine eruption.

The repercussions of a possible onshore or
coastal eruption could even go beyond the
regional scale, affecting the other islands of the
Canary Archipelago, as well as the air and mar-
itime traffic between them, and between the
islands and the mainland or African Continent.
Nevertheless, the intrinsic uncertainty of the
volcanic process makes it difficult, in the
majority of the volcanic areas, to forecast the
exact behaviour of the future eruptions.

2.7.1 Numerical Scenario Simulations
of a Likely Future Eruption

In the case of El Hierro, where we have no data
about historical activity, all the information about
the recent onshore volcanic activity should be
based on the geological record. However, this
record is affected, since it is a small island with
an intensive volcanic activity and its edifices and
products suffer the effect of a strong erosion.

El Hierro, like the rest of the archipelago
islands, has had a significant growth and progress
in terms of population and infrastructures,
including an increase of tourism that is the
driving force of the economy for the local com-
munity. Volcanic eruptions have the potential to
generate social or economic impacts, depending
on their location, magnitude and duration. In
order to reduce the potential impact of a volcanic
event, and also to complement the information
extracted from the geological record, volcanic
risk assessment methodologies based on numer-
ical simulations of volcanic hazards have been
developed and tested throughout the world.

With the aim of illustrating how a future
eruption on El Hierro could look like, we have
computed a scenario based on numerical simu-
lations. As stated at the beginning of this section,
the most probable eruption on El Hierro would
be a basaltic eruption generating both lava flows
and an ash column. The selected location for the
vent of this simulation corresponds to the point
with the highest susceptibility (i.e., probability of
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hosting a future vent) in the island, according to
Becerril et al. (2013a, b), which is located on the
SW of the island, to the NE of Orchilla volcano
(the susceptibility map of El Hierro is shown in
Fig. 2.4c). Therefore, we simulated from that
vent the areas that could be potentially covered
both with lava flows and pyroclastic fallout
deposits. For the lava flow simulation, we used
the probabilistic model by Felpeto et al. (2001)
and included in VORIS tool (Felpeto et al. 2007).
The input parameters of this model are the
maximum possible length of the lava flow, a
height correction parameter, which represents the
topographic height that the lava can overflow, a
DEM (Digital Elevation model) and the location
of the vent(s). Figure 2.4a shows the result
obtained after computing 100.000 possible paths,
considering a height correction of 3 m (the mean
thickness of El Hierro lavas—Sect. 2.7), a max-
imum length high enough for the lavas to reach
the sea and a DEM with a cell size of 5 m. It is
observed that two different flows can be

developed, one to the S and another to the W,
being the former more likely than the latter.

For the ash fallout, we used the deterministic
advection-diffusion model included in VORIS
tool (Felpeto et al. 2007). The main input
parameters of this model are vent location, total
volume emitted, grain size distribution, column
height and wind field. Figure 2.4b shows the
results obtained for the abovementioned vent, a
total deposit volume of 0.001 km3 and a grain
size distribution characterized by a mean value of
2ɸ and a standard deviation of 1.5. The value
selected for column height was 2.5 km, which
can be considered a typical value for a strong
strombolian eruption, or slightly higher than M1
eruptions in Mastin et al. (2009). Selected wind
field corresponds to a typical spring day, con-
sidering the most frequent direction value for that
season for heights of 500 m, 1, 2 and 3 km, and
their corresponding wind speeds. The results
show that the expected deposits have their dis-
persal axis oriented to the SW, with a thickness

Fig. 2.4 Numerical scenario for a strong strombolian
basaltic eruption considering lava flow and ash fallout
hazards (see text for details). a Probabilistic scenario for
lava flow hazard (Note that the probability values are on a
logarithmic scale). Black star: location of the vent.

b Deterministic scenario for ash fallout (see text for
details). Red rectangle: area panel (a). c Susceptibility
map (i.e., probability of hosting a new vent) according to
Becerril et al. (2013a, b). Scale of (c) is the same as that of
(b)
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of a few millimetres about 10 km away from the
source. As it is evident from the map, with the
location of the vent and the selected wind field,
most of the ashes would fall on the ocean
surface.

The impact of this scenario on the population
and infrastructures would be rather low. Obvi-
ously, the road surrounding Orchilla volcano
would be cut off, but the lack of buildings in this
area would keep losses to a minimum. Fortu-
nately, the Orchilla lighthouse would be topo-
graphically protected from the lavas of the new
volcano by Orchilla volcanic edifice, but the
municipal dump that is located in the same area
would be affected and this could generate a
problem to the community. Note that if the same
eruption occurs in an elevated area of the island,
its lavas could have a much greater maximum
length and therefore could affect populations,
especially if the vent would be located in the NE
Rift. Two recent examples of the destructive
forces of these lava flows in the Canaries are the
1706 eruption that destroyed part of the village
and isolated the harbour of Garachico in Tener-
ife, during the first days of the eruption, and the
recent 2021 La Palma eruption which buried
almost 1676 buildings and 73.8 km of roads. In
the same case, the ash fall, depending on the
wind direction during the eruption, could affect
any of the major towns of the island and also the
airport, causing its closure until the removal of
the ash.

In the last century there have been similar
eruptions in other islands of the archipelago
(Chinyero 1909, in Tenerife and San Juan, 1949,
Teneguía, 1971 and the 2021 eruption in La
Palma) and although they only had short phases
of violent activity, it was reported that the
pyroclastic fallout products affected the neigh-
bour islands (Olave Lacalle 2014; Di Roberto
et al. 2016). Obviously, the activity did not rep-
resent a serious threat for the inhabitants, con-
cerning the demographic data of the period, or
the facilities and the existing critical structures,
but the situation is very different nowadays as it
has been proved in the 2021 eruption of La
Palma.

Numerical scenarios like the one shown in
Fig. 2.4 can be of great importance in the man-
agement of a volcanic crisis, especially just after
the opening of the vent, when they can provide a
rapid assessment of the areas that will be
potentially covered by the products of the erup-
tion. In order to have a realistic perspective of
those scenarios, it is necessary to evaluate the
input parameters as reliably as possible, and
analyse the behaviour of the different volcanic
hazards in previous eruptions in the area. As the
eruption evolves and more data can be obtained,
the parameters for the numerical simulation can
be adjusted to fit the specific characteristics of
ongoing eruption (e.g., Tarquini et al. 2018).

2.8 The 2011–2012 Submarine
Eruption

During the historical period of El Hierro (last
600 years) there is no reliable proof of neither
onshore nor offshore volcanism, unlike La
Palma, where 7 eruptions took place during that
period, being the last one the 2021 eruption in
Cumbre Vieja volcanic area. Despite this fact, the
island was always a potential candidate for fur-
ther eruptions on the archipelago, due to its
volcanic/morphological youth and the well-
developed rift system that it presents. Studies
on volcanic hazard assessment for the islands
(Sobradelo et al. 2011) provided that the proba-
bility of a new eruption was not so low for the
islands, estimated a return period of 25–30 year.

In the early hours of the 10th of October 2011,
after almost 3 months of precursory activity
(thousands of seismic events and several cen-
timetres of ground deformation), a submarine
eruption started (López et al. 2012). The vent
was located 2 km far from the southern coast of
the island at a depth of 350 m. This eruption was
the first one to be completely monitored by the
Geographical Spanish Institute (IGN) network
and probably one of the few submarine eruptions
in the world that have generated datasets of
almost any technique in volcano surveillance.
The eruption lasted 5 months, and during that
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period different phases of activity and diverse
products were emitted.

In the opening phase of the eruptive activity,
gas emissions generated a green discolouration
of seawater, which turned brown a couple of
days later (Fig. 2.5b), due to the violent degas-
sing carrying away sediments from the ocean
floor, with a continuous bubbling. Concerning
the eruptive materials, two types of solid prod-
ucts—apart from the ash emissions—were
observed.

During the initial stage of the eruption, and
mainly in the course of an intensive degassing
episode on the 15th of October (Troll et al. 2012;
Sigmarsson et al. 2013; Meletlidis et al. 2012),
lava bombs on a decimetre scale, characterised
by basanitic crusts and white to grey coloured
interiors, were emitted (Fig. 2.5c, d). Due to their
high percentage of vesicles contained in these
fragments, various days later, they were still
floating and drifting on the ocean. At the end of

October, a new type of volcanic material was
emitted, this time entirely basanitic fragments,
also highly vesiculated and often with hollow
interiors. These fragments, known as “lava bal-
loons”, widely exceeded 1 m in size (Fig. 2.5e,
f), and were emitted frequently for the next
4 months of the eruption.

Although both type of materials caused a
sensation and controversy in the local commu-
nity, this fact is not that unusual if we bear in
mind the bibliographic references and the pro-
posed models for the Ocean Island Basalts
(OIBs) and in particular, those for the young
Canary Islands, such as La Palma and El Hierro
(Klügel et al. 2000; Galipp et al. 2006; Stroncik
et al. 2009). Diverse processes take place, such as
crustal assimilation, fractional crystallization or
mingling and mixing due to subsequently new
intrusions. In any case, these processes lead to a
change in the composition of these magmatic
bodies, towards more evolved members.

Fig. 2.5 a Map of El Hierro with the location of the
submarine vent (red cross); b aerial photo of the eruption
during the first phase; c and d xenopumice ejected during
the 15 October episode (* 0.20 m); e emission of lava

balloons and f a lava balloon on the vessel (*0.7 m of
diameter). All photos courtesy of Instituto Geográfico
Nacional

2 Past, Present and Future Volcanic Activity on El Hierro 31



Over the different stages of a volcano evolu-
tion, many of the magmatic intrusions beneath
the volcanic edifices will not lead to an eruption,
converting them to stalled bodies, defining these
events as a “failed eruption” (Moran et al. 2011).
These episodes occur in almost any tectonic
settings, and some of them have been reported in
monogenetic volcanism (Gardine et al. 2011;
Calais et al. 2008). In El Hierro, following up the
2011–2012 eruption, six post-eruption intrusions
took place (Benito-Saz et al. 2017; Domínguez
Cerdeña et al. 2018). These magmatic batches
migrated from the upper mantle and were trapped
in discontinuities in the lower crust, giving birth
to sill-like bodies (Stroncik et al. 2009).

2.8.1 On the Origin
of the Xenopumices

The emission on the 15th of October took the
scientific community by surprise, as the eruption
had started 5 days earlier. Although small spec-
imens of juvenile material were collected from
the surface of the ocean on the 2nd day, given the
depth of the vent and the type of magmas pre-
viously erupted on the island, nothing indicated
that a massive emission of magmatic material
could reach the surface. Furthermore, the com-
position, texture and shape of these fragments
together with the vividness of the degassing
episode, produced discussions concerning the
magmas involved, the explosivity of the eruption
and as a result the level of risk for the habitants
(Carey et al. 2014; White et al. 2015). These
floating fragments, commonly referred to as
‘‘restingolites’’ after the village of La Restinga,
the one closer to the eruption, are also known as
xenopumices (Troll et al. 2012).

All the researchers that studied these peculiar
products were in agreement with reference to the
composition and origin of the external crust of
the fragments, and characterized it as juvenile
magma, with a basanitic composition. Problems
arise when it comes to explain the nature and
origin of the glassy, vesicular, and light in colour
material, wrapped and melted by the basanitic
magma on its way to the surface. While there are

a lot of works regarding possible sources and
origin, the most plausible hypothesis described
them as derived from fragments of marine sedi-
ments or from relatively old remobilized volcanic
material.

Troll et al. (2012), based on textures, com-
position, minerals paragenesis, the absence of
certain igneous trace element signatures and
oxygen isotope values, suggested that this
material match the pre-island sedimentary layers.
In a subsequent work, Meletlidis et al. 2012,
favoured an igneous source, and based also on
the textures and chemistry of the material, dis-
tinguished two different types of xenopumices,
grey and white, depending on the initial com-
position of the old melted volcanic rock. Addi-
tionally, they have employed a thermodynamic
model to explain the set of the minerals identified
in the material and proposed a model for the
magma ascent, including the different events of
bubble nucleation and growth, in the total mass
of the fragments. As if it was a unified model for
the origin of the xenopumices, Sigmarsson et al.
(2013), suggested that the basanitic melt remo-
bilized a small volume of a rhyolitic melt trapped
in between ocean sediments, and therefore the
existence of minerals associated to non-igneous
environment. With the aim to shed light on the
origin of the xenopumices more works were
published, where the formation of the core of the
emitted material was related to hydrothermal
processes that took place on silica-rich sediments
(Rodrı  guez-Losada et al. 2014) or directly on
trachytic to trachyandesitic rocks located beneath
the island (Del Moro et al. 2015). Finally,
xenopumices also had been studied in an astro-
biological approach, emphasizing the signifi-
cance of hydrothermal processes in astrobiology
and in the evolution of future life in such envi-
ronments (Lalla et al. 2019).

Regardless of the discussions about the origin
of this foamy material, the research on the gen-
esis of the xenopumices gave a fresh impulse to
our knowledge on the magma processes and the
inner structure of the insular volcanic edifices.
The interpretations provide clues on the migra-
tion of the magma, mingling and mixing pro-
cesses, interaction with the hosted rocks, and
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provide a geological frame where the data of the
monitoring network could be fitted in. In the two
most recent eruptions in the archipelago (La
Palma, 1949 and 1971), “exotic” xenoliths were
observed (Araña and Ibarrola 1971; Klügel et al.
1999), thus it was not the first time that products
with a similar composition were emitted, yet the
El Hierro case attracted the attention of the sci-
entists and Civil Protection, as this emission was
associated with a higher probability of an
explosive event (Carracedo et al. 2012).

2.8.2 Lava Balloons Emissions

From 31 October and throughout the next
4 months, a new type of material started to
emerge on the ocean surface. Their size, regu-
larly more than 1 m diameter, didn’t prevent
them from floating for some minutes before they
sank. Once again there was something unusual in
the process, but on this occasion, it was the
physical properties of the fragments and not the
composition. Nor was it the first time of such
kind of emission. In the annals of volcanology,
emission of lava balloons was reported at least
five times before the 2011–2012 El Hierro
eruption, during submarine basaltic eruptions;
1877, Hawaii, USA (Moore et al. 1985), 189,
Pantelleria island, Italy (Riccò 1892; Conte et al.
2014); 1994, Socorro island, Mexico (Siebe et al.
1995); 1998 and 2001, at Serreta, off Terceira
Island, Portugal (Forjaz et al. 2000; Gaspar et al.
2003).

The lava balloons had an almost ellipsoidal
shape, up to 2 m long and 1 m in diameter, with
an outer porous basanitic shell of a few cen-
timetres in thickness, that enclose one or more
gas-filled cavities. Once on the sea surface,
although the cracks due to the fast cooling per-
mitted the entrance of the seawater, the high
temperature of the basanitic crust (> 400 °C)
made the infiltrating water to evaporate and thus
maintain the floatability although the gasses had
escaped through the same cracks. With the sur-
rounded water cooling down the lava balloon and
filling its cavity, the increment of the bulk den-
sity made them sink.

It is well known that during an eruption, the
petrology and geochemistry of the eruptive
products could change, indicating inner pro-
cesses and interactions with other magmas or
rocks and providing valuable information about
the depth of the emerging magma. This data
could be used as an indicator for the future
development of the eruption, its explosivity and
durability (Innocenti et al. 2005; Rowe et al.
2011; Albert et al. 2016). Thus, apart from the
peculiar type of the eruptive products, the main
consideration was to identify any changes in the
erupted magma and relate the emission pulses
with the data available from the monitoring net-
work, as the direct observation of the eruption,
apart from a bathymetric map, was impossible.

Martí et al. (2013a) combined the available
data and proposed a model to explain the magma
movement and the mechanisms that controlled
the eruption. They analysed the temporal evolu-
tion of geophysical and petrological data,
through the unrest and eruptive episodes, with
the aim to obtain possible patterns that would be
useful in eruption forecasts in the Canary Islands.
In a second work (2013b), Martí and colleagues,
by means of petrographic, geochemical and
experimental petrology in conjunction with
thermodynamic and diffusion modelling on the
emitted products, identified major physico-
chemical variations which, through correlation
with the geophysical changes, allowed them to
distinguish two main eruptive episodes and
define the characteristics of the erupted magma.
Based on the registered seismicity and applying
diffusion chronometry to zoned olivine crystals,
Longpré et al. (2014), sustained that magma
mixing took place during the pre-eruptive seis-
micity and continued even after the eruption
onset. Later, in a comprehensive and multidisci-
plinary approach to the eruption, improving
previous interpretations, Meletlidis et al. (2015),
determined 6 pre-eruptive and 3 syn-eruptive
stages, using seismic data, ground deformation
patterns, gravity data and petrological criteria.
They proposed a model of three magmatic
environments and employing thermodynamic
modelling they defined the path for the magma
ascent.
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The results obtained from these petrological
studies are in good agreement with previous
proposed models for the plumbing system
beneath El Hierro (Stroncik et al. 2009), although
the most relevant additional lesson is the con-
jointly interpretation of the eruptive event, toge-
ther with the data acquired by the monitor
network. This aspect was also evident in other
works, where the geophysical and geodetic data
was interpreted taking into account the results of
petrological studies (González et al. 2013;
Becerril et al. 2013a, b; García et al. 2016;
Benito-Saz et al. 2017).

Therefore, the 2011–2012 submarine eruption
underlined the need of an interdisciplinary
endeavour in monitoring an unrest process, and if
any, the subsequent eruption, and analysing any
dataset obtained as a whole. Also, an aspect to be
considered is the necessity of previous studies of
the volcanic areas so any new data could use
them as a reference.

2.9 Present and Future Pending
Actions on the Island

Effusive and low explosive basaltic monogenetic
activity prevails on the island, especially in the
current stage of the rift volcanism. This fact
together with the lack of documented eruptive
events in historical times has led to an underes-
timation of the potential impacts of volcanism on
the island, despite its low frequency and risk.

Volcanological studies on the island began
nearly 150 years ago, but the 2011–2012 erup-
tion significatively marked a breakthrough in the
knowledge of the island’s eruptive activity, pro-
moting the development of several scientific
papers regarding almost every field of modern
volcanology. However, much work needs to be
done in order to characterize, in a comprehensive
way, the recent volcanic activity of the whole
volcanic edifice, including the subaerial and
submarine eruptions.

There is no doubt that the volcanic studies of
El Hierro should be addressed and compared in a
regional scale. One of the most pending actions
on the island would be to widen the database in

the fields of petrology, geochemistry and
geochronology, including more samples from the
submarine structures and deposits to better
understand the eruptive dynamics and to accu-
rately calculate the eruptive frequency. New
physical volcanology studies would allow us to
obtain valuable data of the eruptive dynamics
and to better understand the deposit mechanisms
and phase changes during an eruption. All these
data would be useful as inputs for more refining
models of the future activity on El Hierro (and
the rest of the islands as this type of eruptions is a
common feature), but also, they could be the base
for a more accurate monitoring network design.

There are currently some factors that make
this task arduous. Firstly, El Hierro is a small
island in which to evaluate the extension and
volume of volcanic products, such as pyroclasts
and ash fallout (especially those associated to the
most violent eruption phases) or lava flows, is
hard since these are commonly deposited off-
shore. Additionally, the existence of large land-
slides on almost any flank of the island have
resulted in the loss of high material volumes and
geological structures (e.g., vents), making it dif-
ficult to obtain a complete picture of the spatial
and temporal distribution of the activity. Finally,
the long-lasting agricultural tradition of the
island and the use of the volcanic material as
primary material for the development, con-
tributed to severe landscape alteration.

The 2011–2012 eruption not only had direct
effects on the scientific community, providing
benefits and pushing forward the research on
volcanism, but also on the local community, the
authorities and the emergency managers, who
could also identify this moment as an inflection
point. The impact that a natural phenomenon
had on their lives and on the local and regional
economy was revised and it became apparent that
only a close cooperation of these three involved
parties—scientists, emergency managers and
community—could further improve the response
to such events. The fast densification of the
monitoring network and the continuous surveil-
lance in real-time coordination with the first
application of the special emergency plan of
Civil Protection regarding volcano risk in the
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Canary Islands (PEVOLCA), and the collabora-
tive behaviour of the habitants, resulted in the
best possible outcome.

There are many future pending tasks that
would contribute not only to enhance the scien-
tific knowledge about the island but also to
provide a fundamental pillar on which to base the
management of the future volcanic activity.
These would result in minimizing the physical,
economic and social impacts, that is, reducing
the volcanic risk. The most important ones would
be: (1) to more comprehensively research
monogenetic volcanism and compare it with
other different ocean volcano islands; (2) to
enhance the monitoring networks; (3) to improve
the legal framework targeted to respond in an
emergency and raise awareness of the population
regarding phenomena that would be likely repe-
ated in the future.
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3Review of Submarine Eruptions
in El Hierro Prior to Tagoro

C. Guillén, M. C. Romero, and I. Galindo

Abstract

Hydrovolcanism, resulting from the interac-
tion of magma with water, is a frequent
volcanic process found in many geotectonic
settings and fundamental in the growth of
oceanic islands. Examples of shallow to
intermediate-depth hydrovolcanic activity are
frequent in the Canary Islands and charac-
terise volcanism from the seamount stage and
emergent island stage to historical volcanism.
We present a review of the existing informa-
tion on subaqueous shallow and intermediate-
depth hydrovolcanic eruptions on El Hierro
prior to the 2011–2012 Tagoro hydrovolcanic
eruption. New information is provided based
on the study of subaerial and intermediate-
depth volcanic deposits, as well as on the
analysis of possible historical submarine erup-

tions. Our findings show that there is evidence
of several shallow and intermediate-depth
submarine eruptions around El Hierro Island,
some having occurred in historical times.
Knowledge of these eruptions is essential not
only to better understand the evolution of the
island, to establish future coastal and sub-
marine eruptive scenarios, but also to improve
volcanic risk analysis. This work highlights
the fact that, when dealing with volcanic
islands, it is essential to include not only the
coastline as a boundary, but also to consider
the subaerial and submarine part of the islands
in a continuous fashion, always taking into
account sea level changes in the past as well
as in the future.

Keywords

Hydrovolcanism � Phreatomagmatic
eruptions � Nearshore deposits � Submarine
eruptions � El hierro � Canary islands

3.1 Introduction

Hydrovolcanic eruptions are common in coastal
environments, where ascending magma interacts
with water in shallow or intermediate-depth envi-
ronments, depending on the location of the vent
(Sheridan and Wohletz 1983; Németh and Kósik
2020). In the Canary Islands, hydrovolcanic
deposits related to shallow and intermediate-depth
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submarine eruptions are abundant in all the islands
and islets (Martí and Colombo 1990; De la Nuez
et al. 1993; De la Nuez and Alvarez 1997; De la
Nuez and Quesada 1999; García-Cacho aand
Romero 2000; Romero et al. 2000; Hansen et al.
2008; Carmona et al. 2011; Becerril et al. 2013;
Pedrazzi et al. 2013; Becerril 2014; Galindo et al.
2016, 2017, 2019). Explosive hydrovolcanic edi-
fices are found built-in seamounts (e.g. Herrera
et al. 2008; Gutiérrez et al. 2002) and in volcanic
sequences of the shield-building phase, of Mio-
Pliocene age, corresponding to the initial phases of
the islands’ emersion (Schmidt and Schmincke
2000), as well as in later Pleistocene volcanic rift
formations or even forming monogenetic cones in
coastal and subaqueous shallow to intermediate-
depth sectors (Quesada et al. 1988; De la Nuez
et al. 1993; De la Nuez and Alvarez 1997; De la
Nuez and Quesada 1999; Clarke et al. 2005).
Bathymetric studies revealed that there are
numerous well-preserved volcanic cones along the
submarine flanks of the islands (Romero et al.
2000; Gee et al. 2001; Krastel and Schmincke
2002; Acosta et al. 2005; Becerril 2014; Becerril
et al. 2015; Galindo et al. 2016).

The Tagoro eruption offshore the island of El
Hierro in 2011–2012 (López et al. 2012) has
shown that subaquatic eruptions are one of the
possible eruptive scenarios in the Canaries that
must be considered when carrying out volcanic
hazard analyses (Becerril et al. 2013; Becerril
2014; Galindo et al. 2016). However, Tagoro was
not the first subaquatic eruption in historical times
in the Canary Islands. During the eruption of
Timanfaya in the island of Lanzarote (1730–36),
the eruptive fissure spread from the land into the
sea. The underwater vent was shallow enough to
produce visible explosions with ejection of pyro-
clasts, a rising steam-rich plume and an incredible
amount of dead fish (Romero 1991). Taking into
account this historical events and the fact that the
Canary Islands have a coastal perimeter of more
than 1583 km, it is crucial for a better under-
standing of this type of eruptions in the Canaries,
as there is the potential for similar hydrovolcanic
eruptions to occur in the future.

As a first approach, this work focuses on the
study of hydrovolcanic eruptions that have

occurred in shallow or intermediate-depth sub-
marine environments throughout the evolution of
El Hierro. Based on the study of subaerial and
submarine deposits, the interpretation of sub-
merged coastal geomorphology and the review of
historical sources, several hydrovolcanic erup-
tions have been identified on the submarine
flanks of the island, demonstrating that in addi-
tion to intermediate-depth eruptions, such as the
one in 2011–2012, other direct explosive
hydrovolcanic eruptions have also taken place on
the island.

3.2 Geological Setting

The island of El Hierro, the westernmost island
of the Canary Islands (Fig. 3.1) rises from the
ocean floor from depths of roughly 5 km,
reaching a maximum altitude of 1503 m above
sea level and covering a surface area of only 269
km2. The emerged part of the island consists
mainly of alkaline basalts and, to a lesser extent,
more differentiated trachybasalts and trachytes
(Fuster et al. 1993). The island’s geological his-
tory can be divided into three phases (Guillou
et al. 1996; Carracedo et al. 1997): (1) Tiñor
Edifice (1.12–0.88 Ma); (2) El Golfo-Las Playas
Edifice (545–176 ka); and (3) rift volcanism
(158 ka-present). Along the rift zones, coastal
lava deltas include rocks younger than about
20 ka (Carracedo et al. 2001). Rift volcanism is
characterised by mafic monogenetic volcanic
cones (Aulinas et al. 2019), with marked eruptive
fissure alignments, which consists of lava flows
and ballistic pyroclasts resulting from typical
Hawaiian to Strombolian eruptions and violent
Strombolian events (Becerril 2014; Becerril et al.
2013). Volcanic cones are mainly concentrated
along three main ridges of NE, WSW and S
direction; however, showing a clearly radial
distribution below sea level (Becerril et al. 2016).

Available data on the island's historical vol-
canism are limited and uncertain. Some authors
consider that during the last 600 years there has
been no volcanic activity on the island, with the
exception of the 2011–2012 eruption located in
Las Calmas sea, in the submerged extension of
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the S rift (Becerril et al. 2016; Troll and Car-
racedo 2016). Conversely, there are reports of a
seismic crisis towards the end of the eighteenth
century, which some authors associate it with the
Lomo Negro volcano on the WSW rift (Her-
nández Pacheco 1982), while others link it to a
submarine volcanic event (Bravo 1965–1968).

3.3 Methods

Onshore data was gathered through fieldwork
and direct observations made during geological
reconnaissance flights carried out in 2008. The
inaccessibility and poor exposure of some of the
outcrops has prevented a more detailed descrip-
tion of the deposits. The submarine outcrops
have been analysed based on bathymetric data
from the REDMIC platform (https://redmic.es/
atlas) and image analysis of photographs taken
by divers.

The review of documentary sources has been
fundamental to the study of historical events on
the island of El Hierro. Local information is

scarce due to the loss of the island's municipal
and religious documents from the period between
the fifteenth and nineteenth centuries, as the
archives were burned in repeated fires in 1553,
1658, 1763 and 1899. For this reason, it has been
necessary to resort to indirect and very scattered
documentary sources, collected by authors who,
in most cases, had not even visited the island.
Therefore, records of expeditions conducted
between the tenth and fifteenth centuries, as well
as chronicles and accounts of the fifteenth and
sixteenth centuries, travel books, old dictionaries
and geographical compilations of the seventeenth
and eighteenth centuries, or catalogues and lists
of natural phenomena drawn up from the six-
teenth century onwards, have become essential
references for this study.

In the absence of primary sources, the com-
pilation of events related to the natural history of
the island had to be established from the study of
dispersed sources, usually very brief and indirect,
which evidently entails notable inaccuracies with
respect to specific dates, characteristics of the
eruptive processes or, affected places. A review

Fig. 3.1 Shaded relief of El Hierro Island and offshore
bathymetry showing the location of hydrovolcanic out-
crops from submarine eruptions (except Tagoro volcano):
(1) Punta del Corral; (2) Hoya del Verodal; (3) Las
Bermejas de Tierra; (4) El Bajón; (5) Baja de Anacón: and

(6) Punta de la Arena. Inset shows the location of El
Hierro in the Canary Islands. Bathymetric Data: Redmic
(https://redmic.es/service-ogc-catalog/service-ogc-info/
layer-e6ee55c1-d444-48b2-86a9-541b93c067f3)
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of the existing documentary sources (Romero
2016) has brought to light references of at least
three possible eruptions, some of which have
already been briefly mentioned by Romero
(1991) and included in the Smithsonian GVP
catalogue (https://volcano.si.edu/volcano.cfm?
vn=383020).

3.4 Submarine Volcanism
of the Early Emergence
of the Island

There are only a few and scattered hyaloclastite
tuff outcrops associated with the construction of
Tiñor and El Golfo edifices (Balcells and Gómez
1997). These outcrops correspond to old mono-
genetic volcanic edifices formed during Surt-
seyan eruptions that characterise the island early
build up stage and are accordingly part of the
lower sequences of both edifices. These outcrops
are discordantly covered by younger lava flows
and pyroclastic density current deposits but can
be easily distinguished by their intense yellow-
mustard colour of the palagonitised materials. In
general, they are located at the base of active
cliffs or in palaeo-cliffs (Figs. 3.1, 3.2).

3.4.1 Punta Del Corral

In the southern area of Las Playas amphitheatre,
at the base of a 600 m high escarpment, there is
an outcrop of palagonitised hyaloclastite tuffs
that can only be seen at sea or from the air
(Fig. 3.2a, b). Punta del Corral is the lowest
sequence of this cliff, corresponding to the base
of the Tiñor Edifice, with an age of 1.1 Ma (Troll
and Carracedo 2016). A network of subvertical
and inclined greyish dykes crosses the edifice
trending NW–SE and NE–SW.

Difficulty in accessing the area prevented
direct observation in the field; however, thick
stratified deposits can be seen at large scale, with
alternating materials of different grain size,
marked by differential erosion. The general
aspect of the volcanic edifice is similar to that of

other tuff cones found in the Canary Islands,
especially that of the islet of Montaña Clara, in
the Chinijo Archipelago, which shows similar
features in the internal structure, likewise in the
intrusion of the dykes (De la Nuez and Alvarez
1997; Galindo et al. 2019).

3.4.2 Hoya Del Verodal

The entire northeastern tip of the island is crossed
by an escarpment with a noticeable arched out-
line and an average height of 300 m, which is
gradually reduced from 535 m in the east to only
175 m in the west. This escarpment corresponds
to an ancient palaeo-cliff, partially covered by
detrital slopes, exposing two different strati-
graphic sequences (Fig. 3.2c): A basal sequence,
essentially made up of basaltic lava piles from El
Golfo edifice, which disappears towards the
southern section; and an upper sequence com-
prising lavas and pyroclasts belonging to the
volcanic rift stage (Carracedo et al. 1997, 2001;
Balcells and Gómez 1997). Embedded in the
lower sequence, there are two large outcrops of
pyroclastic material, clearly discordant with the
stratigraphy of the rest of the cliff, which give
rise to two protuberances, as shoulders, in the
vertical profile of the escarpment and that stand
out due to the yellowish colour of their rocks
(Fig. 3.2c–e). These two outcrops consist of
hydrovolcanic tuffs between 28 and 43 m thick,
extensively palagonitised, and of massive wet-
surge feature type (Balcells and Gómez 1997).
They show, however, some very thin ash-rich
layers that give certain lamination to the deposits,
which is better expressed in the northern outcrop
than in the southern one.

In addition to juvenile pyroclasts, dense lithic
clasts with angular to sub-rounded shapes and
maximum sizes in the order of 25–30 cm are
frequent. The outcrops are approximately 800 m
apart and dip 20–25° in opposite directions,
which suggests that they are part of a volcanic
vent, now covered by younger lavas, corre-
sponding to a tuff-ring type volcanic edifice
(Troll and Carracedo 2016).
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3.5 Surtseyan Deposits on the Rifts

They correspond to small deposits of finely-
bedded hyaloclastic tuff arranged in areas close
to the coastline of the rift zones: Las Bermejas de
Tierra to the NE, Punta del Verodal and Punta de
La Arena to the WNW and Punta de La Restinga
to the South (Figs. 3.1, 3.3, 3.4, 3.5). These
deposits are located: (1) at the base of the cliffs
(Las Bermejas de Tierra); (2) underwater, on the
submerged flanks of the island, at distances of
around 500 m from the coast (Punta del Verodal
and Punta de La Restinga); and (3) on a lava

platform younger than 20 ka. The deposit located
at the base of Las Bermejas de Tierra cliff is part
of the lower sequence of the NE volcanic rift and
shows many similarities with those described
above; the offshore sites are small submarine
promontories of irregular morphology, with
escarpments and high slopes, made up of hyalo-
clastic tuffs, rising 70–80 m above the seabed.

3.5.1 Las Bermejas De Tierra

Most of the NE rift is characterised by an active
rock cliff less than 100 m high, carved over lava

Fig. 3.2 Palagonitised hyaloclastite tuff deposits from
the emergence phase of El Hierro Island: a, b Aerial view
of the cliff of Punta del Corral crossed by dikes; c General
view of Hoya del Verodal showing the location of the two

outcrops exposed in the palaeo-cliff (d, e). The estimated
diameter of the tuff-ring is approximately 800 m. See
location in Fig. 3.1
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Fig. 3.3 a, b Las Bermejas de Tierra, NE rift. c–f El
Bajón edifice in the submerged area near La Restinga. The
red star in C indicates the location of the probable vent
based on the strike and dip directions of layers (in red).
d Surtseyan deposits; e Pothole; f Detail of cross-
stratification. g, h Baja de Anacón islet, at Punta de El

Verodal. The bathymetric maps have been obtained from
the REDMIC platform (https://redmic.es/atlas). Source of
photos d, e, and f: Tamia Brito, La Restinga-Mar de Las
Calmas Marine Reserve, Cabildo de El Hierro Council.
See location in Fig. 3.1
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piles and mafic pyroclastic deposits. In the
western area of this rift, the cliff reaches heights
of up to 400 m. The cliff shows a complex
internal structure primarily made up of alterna-
tion of scoriaceous and phreatomagmatic depos-
its and some intercalated lava flows. The base of
this escarpment comprises palagonitised tuffs cut
by dykes, probably due to slope and marine
erosion processes (Fig. 3.3a, b).

Inaccessibility to the cliff has prevented direct
observation of this deposit, but the similarities
with the submarine deposits of the Tiñor and El
Golfo edifices allow us to identify it as the
remains of a tuff-cone or tuff-ring formed during
the initial phases of the rift volcanism, and
therefore, they are considerably younger than
158 ka (Becerril et al. 2013).

3.5.2 El Bajón

In the submarine extension of the SSE rift into
the Mar de Las Calmas Marine Reserve, at a
distance between 460 and 500 m from the
southern tip of La Restinga, there is a submarine
promontory that rises from a depth of approxi-
mately 80 m in the south and 49 m in the north,
with the summit at 9 and 6 m minimum depth
respectively (Figs. 3.1, 3.3c–f). The currents
around this promontory are very strong, which
favours the existence of abundant fauna; this fact,
along with the spectacular rock formations, has
made it one of the most popular diving spots on
the island and one of the places of geological
interest in the UNESCO Global Geopark of El
Hierro.

Fig. 3.4 Geomorphological map of El Verodal lava platform showing the location of Punta de la Arena outcrop, that is
interbedded between Hoya de Basco and Cuchillo del Roque lava flows
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Fig. 3.5 Punta de la Arena hydrovolcanic deposits
(PAD): a General view of the main outcrop showing the
four distinct facies. The layers show thickness variations
as result of the irregular underlying surface. b Detail of

the PDA1 and PDA2 facies. c Bomb sag structures of
PAD2. Loose lithics from the erosion of the upper facies
stand out on the deposit; e Detail of the PDA4 facies; and
d Accretionary lapilli of the PDA2 facies
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El Bajón rises from a platform with an
escarpment of more than 20 m high towards the
southernmost part, with a warping path in a
parallel direction, although slightly curved
towards the SW. This elevation shows an
approximate elliptical shape in plane view with
the longer axis trending N-S, although with a
slight curving towards the NW in its northern
sector (Fig. 3.3c). Erosive features cut its eastern
and western flanks, like ravines with lengths of
around 200 m. This topographical layout might
suggest the existence of an open-arched edifice
towards the NW. However, there is no morpho-
logical evidence of crater rims or volcanic vents.
The entire promontory consists of hydrovolcanic
tuff deposits, arranged in coarsely laminated
packages that dip divergently to the north and
south from the saddle between its two main
peaks, so this could be interpreted as the location
of the possible volcanic vent (Fig. 3.3c–f). In
some areas, the characteristic cross laminations
of pyroclastic surges can be observed (Fig. 3.3f).

These are the eroded remains of a tuff-cone,
with vertical walls of almost 70 m, and frequent
cornices and shoulders that result from the differ-
ential erosion of materials with different grain sizes.
Potholes formed by rock abrasion are observed
around 17 m deep (Fig. 3.3e), similar to those
described in hydrovolcanic deposits in Lanzarote
and the Chinijo Archipelago (Galindo et al. 2017,
2019). These structures are typical of shallow lit-
toral environments suggesting that this Surtseyan-
type volcanic edifice was already formed when the
sea level was lower than it is today.

3.5.3 Baja De Anacón

At the south-western end of the El Verodal
coastal shelf, at the end of the WNW rift, about
360 m W of the coast, there is a small islet 80 m
long with a NW–SE orientation (Figs. 3.1, 3.3g,
h), which is crescent-shaped, open to the SW and
barely protrudes 1.7 m from the sea surface. This
islet, known as Baja de Anacón, has been pre-
viously interpreted as the remains of a volcanic
edifice, without determining its genesis (Navarro
and Soler 1991).

The geomorphological analysis of the bathy-
metry and the examination of photographs allow
drawing the conclusion that it corresponds to the
southern flank remains of a tuff cone rising from
a depth of 58 m. It is deeply eroded and consists
of consolidated tuffs, finely laminated and of
greyish-yellowish colour. The islet is usually hit
by heavy swell, which has prevented direct
in situ observation of the proximal deposits.
However, the arched morphology of the edifice
and the dip of the exposed tuff levels, gently
dipping NE, suggests that the vent of this Surt-
seyan cone was located to the SW.

3.5.4 Punta De La Arena Deposits
(PAD)

El Verodal littoral platform was formed by the
stacking of lavas from different eruptions, the
youngest lavas being issued from Hoya de Basco
(HB) and Cuchillo del Roque (CR) volcanic cones
(Fig. 3.4). Interbedded between these lava flows, a
sequence of pyroclastic deposits is exposed at
Punta de La Arena (Figs. 3.1, 3.5). This outcrop
extends along 620 m in the cliff, between 6 and
19 m above sea level, and tops small, isolated
rocks formed by the retreat of the coastline. Four
main facies can be recognized: (1) stratified ash
facies; (2) stratified ash with bomb sag facies;
(3) massive facies; and (4) lithic-rich facies.

The base of the sequence consists of a strati-
fied ash facies (PAD1), a matrix-supported
deposit of *20 cm maximum thickness, gently
undulating and mostly formed by fine ash, with
very few accidental lithics (Fig. 3.5a, b). Parallel
laminations are marked by changes in grain size
(ranging from fine ash up to lapilli dimensions).
Some occasional lithics of size smaller than
10 cm are observed at this layer. This facies is
extensively palagonitised.

The stratified ash with bomb sag facies
(PAD2) has a maximum thickness of 30 cm.
This facies is matrix-supported, with a fine to
medium ash matrix. It is laminated with alter-
nating thin layers of ash and lapilli that show
general reverse grading. There are some clast-
supported layers at the top of the sequence. The
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deposit is rich in accidental lithic fragments and
juvenile fragments, including cauliflower bombs
and accretionary lapilli (Fig. 3.5e). Some lithic
and juvenile fragments are wrapped up by a thin
coating of ash. Bomb sag structures are very
frequent and cause deformation of PAD1 layers
(Fig. 3.5a–c). Generally, the lithic fragments are
mafic, dense, prismatic and angular, showing
major axes up to 25 cm. This facies is less
palagonitised than PAD1.

The massive facies (PAD3) has a maximum
thickness of 60 cm (Fig. 3.5a). It is matrix-
supported at the base with clast-supported layers
at the top. It is massive with an incipient lami-
nation. The matrix consists of coarse ash and
lapilli sized fragments, showing reverse grada-
tion towards the top. Juvenile fragments are
scarce. Lithic fragments are similar to those of
PAD2 but with smaller size (<10 cm).

At the top of the sequence is the lithic-rich facies
(PAD4), a clast-supported deposit (Fig. 3.5a, d)
with a maximum thickness of 25 cm. The top is
very irregular because it was clearly eroded before
the emplacement of the Cuchillo del Roque lavas
and some clasts are reworked. This facies is char-
acterized by the abundance of accidental lithic
fragments and subordinate juvenile clasts. Both
types of fragments have a mean size of 5–10 cm,
with some lithic fragments up to 20 cm (major
axis). PAD4 is unconformably overlain by the
Cuchillo del Roque lavas, which incorporated some
lithics at the base during its movement over PAD4
deposits. The lava flow caused thermal alteration
of this deposit showing reddish colours in some
areas.

The facies association of PAD suggests it
corresponds to deposits of a Surtseyan-type
eruption, emplaced in a subaerial environment.
The general upward coarsening of the levels
towards the top indicates a decrease in the effi-
ciency of magma fragmentation and thus, in the
water/magma ratio towards the final phases of
the eruption. The PAD1 and PAD2 facies sug-
gest high-energy explosions with abundant
water content and emplacement of ballistic
projectiles (PAD2). The palagonitisation affect-
ing the deposit is due to the presence of hot
water during emplacement, being more abundant

in the basal part of the outcrop. The PAD pro-
gressively decrease in thickness and clast size
towards the NE and onshore (Fig. 3.5a), and the
accidental lithic clasts decrease both in size and
in number in the same direction, suggesting that
the vent was located offshore and SW of this
location. Thus, it is likely that these deposits are
related to the tuff ring of Baja de Anacón.
However, further studies are needed to resolve
uncertainties about the age and formation of
these deposits.

3.6 Historical Surtseyan
and Submarine Volcanism

A review of historical chronicles provides
information on possible historical coastal erup-
tions on El Hierro prior to the 2011–2012 Tagoro
eruption. There are only documentary references
in the scientific literature of a seismic crisis in
1793 (Darias Padrón 1929; Bethencourt Massieu
1982; Romero 1991, 2016), which some authors
associate to the Lomo Negro Volcano (Hernán-
dez Pacheco 1982), while others link it to a
possible submarine volcanic event (Bravo 1965–
1968). Historical sources, however, not only
record the progress of the 1793 seismic crisis, but
also of five different volcanic episodes (a pre-
Hispanic eruption, 1690, 1677, 1692, 1777)
some of them categorised as probable, uncertain
or doubtful (Romero 2016). The supposed vol-
canic events of 1677 and 1692, slightly cited by
Romero (1991, 2007), have gone unnoticed and
do not appear in the bibliography, even though
they are listed as uncertain in the Smithsonian
catalogue (GPV). Only references to possible
eighteenth century events seem to correspond to
submarine volcanic episodes.

3.6.1 June-November 1721 Surtseyan
Eruption: A Legend?

Between June and November 1721, many people
observed an island in the sea, west of El Hierro
Island. Based on a legend, the inhabitants of El
Hierro identified it as the island of San
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Borondón. It is one of the most popular legends
of the Canary Islands running from the 16th to
nineteenth centuries, and still present today. It
narrates the mythical existence of an eighth
island that appears and disappears in the sea
(Poggio and Regueira 2009) and can be seen
from Tenerife, La Gomera, La Palma and,
mainly, from El Hierro. This tale is linked to the
legendary journey of Saint Brandan of Clonfert,
an Irish friar of the sixth century, who travelled
across the ocean for seven years, accompanied by
seventeen monks, in search of Paradise. Among
the islands they travelled through, there is a
rocky island with lava that they call Hell Island,
and they find another one where the monks dis-
embark to celebrate Easter, fleeing from it when
the island trembles and begins to move, as it was
not solid ground but a whale (Corbellá Díaz and
Medina López 1997).

This kind of “whale island” myth or legend is
the one that has survived the most in the Canary
Islands, becoming the island of San Borondón.
This island is so deeply rooted in the Atlantic
culture, including that of the Canary Islands, that
from the middle of the fourteenth century until
the end of the eighteenth century it used to
appear mapped at various points in the ocean,
and even next to the rest of the Canary Islands
(Tous Meliá 1996; Poggio and Regueira 2009).
The sighting of the island of San Borondón from
the western islands led to four expeditions in
1526, 1570, 1604 and 1721 (Ruano 1979; Cor-
bellá Díaz and Medina López 1997; Poggio and
Regueira 2009). Some of these expeditions were
even recorded in notarial acts, which include the
statements of the witnesses who observed the
island (Ruano 1979).

The reiteration of the phenomenon over several
months in 1721 led the authorities to draw up a
series of notarial records, in which witness state-
ments were recorded. These official proceedings
carried out in the year 1721 to ascertain the
existence of the island of San Borondón includes
the information gathered on El Hierro regarding
these appearances (Corbellá Díaz and Medina
López 1997). Most of the witnesses described the
presence of an island to the west of El Hierro
usually covered with mist. In this dossier, along

with accounts that seem to be more focused on the
predefined idea of the mythical and legendary
image of San Borondón, there are some testi-
monies that deserve to be considered for the
information they provide. Thus, Juan Padrón
Morales, a resident of Temuica on El Hierro, in
his statement of 7th November 1721, states
(Corbellá Díaz and Medina López 1997):

“…they saw opposite the defence of this island (El
Hierro) an island clearly and distinctly that they
all recognised, and that over the ten or twelve
previous days they saw two fires on the same side
where they had seen the island, one that lasted a
short time, and the other longer, and they saw
them with all certainty and that they judged that
these fires were on the island...”.

Although there is no reference to volcanic
events in the Canary Islands in 1721, the ten to
twelve days sighting and the observation of fires
in the sea, one of shorter duration than the other,
could suggest that there was an eruption in the
sea. The appearance of the island of San Bor-
ondón has usually been attributed to optical or
meteorological phenomena or to the presence of
floating plant debris (Viera and Clavijo 1772–
1783; Fritsch 1867). Nevertheless, the sight of an
island appearing and disappearing has also been
explained as a consequence of volcanic processes
(Barrow 1807), and it is not surprising if we take
into account some of the witness statements in
1721 where the presence of fires in the sea was
reported. The mythical legend of San Borondón
may be the sum of all these phenomena, so it
could be likely that some of the descriptions of
the sighting of the island of San Borondón may
have been recounting the development of a
submarine volcanic episode, for which there is no
historical, geographical or geological evidence.

3.6.2 Thirteenth September 1777
Submarine Eruption

The first record of a volcanic eruption on the
island of El Hierro in 1777 is contained in a list
of earthquakes, famines, inundations, storms,
tempest, frost, and accidental fires in the fifth
edition of an English book, The tablet of memory
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(1783), published just 6 years after the eruptive
event, and it only states:

“Volcano, in the Isle of Ferro, broke out Sept. 13,
1777, which threw out an immense amount of red
water that discoloured the sea for several
leagues”.

This description, however, does not mention
whether the island named Ferro corresponds to
one of the Canary Islands. This place name to
designate the island of El Hierro was commonly
used from the time immediately prior to the
conquest. It appears for the first time in maps and
cartouches from the mid-fourteenth century,
where it is labelled as Fero, which Trapero
(2008) interprets as Ferro. Despite its secular
isolation, the island of Ferro was well known as
the site of the 0 meridian. However, in order to
verify whether these references are related to one
of the Canary Islands and not to another volcanic
island with a similar name, such as the Faroe
Islands for example, we have traced in the cur-
rent bibliography the eruptions that took place
during that year. Only 11 volcanoes were active
during the year 1777, according to the worldwide
eruption list (Siebert et al. 2010). None of them
occurred on an island with a similar name or
whose spelling could be confused with “Ferro”,
and there is no data on a submarine eruption
happening at that time on the Faroe Islands.

The information referring to this episode of
1777 would be repeatedly incorporated without
further data by other authors, in other lists and
catalogues throughout the nineteenth century
(Young 1807; Tegg 1811). Only Harmonville
(1845) adds to this information:

“Volcano of the Ferro Island. The first eruption of
this island's volcano took place in 1662; it was
renewed in 1677 after a violent tremor. After an
interval of a century, in 1777, the crater opened
again, and since then no further eruptions have
been reported. It has been recorded as an
extraordinary event that at the time of the eruption
of 13 September 1777, reddish water came out of
the crater at such an intensity that it splashed into
the sea many leagues away”.

And Webster (1758–1843) highlights:

“A volcano in Ferro discharged discoloured
water, but no lava”.

It could be thought that, given the temporal
proximity of this event to the 1793 seismic crisis,
there may be a possible confusion or error on
dates between the two events, and that the ref-
erences to these two years correspond, in reality,
to a single volcanic episode. However, the first
news concerning the 1777 eruption was pub-
lished in 1783, i.e., six years after the eruption,
but ten years before the seismic crisis of 1793.
This clearly shows that there is no confusion on
dates between these two events in the late eigh-
teenth century.

It is striking that there is not a single record of
this eruptive event in the local and regional lit-
erature, even though it took place during a period
of strong historical production in the Canary
Islands. However, it is worth considering that
these types of phenomena were recorded
according to the losses caused and that tradi-
tionally pirates and corsairs maintained the
island’s population inland, due to fear of attacks.
On the other hand, it is no coincidence that news
referring to the Canary Islands is found in Eng-
lish texts, since during the eighteenth century the
archipelago maintained strong trade relations
with England.

Although the location of this eruption is
unknown, there is no doubt it took place in the
sea and close to the coast, in an environment and
under conditions very similar to those observed
in the Mar de Las Calmas in 2011–2012, and
therefore with no damage to the island territory
or harm to its population. On the other hand,
while the lack of contemporary local sources
could be interpreted against the authenticity of
the 1777 eruption, the analysis of these indirect
sources supports the veracity of this eruption for
several reasons: (1) The appearance of discolored
water has been described for other submarine
intermediate depth eruptions such as the 2011–
2012 eruption in El Hierro (López et al. 2012),
Serreta (Casas et al. 2018) or Monowai (Chad-
wick et al. 2008) is evidence of a similar eruptive
scenario for the 1777 eruption; (2) This type of
eruptive scenario was little known in the late 18th

and early nineteenth centuries and attracted much
attention from chroniclers and compilers of nat-
ural phenomena, hence its inclusion in the
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catalogues; and (3) The virtual absence of pop-
ulation on the coast throughout the island's his-
tory, due to constant fear of barbaric corsair and
pirate attacks. For instance, the town settlement
of La Restinga, located at the southernmost tip of
the island, only dates back to the 1960s.

3.6.3 The Seismic Crisis of 27th
March–27th June 1793:
A Submarine Eruption?

From 27th March to 27th June 1793 the island of
El Hierro was affected by a rather long seismic
crisis. Local authorities recorded these events
(Darías Padrón 1929; Bethencourt Massieu 1982;
Romero 1991) and a dossier was drawn up (AHN
1793; Bethencourt 1982). Most of the earth-
quakes in this series correspond to a swarm of
moderate intensity, yet felt by the population,
having been assigned intensities of IV to VI
(Rueda Núñez et al. 2020). On 8th May, at
11:00 pm, one of the strongest earthquakes shook
the island making the population flee their homes
to sleep in the shelter of the countryside. The
following days (9th–13th May) the earthquakes
were so recurrent that made many at odds rec-
oncile. Even the island's mayor said: “if it were
necessary to hold a formal rehearsal for the hour
of reckoning, the islanders have already done it
and lived it”. The strongest earthquake occurred
on 15th June, causing major rockfalls all over the
island, but especially in El Golfo area. Although
some buildings in Valverde, the capital of the
island, were affected by this seismic event, it was
in El Golfo area that the earthquake caused the
total or partial collapse of some houses. After this
last event, the number and intensity of earth-
quakes decreased, although Cosme de Burós
reports that in El Golfo “the earth is always with
some moving, and as if boiling”. From 27th June
onwards, there are no more references to seismic
events on the island. The experience lived by the
population and the authorities in previous vol-
canic events during the eighteenth century
(eruptions of 1704–05, 1706, 1712 and 1730–36
in the Canary Islands) meant that these were
interpreted as precursors of a new volcanic event,

even establishing possible eruptive scenarios.
However, although the evacuation of the island
was planned, there is no mention in the existing
documentation of it ever taking place.

Several months of precursor earthquakes, an
earthquake of greater intensity, and then, the
continuous ground-shake made some authors
link this seismic crisis to a possible volcanic
eruption. Bravo (1965–1968), in view of the lack
of geological evidence and the inability of
assigning an eruptive centre to this period, sug-
gests that it could have been related to a sub-
marine volcanic event, probably in the vicinity of
El Golfo.

Other authors consider that the seismic
sequence could have also been associated with a
subaerial eruption in the northwestern area of the
island. The most solid arguments regarding the
development of an eruption at that time were
provided by Hernández Pacheco (1982), who
considers that the seismic crisis could have also
been associated with a subaerial eruption located
at Lomo Negro, based on a C14 dating of plant
remains found under the lavas of the Lomo
Negro eruptive complex, which gave an age of
around 1800 AD. However, recent studies sug-
gest (that Lomo Negro deposits could correspond
to an eruption occurred in the XVI century CE
(1498–1595 CE) based on paleomagnetic
(Villasante-Marcos and Pavón-Carrasco 2014)
and geochronological data (Risica et al. 2022).

The Lomo Negro volcanic complex described
by Hernández Pacheco (1982), resulting from the
1793 eruption, is an eruptive fissure 4–6 m wide
and approximately 53 m long. The fissure is
closed to the north by a spatter hornito about 3 m
high, which contains a 2 m in diameter and
14.6 m deep crater. The lava flows emitted from
these vents, “aa” and “pahoehoe”, cover an area
of only 0.54 km2. However, Lomo Negro is part
of a larger eruptive fissure that includes Hoya del
Verodal cinder cone. Such volcanic episode
would have been definitely noticed by the
inhabitants of the island. The Hernández Pache-
co's Lomo Negro eruption does not describe the
volcanological and morphological characteristics
that define the most recent mafic monogenetic
volcanism on El Hierro. These eruptions are
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characterised by the opening of long eruptive
fissures, usually arranged transversally to the
hillsides on which they open (Becerril et al.
2013). This arrangement is common in the his-
torical volcanism of the Canary Islands (Romero
1991) where volcanic cones resulting mainly
from Strombolian activity are found on the
highest part of the eruptive fissure. However,
effusive vents and the construction of small
spatter cones are located at the base of the
edifices.

The absence of documentary sources for all
the dates mentioned by Villasante-Marcos and
Pavón-Carrasco (2014) makes it impossible to
link this volcanic complex with a documented
eruption in the historical period. Nevertheless,
these conclusions not only allow us to rule out a
subaerial eruption on the island during the 1793
crisis, but also to link the processes that occurred
to either an intrusive magmatic event or a sub-
marine eruption (Carracedo et al. 1997;
Villasante-Marcos and Pavón-Carrasco 2014). In
this case, the sequence of events is similar to that
observed during the 2011–2012 Tagoro eruption.
The documentary evidence of continuous tremor
towards the end of the 1793 seismic sequence
and the reduction in the number of earthquakes
felt onwards can be interpreted as corresponding
to the initial phase of a submarine eruption. It is
difficult to know the location of the eruption; as
the Tagoro eruption showed, the location of the
precursory seismicity is not clearly related to the
location of the eruptive centres.

The hypothesis of a submarine eruption is also
supported by the fact that fishermen of El Hierro
were affected by a crisis on 1793, similar to what
happened in 2011–2012 when tourist diving
companies and fishermen were the most affected
economic sectors, as sailing, diving and fishing
was forbidden in the waters near the island, due
to the spread of a brownish, reddish and greenish
stain in the sea water, contaminated by volcanic
gases. A similar situation was experienced on the
island at the end of the eighteenth century (Ruiz
de la Serna and Cruz Quintana 1973). Towards
the middle of the eighteenth century, the fisher-
men of Las Palmas formed a confraternity under
the patronage of Saint Elmo, the patron saint of

sailors. For its operation, each of its members
had to contribute with a 3% of the number of fish
caught in their boat. Out of this amount, 1.5%
went to the Patron's worship and the adornment
of the hermitage; the other 1.5% was used to
attend to social matters, medical-pharmaceutical
care, widows’ or orphans’ pensions, help for the
elderly, burial expenses, etc. The confreres still
found ways to set aside a part of their income for
donations to charitable works that went beyond
their confraternity. Béthencourt Massieu (1989)
pointed out as an example of this the donation
made on the occasion of the 1793 earthquakes:
“…on one occasion, they donated fifty pesos to
alleviate the evils caused by an earthquake on
the island of El Hierro…”. It is obvious, there-
fore, that it was the fishermen of the island of El
Hierro who were most affected by the crisis of
1793. This would also support the development
of another submarine volcanic eruption in the last
decades of the eighteenth century.

3.7 Discussion and Conclusions

Intermediate-depth and shallow (Surtseyan)
submarine eruptions are characteristics of the
seamount and emergent island stages of a vol-
canic island, since it begins to grow on the ocean
floor until it emerges above sea level and the
volcanic conduits are isolated from seawater.
This type of volcanism coexists throughout the
island's eruptive history with subaerial volcan-
ism; however, most of the littoral volcanic
deposits are overlaid by subaerial deposits as the
island grows and increases its surface. This study
provides a first approach to the knowledge of the
volcanic submarine events that have occurred in
El Hierro Island. Only a few examples of Surt-
seyan activity are found at the base of the main
volcanic formations, corresponding to exten-
sively palagonitised tuffs. More recent and loca-
ted near the coast, in the submarine extension of
the S and WNW rifts, evidence of at least two
Surtseyan eruptions has been located, one of
them younger than 20 ka. In addition, based on
historical documents we suggest that a possible
Surtseyan eruption took place in 1721 and two
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intermediate-depth submarine eruptions occurred
in 1777 and 1793 with similar characteristics to
the Tagoro eruption.

The occurrence of Surtseyan eruptions has
been classified as a hazardous phenomenon
(Verolino et al. 2019), and therefore represent a
considerable risk for the island of El Hierro. Data
collected about eruptions in shallow marine
environments on the island of El Hierro show
that, although their frequency can be considered
as low, they cannot be ruled out as future erup-
tive scenarios, given that several volcanic epi-
sodes with these features have been recorded
during the Holocene. Documentary evidence also
seems to suggest that the seismic crisis of 1793
could also correspond to a submarine eruptive
episode. Although it did not cause direct damage
to the population, it strongly affected the island's
fishing activity (Béthencourt Massieu 1989). In
any case, the island of El Hierro has not been the
first in the Canaries to record historical sub-
marine volcanic events. The first historical record
of this type of eruption in the Canary Islands is
found in the priest of Yaiza's description of the
great eruption of Timanfaya, during which he
mentions the appearance on the coast of dead
deep-sea fish. It must be considered that the
historical period in the Canary Islands begins in
the twentieth century and that the inhabitants of
the islands lived far from the coast in order to
protect themselves from attacks by corsairs and
pirates (De Armas 1947–50). Therefore, the
scarcity of submarine eruptions versus subaerial
eruptions in historical times could also be related
to the lack of observations instead of the lack of
events. Although submarine hydrovolcanism is
not the most common eruptive style in the Can-
ary Islands in historical times, this work reveals
that explosive hydrovolcanic eruptions of Surt-
seyan, Satral and Phreatomagmatic type have
occurred. Thus, more studies are needed to better
understand this type of eruptive scenarios.

Despite the likelihood of this kind of event
recurring on El Hierro, as well as in any other
Canary Islands, prior to the 2011–2012 Tagoro
eruption, no volcanic hazard studies carried out
in the Canary Islands had considered submarine
eruptions (Felpeto et al. 2007; Laín et al. 2008;

Martí and Felpeto 2010; Sobradelo and Martí
2010). Since Tagoro eruption, the possibility of
submarine eruptions started to be included in
some volcanic susceptibility studies (Becerril
et al. 2013; Becerril 2014; Galindo et al. 2016)
but the scarcity of data makes it difficult to create
possible scenarios based on local data. It is worth
emphasising that the Canary Government
through the Canary Islands Volcanic Emergency
Plan (PEVOLCA; Gobierno de Canarias 2010,
2018), in the versions prior and after the Tagoro
eruption, only mention hydrovolcanic eruptions
in a general way and do not consider specific
scenarios of explosive hydrovolcanic eruptions
of Surtseyan, Satral or Phreatomagmatic types
neither in the event trees, nor in the volcanic risk
maps. The analysis of the eruptive scenarios and
volcanic hazards of El Hierro must, therefore,
consider any volcanic phenomenon that may
originate at any insular point, including the
submarine flanks of the island, both intermediate-
depth and shallow, as other authors on other
islands have suggested (Queiroz et al. 2008).

The expected rise of sea level in the coming
decades can lead to an increase in future
Surtseyan-style eruptions; This prediction, toge-
ther with the growth of population, the fact that
their social and economic activities and tourist
infrastructures are located in coastal areas,
determines that the risk associated with these
volcanic events will increase. With this work we
emphasise the need to improve the knowledge of
this type of eruptions in volcanic islands, work-
ing first on the identification of the associated
deposits, such as those presented in this work, as
well as reviewing the historical documentation
that could provide useful information on these
volcanic events and their effects.
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Abstract

Active volcanoes are key laboratories to carry
out detailed research -and monitoring- about
the history of magmas before, during and after
eruptions. Tagoro, the submarine active vol-
cano at El Hierro Island (Canary archipelago),
is a highly favorable case to assess and
monitor its daily ongoing behaviour, as well
as to study the links between the processes of
magma genesis occurring at depth and their
derived eruptive events at the surface. In this
interdisciplinary research we combine new
results of classical petrology (petrography,
geochemistry, and thermodynamics) on the
volcanic products expelled by Tagoro during
the 2011–2012 eruption, with a high-
resolution (5 m grid) bathymetry model car-
ried out during 2017, and recent data from
magnetometry, to refine the current knowl-
edge of this eruption. Our results mainly
reveal (i) slight magma differentiation and
mixing processes at c. 12 km depth during a
continuous eruptive pulse; (ii) a similar mag-
matic evolution and residence times at depth
between previous and 2011–2012 eruptions
on the island; (iii) an insignificant interaction
of external fluids with the magma at depth or
within the ascent conduit; (iv) a present-day
magnetometric anomaly under the Tagoro’s
area; (v) a minimum volume estimate for the
magma withdrawn from the plumbing system
at depth.

Keywords

Magmatic systems � Ocean Island volcanoes �
Petrology � Geobarometry � El Hierro

4.1 Introduction

The scientific interest to advance our knowledge
of how magma reservoirs behave and evolve is a
fundamental and long-lasting target in Earth
Sciences in general and in volcanology-
petrology-geochemistry in particular, as it is

directly related to the type of hazards that vol-
canoes may generate. When an eruption is
already inevitable, the magmatic evolution under
the volcano strongly depends on how the
plumbing system behaves at depth. Yet, direct
access to this information in nature is challenging
and infrequent. Hence, combining exhaustive
petrological studies of erupted products with
volcano monitoring data recorded prior to and
during an eruption becomes extremely useful to
achieve such purpose (e.g. Scandone and Malone
1985; Saunders et al. 2012; Martí et al. 2013a,b;
Tárraga et al. 2014; Albert et al. 2016, 2019).
Tagoro submarine volcano, formed 1.8 km away
from the southern coast of the El Hierro Island
(Canary archipelago) during the 2011–2012
eruption, is an exceptional natural laboratory of
an active volcanic system that allows us to study
the magmatic conditions that led to eruption with
direct implications to forecast the possible
occurrence of the next eruption. In fact, in a
recent work at Tagoro, it has been demonstrated
that once the magma source is triggered at depth,
the geochemical signal (of helium isotopic ratios)
in an already erupting system, can be received
well in advance of the geophysical signals
(Álvarez-Valero et al. 2018). This has also been
observed in e.g. Etna volcano (Paonita et al.
2016, 2021).

In addition to the considerably increasing
scientific interest on El Hierro, the 2011–2012
eruption and the consequent formation of Tagoro
volcano has provided a unique opportunity to
combine monitoring and petrological data to
infer how an intraplate oceanic system prepared
for a new eruptive episode (e.g. Stroncik et al.
2009; López et al. 2012; Fraile-Nuez et al. 2012;
Carracedo et al. 2012; Pérez-Torrado et al. 2012;
Padrón et al. 2013; Santana-Casiano et al. 2013,
2016; Martí et al. 2013a,b; Domínguez et al.
2014; Longpré et al. 2014, 2017; Álvarez-Valero
et al. 2018; Taracsák et al. 2019). However,
despite this intense research, there are essential
aspects of the pre-, syn-, and post-eruption
behaviour of the magmatic system that still
remain elusive, such as (i) assessing the evolu-
tion of the El Hierro subvolcanic system since its
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previous status before the 2011–2012 submarine
eruption to the present day, as well as (ii) esti-
mating the minimum volume of magma available
in the deep reservoir(s). This interdisciplinary
study combines results of petrology (petrogra-
phy, mineral chemistry and thermodynamic
modelling), geochemistry (bulk rock composi-
tion and stable isotopes), and geophysics (high-
resolution bathymetry and magnetometry) with
the aim of contributing to these questions.

4.2 Overview of Tagoro
and El Hierro’s Geology

El Hierro is the most occidental (27°5′–27°37′
N; 18°14′–18°16′W) of the volcanic islands of
the Canary archipelago in the Atlantic Ocean.
All the islands in the Canary archipelago except
La Gomera, record volcanic activity during the
Holocene (Martí et al. 2013a). According to
historic records, in the last 600 years there have
been more than ten volcanic eruptions in Lan-
zarote (1730–1736, 1824), Tenerife (1704,
1705, 1706, 1798, 1909) and La Palma islands
(1585, 1646, 1677, 1712, 1949, 1971) (Romero
1991). Typically, the eruptions were charac-
terised by a short period of activity (from few
weeks to months), and classified as Hawaiian
and Strombolian types building cones with dif-
ferent sizes and lava flow volumes (e.g. Romero
1991; Dóniz et al. 2008). Phonolitic volcanism
is also present on the archipelago, although
subordinated to mafic volcanism (Pellicer 1975,
1977; Fuster 1993; Balcells and Gomez 1997a,
1997b; Carracedo et al. 2001; Pedrazzi et al.
2014).

El Hierro, with a surface of 280 km2, has been
traditionally assumed to be the youngest island of
the archipelago, as the oldest dated subaerial rock
comes from 1.12 Ma, but the volcanic edifice is
also composed of a 4000 m submarine succes-
sion of unknown age (Guillou et al. 1996). Its
base displays a circular shape, yet from an aerial
view it is more similar to a tetrahedron due to the
occurrence of three large volcanic-derived

landslides (NW, NE and S) (Carracedo 2011).
Becerril et al. (2015, 2016) state that the volcano-
structural evolution of the island was controlled
by a predominant NE–SW strike, which coin-
cides with the main regional trend of the Canary
archipelago as whole, and two other dominant
structural directions (N–S and WNW–ESE).

The island registered four main eruptive
events that formed and shaped the current mor-
phology of the island, at 1.1 Ma; 600–176; 176–
134; and 21–2.5 ka (Carracedo et al. 2001).

In October 2011, after three months of vol-
canic unrest characterised by more than 10,000
earthquakes (magnitude up to 4.3), 5 cm of
ground deformation, and significant changes in
gas emissions at El Hierro Island, an underwater
eruption gave rise to a new shallow submarine
volcano (Tagoro) c. 1.8 km southward of La
Restinga village at the south of the island
(Fig. 4.1). The eruption released large quantities
of mantle-derived gases, solutes and heat into the
surrounding waters, CO2 and He fluxes intensi-
fied few days before the seismic events and
eruption (Padrón et al. 2013; Melián et al. 2014).
Periodic bathymetric mapping carried out by the
Spanish Institute of Oceanography (IEO) located
the main vent and indicated a major growth of
the volcano from an initial 300 m depth to 88 m
below the sea surface (Fig. 4.1; e.g. Fraile-Nuez
et al. 2012, 2016, 2022, Chap. 8 in this book).

The stratigraphic, petrological and geochemi-
cal data obtained from this eruption suggest that
Tagoro is a submarine monogenetic volcano
developed on the offshore slope of El Hierro
Island, characterized by the eruption of mafic
alkaline magmas, mainly basanites (e.g. Martí
et al. 2013a, b; Longprè et al. 2014; Álvarez-
Valero et al. 2018). Recent detailed studies of the
petrologic and geochemical features of other
offshore products previous to Tagoro (Stroncik
et al. 2009), as well as for the 2011–2012 event
(e.g. Martí et al. 2013a,b; Longprè et al. 2014)
described its plumbing system at depth, sug-
gesting a combination of magma mixing events
with subsequent fractionation at uppermost
mantle depths.
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4.3 Methods

To improve our understanding of the magmatic
evolution that gave rise to the formation of Tagoro
volcano we combined existing data with new
geophysical and petrological data. Since 2011 to
present, the IEO has carried out systematic
oceanographic campaigns of bathymetry (Bim-
bache, VULCANO and VULCANA projects), as
well as sporadic trawl-dredging and magnetometry
tasks, to monitor Tagoro’s evolution.

The bathymetric data used in this chapter were
obtained during the VULCANA-0417 campaign
yielding a digital elevation model of Tagoro
volcano at 5 m resolution. The dredged samples
used in this study were obtained during the

VULCANO-1013 oceanographic campaign on
board of the Ramón Margalef (IEO) oceano-
graphic vessel from 29 October to 12 November
2013 at different locations on the Tagoro edifice.
According to the sea-floor description provided
by Somoza et al. (2017), the samples were col-
lected both in the oldest part of the volcanic
edifice (Jan–Feb 2012) which is the main exposed
one (DA01, DA02, DA06, DA07, DA09), and on
the collapsed (and youngest) sector of the edifice
(DA08a) formed in October 2011 (Fig. 4.1;
Table 4.1). These samples were selected among
the entire dredge-load material according to their
representativity and freshness (Fig. 4.1c–h). In
addition, we studied a pre-2011 eruption sample
(DA08m; Álvarez-Valero et al. 2018) to be
compared with the 2011–2012 episode.
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Fig. 4.1 a Location of the submarine eruption and El
Hierro Island within the Canary archipelago; b Bathymet-
ric map of Tagoro volcano area with the location of the
rock samples dredged during the VULCANO-1013
oceanographic campaign. Bathymetric data acquired at
high resolution of 5 � 5 m during the VULCANA-0417
oceanographic campaign on board of R/V Ramón Mar-
galef (Spanish Institute of Oceanography—IEO);

c–h Hand-specimen examples of some dredged basanites
during VULCANO-1013 campaign. Samples DA06 e,
DA07 f, DA09 h within the main edifice are from 360 to
110 m b.s.l.; DA01 c, DA02 b in the lava flow deposits of
the SW flank from 850 to 400 m b.s.l., and DA08
g from 250 to 170 m b.s.l. 1.8 km northwest of the main
edifice
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Whole-rock major and trace element concen-
trations were determined by X-ray fluorescence
(XRF) analysis with a Rigaku RIX2000 spec-
trometer at Yamagata University (Japan). Oper-
ating conditions were 50 kV accelerating voltage
and 50 mA current. The preparation method of
the glass disks and the calibration methods for
major and trace elements based on Yamada et al.
(1995). The standards used in the analyses are
the GSJ (Geological Survey of Japan) igneous
rocks series. Analytical uncertainties are 5% for
Nb, Zr, Y, Sr, Rb and Ni, 10% for V and Cr, and
5–15% for Ba. The range of uncertainties for a
single element is based on the concentration
range observed in standards.

Major element contents in glass and minerals
were analysed on thin sections using a JEOL
JXA-8230 electron microprobe at the Scientific
and Technological Centre of Barcelona Univer-
sity (CCiTUB). Operating conditions were
20 kV acceleration voltage, 15 nA beam current,
2 µm beam diameter (using a defocused beam of
up to 20 lm to minimise sodium mobility) and
counting time of 10 s per element. The estimated
accuracy and standards used were: SiO2

(±0.13%, wollastonite); Al2O3 (±0.09%,
corundum); TiO2 (±0.13%, rutile); Cr2O3

(±0.14%, Cr2O3); Na2O (±0.68%, albite); MgO
(±0.11%, periclase); MnO (±0.16%, rhodonite);
FeO (±0.11%, Fe2O3); ZnO (±0.11%, spha-
lerite); K2O (±0.19%, feldspar); and CaO
(±0.02%, calcium standard) and VO3 (±0.20%,
vanadium metal).

Crystallographic orientations of the composi-
tional profiles were estimated through SHAPE
sofware (Dowty 1987) by matching the BSE
images with the 2D section view. Crystal DA07
was modelled employing a forsterite model
based on Roubault et al. (1963) (Miller Indexes:
[010], [001], [021], [110] with central distances
1, 2, 1.4, 1.05, respectively). Whereas, for crystal
DA08m we applied 1.8 for the central distance of
[001] and 0.4 for the section height.

For the stable isotope analysis of bulk-rock
we cut and discarded several centimeters of
material from the surface to avoid any potential
late isotopic modification by weathering. The
hydrogen and oxygen isotopic analyses were
carried out at the Servicio General de Análisis de
Isótopos Estables (NUCLEUS—University of

Table 4.1 Main features summary of the dredges collected at Tagoro

Rock
stations

Collecting
date

Depth b.s.l.
(m)

Eruption area Hand-specimen description Techniques

DA01 29-10-2013 792–579 Proximal apron Angular with prismatic shape composed of
alternating levels of coarse sand-fine
gravel

EMP, XRF,
P–T, D/H,
d18O, NG*

To fine sand-silt (scoria-lapilli and ash)

DA02 28-10-2013 643–343 Proximal apron Well sorted fragmentary material of highly
vesiculated vitreous-aphanitic pyroclastics

EMP, XRF,
P–T, D/H,
d18O

DA06 28-10-2013 205–196 Main cone Fragments have red or orange patina of
iron oxides and hydroxides that may be
due to hydrothermal alterations

DA07 29-10-2013 358–222 Upper slope Poorly sorted fragmentary material with
angular fragments between 0.5 and 20 cm

EMP, GS

DA08 29-10-2013 269–165 NW outer cone Massive fragments of lapilli (DA08a);
rounded dense bomb rich in olivine
crystals (DA8m)

EMP, XRF,
D/H, d18O,
NG*, GS

DA09 29-10-2013 225–173 NW main cone Vesiculated aphanitic and vitreous
material (50% vesicles, up to 90%)

EMP

EMPA, electron microprobe analyses; XRF, X-ray fluorescence; P–T, geothermobarometric calculations; NG*, noble
gases from Álvarez-Valero et al. 2018; GS, Fe–Mg diffusion geospeedometry in olivine crystals; b.s.l.: below sea level.
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Salamanca, Spain). Oxygen in glass and phe-
nocrysts was extracted by fluorination (Clayton
and Mayeda 1963) employing a Synrad 25W
CO2 laser (Sharp 1990) and ClF3 as reagent (e.g.
Borthwick and Harmon 1982), and oxygen iso-
tope ratios were measured on a VG-Isotech
SIRA-II dual-inlet mass spectrometer. Both
internal and international reference standards
(NBS-28, NBS-30) were run to check accuracy
and precision. Long-term reproducibility for
repeated determination of reference samples was
better than ± 0.2% (1r). Results are reported in
d18O notation relative to the Vienna Standard
Mean Ocean Water (V-SMOW) standard, using a
d18O value of 9.6% for NBS-28 (quartz) for the
mass spectrometer calibration.

D/H ratios were determined on another SIRA-
II mass spectrometer on H2 gas obtained by
reduction over hot depleted-U of the water
released by induction heating of samples. A vac-
uum line (Bigeleisen et al. 1952), following the
procedures described by Godfrey (1962) with
modifications (Jenkin 1988), was used for gas
extraction. Samples were loaded into degassed
platinum crucibles that were placed in quartz
reaction tubes and heated under vacuum to 125°
C overnight to remove any adsorbed H2O.
Results are reported in dD notation relative to the
V-SMOW standard, using a dD = − 66.7% for
NBS-30 (biotite) for the mass spectrometer cali-
bration. Long-term reproducibility for repeated
determination of reference samples was better
than ± 2% (1r). The amount of H2 recovery is
known by a baratron gauge reading, which
measures the total hydrogen (non-condensables)
derived from water according to the ideal gas
law. Then, we calculated the water content (%
H2O), as a function of the amount of H2 obtained
and the sample weight (wt%).

For the magnetometric measurements, we
employed a Marine Seaspy magnetometer. This
equipment was placed 200 m astern of the ship to
guarantee an accuracy of more than 1 nT. The
rate of acquisition of the data was 0.166 Hz,
which would imply a spatial resolution along the
line of 31 m at a speed of 10 knots (i.e.
18.52 km/h). The position of the vessel was
obtained from ship's own computer system.

These locations were affected by a correction that
correctly positioned the measurement.

We used Güimar (Tenerife Island) geomag-
netic observatory data to extract the contribution
by external fields. The internal field contribution
was extracted using the IGRF-12 model (Thé-
bault et al. 2015). To determine the depth to the
top of magnetic basement of magnetic bodies we
have used two different approaches. First, we
have applied Werner Deconvolution (Hartman
et al. 1971; Ku and Sharp 1983). It is a powerful
tool for the interpretation of magnetic profiles.
To get a set of depth solutions using this method
we have to define the size of a window. The
mathematical procedure started using the small-
est window size selected. The window moves
along the profile to the end. Then the window
size is incremented and the entire profile is pro-
cessed again until the maximum size is reached.
As minimum and maximum size we set 100 and
3000 m respectively, and the window expansion
and shift increments were set at 100 and 500 m
respectively. We have obtained a set of solutions
that show a homogenous picture. Most of solu-
tions fall between 700 m and 2 km below the sea
level (b.s.l.). To cross-check this, we have
obtained the radial average spectrum of the
magnetic anomaly map showing a reliable solu-
tion. Spector and Grant (1970) stated that the
shape of the power-density spectrum of the
magnetic anomaly is strongly controlled by the
average depth of the magnetic causative body.
Specifically, the spectrum decays exponentially
with wavenumber, at a rate of decay proportional
to the average depth to the top of the magnetic
source.

4.4 Results

4.4.1 Bathymetry and Dredged
Samples Description

Two large morphological units can be distin-
guished in the volcanic materials erupted by the
2011–2012 eruption (Fig. 4.1b), namely, the first
one that built the main edifice and the second one
constituting the flow of material that mainly
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extends to the southwest (Vázquez et al. 2022,
Chap. 7 in this book). The main edifice is at 88 m
b.s.l., with slopes dipping 20°–34°, extending up
to a depth of c. 400 m b.s.l., where the slope
decreases below 20°. The base of this edifice is
pseudo-circular with diameter ranging from 0.9
to 1.2 km, and irregularities in shape due to the
presence of two sets of morphological elements:
(i) four ridges, two of them with a NE–SW
direction located on the west flank of the main
edifice, a third with an ENE–WSW trend that
crosses the proximal secondary cone, and another
one with a NNW–SSE orientation located on the
eastern flank of the main edifice (Vázquez et al.
2016); (ii) several secondary cones from NNW to
SSE decreasing in height (from 88 to 247 m b.s.l.;
Fig. 4.1b) and size, showing at least 13 old vents
(see also Vázquez et al. 2016).

In hand-specimen, the dredged materials show
in general the typical features of basaltic products
of a submarine explosive eruption (Fig. 4.1c–h).
Samples in dredge DA01 are fragmentary to a
large extent. These fragments range from (i) very
vesiculated vitreous-aphanitic material with
vesicles and quenched glass oriented in parallel
and incipient radial disjunction similar to pillow-
lava fragments or the so-called “pieces of cake”
(sample DA01b), coming from the pillow-lava
flow; to (ii) fragments of consolidated lapilli
(sample DA01a), likely related to a previous
collapsed pyroclastic deposit of the first edifice.
In dredge DA02, the samples are fragments of
lava flows, vitreous-aphanitic with vesicle con-
tents becoming progressively higher towards the
centre of each fragment, coming from the lava
sliding of the last edifice. Materials in dredges
DA03 and DA04 are glassy, highly vesiculated
pyroclastic fragments (c. 70 and 50% vesicles,
respectively). The former are similar to the
amphora-like floating lava balloons described by
Somoza et al. (2017). Sample DA06 is a hetero-
geneous fragmentary material of mostly vitreous-
aphanitic fragments, with a variable range of
vesicle amounts and sizes, and most probably
represents pyroclastic material of lapilli and ash
after a more highly explosive phase of activity.
Sample DA07 consists of fairly homogeneous
pyroclastic fragments mixed with lava fragments

of various different morphologies. Samples in
dredge DA08 are heterogeneous with fragments
of lapilli (DA08a), and a rounded basanite bomb
(DA08m) with numerous colonies of black corals
and other organisms. Samples in dredge DA09
are pyroclastic fragments (scoria and lapilli) from
explosive eruptions during the last edifice build-
ing episode. The studied sample from dredge
DA09 is highly vesiculated (50–90%).

4.4.2 Petrographic Analysis

The bubble-rich hypidiomorphic basanites erup-
ted in 2011–2012 generally contain (micro)phe-
nocrysts of mainly olivine from subhedral to
anhedral, clinopyroxene (augite), ulvospinel (ti-
tanomagnetite), and locally plagioclase (mostly
as microlites within the mesostasis). Olivine
phenocrysts are generally characterized by
reverse forsterite (Fo) zoning patterns from core
to rim followed by a Fo decrease towards the
edge. Groundmass textures range from
hypocrystalline, aphanitic, microcrystalline to
porphyric with a wide range of bubble volumes
and shapes (Fig. 4.2; see also Martí et al. 2013a,
b). Sample DA08m shows the highest modal
proportion of phenocrysts, as well as two gen-
erations of phenocrysts with local undulated
olivine and pyroxene, while samples DA07,
DA02 and DA01b display the higher volumetric
proportion of vesicles. DA01a and DA08a are
more massive than the latter, thus showing a
lower vesicular volume. DA01a also shows local
undulated olivine phenocrysts (Fig. 4.2).
According to the representative hand-specimen
and petrographic features of all the collected
samples, we selected (i) DA01b, DA02, DA07,
DA08a, DA08m, DA09 for the mineral chem-
istry study in order to analytically cover all the
crystals’ variability. We also focused on the
glasses aiming to track any potential variation
compared to their respective bulk rock, thus
assessing the compositional evolution of the
residual melts; and (ii) samples DA01a, DA01b,
DA02, DA08a, DA08m covering the whole
range of macroscopic features of all the dredged
samples, for the analysis of bulk composition.
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Fig. 4.2 Photomicrographs
of the studied samples under
plane-polarized light (left
column) and cross-polarized
light (right column)
highlighting: a, b euhedral
olivine phenocryst with
uniform optical extinction
(DA01b) within a glassy and
bubbly groundmass; c,
d subeuhedral olivine
phenocryst with undulatory
extinction (DA08m) within a
microcrystalline groundmass.
Similar olivines are also
locally observed in DA01a. e,
f Sample DA07 with mostly
glassy groundmass and
abundant vesicles. g,
h Massive DA01a poor in
vesicles and rich in (micro)
phenocrystals of Ol, Pl, Cpx
and secondary oxides. i,
j Different glass
microdomains in sample
DA08a. In each image the
scale bar is 500 microns
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4.4.3 Whole-Rock Geochemistry (X-
Ray Fluorescence, XRF)

With the exception of sample DA08m, all sam-
ples i.e. DA01a, DA01b, DA02, DA08a are
compositionally very similar (Table 4.2;
Figs. 4.3, 4.4). All samples are alkaline basanites
with MgO and SiO2 contents of 7.18–8.11 wt%
and 42.45–42.94 wt%, respectively, whereas
sample DA08m contains 12.56 wt% MgO and
41.24 wt% SiO2. Sample DA08m also displays
different abundances of some trace elements such
as Cr (467 ppm) and Ni (299 ppm), with respect
to the rest of samples that contain 147–225 ppm
Cr, and 94–139 ppm Ni.

4.4.4 Glass and Mineral Chemistry
(Electron Microprobe)

Glasses are characterized by a constant compo-
sition for each particular eruptive period, yet
different compositional ranges as a function of
their eruption chronology (along the five months
event) and their location at the surface. Only
samples belonging to the first edifice (i.e. DA01a
and DA08a from the first eruption period starting
in October 2011) have more evolved composi-
tions (> 50% SiO2 wt%) phono-tephrite and
phonolite, respect to the subsequently erupted
samples that formed the last edifice (ca. 45–48
SiO2 wt%) (Figs. 4.3, 4.4; Table 4.2). The latter
are also compositionally very similar to the
glasses of the pre-2011 eruption (i.e. sample
DA08m) (45–46 SiO2 wt%).

Olivine phenocrysts have display a slight
reverse zoning patterns and do not vary system-
atically with their host whole-rock composition.
Only the pre-2011 sample DA08m, shows a
lower Fo content (Fo78, Fig. 4.2; Table 4.2).
Clinopyroxene phenocrysts (classified as diop-
side) are also similar in composition for all
samples with average values of 7 FeO wt%, 22
CaO wt% and 13 MgO wt%. Plagioclase (by-
townites) show a fairly constant composition
for all samples of c. An78-86. Local oxide min-
erals are also present as secondary phases
(Fig. 4.2).

4.4.5 Geothermobarometry

Pressure (P) and temperature (T) estimates were
constrained by applying and combining classical
geothermobarometers and thermodynamical
modelling through the thermodynamic database
of rhyolite-MELTS software v.1.2.0 (Ghiorso
and Sack 1995; Asimow and Ghiorso 1998).
Concerning the former (e.g. Albarede 1992;
Nimis 1999; Putirka 2005, 2008), we applied
them between pairs of minerals (rim versus rim)
or mineral-glass at equilibrium, i.e. when the
equilibrium constant (KD = XFeO/XMgO) mineral
(XFeO/XMgO) melt were ca. 0.3 for olivine and
clinopyroxene versus glass (e.g. Roeder and
Emslie 1970; Putirka et al. 1996; Stroncik et al.
2009). Pressure results of 1.2–2.3 GPa are how-
ever locally not in line with the depths from
previous studies (e.g. Stroncik et al. 2009; Martí
et al. 2013a,b; Longprè et al. 2014). Hence, we
are cautious because this inconsistency is related
to the differences between the input parameters
used in the mentioned experiments and the real
conditions of the Tagoro sub-volcanic system:
for instance, orthopyroxene is normally assumed
in the equilibrium system of the experiments
(e.g. Putirka 2008), yet it is absent in the Tagoro
samples; or the silica activity experiments carried
out under conditions of peridotites (e.g. Albarede
1992) but not properly basanites as the Tagoro
rocks. Regarding the thermodynamical mod-
elling, it allows to constrain P and T by consid-
ering equilibrium among the phases involved in
the main paragenesis, as well as the observed
versus computed modal proportions of glass and
crystals within the groundmass. For the mod-
elling calculations we used the whole-rock
compositions (Table 4.2a) as input “parental”
magmas into the rhyolite-MELTS software and
retrieved phenocrystic assemblages and abun-
dances with chemical compositions for various
T–P–H2O conditions (an initial 1–1. 5 wt% H2O)
under oxygen fugacity (fO2) conditions of 1 log
units above the Niquel-Niquel-Oxide (NNO)
buffer (Ban et al. 2008) at pressures from 0.1 to
0.5 GPa until equilibria were achieved; i.e. we
finally compared the best fit of SiO2–XMg–T–P
conditions between the calculated and the
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Table 4.2 Geochemical results of the studied samples

(a)

SiO2 Al2O3 TiO2 FeO Fe2O3 MgO MnO CaO Na2O K2O P2O5

D1a 42.94 13.45 4.74 11.24 2.21 7.18 0.18 10.72 3.65 1.49 0.89

D1b 42.57 12.82 4.75 11.3 2.22 8.07 0.18 10.95 3.57 1.44 0.81

D2 42.45 12.78 4.76 11.24 2.2 8.11 0.17 10.93 3.66 1.43 0.81

D8a 42.79 13.34 4.68 11.34 2.22 7.29 0.18 10.62 3.71 1.51 0.89

Pre-2011 eruption

D8m 41.24 10.74 4.13 11.69 2.29 12.56 0.18 11.32 2.85 1.04 0.87

(a)

Rb Ba Sr Zr Y Nb Cr Ni V Zn Cu

D1a 33 359 975 402 35.5 78.4 151 94.3 333 131 75.5

D1b 31.5 337 906 365 32.9 70.9 225 138 343 126 97.1

D2 30.3 334 905 365 32.7 70.4 224 139 335 125 88.4

D8a 33.8 366 979 406 36.1 78.7 147 96.4 321 134 74

Pre-2011 eruption

D8m 19.8 285 823 287 28.5 58.3 467 299 323 118 89.8

(b)

SiO2 Al2O3 TiO2 FeO MgO MnO CaO Na2O K2O Total

DA01b 48.47 15.51 2.92 10.04 2.27 0.28 5.67 5.69 3.41 94.26

DA01b 47.97 16.08 3.09 9.78 2.40 0.21 5.93 6.61 3.24 95.33

DA01b 48.26 16.90 2.99 10.24 1.77 0.24 4.38 6.34 3.87 94.99

DA01b 46.79 16.04 3.55 11.20 2.62 0.30 5.91 7.10 3.51 97.05

DA01b 46.56 16.12 3.43 10.43 2.78 0.19 6.83 7.02 3.49 96.88

DA01b 46.77 15.98 3.58 10.76 2.51 0.26 6.30 7.23 3.38 96.81

DA01b 46.62 16.21 3.39 10.14 2.79 0.23 6.77 6.65 3.34 96.15

DA01b 47.18 16.51 3.33 10.15 2.76 0.19 6.79 6.70 3.24 96.87

DA01b 47.79 16.50 3.06 10.36 2.71 0.20 6.17 6.71 3.58 97.13

DA01b 49.83 16.87 2.65 8.49 2.37 0.21 5.85 5.48 3.45 95.21

DA02 46.08 14.91 4.51 12.19 3.65 0.30 8.67 4.04 2.83 97.24

DA02 46.29 15.41 4.55 12.21 3.31 0.25 7.55 4.67 2.96 97.27

DA02 45.41 15.04 4.62 11.99 3.40 0.23 8.38 4.53 2.81 96.46

DA08a 52.90 19.63 1.00 5.51 0.45 0.04 0.10 7.36 6.82 93.84

DA08a 54.41 21.64 0.87 5.17 0.54 0.09 0.34 10.59 5.56 99.21

DA08a 52.15 20.86 0.54 5.09 0.61 0.10 1.94 9.49 6.55 97.37

DA08a 51.83 20.66 0.68 6.34 0.95 0.17 0.70 9.87 7.11 98.32

DA08a 51.24 21.02 0.61 5.95 0.94 0.16 1.03 9.39 6.69 97.03

DA08a 52.56 20.62 0.58 5.88 0.77 0.11 0.70 9.82 7.21 98.26

DA08a 53.36 21.35 0.94 5.54 0.73 0.11 0.21 9.72 7.21 99.20

DA08a 50.91 20.09 0.66 4.78 0.41 0.09 1.50 8.46 6.62 93.53

DA08a 51.23 19.68 0.64 5.66 0.54 0.11 0.05 8.13 7.10 93.14

DA09 44.81 14.96 4.71 11.50 3.86 0.22 9.35 4.99 2.19 96.64

(continued)
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Table 4.2 (continued)

(b)

SiO2 Al2O3 TiO2 FeO MgO MnO CaO Na2O K2O Total

Pre-2011 eruption

DA08m 45.40 15.13 4.15 10.96 4.44 0.20 8.85 4.77 2.43 96.43

DA08m 45.05 15.82 4.38 11.01 4.54 0.26 8.86 4.95 2.20 97.09

DA08m 45.57 15.77 4.34 10.60 4.48 0.22 8.73 4.78 2.25 96.81

DA08m 45.64 15.76 4.33 10.71 4.58 0.26 8.78 4.68 2.31 97.11

DA08m 45.56 15.70 4.25 10.68 4.48 0.19 8.93 4.77 2.25 96.86

DA08m 45.83 15.62 4.26 10.75 4.70 0.16 8.92 4.78 2.27 97.37

DA08m 46.45 15.83 4.31 10.59 4.31 0.18 8.83 4.96 2.35 97.85

DA08m 45.35 15.61 4.37 10.77 4.53 0.21 8.84 4.94 2.14 96.81

DA08m 45.78 15.79 4.34 10.81 4.61 0.23 8.72 4.96 2.34 97.67

DA08m 45.28 15.51 4.30 10.84 4.42 0.16 8.79 4.93 2.21 96.47

DA08m 45.75 15.61 4.29 10.75 4.27 0.16 8.91 5.02 2.25 97.09

(c)

SiO2 Al2O3 TiO2 FeO MgO MnO CaO Na2O K2O Total

DA01b 40.03 0.02 0.03 17.42 41.79 0.24 0.27 0.02 0.01 99.87

DA01b 40.40 0.00 0.03 16.71 42.46 0.25 0.26 0.04 0.00 100.17

DA01b 40.04 0.02 0.04 16.98 42.41 0.23 0.26 0.00 0.01 100.00

DA01b 40.09 0.02 0.01 17.61 42.18 0.24 0.28 0.03 0.01 100.51

DA01b 40.76 0.00 0.03 15.29 43.75 0.21 0.27 0.00 0.01 100.34

DA01b 40.55 0.04 0.03 15.23 43.89 0.21 0.27 0.00 0.01 100.27

DA01b 40.87 0.04 0.05 14.20 44.46 0.21 0.24 0.02 0.00 100.16

DA01b 41.01 0.01 0.02 16.80 42.97 0.20 0.19 0.02 0.00 101.24

DA01b 40.94 0.03 0.03 17.21 41.92 0.26 0.29 0.00 0.01 100.71

DA01b 40.01 0.02 0.05 17.73 41.92 0.24 0.23 0.03 0.00 100.22

DA01b 40.53 0.04 0.03 16.45 42.33 0.22 0.28 0.02 0.01 99.95

DA01b 40.30 0.04 0.03 16.42 42.98 0.26 0.28 0.03 0.00 100.40

DA01b 40.23 0.00 0.05 17.73 42.21 0.23 0.26 0.00 0.00 100.73

DA01b 40.21 0.05 0.02 17.21 42.25 0.28 0.26 0.00 0.01 100.29

DA01b 40.29 0.06 0.03 17.55 41.47 0.21 0.28 0.00 0.00 99.90

DA01b 41.36 0.03 0.04 17.36 41.68 0.25 0.29 0.03 0.01 101.09

DA01b 40.47 0.03 0.03 16.92 42.09 0.24 0.29 0.06 0.02 100.18

DA02 39.82 0.03 0.03 16.59 43.35 0.23 0.27 0.00 0.01 100.38

DA02 40.47 0.04 0.03 17.31 42.16 0.26 0.28 0.04 0.00 100.60

DA02 40.47 0.04 0.04 15.93 43.09 0.23 0.24 0.02 0.00 100.09

DA02 40.33 0.05 0.02 16.15 42.81 0.24 0.24 0.00 0.00 99.86

DA02 40.51 0.02 0.04 17.34 41.80 0.21 0.27 0.01 0.01 100.22

DA02 40.63 0.00 0.04 17.10 42.79 0.26 0.29 0.00 0.02 101.14

DA02 40.68 0.05 0.04 17.87 41.59 0.26 0.32 0.00 0.03 100.84

DA02 40.19 0.04 0.02 17.20 42.45 0.26 0.26 0.01 0.00 100.45

(continued)
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Table 4.2 (continued)

(c)

SiO2 Al2O3 TiO2 FeO MgO MnO CaO Na2O K2O Total

DA02 40.97 0.06 0.03 15.79 43.15 0.22 0.28 0.00 0.01 100.53

DA02 40.19 0.01 0.02 15.52 43.60 0.19 0.28 0.00 0.01 99.87

DA02 40.39 0.04 0.01 16.85 42.58 0.25 0.26 0.04 0.01 100.48

DA02 40.30 0.02 0.03 16.69 43.02 0.22 0.27 0.02 0.02 100.67

DA02 40.59 0.04 0.07 17.31 41.54 0.25 0.28 0.00 0.03 100.15

DA02 40.29 0.05 0.09 18.29 41.61 0.24 0.32 0.01 0.01 100.93

DA07 40.37 0.06 0.04 17.19 42.80 0.25 0.18 0.00 0.00 100.91

DA07 40.68 0.05 0.02 14.47 44.92 0.21 0.20 0.01 0.02 100.63

DA07 40.43 0.01 0.04 17.39 42.43 0.28 0.27 0.00 0.01 100.91

DA07 40.35 0.07 0.06 17.60 42.70 0.25 0.26 0.03 0.01 101.36

DA07 40.25 0.05 0.04 17.24 42.71 0.24 0.27 0.00 0.01 100.83

DA07 40.26 0.03 0.06 18.79 40.92 0.26 0.35 0.01 0.00 100.71

DA08a 39.99 0.04 0.02 19.64 40.80 0.27 0.22 0.00 0.02 101.02

DA08a 39.78 0.00 0.03 19.61 41.36 0.28 0.22 0.00 0.04 101.33

DA08a 40.24 0.00 0.07 18.82 41.04 0.29 0.30 0.02 0.01 100.79

DA09 39.81 0.03 0.03 16.38 42.29 0.20 0.25 0.00 0.02 99.04

DA09 40.59 0.07 0.03 14.67 43.93 0.19 0.26 0.00 0.02 99.80

DA09 40.84 0.02 0.02 13.13 44.59 0.17 0.28 0.01 0.00 99.11

DA09 39.93 0.04 0.07 17.65 41.68 0.25 0.27 0.01 0.03 99.94

Pre-2011 eruption

DA08m 39.85 0.04 0.03 20.08 40.84 0.30 0.21 0.00 0.00 101.36

DA08m 39.12 0.02 0.01 19.71 40.55 0.31 0.20 0.00 0.01 99.94

DA08m 40.22 0.02 0.02 18.30 42.17 0.28 0.13 0.00 0.00 101.15

DA08m 39.89 0.04 0.04 18.83 41.57 0.26 0.14 0.00 0.02 100.82

DA08m 40.38 0.02 0.01 18.08 42.29 0.26 0.11 0.03 0.03 101.23

DA08m 40.37 0.03 0.00 17.31 42.35 0.27 0.18 0.04 0.00 100.56

DA08m 40.73 0.03 0.00 15.42 44.23 0.24 0.29 0.00 0.02 100.98

DA08m 40.11 0.02 0.01 18.91 41.39 0.24 0.13 0.00 0.01 100.81

DA08m 40.60 0.05 0.03 17.35 42.85 0.24 0.16 0.02 0.01 101.35

DA08m 40.54 0.00 0.04 16.12 43.57 0.24 0.33 0.01 0.01 100.88

DA08m 40.26 0.06 0.04 16.16 43.70 0.19 0.32 0.00 0.02 100.81

DA08m 40.60 0.06 0.04 14.88 44.93 0.21 0.23 0.00 0.02 100.98

DA08m 41.11 0.03 0.02 15.56 44.18 0.21 0.27 0.00 0.00 101.40

DA08m 40.52 0.01 0.03 15.49 44.33 0.26 0.23 0.06 0.01 100.95

(d)

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O

DA01b 47.71 2.12 6.81 8.56 0.22 11.42 21.86 0.79

DA01b 47.33 2.33 7.24 8.34 0.15 11.70 21.79 0.83

DA01b 48.46 2.75 4.44 7.16 0.09 13.56 22.25 0.34
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72 A. M. Álvarez-Valero et al.



Table 4.2 (continued)

(d)

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O

DA01b 50.40 1.86 4.02 6.01 0.10 14.41 22.23 0.45

DA01b 44.87 4.17 7.97 7.21 0.12 11.73 22.53 0.52

DA01b 48.67 2.90 4.86 7.05 0.11 13.34 22.37 0.45

DA01b 47.84 2.59 6.17 6.44 0.08 13.07 22.35 0.46

DA01b 50.42 1.87 4.14 5.87 0.09 14.16 22.35 0.45

DA01b 46.18 3.22 8.36 6.93 0.14 12.50 21.63 0.60

DA01b 49.79 2.35 4.33 6.82 0.14 14.10 22.18 0.37

DA01b 42.94 4.98 8.85 7.87 0.09 11.01 22.37 0.56

DA01b 48.73 2.95 4.99 6.98 0.12 13.19 22.42 0.44

DA01b 44.34 4.80 8.55 7.85 0.10 11.10 22.29 0.57

DA01b 46.38 3.36 6.96 7.50 0.08 12.23 22.35 0.50

DA01b 48.92 2.25 6.29 6.94 0.13 12.66 21.64 0.63

DA01b 44.98 4.37 7.90 7.60 0.11 11.42 22.35 0.47

DA01b 44.83 4.39 8.26 7.24 0.09 11.39 22.41 0.53

DA01b 49.10 2.81 4.73 7.11 0.13 13.65 22.46 0.42

DA01b 50.34 2.06 3.86 6.50 0.07 14.25 22.25 0.46

DA01b 49.17 2.68 4.87 6.82 0.13 13.43 22.49 0.44

DA02 50.25 2.44 4.21 6.86 0.13 14.04 22.40 0.35

DA02 44.41 4.64 8.49 7.62 0.10 11.31 22.34 0.44

DA02 50.75 2.01 4.15 6.51 0.09 14.26 22.20 0.48

DA02 50.91 1.94 4.09 6.37 0.09 14.22 22.35 0.52

DA02 50.08 2.14 4.13 6.48 0.11 13.93 22.27 0.36

DA02 50.05 2.01 4.10 6.40 0.11 14.10 22.20 0.40

DA07 48.17 2.40 6.25 7.50 0.19 13.04 21.49 0.74

DA07 49.80 2.36 4.41 6.89 0.10 13.93 22.02 0.40

DA07 49.25 2.78 4.60 7.05 0.14 13.50 22.12 0.43

DA07 50.89 1.74 4.10 5.82 0.10 14.33 22.18 0.48

DA07 50.80 1.75 4.14 5.82 0.12 14.35 22.19 0.50

DA07 49.26 2.56 4.28 7.17 0.12 13.90 22.01 0.42

DA08a 47.88 2.50 6.81 7.03 0.12 13.16 21.36 0.83

DA08a 48.78 2.46 4.81 6.75 0.14 14.22 22.23 0.53

DA08a 50.24 2.28 4.15 6.48 0.12 14.02 22.40 0.43

DA08a 48.30 2.47 6.75 6.94 0.12 12.96 21.44 0.71

DA08a 50.26 1.79 4.70 6.92 0.13 13.68 21.56 0.67

DA08a 47.94 2.68 6.67 6.88 0.11 13.04 21.93 0.64

DA08a 49.30 2.34 4.54 6.46 0.13 13.86 22.66 0.50

DA08a 47.26 3.02 6.24 6.90 0.12 12.97 22.35 0.54

DA08a 45.87 3.83 7.55 7.30 0.10 11.90 22.30 0.57

(continued)
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Table 4.2 (continued)

(d)

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O

DA08a 48.11 2.97 5.39 7.32 0.13 13.30 22.03 0.48

DA08a 49.28 2.63 5.04 7.12 0.14 13.81 21.76 0.46

DA08a 48.09 2.49 6.17 7.10 0.13 13.12 22.35 0.66

DA08a 47.01 2.92 7.36 8.09 0.12 11.76 22.15 0.69

DA08a 45.62 4.08 8.34 7.42 0.10 11.91 22.06 0.61

DA08a 45.10 4.34 8.12 7.77 0.12 11.78 21.95 0.58

DA09 49.84 2.13 4.04 6.67 0.13 13.99 21.85 0.42

DA09 49.79 1.96 3.82 6.41 0.11 14.24 22.08 0.35

DA09 42.37 5.38 9.69 8.16 0.09 10.86 22.06 0.58

DA09 49.76 2.14 4.01 6.50 0.11 13.99 22.22 0.40

DA09 44.10 4.55 8.41 7.77 0.13 11.57 21.89 0.56

DA09 49.33 2.24 4.11 6.69 0.11 14.11 22.06 0.44

DA09 44.17 4.76 8.60 7.48 0.09 11.23 22.03 0.51

Pre-2011 eruption

DA08m 48.30 2.74 5.14 6.87 0.11 13.27 22.59 0.42

DA08m 44.82 4.11 8.36 7.50 0.10 11.31 22.63 0.53

DA08m 48.25 2.87 5.24 7.05 0.14 13.03 22.59 0.53

DA08m 48.31 2.87 5.48 7.04 0.13 12.87 22.66 0.54

DA08m 43.95 4.88 9.15 7.90 0.10 11.11 22.40 0.52

DA08m 48.73 2.82 5.50 7.03 0.15 13.11 22.56 0.42

(d)

K2O Total Mg/(Mg + Fe2) Fe2/(Fetot) Al/(Al + Fe3 + Cr) Jadeite Acmite Diopside

DA01b 0.01 99.56 0.753 0.779 0.835 0.048 0.009 0.943

DA01b 0.00 99.76 0.779 0.711 0.809 0.048 0.011 0.940

DA01b 0.02 99.13 0.800 0.844 0.848 0.021 0.004 0.976

DA01b 0.00 99.75 0.822 0.924 0.926 0.030 0.002 0.967

DA01b 0.02 99.24 0.806 0.696 0.837 0.032 0.006 0.962

DA01b 0.01 99.86 0.795 0.868 0.880 0.029 0.004 0.967

DA01b 0.01 99.45 0.813 0.830 0.888 0.030 0.004 0.966

DA01b 0.02 99.71 0.812 0.997 0.997 0.032 0.000 0.968

DA01b 0.00 99.70 0.811 0.751 0.872 0.038 0.006 0.957

DA01b 0.01 100.16 0.802 0.912 0.911 0.024 0.002 0.974

DA01b 0.01 98.78 0.804 0.610 0.802 0.033 0.008 0.959

DA01b 0.00 99.86 0.784 0.930 0.935 0.030 0.002 0.968

DA01b 0.00 99.71 0.759 0.798 0.884 0.036 0.005 0.959

DA01b 0.01 99.48 0.796 0.745 0.837 0.031 0.006 0.963

DA01b 0.03 99.56 0.762 1.018 1.014 0.046 -0.001 0.954

DA01b 0.00 99.30 0.760 0.845 0.904 0.031 0.003 0.966

(continued)
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Table 4.2 (continued)

(d)

K2O Total Mg/(Mg + Fe2) Fe2/(Fetot) Al/(Al + Fe3 + Cr) Jadeite Acmite Diopside

DA01b 0.00 99.25 0.772 0.828 0.904 0.035 0.004 0.962

DA01b 0.01 100.45 0.802 0.844 0.858 0.026 0.004 0.970

DA01b 0.01 99.94 0.812 0.907 0.900 0.030 0.003 0.967

DA01b 0.02 100.11 0.794 0.912 0.920 0.029 0.003 0.968

DA02 0.03 100.80 0.789 0.978 0.975 0.025 0.001 0.975

DA02 0.00 99.45 0.760 0.835 0.905 0.029 0.003 0.968

DA02 0.03 100.61 0.803 0.959 0.956 0.032 0.001 0.966

DA02 0.02 100.62 0.807 0.952 0.949 0.035 0.002 0.963

DA02 0.03 99.63 0.791 1.012 1.013 0.027 0.000 0.974

DA02 0.02 99.52 0.806 0.945 0.942 0.027 0.002 0.971

DA07 0.01 99.85 0.814 0.709 0.801 0.043 0.011 0.946

DA07 0.00 99.98 0.788 0.968 0.965 0.028 0.001 0.971

DA07 0.00 99.95 0.779 0.969 0.968 0.030 0.001 0.969

DA07 0.02 100.04 0.808 1.041 1.043 0.036 -0.001 0.965

DA07 0.01 100.00 0.814 1.004 1.004 0.036 0.000 0.964

DA07 0.01 99.79 0.801 0.856 0.854 0.026 0.004 0.970

DA08a 0.00 99.83 0.833 0.669 0.805 0.048 0.012 0.940

DA08a 0.03 100.00 0.863 0.597 0.714 0.027 0.011 0.962

DA08a 0.01 100.19 0.799 0.972 0.970 0.030 0.001 0.969

DA08a 0.00 99.86 0.795 0.860 0.907 0.047 0.005 0.949

DA08a 0.00 99.76 0.790 0.936 0.938 0.045 0.003 0.952

DA08a 0.02 100.01 0.815 0.765 0.853 0.039 0.007 0.954

DA08a 0.00 99.87 0.835 0.753 0.801 0.029 0.007 0.964

DA08a 0.01 99.51 0.828 0.694 0.807 0.032 0.008 0.961

DA08a 0.02 99.52 0.787 0.786 0.872 0.036 0.005 0.959

DA08a 0.00 99.79 0.800 0.808 0.844 0.029 0.005 0.965

DA08a 0.00 100.31 0.791 0.914 0.921 0.030 0.003 0.967

DA08a 0.02 100.16 0.839 0.631 0.768 0.036 0.011 0.953

DA08a 0.01 100.16 0.774 0.758 0.841 0.042 0.008 0.950

DA08a 0.02 100.21 0.788 0.771 0.873 0.039 0.006 0.956

DA08a 0.01 99.86 0.782 0.754 0.857 0.036 0.006 0.958

DA09 0.00 99.16 0.794 0.973 0.969 0.030 0.001 0.969

DA09 0.01 98.96 0.812 0.916 0.909 0.023 0.002 0.975

DA09 0.01 99.30 0.793 0.621 0.815 0.035 0.008 0.957

DA09 0.02 99.25 0.806 0.921 0.917 0.027 0.002 0.971

DA09 0.00 99.07 0.792 0.698 0.835 0.034 0.007 0.959

DA09 0.02 99.23 0.824 0.804 0.815 0.026 0.006 0.968

DA09 0.05 99.04 0.762 0.835 0.907 0.034 0.003 0.962

(continued)

4 From Magma Source to Volcanic Sink Under Tagoro Volcano (El Hierro, Canary Islands) … 75



observed results for the glass (i.e. residual liquid)
and the main cotectic phases (i.e. Ol, Cpx and Pl,
with total amount up to 15% for the 2011 erup-
tion samples, and up to 30% for sample DA08m;
Table 4.3). Our modelling results indicate that
the assemblage olivine or clinopyroxene + pla-
gioclase + residual glass reaches equilibrium at

c. 4 kbar (i.e. c. 12 km depth assuming an
average oceanic crustal density of 3000 kg/m3),
and 1130 °C, in general for all samples
(Table 4.3), except for sample DA08m at slightly
lower T of 1100 °C. The “silica activity barom-
eter” of Putirka (2008, Eq. 42) for the bulk
composition of sample DA08m, indicates deeper

Table 4.2 (continued)

(d)

K2O Total Mg/(Mg + Fe2) Fe2/(Fetot) Al/(Al + Fe3 + Cr) Jadeite Acmite Diopside

Pre-2011 eruption

DA08m 0.02 99.60 0.811 0.802 0.842 0.026 0.005 0.970

DA08m 0.02 99.51 0.785 0.738 0.857 0.033 0.005 0.962

DA08m 0.00 99.81 0.809 0.780 0.827 0.032 0.007 0.962

DA08m 0.01 100.01 0.800 0.813 0.855 0.033 0.006 0.961

DA08m 0.03 100.19 0.773 0.737 0.861 0.033 0.005 0.962

DA08m 0.01 100.45 0.785 0.911 0.925 0.028 0.002 0.970

(e)

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total XAb XAn XOr

DA07 52.86 0.25 29.22 0.66 0.02 0.12 12.47 4.26 0.32 100.18 0.375 0.607 0.018

DA07 51.26 0.18 30.44 0.66 0.00 0.11 13.99 3.31 0.22 100.21 0.296 0.691 0.013

DA08a 52.27 0.23 29.98 0.70 0.00 0.12 13.03 4.02 0.25 100.63 0.353 0.633 0.014

DA09 52.06 0.24 29.37 0.69 0.01 0.12 12.96 3.90 0.35 99.69 0.345 0.634 0.020

DA09 52.30 0.23 29.46 0.73 0.01 0.09 12.86 3.83 0.29 99.80 0.344 0.639 0.017

Pre-2011 eruption

DA08m 53.15 0.20 28.94 0.55 0.00 0.08 12.39 4.24 0.32 99.88 0.375 0.606 0.019

DA08m 53.75 0.20 29.05 0.47 0.00 0.10 11.70 4.67 0.40 100.35 0.410 0.567 0.023

DA08m 52.23 0.25 29.65 0.60 0.01 0.06 12.76 4.04 0.33 99.93 0.357 0.624 0.019

DA08m 53.31 0.23 29.09 0.52 0.00 0.09 12.09 4.43 0.38 100.15 0.390 0.588 0.022

DA08m 52.99 0.24 29.05 0.50 0.03 0.08 12.09 4.43 0.40 99.81 0.390 0.587 0.023

DA08m 54.05 0.20 28.57 0.52 0.02 0.04 11.42 4.94 0.43 100.19 0.428 0.547 0.024

DA08m 54.20 0.22 28.73 0.59 0.00 0.10 11.71 4.70 0.37 100.62 0.412 0.567 0.021

DA08m 53.53 0.21 29.46 0.51 0.00 0.09 12.32 4.44 0.39 100.99 0.386 0.592 0.022

DA08m 53.34 0.22 29.04 0.59 0.00 0.07 12.28 4.29 0.35 100.19 0.379 0.600 0.021

(f)

DA01a DA01b DA02 DA08m Lava-restingolite Restingolite

dD% − 89.8 − 96.4 − 96.6 − 96.3 − 87.3 − 72.2

d18O% 6.2 6.1 6.2 6.4 6.8 11.1

(a) Bulk-rock (XRF) analysis (oxides in wt%; elements in ppm). (b–e) EPMA (wt%) of glass, olivine, clinopyroxene
and plagioclase, respectively. (f) dD and d18O isotope results of the Tagoro basanites and restingolite
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values (c. 20–24 km; López et al. 2012). The
inclusion of residual glass in the thermodynam-
ical model locally yields to inconsistent results of
the output composition of the cotectic phases, as
glass is equilibrating at the latest stage of cooling
and might not be fully related with the first
crystallised phases (i.e. Ol and/or Cpx). These
results are also in line with the two main magma
storage regions (10–12 and 22–36 km depth)
beneath El Hierro island estimated through fluid
inclusions studies (Oglialoro et al. 2017), and
multifrequency, multisensor interferometric
analysis of spaceborne radar images (González
et al. 2013).

4.4.6 Olivine Diffusion
Geospeedometry

We have acquired two compositional profiles
(points every 20–30 µm) from two olivine crys-
tals (samples DA07 and DA08m) to carry out a
preliminary comparison between the 2011 early
erupted products (DA07; Fig. 4.5) and the pre-
vious 2011 erupted products (DA08m; Fig. 4.6).
As mentioned, olivine crystals erupted during the
2011 eruption display a variety of core and rim
compositions suggesting the occurrence of mul-
tiple open-system processes before the triggering
of the eruption (Martí et al. 2013b; Longpré et al.
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Fig. 4.3 a Total Alkalis versus Silica (TAS) diagram (Le
Bas et al. 1986) displaying the alkaline geochemical
affinity of the Tagoro rocks. Gray circles represent data
for Canary Islands basanites compiled from the GEOROC
database (http://georoc.mpch-mainz.gwdg.de/georoc/).
The green field represents the magmatic whole-rocks of
El Hierro described in Troll et al. (2012); b Glass
compositional variation shown on a Na2O + K2O, FeOt,

MgO (AFM) ternary projection (Irvine and Baragar
1971), and c K2O versus SiO2 diagram (Le Maitre
1984). Orange arrows highlight the compositional varia-
tion from the whole-rock to the glass data within the same
sample; d Nb versus Zr comparative projection of the
studied basanites with basalts from Iceland, oceanic
islands and normal segments of mid-ocean ridge (Fitton
and Godard 2004, for MgO > 5 wt%)
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2014). The detailed study of the olivine patterns
from different eruptions is beyond the scope of
this book chapter, but the comparison between
these two profiles (Figs. 4.5, 4.6) highlights the
importance of understanding the processes
occurring at depth aiming to build a consistent
model of the volcanic plumbing system.

The T and fO2 used for modelling are
1130 ± 10 °C and 1 log units above the NNO

buffer for olivine DA07, and 1100 ± 10 °C and
1 log units above the NNO buffer for olivine
DA08m according to the thermobarometric
results (Table 4.3). The olivine profile DA07
(Fig. 4.5) shows a reverse zoning pattern, from
core to rim (Fo81-84). Towards the crystal edge
the Fo content decreases again to values of ca.
Fo79. However, we have established the Fo-rim
value for diffusion modelling at Fo82 based on
the slope change at this point of the transect
(suggesting a last crystal-growth stage; e.g.
Albert et al. (2015)). In the DA08m olivine
traverse (Fig. 4.6), we also appreciate a reverse
zoning trend (Fo78 to Fo82) followed by a Fo
decrease towards the edge (Fo80).

We have modelled the Fe–Mg concentration
gradients using the DIPRA software (Girona and
Costa 2013), and have included the crystallo-
graphic directions of the compositional profiles
estimated through SHAPE software (Dowty
1987). Based on these estimations, we have
calculated a time of ca. 200 days for the mixing
event preceding the eruption of DA08m. In the
case of the 2011 sample (DA07) we have iden-
tified a mixing event occurring about 189 days
followed by a resting time of 86 days prior to
eruption.

4.4.7 Stable Isotopes

The results of oxygen and hydrogen stable iso-
tope analysis (Table 4.2; Fig. 4.6) show d18O
values (6.2–6.4 %) matching MORB values
(5–6%) and arc volcanoes (5–8%) (Bindeman
2008). D/H results display similar values within
the field of primary magmatic fluids for all
samples (including the pre 2011 eruption
DA08m; c. −96%). Only sample DA08a from

Fig. 4.4 Variation diagrams (after Somoza et al. 2017) of
whole-rock major elements SiO2 (a) and Na2O (b) versus
MgO of the studied basanites compared to other Tagoro
rocks from literature (see legend). Samples DA01a and
DA08a match the data for the first edifice, whereas DA02
and DA01b coincide with the last erupted products

Table 4.3 Summary of the P–T calculations obtained for the studied basanites

Sample DA01a DA01b DA02 DA08a DA08m

MELTS Ol + Cpx + Glass P (kbar)(± 0.6) 4 4 4 4 4

T (°C) (± 40) 1130 1120 1120 1130 1100

% residual melt; % crystals 90; 10 85; 15 85; 15 90; 10 70; 30

Putirka (2008) Eq. 42 at 1100 °C P (kbar) 7.0 ± 0.5
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the earlier eruptive stage in October 2011 shows
a slightly lighter value of c. −89%, which is
consistent with the presence of different glass
microdomains (Figs. 4.1j, 4.2i) from the magma
interaction with the surrounding sediments there
present prior to eruption.

Attempting to assess the potential sediments
assimilation by the first products emitted in
October 2011, we also analysed a white-floating
sample (the so-called restingolite; e.g. Carracedo
et al. 2012) and its basaltic host material. The
results evidence the isotopic fractionation of the
bulk values by the assimilation process of the
two distinctive endmembers values. This is
confirmed by the restingolite showing lighter
D/H value of c. −72%, with a higher d18O value
(up to 11.2%) matching the values range of
sedimentary fluids (Fig. 4.6). Its host basaltic in-
contact sample show also certain variation of the
primary magmatic values (6.8% for d18O, and

−80% for D/H), which is also consistent with the
major and trace elements data (Fig. 4.4,
Table 4.2a–f).

4.4.8 Magnetometry

We explored whether the magnetic response
represents a proxy for a magma source at depth,
and it can be integrated with the rest of the
petrologic and geochemical database as an
informative tool of the magmatic scenario
beneath Tagoro. Based on the exponential spec-
trum decay assumption we can estimate the depth
to the top of magnetic source(s). Results show
two boundaries of the magnetic anomaly (inset at
Fig. 4.7): one corresponding to superficial mag-
netic contribution at 1 km depth, and a second
one at 3 km depth. Our results match with
Werner Deconvolution results. To resolve the

Fig. 4.5 Olivine of sample DA07. a Back-scattered
electron (BSE) image of the crystal and position of the
compositional traverse (A–A’); b Crystal orientation
defined by SHAPE; and c Stereographic poles and profile

orientation projection (dark green squares); d Olivine Fo
(mol%) profile from rim to rim (A–A’) and best-fit
diffusion model. See the main text for the details of the
calculated timescales
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depth extension of possible magnetic contribu-
tions we have used the approach proposed by
Blakely (1988, 1995) and Schuey et al. (1977).
Blanco-Montenegro et al. (2003) applied the
method based on the position of a maximum
value along the layer axis (kmax) to a grid centred
in Gran Canaria Island, suggesting the presence
of rocks located at mantle-like depths, which
could behave as magnetic sources. We followed
a similar technique. In order to solve the peak in
the spectrum, we used 1 km as the depth of the
layer's top and 10 km as depth to the Moho in the
area (see also Carracedo et al. 2015). It leads to a
50 km-size for the window. Thus, using the
magnetic anomaly map (Fig. 4.7) we got the
radial-average spectrum of the magnetic anomaly
map, and obtained a kmax of 0.0297 cycles/km, as
well as the depth to the bottom of this magnetic
source lying at 15 km b.s.l.

4.5 Discussion

4.5.1 Magmatic Evolution Up
to Eruption: Mixing
and Differentiation
Processes

The compositional comparison (major and trace
elements) between the bulk-rock (i.e. assumed as
parental magma) and the evolved residual glasses
(Fig. 4.3; Table 4.2) confirm the minor variation
during the magmatic evolution related to the
Tagoro 2011 eruption (see also Martí et al.
2013a,b). In this study we selected sample
DA08m as the reference magma composition of
a previous submarine eruption in the region
(Álvarez-Valero et al. 2018) to be compared with
the 2011–2012 products. The petrologic features

Fig. 4.6 Olivine of sample DA08m. a Back-scattered
electron (BSE) image of the crystal and position of the
compositional traverse (B–B’); b Crystal orientation
defined by SHAPE; and c Stereographic poles and profile

orientation projection (dark green squares); d Olivine Fo
(mol%) profile from rim to rim (B–B’) and best-fit
diffusion model. See the main text for the details of the
calculated timescales
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of sample DA08m with respect to the other
samples erupted in 2011–2012, show (i) signifi-
cantly higher MgO, Cr and Ni contents; (ii) two
different P estimates of c. 24 km and c. 10–
14 km depth, in line with the presence of two
magma sources; and (iii) similar residence times
and Fo compositional plateaus compared to the
2011–2012 samples (Longprè et al. 2014).

All this combined with the zoning patterns of
the olivine crystals (Figs. 4.5, 4.6) showing
mixing-derived zoning patterns (c. �190 and
�90 days for the 2011–2012 eruption, and
�200 days for the pre-2011 episode), supports
the hypotheses that (i) the two submarine erup-
tions had similar subsurface magmatic evolution
processes; and (ii) a mixing mechanism of two
compositionally similar mafic magmas, one from
a deeper source ascending and filling up shal-
lower reservoirs. The deeper ascent allowed
interaction between the magmabatches at c. 20–
24 and 10–14 km depth. These depths range are
in line with those retrieved by studies of e.g. fluid
inclusions (Oglialoro et al. 2017) and geodetic

(González et al. 2013). In the latter, a shallowest
magma reservoir at ca. 4–5 km depth is also
described, which is consistent with the depth of
the reservoir's roof identified by our magnetom-
etry survey (Fig. 4.7). The presence of two sets
of olivine and pyroxene phenocrysts with and
without optical undulatory extinction correlated
to different deformation degrees. This in turn
may be related to the two main different depths
of the magmabatches; i.e. a mantle-derived
source and a shallower’s one, respectively (see
also Longprè et al. 2014; Taracsák et al. 2019).
This is also consistent with the 3He/4He results of
sample DA08m with typical values of pristine
magmas c. 8.7–9.7 (RA) (Álvarez-Valero et al.
2018), whereas usually more evolved magmatic
values of 2.6–5.0 (RA) correspond to the 2011
early eruption samples DA01b and DA08a.

Therefore, this magmatic evolution is
remarkable along the geological record of El
Hierro, where magma mixing mechanisms at
depth have characterised most of the historical
eruptions on the island (e.g. Stroncik et al. 2009;
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Fig. 4.7 Representation of dD versus d18O values (%) of
the Tagoro samples in Taylor’s (1967) diagram of water
isotopic composition (Table 4.2). The temperature of the
magmas (ca. 1100°C) did not allow for oxygen equili-
bration or fractionation (typical at such high T) during

rapid eruption, and water dD values are therefore
comparable with solid samples. Isotopic variation is only
evident after sediment assimilation during the first
eruption period starting in October 2011
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Taracsak et al. 2019). Mixing of plume-derived
magmas with partial melts derived from the
depleted lithospheric mantle was also described
by Abratis et al. (2002) at El Hierro.

4.5.2 Connecting the Location
of the Collected Samples
with Their Origin
at Depth: Pre-versus 2011
Eruptive Events

A key result is that the materials erupted from
October 2011 until February 2012 can be related
to their respective petrologic information at
depth, i.e. to the rock's location on the seafloor
within the Tagoro edifice. As a function of the
location of the dredged samples and the geo-
morphological description of the Tagoro edifice
(Somoza et al.2017), samples DA01a and DA08a
correspond to the material forming the early
volcanic edifice (i.e. October–December 2011),
whereas the rest of the samples are from the last
–and nowadays mostly exposed on the seafloor
—edifice (January–February 2012), distributed
from the summit area (DA05, DA06, DA07,
DA09) up to the distal or apron parts of the lava
flow (DA02 at middle of the lava flow body, and
DA01b in the apron; Fig. 4.1, Table 4.1). Sample
DA08m was ripped out from the pre-existing
volcanic substrate (see also Stroncik et al. 2009)
and collected within the same dredge of sample
DA08a likely due to the dredge penetration in the
thin layer of material from the first edifice at that
location point (Fig. 4.1; Table 4.1).

This simple systematics between the location
at surface of the 2011–2012 eruption material
and their eruptive stage, as well as the common
P–T estimates among all samples (i.e. same
depth for the stagnated magma source) and the
rest of geochemical similarities (including the
isotopic data), demonstrate a fairly uninterrupted
eruption episode emptying the entire plumbing
system. This continuous magmatic pulse -mostly
from the stagnation level- is also consistent with
the seismic and deformation data supporting a
partial emptying out of the deeper source as well
(e.g. Martí et al. 2013a,b). Finally, the estimation

of the plumbing system’s volume at depth, by
comparing the 2011–2012 pre- and post- erup-
tion bathymetries, constrains a minimum volume
value for the plumbing system emptying of c.
65 � 106 m3 (Navarro 2016). This volume is
higher than the previously estimated by petro-
logical constraints (Martí et al. 2013a, b) and
bathymetric maps (Rivera et al. 2013) of lower
resolution than the here presented.

4.5.3 Syn-Eruption Magmatic
Evolution: Eruptive Styles

Summarising the present results, a magma mix-
ing mechanism at the stagnation level (c. 10–
14 km depth) followed by a continuous eruptive
event is the most plausible scenario explaining
the similarities in composition of the studied
samples along the whole 2011–2012 eruption
period. However, three key petrographic and
isotopic aspects help to constrain in more detail
the syn-eruptive event. For instance, samples
DA08a, belonging to the beginning of the erup-
tion period (first edifice), is the only one
revealing magma interaction with the sedimen-
tary layers on the pre-2011 seafloor, which were
heated up and partially melted by the arriving
magma. This is evidenced by: (i) locally different
glass microdomains in thin-section (Fig. 4.2i, j);
(ii) slightly heavier bulk D/H values (Fig. 4.7);
and (iii) a more evolved and fractionated geo-
hemical composition than the rest of the samples
(Fig. 4.3). The sedimentary layer was most
probably fully consumed during the first edifice’s
building, and therefore could no longer interact
with the following ascending magmas (corre-
sponding to the rest of the studied samples) to be
melted and partly assimilated. Sample DA01a,
likely extracted from the first edifice as well, and
compositionally identical to DA08a, shows none
of the mentioned interaction features with the
sediments, which may suggest that the sedi-
mentary material had already been consumed by
the time the magma corresponding to DA01a was
erupted some days after 10th October 2011. The
stable isotopes data reveal no interactions at the
chamber or along the magma ascent to the
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surface, which supports a relatively fast eruption
with no isotopic re-equilibrium in the magma at
high T (e.g. O'Neill 1986; Bindeman 2008;
Álvarez-Valero et al. 2016, 2020), as well as an
eruption mainly controlled by deep-seated pro-
cesses, with little influence from shallow crustal
levels (see also Longprè et al. 2014). The higher
MgO content in the bulk-rock of the last erupted
samples in February 2012 (DA01b, DA02,
DA09) supports the removal first of the most
evolved magmas (DA01a, DA08a) at the start of
the eruption in October 2011 (Fig. 4.4;
Table 4.2).

Given the minor variation of the MgO content
in the glasses with respect to the whole-rock, we
suggest a rapid emptying of the plumbing system
for the 2011–2012 eruption after at least two
mixing events occurred ca. six and three months
prior to eruption (see also Longprè et al. 2014;
Albert et al. 2016). This may be related to a
deeper chamber ascent from 20–24 to 10–14 km,
where a slight differentiation started because the
material escape to the surface was significantly

fast (c. 45 days; up to three months according to
Martí et al. 2013b) (Fig. 4.8). The arrival of the
deeper andmoremafic pulsemost likely continued
until the end of the eruptive event in February
2012. This was common for the pre- 2011 erup-
tions as evidenced by sample DA08m and previ-
ous studies (e.g. Stroncik et al. 2009). The Fe–Mg
diffusion profile in the DA07 olivine of c. a month
of mafic input before the ascent (c. 15 days) and
open-system eruption, strongly supports this
argument (see also Longprè et al. 2014).

4.6 Conclusions

The integration of the presented new results with
previous literature builds and relates the effects
of the magmatic process at depth with the
observations at the surface of the Tagoro area. In
view of all this we conclude that the 2011–2012
eruption forming the Tagoro edifice may have
followed this sequence of magmatic-volcanic
stages:
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Fig. 4.8 Magnetometry map-profile and anomaly values (left-bottom corner). See the text for details
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(i) an original mafic magma at 20–24 km
depth ascended and slightly differentiated
into a shallower stagnation reservoir thus
favouring mafic magma mixing (from the
same magma source) by the arrival of
deeper pulses that promoted instability in
the latter (Fig. 4.9);

(ii) slight fractionation process (e.g. glasses of
samples DA01b, DA02, DA09; Fig. 4.3)
at a shallow reservoir (10–14 km depth)
likely resulting in a crystal accumulation
at the chamber bottom (slight higher
crystallinity of sample DA09; Fig. 4.2).
We are aware that the existence of small

magma batches that stacked in the crust
can be an alternative to a single magma
chamber, which in any case managed to
erupt because they mixed, increasing the
volume and fracturing the crust (Albert
et al. 2016);

(iii) subsequent eruption that partially or fully
emptied the entire plumbing system during
4–5 months. It started erupting more
massive (less vesicular) products interact-
ing with previous seafloor sediments,
which were heated and melted (and
explosively emitted as part of the restin-
golitic material) at the beginning of the
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submarine eruption in October 2011 (e.g.
Carracedo et al. 2012; Pérez-Torrado et al.
2012; Troll et al. 2012; Martí et al. 2013a).

(iv) the eruption of solid material continued
until February 2012 building up the last
and current seafloor edifice (Somoza et al.
2017) of more vesicular material (e.g.
DA01b, DA02, DA06) but nearly identical
in composition along the entire eruption.

(v) the magnetometry anomaly under Tagoro
retrieved in 2016 is consistent with geo-
physical and oceanographic evidence of
post-eruptive unrest periods (Benito-Saz
et al. 2019) and current activity (e.g.
Fraile-Nuez et al. 2016) in the Tagoro
area. This also matches the location of the
Moho and shallower chamber (Carracedo
et al. 2012; Martí et al. 2013a, 2013b)
nowadays in the region and the entire
archipelago at c. 15 km depth).

4.7 Future Work Over the Next
Decade

This book opens new potential research lines to
enhance the knowledge of Tagoro volcano, and
volcanological processes in general. From our
perspective, this chapter releases interesting new
questions that can be considered as interdisci-
plinary action points. For instance, we are
envisaging the following promising aspects to
deep through in the next years: (i) exhaustive
microtextural study in detail of the different glass
populations combined to advanced geochemical
dataset. This will allow a better understanding of
the magma mixing mechanisms at depth and
sediments contribution at surface; (ii) a more
detailed study on diffusion chronometry in oli-
vine, clinopyroxene and plagioclase of the pre-
and 2011–2012 eruptions. As mentioned, the two
olivine profiles presented here, represent just a
preliminary approach to be tested with the
Longprè et al. (2014) data (that does not account
for the EBSD correction). Our results encourage
a detailed study of the phenocryst populations in
Tagoro as they show different compositional

profiles (i.e. different evolution) but similar ages.
This will allow us to improve our knowledge on
the processes (and their timescales) preceding the
monogenetic eruptions in El Hierro; (iii) a novel
and timely integration of advanced geophysical
techniques, such as interferometric analysis and
magnetometry, with petrologic-geochemical data
attempting to constrain morphologies of magma
sources at depth.

All this in turn should redound in direct
implications for hazard assessment and eruption
forecasting in the island and at any other sub-
marine volcanic scenario worldwide, as com-
plementary information to the classical
techniques of combining seismics, ground
deformation and free-gas measurements.
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5Magma Storage and Migration
in El Hierro During the Period
2011–2014

I. Domínguez Cerdeña, M. Charco,
E. González-Alonso, C. del Fresno,
M. A. Benito-Saz, and L. García-Cañada

Abstract

The 2011–2014 volcanic episode of El Hierro
has become an excellent laboratory for study-
ing the magma plumbing system beneath the
island, with tens of works in the literature
focusing on the geophysical, geodetic and/or
petrological perspective. This chapter mainly
focuses on the results obtained through the
analysis of the seismicity and ground defor-
mation during the different periods of the
activity, including the three months of
pre-eruptive unrest, the 5-month-long sub-
marine volcanic eruption, and the magmatic
intrusions during the following 2 years after
the end of the eruption. All these results,
together with those from other petrological
and gravimetric studies, have allowed us to
obtain a joint description of magma transport
and storage at El Hierro Island. Most inter-
pretations point to the presence of a main deep
magma storage system below the center of the
island feeding both the eruption and the later

sill-like magmatic intrusions. The stagnation
of the post-eruptive magma accumulations
could indicate the presence of stress barriers
inhibiting the ascent of magma. This structure
may have an important influence on the
growth of the island, with similar a contribu-
tion from magma storage under the crust as
from the eruption itself. Despite all the
accumulated knowledge, there are still open
questions to be addressed.

Keywords

Geophysics � Volcano seismicity � Geodetic
monitoring � Magmatic systems � Ocean
island volcanoes

5.1 Introduction

Magma supply, storage and transport are among
the critical processes that govern volcanic activ-
ity (e.g., Poland et al. 2014). There are several
well-known magma plumbing systems on intra-
plate volcanic islands. In Hawai’i there is both
horizontal transport of magma for 20 km at 30–
35 km depth and near-vertical migration
over * 30 km to a shallow magma chamber
(Wright and Klein 2006), while, in La Réunion
magma rises toward Piton de La Fournaise
through complex, inclined pathways that are
influenced by the fabric of the oceanic crust
under the island (Michon et al. 2015). However,
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little is known about the magma plumbing sys-
tems in long-dormant volcanic islands like the
Canary Islands. Moreover, there have not been
many recent monogenetic basaltic eruptions in
volcanic islands, and fewer of them fully moni-
tored (Albert et al. 2016). There were no direct
geophysical or geodetic observations of the
magma plumbing system before the 2011 erup-
tion in El Hierro Island, and the only information
about this structure came from petrological
studies (e.g., Stroncik et al. 2009).

In 2011, a magmatic unrest episode in El
Hierro culminated in a 5 months long submarine
volcanic eruption (López et al. 2012) followed
by 6 short-duration magmatic intrusions between
2012 and 2014 (Benito-Saz et al. 2017). This was
the first fully monitored eruption in the Canary
Islands and has produced tens of scientific stud-
ies providing an outstanding opportunity to
explore magma storage and transport through
geodetic and seismic methods.

In this contribution we review published
geodetic and seismic studies about El Hierro
volcanic episode, together with geological
results, in order to provide a common interpre-
tation about the magma storage and transport.
Firstly, the main available data sets used in the
literature are briefly reviewed, followed by a
description of the observed geodetical and seis-
mological signals during the different pre-
eruptive, syn-eruptive and post-eruptive periods.
Finally, the different results in the literature are
discussed to achieve a joint interpretation of the
magma plumbing system and a list of open
questions related to the volcanic process is
provided.

5.2 Volcano Monitoring Network
in El Hierro

At the beginning of the seismic crisis on 19 July
2011, the volcano monitoring system on the
island of El Hierro was scarce. It consisted of a
couple of seismic stations on the island which,
together with 3 other stations on the neighboring
islands of La Palma and La Gomera, allowed for
the location of only the larger events. There was

also a GNSS station (FRON) belonging to
Grafcan (www.grafcan.es). Since the beginning
of the unrest the IGN (López et al. 2012) and
other institutions (Pérez et al. 2012; Prates et al.
2013) deployed a monitoring network on the
island, including seismic, geodetic, gravimetric,
and geochemical stations. For the study of
magma migration below the island presented in
this chapter we have relied on information from
scientific publications on the subject, most of
which are based on data obtained by the IGN
seismic and geodetic networks as well as radar
images.

Figure 5.1 shows the evolution of the seismic
and geodetic networks deployed on El Hierro
Island and the periods of operation of each sta-
tion. It should be noted that on 21 July there were
already 6 seismic stations on the island, 4 of
which transmitted real-time data. By October
2011, the IGN network in the island was com-
posed of 9 real-time seismic stations, mostly with
short period sensors, and 10 GNSS stations, one
of them shared with the University of Cádiz
(UCA). This joint network was in operation from
the beginning of the volcanic eruption and during
all the post-eruptive intrusions and it has already
been described in the literature, both the seismic
(López et al. 2012; Domínguez Cerdeña et al.
2014) and the geodetic networks (López et al.
2012; Domínguez Cerdeña et al. 2018).

In addition, the monitoring network on the
surrounding areas served as support and used, in
the case of the GNSS network, to process GNSS
data in a regional network (Benito-Saz et al.
2017). In the case of the seismic observations,
data from other islands stations was not used for
location as only the larger events were recorded
and farther stations observations (D � 80 km)
considerably increased the time residuals due to
the inadequate velocity model used (Domínguez
Cerdeña et al. 2014). However, 8 broad band
seismic stations on the neighboring islands of La
Palma, La Gomera and Tenerife were used to
help constrain the magnitude and focal mecha-
nism of the largest earthquakes.

The deployment of the network had some
difficulties to properly cover all the geography,
and not all the stations in El Hierro Island had
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adequate communications for real time trans-
mission. In these cases, the emergency commu-
nications system of the Canary Islands
Government was occasionally used for data
transmission. Some of the data outages (Fig. 5.1)
were caused by this lack of communications, as
well as other problems including vandalism,
power supply problems—due to the low insola-
tion of the stations in the north of the island or
the deterioration of batteries and solar panels of
stations close to the sea due to salinity and
corrosion.

When the volcanic activity was detected in El
Hierro in July 2011, no radar satellites were
acquiring images on a regular basis over the
island, so only a short number of acquisitions
were available during this period. It was not until
September 2011 that some satellites such as
COSMO-SkyMed, RADARSAT-2 or TerraSAR-
X were programmed to capture images with a
permanent frequency over the area. Those satel-
lites kept monitoring the island during the erup-
tion and throughout the 2012–2014 unrest
periods, except for the Envisat satellite, which

was at the end of its operational life and stopped
acquiring images in 2012 (Fig. 5.1).

5.3 Seismic and Geodetic Results

Seismic and geodetic data allowed scientists to
infer the processes that occurred below El Hierro
Island between 2011 and 2014. The IGN manu-
ally reviewed seismic catalog contains approxi-
mately 25,000 earthquakes between 2011 and
2014, including the pre-eruptive crisis, the
eruption and the successive magmatic intrusions
that took place after the end of the eruption.
However, due to the high rate of the seismicity, it
was impossible to manually locate all the events,
and the number of earthquakes that actually
occurred was much larger. Only during the three
months before the eruption, the IGN seismic
catalog registered 10,000 earthquakes (López
et al. 2012), however, through new automatic
algorithms we know now that at least 25,000
earthquakes took place during this period (Díaz
Suárez et al. 2019).

Fig. 5.1 Evolution of the IGN seismic and geodetic
volcano monitoring networks in El Hierro during the
period 2011–2014. a Seismic data available from each
seismic station. b Location of the IGN seismic stations in
El Hierro. c GNSS data available from each station at El
Hierro. d Location of the IGN/Grafcan/UCA GNSS
stations in El Hierro. e Radar data from COSMO-

SkyMed, ENVISAT, RADARSAT-2 and TerraSAR-X
satellites in ascending (red) and descending (blue) orbits
used for the different publications (López et al. 2012;
González et al. 2013; Cong et al. 2015; Benito-Saz et al.
2017). Vertical shadows in a, c, e indicate the pre-eruptive
period (yellow), the eruptive period (pink) and the post-
eruptive intrusions (gray)
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A relocation of the IGN seismic catalog was
performed by Díaz-Moreno et al. (2015) using
the NonLinLoc algorithm and a 3D velocity
model of El Hierro obtained by García-Yeguas
et al. (2014). In addition, Domínguez Cerdeña
et al. (2014, 2018) performed a relative reloca-
tion of the larger earthquakes (M � 1.5) using
the HypoDD algorithm and combining the cata-
log picks with differential time measurements
from waveform correlation. Results of these

relocated events with a location error lower than
1 km are presented in Fig. 5.2a.

The GNSS network was used since the
beginning of the episode to monitor the ground
deformation, even when only one station was in
operation on the island during the early days
(Fig. 5.3). Results from several scientific works
using different processing strategies show good
agreement (López et al. 2012; Prates et al. 2013;
García et al. 2014; Meletlidis et al. 2015). Time
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Fig. 5.2 Seismicity recorded at El Hierro between 2011
and 2014 including the pre-eruptive, and the eruptive
period and the six post-eruptive intrusions. a HypoDD
relocations of the seismicity (from Domínguez Cerdeña
et al. 2014, 2018). White star indicates the main vent of
the Tagoro eruption. Geodetic models of sill like
magmatic intrusions for two pre-eruptive periods 5

May–8 Aug 2011 (orange square) and 31 Aug–30 Oct
2011 (orange triangle) from González et al. (2013) and for
the six posteruptive magmatic intrusions (colored dia-
monds) from Benito-Saz et al. (2019). b Histogram of
earthquakes with magnitude > 2 (right) and cumulative
seismic energy release (left)

94 I. Domínguez Cerdeña et al.



series of GNSS coordinates are presented in
Fig. 5.3. InSAR results also provide valuable
information about the surface deformation pat-
tern (López et al. 2012; González et al. 2013;
Cong et al. 2015; Benito-Saz et al. 2017, 2019).
Representative interferograms for pre-eruptive
and post-eruptive periods are shown in Fig. 5.4.
Furthermore, both GNSS and InSAR data were
inverted, together or independently, to estimate
the position and volume of the deformation
source for each of the different periods (González
et al. 2013; Meletlidis et al. 2015; López et al.
2017a; Benito-Saz et al. 2017, 2019). A sum-
mary of modelling results is showed in Table 5.1.

5.3.1 Pre-eruptive Magma
Emplacement
(Jul.–Oct. 2011)

Though the volcanic unrest at El Hierro begun in
mid-July 2011, and the low rate of background

seismicity on the island (with about 50 earth-
quakes per year during the previous 15 years),
López et al. (2017b) found several early precur-
sor signals of possible magma emplacement
since 2003, some years before the onset of the
unrest. These included fractal dimensions chan-
ges in the seismic data of the only station avail-
able in El Hierro since 1997 (CHIE) and regional
deformation patterns observed by GNSS stations
in the Canary Islands but also affected the south
of the Iberian Peninsula and northwest Africa
(López et al. 2022). These signals, mostly found
in deformation and seismic noise fractal analysis,
were consistent with the idea of magma storage
beneath the crust for years before eruption
forming an ephemeral magma accumulation
zone, rather than a magma chamber because
geobarometric data do not indicate long-term
storage of the magma at crustal depth (Klügel
et al. 2015 and references there in).

According to López et al. (2012) clear signs of
deformation were measurable from the 7 July in

Fig. 5.3 Daily ground surface deformation at El Hierro
Island from 2011 to 2014 in a north, b east, and c vertical
(up) directions recorded at the ten GNSS stations installed
on the island. Yellow shadow shows the pre-eruptive

interval, red shadow the eruptive period and gray shadows
the six post-eruptive intrusive events. Modified from
Domínguez Cerdeña et al. (2018)
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the only GNSS station available on the island at
that time (FRON, Fig. 5.3) and the anomalous
seismicity started on 19 July. However, the
seismic unrest begun on 16 July with the
occurrence of a few tens of events. From these
dates and until the eruption onset, the spatio-
temporal evolution of the seismicity and defor-
mation was similar indicating a magmatic intru-
sion that evolved with time. In general, the
source center of deformation followed a similar
evolution to the migration of the earthquake
epicenters (Prates et al. 2013; García et al. 2014)
although they were always located at shallower
depths and further south than the seismic sources
(González et al. 2013; García et al. 2014;
Meletlidis et al. 2015; López et al. 2017a).

During the first week of the unrest, the seis-
micity was located in the center of the island and
migrated northward (Meletlidis et al. 2015).
A north-eastward displacement at FRON station
started on 7 July (López et al. 2012) and the
volcanic origin of the deformation was confirmed
when more stations were installed. Due to the
lack of deformation data during these dates, not
possible to obtain the source position. From that
moment on, a magmatic sill began to intrude in
the northern part of the island at a depth

of * 10 km, which gradually opened the crust
as it was shown by the seismicity epicentral
distribution (Domínguez Cerdeña et al. 2014).
This seismicity was characterized by a Gutenberg
Richter b-value greater than 2 (Ibáñez et al. 2012;
Roberts et al. 2016), possibly indicating the
presence of fluids in the area of rupture. In
addition, ground deformation showed a radial
pattern around Tanganasoga volcano, located in
the centre of the island, reaching a maximum of
10 cm of shortening in LOS (Line Of Sight)
direction. Deformation results indicated a magma
source at the same depth for both spherical point
and sill-like sources using InSAR data (González
et al. 2013). Shallower depths were obtained
when modeling only GNSS data with spherical
point sources (Table 5.1). The joint mechanism
of the main earthquake families during this first
stage of the unrest has shown that most of the
energy was released with thrust fault mechanism
earthquakes, with a vertical T axis (del Fresno
2016), which is consistent with the inflation
observed at GNSS stations and InSAR data.

From mid-September onwards, seismicity
began to migrate southward and deeper (Dom-
ínguez Cerdeña et al. 2014). It was during this
period that the deepest earthquakes occurred

Fig. 5.4 Observed unwrapped interferograms during the
pre-eruptive intrusion (a, b) (modified from González
et al. 2013) and during the post-eruptive intrusions (c–

h) (modified from Benito-Saz et al. 2019). Positive values
show LOS shortening
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(13 km). Evolution of the deformation trend was
stable until early September when accelerated
and changed direction to the north indicating a
causative source located offshore. González et al.
(2013) registered a maximum motion onshore of
10–12 cm towards the satellite whereas GNSS
stations detected a northward movement with
maximum accumulated horizontal displacements
of 3.5–4 cm (Meletlidis et al. 2015) and an uplift
of � 1 cm (FRON station). Modelling results
for this period locate a point source at a depth of
� 5 km (González et al. 2013; García et al.
2014; Meletlidis et al. 2015). According to del
Fresno (2016), results of the moment tensor
inversion of the largest earthquakes located dur-
ing this period indicate thrust or vertical mech-
anisms when considering a double couple model

and significant isotropic and CLVD (Compen-
sated Linear Vector Dipole) components when
considering a full MT model, these earthquakes,
with dominant vertical T axes (h � 45°), can be
interpreted as volume increase in the focal region
due to the magma intrusion.

The 3 October represents an important change
in the activity. On the one hand, the focal
mechanism solutions showed a different pattern:
larger double couple components which corre-
sponded to strike slip or normal fault mecha-
nisms (del Fresno 2016). On the other hand, a
strong change in the surface deformation rate
(López et al. 2012; Prates et al. 2013) as well as
in strain and the velocities of the medium (López
et al. 2017a). Modelling results for this period
located point pressure sources at 12.6 km, deeper

Table 5.1 Geodetic models of the magmatic intrusions from different publications

Source Period GNSS/InSAR Mogi depth
(km)

Sill depth
(km)

Seismic
depth (km)

Pre-eruptive

González et al. (2013) 5 May–8 Aug 2011 InSAR 8.4 ± 4.1 9.7 ± 2.5 10.2 ± 1.5

Stack R2S6a InSAR 10.2 ± 4.7 11.2 ± 1.8 –

31 Aug–30 Oct 2011 InSAR 4.2 ± 2.4 4.9 ± 3.8 12.7 ± 1.9

Meletlidis et al. (2015) 3–15 Aug 2011 GNSS 4.9 – 10.2 ± 1.3

15 Aug–3 Sep 2011 GNSS 4.9 – 10.3 ± 0.6

3 Sep–1 Oct 2011 GNSS 3.8 – 12.7 ± 1.7

1–7 Oct 2011 GNSS 5.0 – 13.4 ± 1.7

López et al. (2017a) 31 Jul–8 Sep 2011 GNSS 4.92.3
14.0

– 10.3 ± 0.9

8–21 Sep 2011 GNSS 5.44.1
21.6

– 11.2 ± 0.7

21 Sep–9 Oct 2011 GNSS 5.14.2
11.6

– 13.5 ± 1.5

3 Oct–9 Oct 2011 GNSS 12.63.0
22.9

– 13.1 ± 1.6

Post-eruptive

Benito-Saz et al. (2019) Jun–Jul 2012 Both 11.6 ± 0.4 15.0 ± 1.5 20.0 ± 1.2

Sep 2012 Both 12.1 ± 1.4 16.4 ± 1.2 20.9 ± 2.2

Dec 2012 Both 10.6 ± 1.2 14.6 ± 1.4 17.2 ± 3.1

Mar–Apr 2013 Both 17.9 ± 3.3
10.8 ± 0.9

26.8 ± 2.5
21.3 ± 2.4

17.4 ± 1.9

Dec 2013 Both 9.8 ± 0.7 13.6 ± 1.1 16.2 ± 1.3

Mar 2014 Both 11.8 ± 1.9 15.4 ± 1.4 18.0 ± 0.5

The table shows the period modelled, the data source used (InSAR, GNSS or both), depths of the Mogi model or sill
model (when available) and average depth of the seismicity during the same period (from relocated earthquakes of
Fig. 5.2)
a A stack of four RADARSAT-2 ascending interferograms with the 8 August 2011 as common slave image
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than in previous phases at only between 4 and
5 km deep (Table 5.1). In this last stage, seis-
micity occurred slightly shallower (* 12 km)
including the largest event of the series, which
took place on 8 October, with a magnitude
Mw = 4.0 and a focal mechanism showing no
volume change (del Fresno et al. 2015). This
earthquake coincides with the maximum release
of seismic energy, maximum strain rate (López
et al. 2017a) and changes in the gravity field
(Sainz-Maza et al. 2014). Vertical GNSS com-
ponents of all stations had showed uplift during
the whole pre-eruptive period reaching a maxi-
mum of 5 cm; on 8 October the deformation
stopped. From this moment on, there is an
aseismic ascent of the magma to the surface with
just a small swarm of shallow earthquakes (4 km
to 1 km depth) in the last 30 h before the erup-
tion onset (Domínguez Cerdeña et al. 2014).

5.3.2 Eruptive Phase (Oct. 2011–Mar.
2012)

There is some controversy on the exact date of
the beginning of the eruption, with some authors
pointing to the 10 October and the beginning of
the volcanic tremor signal (López et al. 2012;
Martí et al. 2013a) while others consider the 12
October, corresponding to the “visual confirma-
tion” on the sea surface (Ibáñez et al. 2012) and
changes on the tremor signal (González et al.
2013). Numerous publications have described the
evolution of the eruption of Tagoro volcano in
terms of the observable effects on the sea surface,
the results of bathymetric studies, and the
petrology of the emitted products (e.g., Car-
racedo et al. 2012; Martí et al. 2013a, b; Rivera
et al. 2013; Longpré et al. 2014).

One piece of evidence for the Tagoro eruption
was the detection of a non-harmonic continuous
volcanic tremor (López et al. 2012; Tárraga et al.
2014). The tremor showed a strong variation on
amplitude, with a maximum during the first days
of eruption. Analysis of the fractal dimensions of
the tremor signal suggests a change in the
geometry of the vent from a fracture plane to a
smaller dimension, presumably in the form of a

conduit as was established on 12 October (López
et al. 2014). Tárraga et al. (2014) analyzed the
tremor signal and interpreted their results as
indicating an interconnection of the whole
plumbing system and a dependency of eruption
dynamics on its behavior. They related variations
in tremors to changes in the stress conditions of
the plumbing system, dimensions of the conduit
and vent, intensity of the explosive episodes, and
rheological changes in the erupting magma.

Throughout the eruptive period, the volcanic
tremor signal was dominant in the seismic
records and hindered the analysis of the seis-
micity. Despite this, the seismic catalog includes
more than 2000 earthquakes in this period.
During the first week, just a few earthquakes
were detected in the region of the last pre-
eruptive seismicity. A more active period started
on the 17 October with a new cluster of seis-
micity at 20–25 km depth in the North part of the
island, and only a week later another shallower
swarm began at 10–15 km depth (Martí et al.
2013b; Meletlidis et al. 2015). This eruptive
seismicity shows a progressive increment of the
magnitude and energy. The hypocentral reloca-
tion reveals two clearly separated clusters
(Fig. 5.5) in a smaller area than the IGN seismic
catalog. The b-value obtained by Ibáñez et al.
(2012) was close to 1 for this period, however,
separate analysis of the two clusters shows a
higher b-value at the beginning of their activity
(Fig. 5.5c).

During the first two months of eruption, there
was a deflation measured by GNSS stations
which mainly affected the vertical components,
being remarkable only for some stations
(Fig. 5.5a; Meletlidis et al. 2015). Correlations
between strong seismicity during the eruption
and sub daily GNSS positions were found for
some stations in El Golfo, mostly in their height
components (Prates et al. 2013). However, no
significant deflation was found for the whole
island which might point to a recharge of the
system rather than to a deep depressurization
(Prates et al. 2013; García et al. 2014). Since
December 2011 until the end of the eruption
deformation results did not show significant
displacements.
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Through the eruption was not officially
reported as having ended until 5 March, there is
evidence suggesting that it could have ended by
15 February, as suggested by the cessation of
tremor and a change in waveform similarity
(Sánchez-Pastor et al. 2018).

5.3.3 Post-eruptive Magmatic
Intrusions (Jun.
2012–Mar. 2014)

After the 2011–2012 submarine eruption, six
intrusive events were detected on the island from
June 2012 to March 2014, as revealed by seismic
swarms and ground deformation (García et al.
2014; Díaz-Moreno et al. 2015; Klügel et al.
2015; Telesca et al. 2016; Lamolda et al. 2017;
Benito-Saz et al. 2017, 2019; Domínguez Cer-
deña et al. 2018).

Each intrusion lasted between a few days and
three weeks and was characterized by the near-
simultaneous initiation of seismicity and ground
deformation (Lamolda et al. 2017). However,

seismicity was located * 3–8 km deeper than
inferred geodetic deformation source models,
with seismic swarms occurring at 15–23 km
depths and optimal geodetic models located in
the * 13–16 km depth range (Table 5.1).

These intrusions exhibited initial flow rates
of * 300 m3/s, decaying exponentially with time
and were inferred to be sill-like. During the two
largest intrusions that occurred in June–July 2012
and March–April 2013, magma migrated laterally
for > 15 km in a period of * 20 days with a
volume increase of > 120 � 106 m3 beneath
the island. The shortest events, < 1 week-long,
intruded between * 24 and 44 � 106 m3 of
magma beneath the volcano (Benito-Saz et al.
2019). Despite the contrast in magma volume
between the six intrusions, they have a similar
mean magma volume rate, with values between
64 and 99 m3/s (Domínguez Cerdeña et al. 2018)
due to the different duration of the processes.

We have found a new feature in the seismic
and geodetic data in the periods between some of
the post-eruptive magmatic intrusions. There are
two periods of seismic activity located in the

Fig. 5.5 Relocated seismicity and surface deformation
during the El Hierro eruption. a Main seismic swarm
(colored dots) during the eruption (10 Oct–6 Dec), the
pre-eruptive seismicity (light gray dots) and the rest of the
syn-eruptive seismicity (7 Dec–15 Mar, dark gray dots).
Vertical deformation during the period 10 Oct–31 Dec for
each GNSS station (yellow arrows). b Depth evolution of

the seismicity for the deeper seismic swarm (blue) and
shallower swarm (red). Light and full colored distinguish
between high and low uncertainty locations. c Evolution
of the b-value for the deeper seismic swarm (blue) and
shallower swarm (red). Light colored shadows show error
bars
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central part of the island before the second and
fifth intrusions (September 2012 and December
2013) (Fig. 5.2). The activity in August–
September 2012 and July–December 2013 was
located at around 10 km depth in the north part
of the island, where the pre-eruptive seismicity
began in July 2011. The relative relocation of
this seismicity (Fig. 5.6a) shows its relation with
the magmatic sill observed in July–August 2011
(Domínguez Cerdeña et al. 2014). There are two
clusters of alternating activity with increasing
separation with time (Fig. 5.6b). Moreover, a
slight deformation of * 1 cm is detected in
various GNSS stations with the source located in
between both clusters (Fig. 5.6a). The b-value is
around 1 suggesting the absence of fluids (e.g.,
Zobin 2012) at the location of these earthquakes
(Fig. 5.6c) however, contrary to the b-value
obtained for pre-eruptive seismicity.

In total, from June 2012 to March
2014 > 20 cm of uplift and > 10 cm of hori-
zontal ground deformation was detected in the
central-western part of the island, corresponding
to approximately 0.32–0.38 km3 of magma
intruded beneath different parts of the volcano

(Benito-Saz et al. 2017, 2019). Cong et al. (2015)
used TerraSAR-X images from August 2011 to
June 2013 to calculate averaged velocities for
this period. Results show maximum deformation
velocities between 8 and 20 cm/year.

Since March 2014, no significant ground
deformation has been detected on the island and
remnant seismic activity has occurred at a rate
of * 15 earthquakes per month, decaying
through the successive years.

5.4 Discussion

5.4.1 Comparison of the Unrest
Episodes

Synthesis of the seismic and geodetic results
allows a robust comparison of unrest episodes at
El Hierro. The 2011–2014 unrest episodes reg-
istered at El Hierro signify the emplacement of
multiple magmatic intrusions at depth beneath
the island. The 2011 intrusion culminated in a
volcanic eruption, whereas 2012–2014 intrusions
did not, which constitutes a clear demonstration

Fig. 5.6 Seismicity and deformation produced by the
northern magmatic sill. a Joint relocation of the seismicity
during the pre-eruptive unrest (gray dots), Aug–Sep 2012
(blue dots) and Jul–Dec 2013 (green dots). Horizontal
deformation during the period July–Dec 2013 (yellow

arrows). b Evolution in E-W direction of the relocated
seismicity during the pre-eruptive unrest (gray dots), 2012
(blue dots) and 2013 (green dots). c Evolution of the b
value of the whole process. X-axis for b and c is in
number of events
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that magmatic intrusions do not often culminate
in eruption, as previously discussed by e.g. Biggs
et al. (2014). All magmatic intrusions started in
the center of the island, where quasi-periodic
pulses of magma from depth stagnate at 10–
16 km b.s.l. The temporal pattern of the mag-
matic intrusions occurrence does not suggest any
correlation with known periodic physical phe-
nomena. Recently, Miguelsanz et al. (2021)
showed that ocean and body tides modulated the
seismic activity at El Hierro, establishing a cor-
relation between earthquake occurrence times
and tidal stress values and rates. However, the
pre-eruptive intrusion developed over a period of
three months while the post-eruptive intrusions
lasted only between 3 and 20 days. Spatially,
magma associated with pre-eruptive intrusions
and the longest of the post-eruptive intrusions
migrates laterally from the center of the island.
The pre-eruptive intrusion propagated laterally
for > 15 km to the south whereas the June–July
2012 intrusion propagated laterally for * 14 km
to the southwest and the March–April 2013
intrusion migrated for * 28 km to the west
(Benito-Saz et al. 2019). A conspicuous charac-
teristic of this lateral migration is their spatial
occurrence in a successive anticlockwise rotation
through the three rifts of the island (Domínguez
Cerdeña et al. 2018). This may indicate the
existence of a complex structure below El Hierro
that responds to stress changes: the alterations
provoked by a magmatic intrusion in one of the
rifts triggered the opening of a new magma finger
in another of the rifts in a succession. Moreover,
after the largest post-eruptive unrest periods
(June 2012, March 2013) there were some reac-
tivations of the central sill. Figure 5.6 shows the
seismicity and deformation related to such reac-
tivations (August–September 2012 and July–
December 2013). Such a series of events suggest
a causality, since the likelihood of a random
distribution leading to this sequence is very low.
Though the rifts do not appear to have a deep
origin (Sainz-Maza et al. 2017) and despite the
non-existence of a three-armed construction of
the island (Becerril et al. 2015) there seems to be
a structure beneath the island related with the
rifts as suggested by some authors (Carracedo

1996; Münn et al. 2006). Furthermore, Dom-
ínguez Cerdeña et al. (2018) found differences in
the ratio of the seismic and geodetic moment of
the intrusions related with the capacity of the
caprock to transform stress energy accumulated
by the deformation in seismic events (Pedersen
et al. 2007). Such contrast in the moment ratio
indicates differences in the rheology of the rock
beneath each of the rifts on El Hierro.

The crustal response to deformation produced
by magma intrusions did not differ significantly
from one intrusive episode to another (Telesca
et al. 2016). During the six unrest periods (2012–
2014), the displacement detected by GNSS and
InSAR (Benito-Saz et al. 2019) or using only
GNSS results (García et al. 2014; Meletlidis et al.
2015; Domínguez Cerdeña et al. 2018) were of
the same magnitude or even larger than during
the pre-eruptive phase (Figs. 5.3 and 5.4). They
show a peak of 12 cm in March/April 2013
(HI05 station) when a velocity of up to 2 cm per
day was measured (Domínguez Cerdeña et al.
2018). Domínguez Cerdeña et al. (2018) grouped
the six post-eruptive intrusions in three pairs:
June 2012 and March 2013 intrusions located in
the western rift of the island, September 2012
and December 2013 swarms located in the
southern rift, and December 2012 and March
2014 unrests located in the northeast rift. Apart
from these three groups, now we have high-
lighted a new shallow magmatic activity in the
North in two periods, August–September 2012
and July–December 2013 (Fig. 5.6) that can be
considered a new group related to the reactiva-
tion of the central sill. There are some similarities
between the three different groups mentioned,
including the mean magma volume rates (Dom-
ínguez Cerdeña et al. 2018) and the linear rela-
tionship between the seismic energy and the
intrusion volume (Lamolda et al. 2017). Geodetic
data from the June–July 2012 and March–April
2013 post-eruptive intrusions suggest a vol-
ume > 120 � 106 m3 (Benito-Saz et al. 2019)
whereas the volume of the shorter intrusions such
as the December 2013 was * 40 � 106 m3,
similar to the volume estimated for the pre-
eruptive intrusion (González et al. 2013; López
et al. 2017a, b).
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Deep intrusions during the pre-eruptive and
post-eruptive phases caused seismic swarms. The
magnitude of the earthquakes registered during
post-eruptive seismic swarms was similar or even
larger to those recorded during the pre-eruptive
period in the days prior to the eruption. However,
there are several important differences between
the pre-eruptive and post-eruptive intrusions.
Seismicity during the 2011 pre-eruptive intrusion
occurred at 9–11 km depth, whereas in the post-
eruptive intrusions it occurred deeper, at * 13–
22 km. Furthermore, seismic energy released is
much larger for western rift intrusions (Benito-
Saz et al. 2019) although no clear pattern was
observed indicating that intrusions were becom-
ing less energetic or that they were going to stop
occurring.

5.4.2 Inferences on the Magma
Plumbing System

Volcanoes’ magmatic evolution is mainly con-
trolled by their crustal and mantle plumbing
systems. The unrest episodes of El Hierro pro-
vide many novel findings on the sub-surface
structure and plumbing system of the island.
Whereas the analyses of erupted materials
through experimental petrology constitutes the
main tool to advance our understanding of the
long-term evolution of magmatic systems,
geodetic and geophysical data are in valuable to
constrain magma location and volume. In par-
ticular, at basaltic intraplate oceanic islands with
low eruption rates such as El Hierro, both seis-
micity and ground deformation allow us to con-
strain the magma plumbing system.

Before Tagoro eruption, Stroncik et al. (2009)
proposed a general model for the El Hierro
plumbing system that consisted of a volcanic
edifice underlain by a plexus of partly intercon-
nected magma pockets, sills and dikes within the
uppermost mantle between * 14 and 30 km
depth, and most likely extending to deeper levels.
Joint interpretation of all available published
geodetic and seismic results, building on the
foundation of petrological studies, allows us to
constrain the location and geometry of magma

accumulation zones. Figure 5.7 displays a sche-
matic view of our interpretation of the El Hierro
plumbing system. It contains several elements:
(1) a main magma reservoir beneath the center of
the island, located at the uppermost mantle;
(2) structural/rheological discontinuities and fea-
tures that may inhibit upward magma flow;
(3) ephemeral areas of magma accumulation,
mainly located at these discontinuities, where
magma has been accumulated before lateral
migration. Curiously, the location of the main area
of magma storage corresponds quite well with the
inferred feeding system of the only polygenetic
volcano of the island, Tanganasoga volcano
(Carracedo et al. 2001; Manconi et al. 2009).

Most of the seismic tomographic models
suggest the existence of a magma accumulation
zone in the upper mantle of uncertain origin at a
depth of 20–25 km, from where magma aseis-
mically rises until an unrest begins. Martí et al.
(2017) showed a low P-wave velocity zone,
probably imaging a reservoir-type structure in the
lithospheric mantle, at 12–24 km depth. Simi-
larly, Gorbatikov et al. (2013) found rather low
shear-wave velocities in the area for depths 20–
25 km, suggesting the presence of magmatic
melt material in the area. García-Yeguas et al.

Fig. 5.7 Schematic interpretation of magma storage.
(1) Main magma feeding reservoir constrained from
petrologic and seismic data. Geodesy provides an indirect
constraint; (2) High seismic velocity anomaly (low
density material) under Tanganasoga volcano that favors
magma stalling and lateral migration; (3) areas of
ephemeral accumulation of magma. Magma transport
involves sill intrusions and lateral migration within lower
crust. At shallower levels, ephemeral magma accumula-
tion can occur at pre-volcanic sediments layer
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(2014) also observed a low-velocity anomaly
beneath a shallower high velocity anomaly,
interpreted as a batch of magma coming from the
mantle. Clinopyroxene-melt barometry per-
formed on phenocryst rims (Longpré et al. 2014),
the reverse zoning pattern in olivine erupted at
the first stage of the eruption episode, and the
subsequent magma residence times from this
compositional zoning indicate that the main
magma reservoir from where the bulk of magma
was delivered for the eruption is located in the
uppermost mantle (* 20–25 km).

Strong and deep seismicity (15–25 km) reg-
istered in the north of the island during the first
two months of the eruption seems to be corre-
lated with the presence of this main magma
storage region located in the upper mantle.
A combination of petrological and geophysical
analysis by Martí et al. (2013a) pointed out a
scenario with seismicity produced by shear
fracturing in response to gravitational and tec-
tonic readjustments of the plumbing system.
Furthermore, they found a clear change in the
composition of the petrological samples taken
after December 2011, coinciding with a change
in the seismicity pattern, northern seismicity at
15–25 km depth disappears (Fig. 5.5) as seis-
micity at shallower levels increase (Meletlidis
et al. 2015). González et al. (2013) proposed that
seismicity and its correlation with volume chan-
ges estimated in an ephemeral magma reservoir
located in the lower crust could be caused by the
collapse of the deeper part of the magma
plumbing system due to magma withdrawal
and/or chamber walls relaxation. The location of
the earthquakes during this period (Fig. 5.5)
indicates a seismicity tracing the north part of the
main feeding system and the presence of
increasing seismicity suggest an increasing
pressurization (González et al. 2013; Rivera et al.
2013) instead of just readjustments taking into
account the decrease in magma rate at the end of
this seismic swarm on December 2011.

Furthermore, magma intrusions responsible
for the post-eruptive unrest would have been
supplied with magma from the overpressurized
area in the uppermost mantle discussed above.
Benito-Saz et al. (2019) showed a clear

exponential decay of magma volume change
time-series at least at the long-lasting post-
eruptive events. Few physical models explain
surface deformation with this temporal pattern
(e.g., Lengliné et al. 2008; Dzurisin et al. 2009;
Anderson and Segall 2011; Reverso et al. 2014;
Walwer et al. 2019; Rodríguez-Molina et al.
2021). At El Hierro, we suggest a hydraulic
pressurization of the crust due to a continuous
magma supply from a deeper source located at
the central area of the island in concordance with
seismic and petrological results. The quantitative
analyses of the physics and dynamic of magma
accumulation zones often requires simple geo-
metrical representations of these areas. However,
the presence of melt in lower crust and upper
mantle is likely to be distributed in a complex
system of dykes, sills and conduits that may not
coalesce into a large clearly defined form (e.g.,
Marsh 2015). At El Hierro, the non-uniform and
limited spatial coverage of the seismic network
due to the size of the island restricts the resolu-
tion of tomographic images at lower crust/upper
mantle levels (e.g., Lees 2007). Furthermore, the
geodetic signature due to the uppermost mantle
accumulation area is not directly identified due to
the high ratio of the depth to the dimensions of
the island. Therefore, we cannot rule out the idea
of Stroncik et al. (2009), of a magma plexus
within this area which results in the reservoir
having an oblate shape. Magma pressurization
and/or physico-chemical conditions of melt,
buoyancy forces, stresses of the host rocks and
structural/geomorphological/rheological features
of the media would strongly influence magma
pathways, the preferred location for new vents to
open as well as eruption possibilities.

Geodetic signals during pre-eruptive and post-
eruptive unrest episodes show that magma from
the uppermost mantle intruded and accumulated
into the lower oceanic crust directly beneath the
central part of the island (Table 5.1). Magma
storage at this depth is consistent with an intru-
sion stalled at the base of the oceanic crust where
stress barriers due to thermal and mechanical
properties of the host rock could inhibit magma
flow (e.g., Martel 2000; Burov et al. 2003). P-
wave tomographic images by Martí et al. (2017)
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map a high velocity body beneath the central part
of the island reaching about 8–10 km depth. This
body could inhibit magma ascent directly above
the mantle reservoir. It has a similar geometry to
the high-density body mapped at 6–10 km
depths by Montesinos et al. (2006) on the basis
of gravimetric modelling. García-Yeguas et al.
(2014) also mapped a high-velocity anomaly at
10–12 km. Furthermore, Moho depths around El
Hierro have been estimated at about 12–15 km
using gravity and seismic reflection data (Watts
1994; Ranero et al. 1995) and recent seismic
tomographic images (Martí et al. 2017).

Depth estimates of this accumulation area at
the pre-eruptive stage could be biased. The static
image of the magmatic system provided
by InSAR constrained a spherical reservoir
(although a sill-like reservoir could not be dis-
regarded) located at * 9.5 km (González et al.
2013). Interpretations based on continuous
GNSS stations constrained a shallower point
pressure source depth (* 5 km; Meletlidis et al.
2015; López et al. 2017a). Such discrepancies
could be due to the accuracy of both estimates
that is limited by the temporal and spatial cov-
erage of the available geodetic data. González
et al. (2013) used a single acquisition geometry
whereas the GNSS network was not fully oper-
ational until September 2011. However, the
depth of this pre- and co-eruption reservoir
constrained by InSAR is similar to the intrusion
depths given by joint interpretation of GNSS and
InSAR data with better spatiotemporal coverage
and frequency of post-eruptive events
(Table 5.1). Furthermore, fluid inclusion geo-
barometry (Longpré et al. 2014) and the equili-
bration of olivine crystals and diffusion
modelling (Martí et al. 2013a) constrain short-
term stagnation levels during multistage magma
ascent and the depth where magma started to
differentiate (* 12–15 km) by fractional crys-
tallization in this newly formed magma reservoir
at the central part of the island, respectively. Both
petrological and geodetic inferred the ephemeral
character of this reservoir at the lower oceanic
crust. In particular, volume time series obtained
during pre-, syn- and post-eruptive deformation
episodes (Fig. 6 of González et al. 2013 and

Figs. 5–8 of Benito-Saz et al. 2019) suggested
that magma stagnation at this level would persist
from weeks to months.

Intrusions may be not confined to the lower
oceanic crust. Geobarometric and InSAR data for
El Hierro indicate that additional ephemeral
magma accumulation may have occured at shal-
lower depths (González et al. 2013; Hansteen
et al. 1998), e.g., within a pre-volcanic sedi-
mentary layer located between the top of the
oceanic crust and the volcanic edifice at 4–5 km
depth (Ranero et al. 1995). Although seismic
images were not able to resolve this layer (e.g.,
Martí et al. 2017) given its small thickness
(* 1 km), this interface would generate a suffi-
cient density/rheology contrast to trap ascending
magmas. As well as the central reservoir, this
shallower reservoir which is located slightly off-
shore at Mar de las Calmas coastline at 4.5 km
depth (Fig. 5.2) was obtained from one single
acquisition geometry interferogram by González
et al. (2013). However, the presence of some
basanites contaminated with silicic material
(xenopumices) in earlier products of the eruption
requires magma stagnation at shallow depths
(e.g., Meletlidis et al. 2012; Troll et al. 2012;
Sigmarsson et al. 2013). Volume time series
constrain magma stagnation at least from days to
weeks at this shallow level at the final pre-
eruptive stage. Moreover, this magma accumu-
lation may be related with the shallow seismicity
that occurred during the last 30 h before the
beginning of the eruption with depths starting at
4–5 km to finally reach 1–2 km (Domínguez
Cerdeña et al. 2014).

5.4.3 Lateral Migration of Magma

Dikes and sills are perhaps the most common
means of magma transport, as suggested by their
abundance in eroded volcanoes (e.g., Gud-
mundsson 1983; Walker 1987), as well as mon-
itoring data from active volcanoes (e.g., Pollard
et al. 1983; Woods et al. 2019). Transport of
magma within El Hierro occurs through multiple
deep sill-like intrusions at lower oceanic crust
that move laterally beyond volcanic edifice.
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Elastic modelling of ground deformation during
pre-eruptive and post-eruptive unrest episodes is
compatible with both spherical and sill-like
sources (Table 5.1). However, Benito-Saz et al.
(2019) determined that the opening area of post-
eruptive intrusions favors sill-like intrusions
which are thin compared to their lateral extent.

The spatial distribution of the seismicity at the
beginning of the pre-eruptive and post-eruptive
unrest episodes, as well as the hydraulic con-
nection between a deep magma source and the
intrusions suggested by deformation time-series,
indicate a long-term magma ascent pathway
beneath the center of the island, from where
magma pulses would be deflected into sills once
they reach * 13–16 km depth. We note that
there are other examples of basaltic systems
dominated by sill intrusion over dykes (e.g.,
Bagnardi et al. 2013). Contrary to volcanic
regions in extensional tectonic settings such as
Iceland, in an intraplate volcanic region such as
the Canary Islands, the regional stress field is
expected to be compressive. At El Hierro,
intrusions stalled at the level of the crust/mantle
discontinuity, where magma encounters a weak
horizontal interface. The intrusive events started
beneath the highest part of the island and evolved
outwards through lateral pathways following a
radial pattern, as dictated by topographic stress
changes. Furthermore, at the center of the island,
there is a body with high density contrast that
intrudes upwards from the lower crust. All of
these scenarios predict sill formation as previ-
ously discussed by several authors (e.g., Menand
2008; Gudmundsson 2011; Menand et al. 2010,
2011; Maccaferri et al. 2011).

One of the main puzzles that has not yet been
unequivocally resolved is the apparent inclina-
tion of the seismicity mapped during several of
the swarms towards the South (Fig. 5.2), and, if
truly exits, its causative origin. Although Dom-
ínguez Cerdeña et al. (2014, 2018) and Díaz-
Moreno et al. (2015) show evidence for the real
existence of this tilt there are still some doubts.
The poor geometrical coverage of the seismic
stations, and the depth of the seismicity which
was in many cases outside the seismic network
—make doubtful any structure found. Moreover,

magma source evolution inferred from geodetic
data show decreasing depth of volume changes
with time (González et al. 2013; Meletlidis et al.
2015; Benito-Saz et al. 2019) whereas seismicity
locations goes deeper. If this feature were true,
its origin would be uncertain since there is not a
3D model of the island that shows structures
with this shape (García-Yeguas et al. 2014;
Montesinos et al. 2006; Sainz-Maza et al. 2017).
Tomography performed by Martí et al. (2017)
showed a sort of inclined structure. Neverthe-
less, it is not yet clear whether the obtained
inclination is the result of accumulation of
uncertainties due to the azimuthal gap of seismic
network, which affects the southern seismicity
most strongly.

Underplating, or magma storage under the
crust, have become an important contribution on
the growth of some volcanic islands (Klügel et al.
2005 and references there-in). The total volume
of magma storage beneath the island during
intrusive events (2011–2014) could be estimated
at 0.34–0.42 km3 (González et al. 2013; Prates
et al. 2013; Meletlidis et al. 2015; López et al.
2017a, b; Benito-Saz et al. 2019) while the total
volume emitted during the eruption was 0.25–
0.40 km3 (Martí et al. 2013b; Rivera et al. 2013;
Somoza et al. 2017). Therefore, in rough num-
bers, each source (magma storage or erupted)
provides a similar addition of * 0.006–0.007%
to the total volume of the island, estimated to
be * 5500 km3 (Schmincke and Sumita 2010).
However, whereas the eruptive volume mainly
contributes to the growth of the nearest area of
the new submarine volcanic cone located off-
shore at the southern end of the island, El Hierro
experienced an important homogeneous and
cumulative uplift > 20 cm during the whole
process (2011–2014). Interestingly, during each
post-eruptive intrusion, magma intruded from the
center of the island towards areas not yet affected
by previous intrusions during the pre-, syn- and
post-eruption periods. Magma pathways would
have been conditioned by stress changes caused
by previous magma emplacements, showing a
radial pattern where most of intruded volume
would remain in the central part of the island.
Thus, the pattern of magma pathways and
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storage contributes to a relatively homogeneous
uplifting of the entire volcanic edifice. A mag-
matic underplating process could explain the
observed rates of uplift at the current shield
building stage in the island as seen at e.g., La
Palma (Staudigel and Schmincke 1984; Hilden-
brand et al. 2003). However, it has been dis-
cussed whether this is strictly underplating or not
(Klügel et al. 2015; Martí et al. 2017). In any
case, this process has clearly been an important
source of growth for a volcanic island, observed
in real time using geodetic techniques.

5.5 Summary and Open Questions

This chapter presents the first attempt to under-
stand the whole magmatic process which took
place at El Hierro between 2011 and 2014, by
collecting all known pieces of the puzzle to
build a picture of its magma plumbing system.
Most of the geodetical, geophysical and petro-
logical data point to a magma plumbing system
fed by a main magma reservoir beneath Tan-
ganasoga volcano, located within the uppermost
mantle. The presence of sill-like magma batches
growing outward beneath the island, and the
apparent relation between them, indicate a
common origin of the whole process at the
center of the island.

While the initial accumulation of magma in an
ephemeral 10 km deep reservoir ended with the
Tagoro eruption, the post-eruptive intrusions
stalled 5–10 km deeper, indicating the existence
of stress barriers inhibiting magma flow upwards
to produce new eruptions. The possibility of even
shallower (4–5 km) short term magma reservoirs
prior to the eruption has also been proposed.

There is a clear relation between all magmatic
intrusions and the main deep magma reservoir.
Post-eruptive intrusions seem to follow a suc-
cessive anticlockwise rotation of the position of
the magma fingers, possibly caused by modifi-
cation of the stress field by previous activity.
Two noteworthy features have been observed
during these intrusions. First, the eventual seis-

mic and geodetic signals observed in the location
of the initial magmatic sill seem to indicate a
relationship between the pre-eruptive and post-
eruptive phenomena. Second, the position of
these magmatic intrusions concurs with the three
rifts of the island. However, it is unclear if that
fact suggests the presence of a deep three-armed
structure of the island, since geological and
gravimetric studies point to the contrary.

The growth of El Hierro Island may be
influenced by the magma plumbing system. This
volcanic episode involved a similar volume
increase contribution from the magma storage
beneath the island as from the eruption itself.
This fact could indicate the way volcanic islands
grow, with a significant role played by the
magma storage process, as has been found in the
neighboring island of La Palma.

Despite all the knowledge produced by ten
years of scientific research on the 2011–14 El
Hierro volcanic episode, there still remain several
open questions. First, further work remains in
distinguishing why the 2011 intrusion resulted in
an eruption, while post-eruptive intrusions did
not, an issue which is especially important during
volcanic crises. Just before eruption, geodetic
data registered by GNSS showed an interesting
strong decay superimposed on the overall
inflationary trend that merits further investiga-
tion. In addition, the conspicuous inclined shape
of the seismicity -not matching the structure of
the magmatic deformation—should be further
analyzed.

Even though this activity was well monitored,
there is a lack of data in the early stages of the
unrest. This fact, in addition to the small size of
the island compared with the depth of the intru-
sions, produced a poor spatial coverage for the
geodetic and seismicity, increasing the uncer-
tainties in the results obtained. Nevertheless,
Geodesy and Seismology have proven to be
essential in the reconstruction of the magma
plumbing system in volcanic areas, and powerful
tools for monitoring monogenetic volcanic fields
where the location of possible eruptions is an
additional unknown.
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Abstract

Observational data recorded during the
reawakening of volcanic activity in El Hierro,
which ended with 2011–2012 Tagoro erup-
tion, allow us to study the precursory activity
associated with this event. This volcanic
activity occurred between 1971 Teneguía
eruption and the 2021 eruption in Cumbre
Vieja (both in La Palma island) and represents
the first such event in the Canary Islands that
has been fully recorded from beginning to end
by a multi-parameter monitoring network. The
lack of previous instrumental data makes these
data unique and a case study for a broader
understanding of monogenetic volcanism. In
this chapter we review previous works to
collect the precursors of the historical erup-
tions in the Canaries, discussing which were
most relevant to forecast the evolution of the
eruptive processes. We find solid signs of the
undergoing magmatic process in El Hierro in
the evolution of the seismicity, the surface
deformations and gas emissions, the changes

in media properties and the appearing of
gravity anomalies. Results can contribute to a
better interpretation of the observational data
and the correct volcanic risk assessment of
future events.

Keywords

Eruption forecasting � Geophysical
monitoring � Geodetic monitoring �
Geochemical monitoring � Canary Islands

6.1 Introduction

Since the beginning of humanity, predicting
natural phenomena is a constant challenge,
linked to a community’s prosperity, decline or
disappearance. Volcanoes have always attracted
humans; their fertile fields and the available
natural resources have made them a cornerstone
for development and progress (Baxter 2005).
Thus, forecasting their eruptions is crucial. The
knowledge of their destructive potential (Vesu-
vius 79 AD, Krakatoa 1883, Mt Pelee and St
Vincent 1902) promoted the advance of science,
especially in the last 40 years after the 1980 St
Helens eruption (Driedger et al. 2020). Despite
this progress, the correct forecast of the next
eruption is still a pressing issue in almost all
volcano observatories. The main difficulty is the
identification and correct interpretation of those
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anomalous signals, that are precursors of vol-
canic activity. And an additional problem is that
each volcano can have a different anomalous
behaviour, depending on its geodynamic context,
the magma involved, and its evolution. The real
challenge is the proper interpretation of these
precursors in real time, while they are occurring;
this is crucial for the advance assessment of
whether or not the process will culminate in an
eruption. We say that a volcanic signal is called a
precursor when it indicates the approach of a
meaningful change in the state of a volcano.
A precursor has to be able to reflect the variations
in the underlying processes occurring in the sub-
surface that have an influence on what it could be
expected in the future. These precursors, that
include seismic activity, ground deformation,
chemical and physical changes in gas emissions,
etc., could take place days, weeks, months or
even years before an eruption. Unfortunately,
eruptions at monogenetic volcanoes are difficult
to be observed or studied. Although this type of
volcanism is the most widespread on Earth and
occurs in every known tectonic setting, very few
monitoring networks exist compared with those
deployed in composite stratovolcanoes or cal-
deras (Kereszturi and Németh 2012). Only a few
eruptions of this type have been accurately
described, and even fewer have had qualitative
and quantitative data recorded (de la Cruz-Reyna
and Yokoyama 2011). Some of the cases of
monogenetic volcanoes eruptions were Jorullo
1759 (Guilbaud et al. 2011) and Paricutin 1943
(Foshag and Gonzalez 1956) in Mexico, Tene-
guía 1971 (Barker et al. 2015) and the recent
eruption in Cumbre Vieja 2021 (Longpré 2021)
in Spain, East-Izu 1930–1989 (Yamamoto et al.
1991) in Japan, Heimaey 1973 (Mattsson and
Hoskuldsson 2003) and Gjálp 1996 (Gud-
mundsson 2000) in Iceland. Studies of mono-
genetic volcanism, especially small-volume
basaltic systems, revealed that there are similar-
ities and common features not only in the type of
the products and deposits, but also in the pre-
eruptive behaviour, concerning specific precur-
sors. Seismicity is still the most reliable precursor
of a volcanic unrest whereas the uncertainty of
the localization of the future eruptive vent or

fissure is significant. Ground deformation is also
a reliable precursor, however in the first stages of
unrest remains difficult due to the low-volume
magma batches involved and the depths from
where they rise. The heat and gas, released from
the rising magma, have also been used as a
precursor for this type of volcanism (Hincks et al.
2014). Currently, with the technological devel-
opments, other monitoring techniques such as
gravimetry, InSAR analysis, infrasound networks
or satellite observations can be used to effectively
monitor monogenetic volcanism (National Aca-
demies of Sciences, Engineering, and Medicine
2017). In this work, we compile and analyse
available geophysical and geochemical signals to
assess which precursory parameters were most
relevant to forecast the evolution of El Hierro
volcanic activity that preceded the submarine
eruption of Tagoro. This eruption that started on
10 October 2011 at 2 km south from El Hierro
Island, provides valuable data for the study of the
monogenetic volcanism in the Canary Islands.

6.2 Precursory Activity in Historical
Eruptions in the Canaries

Since 1585, there have been at least 14 volcanic
eruptions in the Canary Islands, seven of them in
La Palma Island, four in Tenerife, two in Lan-
zarote and one in El Hierro (Fig. 6.1). This
activity results in an average of three eruptions
per century. These eruptions have had quite dif-
ferent durations, from 10 days (Chinyero, 1909)
to 2055 days (Timanfaya, 1730–36).

Of all of them, only the more recent ones,
Teneguía (La Palma, 1971), Tagoro (El Hierro,
2011–12) and the last one on Cumbre Vieja (La
Palma, 2021) have had instrumental monitoring
before the onset of the eruption, and only the last
two have had multi-technique monitoring.
Therefore, the identification of precursors in
most of the historical eruptions in the Canary
Islands is based on a collection of multiple his-
torical documentary sources, but not on instru-
mental data. The primary work on the
compilation of documentary sources of historical
eruptions in the Canaries is that of Romero Ruiz
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Fig. 6.1 a Location of the Canary Archipelago (red star)
in the globe. b Overview map of the Canary Archipelago
(UTM coordinates, zone 28N) c La Palma, d Tenerife,
e El Hierro and f Lanzarote showing well documented

historical lava flows. Colour scale at the bottom shows the
year of the beginning of each eruption. Modified from
Longpré and Felpeto (2021)
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(1990), which has been the basis for many sub-
sequent articles. Additional information can be
found in multiple publications (e.g., Torriani
1592; Ponte and Cologán 1911; Bonelli Rubio
1950; Albert et al. 2016). From these sources it
can be deduced that the main, and in many cases
the only, precursor identified is the seismicity felt
by the population. Earthquakes were felt from 1
to 7 days prior the onset of each eruption except
for the one in 1798, which occurred in Tenerife
Island, for which there is no data on activity
during the weeks prior to the opening of the first
vent. In some cases, seismicity may have pre-
ceded the eruptions by months or years. This is
the case of the two eruptions in Lanzarote Island,
where, according to Romero (2003), precursory
seismicity of 1730–36 eruption may have begun
4 years before the onset of the eruption; and in
the case of the 1824 eruption, it may have been
preceded by felt seismicity starting 11 years
before, increasing in intensity and frequency
months before the opening of the first vent.
Especially significant in terms of seismicity is the
1704–05 eruption on the island of Tenerife.
Seven days of strong and frequent seismicity
preceded the opening of the first vent. There were
many intense syn-eruptive events, even during
the 16 days of volcanic hiatus prior to the
opening of the third vent, located 9 km from the
first vent. According to Rueda Núñez et al.
(2020), at least 8 of the seismic events related
with this eruption had a moment magnitude
above 5.5, with a maximum computed magni-
tude of 6.1 (the highest of the whole catalogue,
covering the period 1341–2000 in the Canary
Islands). Due to house collapses 16 fatalities
were reported, the highest number of casualties
in all Canarian eruptions. A detailed summary of
the pre- and syn-eruptive seismicity of 1704–05
eruption can be found in Albert et al. (2015),
based on data by Sánchez (2014). In addition to
the felt seismicity, which occurred in all Canar-
ian historical eruptions, a few other precursors
have been reported prior to some of the erup-
tions. These include gaseous emissions, ground
cracking and subterranean rumble. Prior to the
Tagoro eruption, there is no reliable documen-
tation of any eruption in historical times on El

Hierro (Romero Ruiz 1990). However, there is a
historical description of notable ‘felt’ seismic
activity occurred in March–July 1793 (Darias y
Padrón 1980; Sánchez 2014). Some authors
associated this activity to the Lomo Negro lavas
in the NW area of the island (Hernández-Pacheco
1982), although this hypothesis has been rejected
by paleomagnetic analysis (Villasante-Marcos
and Pavón-Carrasco 2014). Other authors have
suggested that this seismic crisis could have
given rise to a deep submarine eruption with no
observable effects (Bravo 1968; Carracedo et al.
2001). The description of the 1793 macro seis-
mic effects is remarkably similar to the macro-
sismicity collected during Tagoro unrest. The
1793 crisis began with an initial phase in which
earthquakes were strongly felt in the areas at the
North, and slightly felt at the NE. In a later
phase, the frequency and number of ‘felt’ earth-
quakes increased, creating a great concern in the
population, and producing damages, along
escarpments in the N of the island, and destruc-
tion of some country houses. An imminent
evacuation of the population was even consid-
ered (Sánchez 2014).

6.3 Early Signs of Tagoro Volcanic
Unrest

We address firstly the potential relation between
the regional geodynamics and the Tagoro eruption,
looking for evidence of precursory early signs of
unrest. López et al. (2017a) analysed and processed
reliable seismic and geodetic data acquired from
1996 to 2014, covering the North Atlantic Ridge, a
broad region from Azores to the Alboran Domain,
the Atlas Mountains, and the Canary Islands
(Fig. 6.2). A general increase in the seismic
activity was detected at regional level. Around
2003 the seismic energy and rate increased
(Fig. 6.2b, c), and escalated around 2007 in the
Canaries and in the Atlas (Fig. 6.2b, c). In El
Hierro, seismic activity increased in 2003, main-
taining a higher rate from 2007 onwards (Fig. 6.2c,
d). These increases are real, the methodology used
accounted for the improvements in network capa-
bilities or instrumental effects.
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There are also early signs of anomalous
regional surface displacements. Figure 6.3 shows
time-series coordinates (Fig. 6.3a) and horizontal
and vertical velocities (Fig. 6.3b, c) calculated at
GNSS stations in the Azores, the Iberian Penin-
sula, Morocco and the Canary Islands.

From October 2002 to October 2005, the
horizontal surface coordinates showed a counter-
clockwise rotation in LPAL (drift = 53° SW);
MAS1, (drift = 54° SW) and RABT (drift = 25°
SW) (Fig. 6.3b), coinciding with the abrupt
westwards jump recorded at SFER station, which

Fig. 6.2 1996–2012 comparative seismic analysis.
a MW > 3.0 events along the North Atlantic Ridge,
including the Azores Triple Junction (MAR-ATSM), the
Azores (ATSM), the Gloria Fault (GF), the Gorringe
Bank (GB), Alboran Domain (BALB), the Atlas Moun-
tains (ATL) and the Canary Islands (CAN). b Accumu-
lated seismic energy for Mw � Mc events in GF, GB,

ATL and CAN. c Longitudinal evolution of the seismic
activity in CAN and ATL. d Monthly event histogram
(red bars) registered at the CHIE seismic station on El
Hierro, black bars indicate data availability. Vertical lines
indicate the increase on seismic activity in 2003 (yellow)
and 2007 (red). Modified from López et al. (2017a)
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Fig. 6.3 1996–2014 GNSS surface deformation and
velocities at GNSS stations in the Azores (PDEL, San
Miguel, Portugal), the Iberian Peninsula (CASC, Cascais,
Portugal; VILL, Villafranca and SFER, San Fernando,
Spain), Morocco (RABT, Rabat) and the Canary Islands

(LPAL, La Palma and MAS1, Gran Canaria). a Coordi-
nates series. Vertical lines indicate main trend changes in
2003 (yellow), 2007 (red) and 2011 (grey), b horizontal
and c vertical vectors in relation to VILL station
(European Plate). Modified from López et al. (2017a)
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registered several changes in the magnitude of
the horizontal components but no rotation. The
stress field gradually reverted to steady com-
pressive NW–SE behaviour while the vertical
deformation component continues to increase,
firstly at RABT station and subsequently at
LPAL and MAS1 stations, until the onset of the
eruption (Fig. 6.3c).

Early signs of local micro seismicity and
deformation are also found in the Canaries region
(López et al. 2017a). Time varying fractal
dimension (FD) analysis (it is a statistical index
that measures the complexity, geometrical
dimension and pattern of a source field) per-
formed on the seismic data was used to identify
the different stages of the seismic activity and to
infer the geometry and path of the seismicity
associated with the process of migration of
magma and associated fluids to reach the Earth’s
surface. Results showed, in both CCAN (Tener-
ife) and CHIE (El Hierro) seismic stations, a
decrease in DF from 2003 onwards (Fig. 6.4a),

an additional decrease at the beginning of 2011
and a further decrease in CHIE during the
ongoing eruption (October 2011–March 2012).
The relative deformation between the two GNSS
stations LPAL-MAS1 showed a tendency to
shorten northwards and lengthen westwards, thus
confirming an extension between the stations
from 2003 (Fig. 6.4b). Starting in January 2011,
LPAL-MAS1 trend changed, with a positive
northward deformation episode that was more
clearly observed from July 2011 onwards, coin-
ciding with the beginning of the pre-eruptive
unrest. With the onset of the submarine eruption
in October 2011, the northward deformation was
quickly reversed and at the end of the eruption
the relative deformation remained stable
(Fig. 6.4b).

In addition to the local seismicity and surface
displacements, changes on some geochemical
parameters were also detected before the seismic
unrest in July 2011. Padrón et al. (2008) reported
significant increases in the diffuse emission of

Fig. 6.4 Local seismic and geodetic analysis. a Time
varying fractal dimensions FD at CHIE and CCAN
seismic stations. b Time evolution of the three-component
(north, east, upward) GNSS LPAL-MAS1 relative

deformation. Vertical lines indicate unrest start (July
2011, in yellow) and the eruption onset (October 2011, in
red). Modified from López et al. (2017a)
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carbon dioxide several days before the main four
seismic events that took place around El Hierro
Island in 2004 in March, April, and October. An
automatic geochemical station (HIE01) reported
anomalous data (hourly basis) in the centre of the
island (Fig. 6.6). In addition, analysis of samples
of deep-water corals growing in the surroundings
of the submarine eruption suggested that mag-
matic 3He emission took place some weeks
before the beginning of the seismic unrest
(Álvarez-Valero et al. 2017).

6.4 July–October 2011 Tagoro
Volcanic Unrest

Here, we focus on the precursory signals recor-
ded during the volcanic unrest (19 July to 10
October 2011). During these months, the rapid
changes in seismic and geodetic observations,
well above the base level of activity in previous
years, pointed to a volcanic reactivation. It was
the first time that activity was considered as
‘precursory’. The first anomalous seismic and
geodetic activity were observed on 19 July and
increased progressively during August and
September. On 27 September there was a drastic
acceleration in all observed data and finally on 10
October 2011 at 4:15 (GMT) a clear volcanic
tremor signal began to be recorded at the seismic
station, evidencing the submarine volcanic
eruption. Several works have described signifi-
cant changes in seismic activity and surface
deformation throughout this episode (Ibáñez
et al. 2012; López et al. 2012, 2014, 2016,
2017b; Pérez et al. 2012; Martí et al. 2013;
González et al. 2013; Prates et al. 2013;
Padrón et al. 2013; Padilla et al. 2013; García
et al. 2014; Domínguez Cerdeña et al. 2014;
Longpré et al. 2014; Melián et al. 2014; Sainz-
Maza et al. 2014; Tárraga et al. 2014; Telesca
et al. 2014; Del Fresno et al. 2015; Díaz-Moreno
et al. 2015; Sánchez-Pastor et al. 2018; Bartolini
et al. 2018; Torres-González et al. 2019).

During a first phase (19 July to * 22
August), the seismic activity was mostly located
to the north of the island and consisted of clus-
tered low magnitude volcano-tectonic events

occurring in seismic swarms, at a stable depth
range of 8–12 km (Fig. 6.5a). During this first
period, the contribution of the tensile micro-
seismicity was notable (López et al. 2017b), with
high b-values (it measures the frequency of
smaller earthquakes relative to larger ones) and
low values of the Poisson ratio (it measures the
ratio of transverse contractional strain to the
longitudinal extensional strain) (Fig. 6.5d, e).
Besides the occurrence of seismic events, a small
horizontal deformation was recorded in the
GNSS stations (Fig. 6.5b, c). At the end of
August, activity intensified showing a clear uni-
directional migration of the seismicity below the
Moho discontinuity, towards the south, that
became more intense in the period 9–26
September. In this period, seismicity increased in
magnitude while b-value decreased (Fig. 6.5d)
and deformation accelerated (Fig. 6.5b, c).
Maximum depth of the seismicity increased
to > 15 km, with the consequent r ratio
increasing (Fig. 6.5d).

Beginning on 27 September, a new phase of
the underlying process was identified, with
intense seismic activity, increased rates, higher
magnitudes and the occurrence of felt events
(Fig. 6.5d, in green). The depth range of located
events remained stable (12–18 km) while r
changed with time (including its maximum value
and a reversion) (Fig. 6.5d). The surface defor-
mation showed two pulses (27–30 September
and 2–5 October) registered in all the GNSS
stations (Fig. 6.5b, c). On 3 October, the focal
mechanism of the greatest seismic events chan-
ged from thrust to strike-slip (Fig. 6.5b) in
coincidence with the second oscillation in the NS
component of the GNSS stations and a seismic
strain pulse (2–5 October). From this date to 10
October, r and seismic strain decreased, while
GNSS stations registered further deformation
(Fig. 6.4b, c). Geodetic modelling of the recor-
ded GNSS ground deformation showed a defor-
mation source with a pressure centre that grew
and evolved with time, in a similar manner as the
seismicity, although in shallower depths and
slightly further to the south.

On 8 October, the highest magnitude seismic
event of the unrest occurred, with 4.0 Mw. Its
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Fig. 6.5 a Evolution of
seismicity during unrest.
b North GNSS components
and seismic strain with focal
mechanism solutions for the
greatest seismic events
located in the period 27
September–9 October. c East
GNSS components and
seismic strain. d Poisson’s
ratio (black), Gutenberg-
Richter b-value (red) and felt
event’s intensity included in
IGN catalogue (green)
evolution. e Tensile/shear
type of fracturing (measured
by the rate of the energy
measured on seismic P and S
phases, Es/Ep) time evolution
(black) and Shannon entropy
power Nx (green). Modified
from Telesca et al. (2014),
López et al. (2017b). The
thick red arrow points to the
eruption onset
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Fig. 6.6 Situation map with the geochemical stations and
the location of the diffuse CO2 flux anomaly and the
submarine eruption. Geochemical signals: a diffusive
helium emission across the island and 3He/4He corrected
ratio ((R/Ra)corr) in San Simón well, from Padrón et al.
(2013), b soil 222Rn activity and 222Rn/220Rn ratio (168 h
moving average) in HIE02 from Padilla et al. (2013),

c diffuse CO2 emission in surveys across the island from
Melián et al. (2014), soil CO2 efflux (24 h moving
average) in HIE01 and soil H2S emission in HI07 from
Pérez et al. (2012), d low pass filtered CO2 concentration
in air in HTIN and 222Rn concentration in air in RSIM
from Torres-González et al. (2019)
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focal mechanism was modelled by Del Fresno
et al. (2015), obtaining a pure double-couple
mechanism with null isotropic (dilatational)
component, which discards any volume changes
in the source due to a magma intrusion at that
date. The modelled Coulomb stress changes
associated with the modelled point pressure
source on the 4.0 Mw plane solution showed a
positive 0.5 MPa stress transfer with an excellent
fit with the 3–8 October seismic locations (in
dark red in Fig. 6.5a), suggesting a process of
stress transfer triggering seismicity on pre-
existent faults (López et al. 2017b).

Telesca et al. (2014) applied the Fisher
Information Measure (FIM) that quantifies the
amount of organization or order of a system, and
the Shannon entropy power (Nx), that quantifies
the degree of unpredictability, to the RSAM
signal (continuous seismic ground motion
amplitude) measured at CHIE station during the
unrest. The temporal variation of FIM values has
a few high values (Fig. 6.5e) at the beginning of
the unrest process that authors interpreted as
corresponding to the deformation necessary to
accommodate the overpressure arising after the
first injection of magma under the north of the
island. From end August to end September, FIM
shows constantly low values (and persistent high
Nx values) associated with massive hydraulic
fracturing of the host rock as the magma pressure
progressively increased. From end September to
10 October, minimum Nx values suggest that an
irreversible process was occurring (Fig. 6.4e).
Ibáñez et al. (2012) and Domínguez Cerdeña
et al. (2014) studied likewise the evolution of the
seismic b-value showing similar results, high b-
values during the first phases of unrest and a
lowering to b-value = 1 before the onset of the
eruption.

Besides geophysical signs, several geochemi-
cal parameters being monitored showed distinc-
tive features related to the volcanic unrest
process. Continuous diffuse emissions of CO2

and H2S (hourly basis) were measured by Pérez
et al. (2012) at two geochemical stations; one
(HIE01) located in the centre of the island, in the
conjunction of the three volcanic rifts, and the
second one in the south (HIE07) (Fig. 6.6). At

HIE07, which was installed on 7 October H2S
increased to a maximum value of 42 mg/(m2 d)
on 12 October (Fig. 6.6c). Also, an increase in
CO2 flux in HIE01 was measured from 23 August
to 5 October, when the maximum value [18.9 g/
(m2 d)] was reached (Fig. 6.6c). Several authors
made discrete measurements of diffuse CO2 flux
in different areas of the island. López et al. (2012)
detected an abnormal CO2 flux emission, reach-
ing 621 g/(m2 d), in a small area near Sabinosa
village (Fig. 6.6), two months before the eruption
started. Melián et al. (2014) measured increases in
the emission of diffuse CO2 flux across the whole
island ten days before the occurrence of the
4.0 Mw seismic event and two weeks before the
onset of the submarine eruption (Fig. 6.6c).
Padrón et al. (2013), detected changes in diffusive
helium emissions from the soil one month before
the beginning of the eruption, measuring in 473
sampling points across the island (Fig. 6.6c).
They also measured 3He/4He ratio in dissolved
gases in groundwater in San Simón well
(Fig. 6.6), finding an important increase one
month prior to the eruption, with a maximum
value of 8.2 RA (RA = 3He/4He ratio in air)
(Fig. 6.6a). In addition, soil 222Rn activity and
222Rn/220Rn ratio, monitored by Padilla et al.
(2013) at two geochemical stations (HIE02 and
HIE03, Fig. 6.6), showed important increases
before the onset eruption (Fig. 6.6b). Finally, by
measuring CO2 and

222Rn in air in separate sites,
located in the north of the island, Torres-
González et al. (2019) detected geochemical
anomalies associated to the volcanic process. On
the one hand, from mid-July to 7 September, a
clear increase in CO2 concentration in the air
(Fig. 6.6d) in a sub-horizontal water mining
tunnel (HTIN) located in El Golfo embayment
(Fig. 6.6), was observed (from 825 ± 19 to
2305 ± 35 ppm), and causally related to ground
deformation. On the other hand, from 7 Septem-
ber to the onset of the submarine eruption, an
abrupt increase in CO2 and

222Rn concentrations
in the same tunnel and in a well located in the NW
(RSIM) (Fig. 6.6) respectively were registered.
The 222Rn concentration in air measured in the
well was associated to both ground deformation
and seismic energy release.
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6.5 Very Short-Term Signs
of Imminent Eruption

We look for short-term precursors of the ultimate
processes occurring at depth below El Hierro,
that preceded the ascent of pressurized magma to
the surface. We collect from López et al. (2014)
and Sainz-Maza et al. (2014) signs observed
during the last days of pre-eruptive unrest (from
6 October to the beginning of the eruption on 10
October) and the first days of volcanic tremor
(10–15 October) (Fig. 6.7). During 6–8 October,
the volcano-tectonic seismic activity strongly
increased both in rate and in size, reflecting the
seismic strain a permanent deformation accu-
mulation, with a maximum rate of 1.4 � 10−6

strain h−1 (Fig. 6.7c, d), the highest throughout
the entire process. On 8 October, after the
occurrence of the 4.0 MW earthquake, the seismic
activity, the seismic strain, and the released
seismic energy fell drastically. From this day, the
seismic strain reflected a smaller but persistent
permanent deformation with a maximum rate of
0.3 � 10−6 strain h−1, which was maintained
until 10 October (Fig. 6.7b–d). Up to 8 October,
FD showed cyclic variations with a dominant
value of FD > 1.4 during the most intense seis-
mic swarms. On 10 October at 04:10 UTC, a
clear emergent tremor signal was registered by
all the seismic stations, and a decrease to a
shorter FD dimension began (Fig. 6.7g), which
reached minimum values of * 1 in all stations
by the end of 11 October. From 10 October
(06:00) to 12 October (14:30), the volcanic tre-
mor reached its maximum energy on a broad
frequency band rich in high frequencies

(Fig. 6.7). On 12 October, FD * 1 suggested
that the minimum dimension conduit geometry
was stablished (Fig. 6.7g).

During this period, results provided by the
analysis of the data obtained by the gravimeter
gPhone#054, located in the site ‘Aula de la
Naturaleza’ (AU) (Sainz-Maza et al. 2014) ties in
with previous signals. Figure 6.7a shows the
moving window spectrum of the gravity signal.
Since 6 October until the eruption onset 0.2–
0.4 Hz gravity constricted signals in frequency
domain were recorded. A extensive discussion
about this signal can be found in Sainz-Maza
et al. (2014). The origin of these observed fre-
quencies is usually linked to pressure pulses
which propagate to the sea floor generating micro
seismicity (Longuet-Higgins 1950).

Usually, atmospheric disturbances are the
most plausible cause of these phenomena. Here,
in light of the result, it would be quite probable
that pressure pulses generated because of the
continuous crustal fracturing. According to
Sainz-Maza et al. (2014), in this case the source
of the micro seismicity should be under the sur-
face. These signals were interpreted assuming
that frequencies between 0.2 and 0.4 Hz point to
magma accumulation in some part of the Moho
or in some heterogeneity inside the crust. After
4.0 Mw event, a more constricted 0.2 Hz fre-
quency dominated the spectrogram till the
beginning of the tremor. As per Sainz-Maza et al.
(2014), it could represent magma ascent through
a confined area.

Immediately after the submarine eruption
onset on 10 October, there was a decrease in the
gas pressure in the magma beneath the island
which was reflected in: (i) a drop in the diffuse

b Fig. 6.7 Very short-term signs. a Spectrum of high-
frequency gravity signal recorded by the gPhone-054
gravimeter at AU, b ground-motion spectrogram of the
vertical component of the closet to the eruption site
station, CRST, and its trace, c seismic magnitude (in
black) and location-depth time evolution (in purple) of
events, d seismic rate (in black) and its accumulated value
(in red). Colour bands labelled 0-VII indicate distinct
phases defined in López et al. (2014), e temporal
variations of seismic fractal dimension, FD, at CTAB
seismic station, f residual gravity signal calculated from

the gPhone-054 gravimeter record at site AU. The 4.0 Mw
event and the onset of the seismic tremor are indicated on
the graph with full green and red vertical lines. The
dashed green vertical line indicates the beginning of the
reduction in the seismic rate. The dashed red vertical line
indicates the beginning of the fall in FD shorter values.
The dashed blue vertical line indicates the onset of the
appearance of light-green discoloured seawater stained by
volcanic gases. Modified from Sainz-Maza et al. (2014),
López et al. (2014)

6 Geophysical, Geodetic and Geochemical Evidence … 123



H2S and CO2 at HIE07 and HIE01 stations
respectively (Pérez et al. 2012) (Fig. 6.6c), (ii) a
decrease in the diffusive helium emission
between 20 and 26 October 2011 (Padrón et al.
2013) (Fig. 6.6a) and, (iii) a slowdown in CO2

increasing trend and a decrease in background
222Rn level at HTIN and RSIM stations respec-
tively (Torres-González et al. 2019) (Fig. 6.6d).

6.6 Which Precursory Parameters
Were Most Relevant
for Eruption Forecasting
in Tagoro 2011?

Here we summarize the sequence of undergoing
processes and the associated precursory signals
from the first signs of early unrest in 2003, to the
eruption onset in October 2011 (Fig. 6.8). The
precursors identified during the early signs of
unrest (2003–2011) at regional scale include an
increase of the seismic activity and an E-W drift

and uplift deformations that affected the southern
Iberian Peninsula, northwest Africa, and the
Canary Islands in 2003 and 2007. The coherent
and joint evolution of seismicity and deformation
and its rapid evolution, supports a scenario of a
magmatic unrest in the region. In the Canaries,
we find a similar seismic evolution and a con-
current stress-shift episode measured by GNSS
stations coherent patterns occurring locally from
2003 to the beginning of the unrest in July 2011.
All these precursors have been interpreted as
result of evidence for magma ascent towards the
base of the crust below the Canaries. Before El
Hierro unrest, notable geochemical anomalies
were reported, including a significant increase in
diffuse CO2 flux from the soil before the occur-
rence of some seismic events in 2004 and mag-
matic 3He emission some weeks before the
beginning of the seismic unrest in July 2011. In
El Hierro, during the first phase of unrest (July–
August 2011) anomalous activity includes the
appearance of clustered swarm seismic activity

Fig. 6.8 Sketch including main processes and long-term regional and local short-term precursors of Tagoro eruption
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of low magnitudes and b-value � 1.5, tensile
fracturing and media velocity changes. These
features are interpreted as evidence for magma
emplacement below El Hierro, promoting the
over-pressurization and hydro-fracturing of the
edifice. A fluid injection (gas-enriched) close to
the crust-mantle discontinuity has been proposed
to explain previous unrest features, and some
other like bi-directional seismicity growth pattern
observed during that period (López et al. 2014).
This fluid intrusion could not ascent through the
high velocity crust in that area (Martí et al.
2017), but instead, it over pressurized the entire
island, promoting extension and tensile fractur-
ing. The observation of a spatial positive CO2

flux anomaly in a fractured area at the north of El
Hierro between 22 July and 14 August (López
et al. 2012) could be congruent with the descri-
bed state. Longpré et al. (2014) proposed that this
injection of magma was accommodated in a pre-
existing mantle reservoir using petrological data.

A seismic migration was observed from 21
August to * 26 September, suggesting unidi-
rectional growth of the fluid injection, driven by
structural or regional stress gradients. In this
sense, the exact coincidence between the unidi-
rectional growth path and the lateral hetero-
geneity at 10–15 km below the Moho
discontinuity is notable (Gorbatikov et al. 2013).
Díaz-Moreno et al. (2015), in their analysis of the
temporal and spatial distribution of the seismic
activity occurring on El Hierro suggest the
existence of stress diffusion and hydraulic frac-
turing during this period.

From 27 September onwards, we find signals
that have been interpreted as evidence of a process
that drive to a critical state after an increased
magma pressurization, diking, the crossing of the
probable mantle-crust boundary and the triggering
of seismic events in pre-existing faults. The related
signs include significant changes in several gas-
eous parameters (He, CO2, (R/Ra)c,

222Rn/220Rn),
and the acceleration of the seismic activity and
deformations, with very intense swarms of VT
events, alternation of b-values * 1, alternation of
shear and tensile behaviour, maximum Poisson’s
ratio and the change from thrust to strike slip type
of fracturing. Besides, we find higher modelled

point-pressure source volumes moving to the
south in congruence with the seismic activity
migration, pulses and maximum deformation as
reflected by the GNSS oscillation, gravimetric
anomalies associated with fluid flow and mini-
mumNx values. During the reverse faulting period
(27 September to 3 October), volcanic stress due
to magmatic accumulation likely dominated,
being the source of this fracturing clearly below
the crustal base. The change in focal mechanisms
from thrust to strike-slip, and the GPS oscillations
registered on 3 October have been interpreted as
evidence for magma lateral migration from its
source and into the dyke, allowing the decreasing
of the magma pressure at the base of the crust. The
rapid variations in Poisson’s ratio recorded in this
period would reflect the abrupt changes in the
stress and deformation states, which cause frac-
turing, and the active transport offluids (melt), that
caused extensive fracturing in a positive feedback
system that ultimately leads to eruption (Koulakov
et al. 2013).

We highlight the drop-off in the seismic
activity, that started some hours before the
occurrence of the 8 October 4.0 Mw event and
lasted until the beginning of the tremor signal on
10 October, and the appearing of shallow seis-
micity occurring for the first time during the
unrest (0–3 km of depth). The occurrence of 8
October 4.0 Mw event, as well as other low
magnitude seismicity observed during the period
of 3–8 October, has been interpreted as result of
Coulomb stress transfer of magma overpressure
in pre-existing faults, reflecting the escalating
process of magma overpressure. In fact, as result
of the 4.0 Mw 8 October event, the effective
pressure, rf, reached a critical value of 5 MPa
that would have surpassed the strain-rate
threshold necessary to initiate such a catas-
trophic fracture and thus opened a path through
the crust to the surface (López et al. 2014).
During these days, minimum Nx values pointed
to the occurrence of a predictable process. The
gravimetric analysis performed by Sainz-Maza
et al. (2014) identified evidence for magma
ascent after the 4.0 Mw 8 October event and the
beginning of the tremor signal. The ‘deep’ and
‘shallow’ seismicity registered from this event to
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10 October, could represent the depths of the
bottom and top edges (12–3 km) of such ascent.
According to the observational data presented
here, at this stage, the system reached a critical
point due to magma accumulation and over-
pressure, and it is likely that magma was flowing
towards the surface from 8 October onwards.
This hypothesis is supported by the observation
of elevated levels and a gradual increase in the
H2S flux recorded at a station located on the
coastline of the Mar de Las Calmas (close to the
seismic epicentral area) prior to the onset of the
eruption (Pérez et al. 2012).

Finally, we review the precursors that can
shed light on the timing of the eruption onset and
its geometry. As the Tagoro eruption was sub-
marine, it is not straightforward to know the
exact onset of the emission of magma on the
ocean floor, and there is an uncertainty of two
days during which its initiation has been dis-
cussed. The tremor signal started on 10 October
at 04:10 UTC, indicating fluid flow. Right from
its beginning, while tremor amplitude increased,
FD and the gravity anomaly started diminishing
until 11 October at 06:00 UTC. During 10
October, the only indirect evidence of the on-
going process was the appearance on the sea
surface of many dead deep-sea fish. Increasing
tremor amplitudes have commonly been
observed on other volcanoes and are thought to
occur when ascending magma vesiculates due to
decompression. On 12 October 14:30 h and
thereafter, a sudden decrease in the tremor
amplitude was recorded at all stations, with a
shift of the frequency band to smaller values. The
appearance of eruptive signals on the sea surface
this day (stained water and small fragments of
juvenile material) corroborates that volcanic
activity was occurring at the submarine vent. The
FD * 1 and the gravity anomaly reaching its
minimum, suggest that the conduit to the surface
was established and steady.

We find solid precursors of the Tagoro erup-
tion in the appearing of changes in seismicity
(seismic acceleration, seismic quiescence, chan-
ges in b-value, type of faulting, thrust to strike-
slip focal mechanism, changes in FD, FIM, Nx),
changes in the media properties (Vp/Vs or r),

changes in deformation (deformation accelera-
tion, changes in coordinate series and velocities,
deformation oscillations, increase in pressure
source modelled), changes in gravity (Dg) and
changes in emitted gases (CO2, He, 3He/4He,
222Rn, H2S). We believe that precursors cannot
be selected nor evaluated independently, but
rather as a sequence, the appearance of each one
conditioning the subsequent observables and
increasing the probability of eruption. Thus, we
tentatively propose the following sequence of
precursors for El Hierro eruption, which can
serve as a reference for a future phenomenon of
monogenetic volcanic activity in the Canary
Islands.

At long term and regionally, starting from
* 7 years before, we highlight the rotation of
horizontal regional deformations, the uplift and
the increase in regional seismicity. At short term
and locally, the sequence: 19 July, (3 months
before eruption) the appearing above background
level of anomalous seismicity and deformation,
27 September (* two weeks before), accelera-
tion of observables and onset of notable felt
seismicity, 3 October (1 week before) the change
of focal mechanism from inverse to normal,
induced seismicity in pre-existing faults, defor-
mation oscillations, maximum anomalies of the
media parameters, maximum stress and strain, 8
October (1–2 days before), maximum seismic
event followed by relative quiescence and
appearance of surface seismicity, gravimetric
anomalies, maximum persistence of micro seis-
micity (Dg, FD) and signs of a predictability on
the process (Nx).

Some of these changes were observed during
the reactivation monitoring and others have been
obtained later from an in-depth analysis of the
acquired data. The study of these changes, their
relationship with the variations of the subsurface
processes and the influence of each of them in the
subsequent development of the activity, has been
of great importance to deepen the knowledge of
the monogenetic volcanic phenomenon in gen-
eral and specifically in the environment of the
Canary Islands.

Finally, we highlight that this eruption was the
first multi-technique monitored event at the
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Canary Island and that despite the difficulties, we
were able to observe many volcanic precursors.
If this eruption had not had an instrumental net-
work, the only evidence of unrest would have
been the felt seismicity starting two weeks before
the submarine eruption, which is consistent with
the precursors observed in most of the historical
eruptions in the Archipelago. The acquired
experience is essential for monitoring upcoming
volcanic activity on the island and in the Can-
aries, and it will contribute to a better near real-
time interpretation of the observed signals and a
correct volcanic risk assessment.
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7Geomorphology of Tagoro Volcano
Along Eruptive and Posteruptive
Phases
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Abstract

The Spanish Institute of Oceanography has
realized nineteen oceanographic cruises in
order to monitor the geomorphological
changes during the submarine eruption of the
Tagoro volcano and later evolution. The major
geomorphological features were achieved fun-
damentally by the use of Multibeam EM710
echosounder data. Eruption was characterized
by two main phases, the first one alternate
stages of vertical growth and denudation by
development of basal and southern flank
collapses of the main edifice took place; the

second phase was characterized by a fissure
growth with a NNW-SSE trend. The eruption
produced a main volcanic edifice rising from
400 to 88 m water depth. The edifice consists
of four attached cones extended and at least
fifteen emission vents. This edifice has a
quasi-circular base and its final morphology
was modulated by the activity of emission
vents during the second phase which produced
a NNW-SSE elongated summit line. Both
vertical growth and instability phases were
conditioned by preexistent southwestwards
gradient of the seafloor slope and its initial
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location into a gully on the southern sub-
marine island flank. In the proximal area,
morphology is also characterized in by four
ridges that correspond to semi-buried residual
scars of different collapse phases. On the SW
flank an apron of mixed lavas, pyroclastic and
debris flows were deposited along more than
5 km length. These deposits were channeled
throughout the previous gully and three parts
are differentiated: proximal apron from the
cone to an intermediate ravine located at
2.5 km away from the base of the main edifice
where its maximum thickness occur in an
accumulation front, the intermediated ravine
and the distal apron fan deposits from the
mouth of the ravine to 1800 m depth. The
Tagoro volcano was built during a mono-
genetic eruption dominated by pyroclastic and
lava balloon emissions, with lava emissions in
the deepest vents. Its evolution alternating
constructive and destructive stages and its
morphology being similar to that of long-lived
volcanoes located on a steep seafloor and
dominated by pyroclastic emissions.

Keywords

Submarine geomorphology � Growth and
destruction of submarine volcanic cone �
Volcanic sediments � Seafloor mapping �
Eruption � Posteruption dynamics

7.1 Introduction

Most of the volcanoes on the Earth are found on
the seafloor. More than 5000 active underwater
volcanoes have been identified, and their emitted
products represent more than 75% of the total
volcanic products that are ejected during a year
(Huff and Owen 2013). Most of these active
underwater volcanoes are located along mid-
ocean ridges as the Axial volcano seamount (e.g.
Clague et al. 2013; Chadwick et al. 2016; Le
Saout et al. 2020), but they are also located in
relation to subduction zones, especially in vol-
canic arc zones as the Kick-Em-Jenny, NW Rota
and W Mata volcanoes (e.g. Schnur et al. 2017;
Allen et al. 2018; Chadwick et al. 2019), back arc

basins as the Kolumbo volcano (Rizzo et al.
2016), and on oceanic lithosphere domains in an
intraplate context such the Loïhi seamount vol-
cano (e.g. Schipper et al. 2011). The last type
constitutes the hot spots systems which normally
are related to the magmatic activity of upwelling
mantle plumes (Siebert et al. 2015). Therefore,
submarine volcanoes are probably one of the
most important but often overlooked active
geological processes, as is the case with much of
the ocean floor. Different efforts are being made
to improve this knowledge by monitoring their
development (e.g. Chadwick et al. 2012, 2013;
Fraile-Nuez et al. 2012, 2018; Bachèlery and
Villeneuve 2013; Kelley et al. 2014; Clague et al.
2017); in this sense, the development of high-
resolution bathymetric techniques and their
analysis are essential for these studies.

Volcanoes are characterized by the emission of
different types of products, lavas, hot rock frag-
ments and gases that accumulate on the seafloor,
although the mechanical characteristics of the
accumulated materials, slope changes induced by
ground dilations or the explosive nature of the
eruption itself can also favor the formation of
collapses of the volcanic edifice that is being
generated, additionally landslides on its flanks
that even can affect the adjacent areas to the
volcano could also be favored along the eruption.
Emissions from submarine volcanoes are condi-
tioned by the presence of the mass of water above
them, its cooling down effect, the geochemical
interactions of water with volcanic products and
the pressure that water column exerts on the
surface of the seabed influence the character of
the eruption (Bachèlery and Villeneuve 2013;
Huff and Owen 2013). The most obvious changes
that take place during an underwater eruption are
those that occur on the surface of the seafloor that
characterize the eruption style (Clague et al.
2011). Quantitative characterization of the size
and shape of volcanic edifices is an essential step
towards the understanding of factors controlling
volcano growth and morphology (Grosse et al.
2012). The acquisition of high resolution bathy-
metric data repeatedly over time is a fundamental
technique to control changes throughout the
evolution of an active volcano. The development
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of multibeam bathymetry techniques greatly
advanced the study of active underwater volca-
noes (Caress et al. 2012; Allen et al. 2018;
Chadwick et al. 2018; Tepp et al. 2019).

The El Hierro Island is the westernmost island
of the Canary archipelago which extends along
500 km from east to west (Carracedo 1999) and
forms part of the Canary Islands volcanic pro-
vince constituted by volcanic islands and sea-
mounts along more than one thousand kilometres
from the NE to the SW of the archipelago (van
den Bogaard 2013). The age of the beginning of
sub-aerial volcanic activity decrease from 21 to
20 Ma at the eastern islands to less than 2 Ma at
El Hierro and La Palma (Carracedo 1999). Sev-
eral geodynamic models have been proposed to
explain its origin starting from a context of
anomalous hotspot systems, including anoma-
lous mantle plumes and controls to the regional
tectonic regime (Schmincke 1982; Holik et al.
1991; Hoernle and Schmincke 1993; Carracedo
et al. 1998; Anguita and Hernán 2000; Acosta
et al. 2003; Acosta Yepes et al. 2003). The
islands are emplaced on a Jurassic oceanic
lithosphere (� 150–180 Ma; Hoernle 1998)
which thickness thins westwards, from 35 km at
Lanzarote (Martinez-Arevalo et al. 2013) to 12–
15 km at El Hierro. The beginning of sub-aerial
volcanic activity at El Hierro has been dated at
1.12 Ma (Guillou et al. 1996) and three main
volcanic cycles have been defined (Carracedo
et al. 2001; Becerril et al. 2015), that alternated
with quiescence, structural deformation, and

sector collapses (Masson 1996; Gee et al. 2001a,
b; Masson et al. 2002; Longpré et al. 2011). The
last cycle corresponds to the Rift Volcanism
(0.158 Ma–present) characterized by cinder
cones and thin lava flows (Carracedo et al. 2001).

Between 10 October 2011, and 5 March 2012,
an underwater volcanic eruption took place
approximately 1.8 km south of La Restinga port
at the submarine southern flank of El Hierro
Island (Fig. 7.1). It was emplaced in the western
flank of the Southern Rift of the island (Car-
racedo et al. 2012; Rivera et al. 2013). As result
of this eruption a new submarine volcano was
formed, the Tagoro volcano, whose summit
reached 88 mbsf. This eruption corresponds to a
single submarine monogenetic eruption (e.g.,
López et al. 2012; Martí et al. 2013a; Longpré
et al. 2014). It was characterized by the emission
into the water column of gases and varied
pyroclastic products, from ash to bombs. The
most remarkable products were float xenopumice
and basaltic lava balloons (Meletlidis et al. 2012;
Carracedo et al. 2015). The Tagoro volcano
corresponds to an eruption in a geodynamic
intraplate context over an oceanic lithosphere and
classified between intermediate to shallow erup-
tion during their evolution (Ercilla et al. 2021),
shallow water eruptions (< 200 m below sea
level—mbsl) are normally characterized by
higher explosiveness, especially if they rise
above 50 m depth (Kokelaar 1986), meanwhile
intermediate water eruptions (200–600 mbsl)
have both lava and pyroclastic emissions and are

Fig. 7.1 Location of the study area. a Location of the Canary Islands in the West African continental margin.
b Location of the study area in El Hierro Island continental slope
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often characterized by lava balloon or pumice
lava emissions (Gaspar et al. 2003; Kueppers
et al. 2012; Conte et al. 2014; Kelly et al. 2014;
Madureira et al. 2017).

Given the alert situation created by this
eruptive process and its underwater characteris-
tics, the Spanish government entrusted the
Spanish Institute of Oceanography (IEO) to
advise the PEVOLCA (Special Plan of Civil
Protection and Emergency Attention for volcanic
risk in the Autonomous Community of the
Canary Islands) for the monitoring of this sub-
marine eruption, investigating their geological
characteristics, seafloor modifications, physical
and chemical changes taking place in the water
column and its impact on the marine ecosystem,
to help establish the influence of the eruption on
environment and its possible interaction with
human populations and socioeconomic activities.
The monitoring was led by the IEO projects and
cruises: BIMBACHE (Fraile-Nuez et al. 2012;
Rivera et al. 2013) and when the eruptive activity
ceased, the IEO maintained the monitoring of the
Tagoro volcano through two projects of the
R + D + I Program of Spain (VULCANO-I and
VULCANO-II projects) as well as through an
IEO monitoring program (VULCANA-I,
VULCANA-II and VULCANA-III) and addi-
tional cruises realized with different purposes
(Somoza et al. 2017; Fraile-Nuez et al. 2018;
González-Vega et al. 2020).

In this chapter a review of the morphological
evolution of the Tagoro volcano is carried out
from the different bathymetric surveys leaded by
the IEO throughout the monitoring of the active
eruptive episode. Finally, the final geomorphol-
ogy of the volcanic building resulting from this
process is analyzed.

7.2 Data and Methods

The Spanish Institute of Oceanography has
invested an extensive effort in monitoring Tagoro
eruption and post-eruptive phases, acquiring
bathymetric data in periodic—six month to one
year—consecutive oceanographic surveys over
the last ten-year period (Table 7.1). During the

eruption phase, detailed multibeam bathymetries
of the Tagoro volcano and adjacent areas were
obtained during eight BIMBACHE oceano-
graphic surveys. These surveys were carried out
along October 2011 to February of 2012, in order
to study the rapid evolution of the submarine
eruption and monitor the main morphological
changes. On the post-eruptive and hydrothermal
phase, twelve oceanographic surveys have been
developed in the framework of different research
projects (Raprocan, Vulcano-I, Vulcano-II and
Vulcana-I and II) where detailed multibeam
bathymetries of the Tagoro volcano and adjacent
areas have continued being performed.

The bathymetry datasets were acquired using
multibeam echosounder systems Kongsberg
EM710 on board R/V Ramón Margalef and R/V
Ángeles Alvariño, which have covered diverse
study areas, mainly focusing on the site where
Tagoro eruption took place, the adjacent western
and eastern slopes and the whole Southern Rift of
El Hierro island (Table 7.1). Datasets were pro-
cessed with Caris HIPS and SIPS software, using
CUBE algorithm and yielding the generation of
bathymetric models of diverse 1–10 m resolution
grid exported in different output formats (ASCII
grid, geotiff, BAG, etc.) (Fig. 7.2). Since erup-
tion, repeat bathymetric models have been col-
lected during the 19 oceanographic surveys from
2011 to 2019. Before the eruption in 2011, a
previous 30 m resolution bathymetry was com-
piled by the Instituto Hidrográfico de la Marina
(Ministerio de Defensa, Spain), These data were
collected during several oceanographic and
hydrographic cruises from 1998 to 2008 in the
framework of Spanish Exclusive Economic Zone
and hydrographic projects.

ASCII (American Standard Code for Infor-
mation Interchange) grids at different resolutions
were individually exported depending on depth,
study area and oceanographic survey, but the
resolution used was mainly 1–2 m for the
Tagoro volcano complex, and up to 10 m for
the adjacent areas. From these ASCII grids,
several digital elevation models (DEMs) were
generated using Spatial Analysis tools in Arc-
GIS Desktop® software and the IDW (Inverse
Distance Weighting) interpolation between

134 J.-T. Vázquez et al.



pixels (Fig. 7.2). Overall, the geomorphological
analyses were based on the interpretation of
these bathymetric models using ArcGIS
extensions.

The analyses and further geomorphological
interpretations have been carried applying a

variety of techniques that are summarized in
Fig. 7.2. As a starting point, shaded reliefs maps
were created from the DEMs, that allow conduct
a first subjective interpretation of geomorpho-
logic features. From these DEMs, the first and
second derivatives of depth, slope and curvature

Table 7.1 Schematic table of the main datasets used for the eruption monitoring

Research
project (year)

Oceanographic
surveys

Research vessels
(R/V)

Study areas Depth
(m)

Grid resolution
(m)

ZEEE and
Hidrography
(1998–2008)

ZEEE_IHM-IEO
and IHM

BIO Hespérides
BH Malaespina

El Hierro island
(previous data)

77–3975 30

BIMBACHE
(2011–2012)

Bimbache_1011-1 Ramón Margalef Western flank
and Southern
Rift

12–1612 10

Bimbache_1011-2 Ramón Margalef 63–1756 10

Bimbache_1011-3 Ramón Margalef Tagoro volcano 105–1225 10

Bimbache_1011-4 Ramón Margalef Western flank
and Southern
Rift

62–2028 10

Bimbache_1011-6 Ramón Margalef Southern flank 7–1993 10

Bimbache_1011-7 Ramón Margalef 46–1933 10

Bimbache_1011-9 Ramón Margalef 59–1930 10

Bimbache_1011-11 Ramón Margalef 8–1965 10

RAPROCAN
(2012)

Raprocan_1212 Ramón Margalef 23–1918 5

VULCANO
(2013–2015)

Vulcano_0313 Ramón Margalef Western and
eastern flanks
and Southern
Rift

12–2009 5

Vulcano_1013 Ramón Margalef Southern Rift 15–2164 5

Vulcano_0314 Ramón Margalef Southern Rift 68–1655 5

VULCANA
(2015–2019)

Vulcana_0515 Ángeles
Alvariño

89–1064 2

Vulcana_1015 Ángeles
Alvariño

89–1078 5

Vulcana_0316 Ángeles
Alvariño

89–1053 2

Vulcana_0417 Ramón Margalef 89–2051 5

VULCANO II
(2016–2018)

Vulcano_1016 Ángeles
Alvariño

69–954 1

VULCANA II
(2017–2019)

Vulcana_0318 Ángeles
Alvariño

90–2475 1

Vulcana_0319 Ángeles
Alvariño

Tagoro volcano
and Southern
Rift

90–2724 1

Research project, oceanographic surveys, research vessels, study areas involved and limits of depths, grid resolution for
each DEM (digital elevation models) and corresponding evolutive phase of Tagoro volcano
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were created, showing relevant morphological
changes, besides other indirect terrain variables
such as aspect (to identify the orientation of
pixels) and roughness of the seafloor (as the
variation in three dimensional orientations of
pixels within a neighborhood). The work real-
ized, integrating all these variables contributed to
carry out the geomorphological and comparative
analyses in the study area during the study period
and phases of the volcano. More specifically, to
identify morphological changes the slope gradi-
ent maps and aspect maps in degrees, profile
curvature map and plan curvature map were used
in order to discern minor variations through time.
The construction of a lot of bathymetric cross-
sections with the use of profile graphs by sorting
slope gradients within each flank for prefixed
depth intervals have allowed to cartography
morphological features.

For the characterization of main morphological
types, severalmorphometric parameters have been
used such as height, average basal diameter, slope
gradient and main orientation for the main edifice
whereas for the linear and minor morphologies its
width, length, maximum slope, etc., have been

calculated for understanding the formation and
morphological evolution of Tagoro volcano from
repeated bathymetric models. In order to comple-
ment the geomorphological analyses in this study,
other specific tools have been used to compare
Tagoro volcano with the surroundings areas. In
this sense, the Benthic Terrain Modeler
(BMT) toolbox for ArcGIS software has allowed
us to create raster of Bathymetric Position Index
(BPI) and define the location of specific features
within the same bathymetric model such as other
volcanic edifices situated in the southern ridge of
El Hierro island, in order to characterize its simi-
larity in terms of depth, roughness or slope gra-
dients, making comparison among them and
analyzing the morphological evolution of the
whole area of study. Moreover, ArcGIS tools for
volume calculation have been used in order to
determine the difference of volume of the study
areas through time using consecutive DEMs at the
same resolution (Fig. 7.2).

Finally, the Kernel Density algorithm has
been used to calculate the number of the volcanic
edifices-per-unit area from centroids of the
polygons of the volcanic edifices using a kernel

Fig. 7.2 Key monitoring methodological workflow for the acquisition, processing, analyses and applications of the
digital elevations models (DEM) in this chapter for geomorphological analyses of Tagoro volcano
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function to fit a smoothly tapered surface to each
point. To carry out morphometric computations,
the spatial extent of each volcanic edifice was
defined combining the bathymetric position
index and slope obtaining a polygonal layer.
A set of morphometric parameters was calculated
as width, height, perimeter and mean slope.

7.3 Volcanism in the El Hierro
Insular Slope

7.3.1 Physiographic Characteristics

El Hierro island has an estimated total volcanic
edifice volume (emerged and submarine) of
5500 km3 (Schmincke 1990). The highest point is
located in the centre of the island (Pico de Mal-
paso at 1501 m altitude) rises about 5500 m from
its base at 4000 mbsl. The island morphology is
characterized by three large embayments inter-
preted as sector collapse scars with corresponding
off-shore debris avalanche deposits (El Golfo, Las
Playas y El Julán) separated by three ridges ori-
ented at 120° to each other (NW ridge, NE ridge
and S ridge) (Carracedo et al. 1999).

The Southern ridge, so called Southern Rift,
has a different morphology from the other flanks
(NW and NE) showing a slope excavated by
deep gullies turning to a smoothly sedimentary
seabed. This morphology is interpreted as the
eroded remnant of a volcanic edifice (Gee et al.
2001b). The Southern Rift divides Las Playas (to
the SE) and El Julán (to the SW) embayments
that were formed as the result of huge lateral
collapses of the flanks during the evolution of the
island and subsequent submarine mass wasting to
the SE and SW of the island respectively
between 500 and 150 ky (Masson 1996; Car-
racedo et al. 2001). The NW and NE flanks show
steep areas on the slopes, with excavated ridges
and gullies. With the exception of the El Golfo
valley, there are a large number of volcanic
edifices distributed along the flanks. This
exception is also observed in the El Julán valley,
with both landslides showing a convex to con-
cave profile in the sediment accumulation zone.
The SE flank (Las Playas) is the widest of the

three valleys. It shows a complex head wall
region, which includes a narrow, steep-sided
embayment associated whit a series of eroded
strike-slip faults oriented perpendicular to the
shoreline (Gee et al. 2001b). The SW flank (El
Julan) has a smooth morphology, similar to that
of the El Golfo valley, although with less well-
defined lateral escarpments. It is also character-
ized by the presence of a few volcanic edifices.

The submarine area of the island (Fig. 7.3) is
divided into a narrow insular shelf whose width
ranges between 100 and 1200 m. This zone has a
low slope not exceeding 2° and the shelf break is
located between 120 and 150 mbsl. The insular
slope extends from the edge of the shelf to
approximately 4000 mbsl showing an eminently
concave profile in the three slided zones and a
profile more linear on the ridges. In the areas of
concave slope profile, the gradient is steeper up
to 500 mbsl, reaching values greater than 20°
and then decreasing with depth until stabilizing
between 5 and 10° on the lower slope above
2000 mbsl. In the other areas of the slope with a
more linear profile, the slope oscillates between
40° and 15°, stabilizing at 5° at 3500 mbsl.

7.3.2 Spatial Distribution
of the Volcanic Edifices

A set of morphometric parameters that charac-
terize the size and shape of the volcanic buildings
has been defined to interpret bathymetry in terms
of volcanological processes. A total of two
hundred eighty-seven volcanic edifices have
been defined around of El Hierro island slope
using the high-resolution bathymetric DEMs.
The edifices are in a water depth ranging between
94 and 2000 mbsl. The distinguished volcanic
edifices have variable shapes such as conical,
subconical or composite and complex edifices or
massifs with irregular shapes. The spatial density
map of the volcanic edifices shows that there are
two main areas with the highest concentration of
volcanic edifices: The Southern Rift; and the
western rift (Fig. 7.4). The areas with the lowest
density of volcanic edifices logically coincide
with the areas of previous landslides, such as the
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Julan, El Golfo and Las Playas areas where the
morphological features prior to the landslide
must have been eroded.

7.4 Tagoro Evolutive
Geomorphology

7.4.1 Geomorphology Before
Eruption

The Tagoro eruption took place at the submerged
part of the Southern Rift that has a maximum
length of 40 km and is extended to the south,

where its distal segment curves slightly south-
westward (Acosta et al. 2003). The minimum
depth is located south of La Restinga town, and
their flanks go deeper to the south reaching the
maximum depth at 3700 mbsl. It has 20 km
maximum wide in the proximal segment and is
8 km wide in the distal segment, being the flank
gradient considerably more abrupt on the eastern
side. The eruption began in its western flank
from a fracture opened in the seafloor into a pre-
existing submarine gully with a general ENE-
WSW direction that extended in front of the La
Restinga village, approximately at 250–350 mbsl
(Fig. 7.5).

Fig. 7.3 Slope gradient map of El Hierro island shelf and flanks. The map is based on 30 m-resolution multibeam
compilation bathymetric data of IHM previous data and IEO post-eruption data (VULCANO and VULCANA projects)
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In the bathymetry preceding the eruption, in
addition to gullies and valleys, the main geo-
morphological features were volcanic defined as
cones, ridges including de Southern Rift axis, no
conic positive reliefs (so called blocks), and
bedrock outcrops. The Southern Rift consisted
on multiple non-eroded volcanic cones located
from the top of the rift to more than 2000 mbsl
(Fig. 7.5). Up to 20 volcanic cones and blocks
have been identified in the study zone; most of
them were conical in shape although some pre-
sent several different geometries as elongated,
rectangular or rhombic shape. General

distribution of the volcanic morphological fea-
tures has a tendency to a NE-SW alignment.
They presented a mean wide of 1 km and they
rose 50 m above the surrounding seafloor
although their bathymetric profile was very
asymmetric as they were located on the steep
flanks of the rift. They presented the lowest slope
values in the summit (1–2°) and reached 30°
along their flanks. Ridges have a NNE-SSW and
NE-SW direction and they are 1–2 km length.
They could be observed as a linear crest or with
an irregular shape as result of the coalescence of
small volcanic cones. They were 40 m high

Fig. 7.4 Spatial density map of volcanic edifices around the island of El Hierro. In this study we have used the
volcanic edifices that are located approximately at less than 2000 m depth
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although the ridge located at the crest of the rift
was higher (* 100 m).

Submarine gullies were identified from the
upper part of the rift to 4.5–7 km to the west and
southwest, sinuously. They were flat-floored
(< 5° slope values), and they were fitted
between very steep lateral walls, up to 150 m
high, and surrounded by the volcanic cones and
blocks. Steep gullies predominate in the upper
part of the submarine flank of the island, while
broad valleys with smooth flanks predominate in
the lower part of the flank. In the case of the
gully where the growth of the Tagoro volcano
would take place, the upper gully and lower
valley sections are also connected by a marked
ravine. The southwestern section is characterized
by a fan-lobed 1.5 km wide that have been
interpreted as recent volcaniclastic flows.

7.4.2 Morphological Evolution
During Eruptive Phase

The bathymetric data obtained mainly during the
BIMBACHE cruises carried out by the IEO
(Rivera et al. 2013, 2014) has allowed us to

monitor the bathymetry in the area (Fig. 7.6).
The difficulties of conducting a bathymetric
monitoring on a relatively explosive erupting
underwater volcano did not always allow the
exact location of the top of the edifice with the
bathymetric acquisition techniques. This was a
consequence of safety problems in ships navi-
gation over the area subject to the emission of
volcanic products. Therefore 100% coverage of
the area was not always feasible. From the
morphological changes observed in the bathy-
metry, the main stages of the Tagoro eruption
interpreted are described below:

(1) The first surveys carried out by the IEO on
October 25, 2011, allowed to locate a vol-
canic cone of 0.5 km of diameter whose top
reached approximately up to 205 mbsl. The
volcanic cone grew up constrained within the
head of the preexistent submarine gully. In
addition, an apron began to develop in favor
of the gully slope towards the southwest
(Figs. 7.6a and 7.7a).

(2) On October 29 a general collapse of the cone
had taken place (Fig. 7.6b) that produced a
subsidence of at least 30 m of the outer edge

Fig. 7.5 Bathymetry previous to eruption (a) and b geomorphologic interpretation of the study zone before the
eruption where different volcanic edifices, a platform, submarine gullies and ridges are shown
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Fig. 7.6 Bathymetric DTM models made during the
eight cruises dedicated to bathymetric monitoring during
the eruptive phase of the Tagoro volcano. See Table 7.1.

All bathymetric scales as in h. White arrows correspond to
the apron trend evolution
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Fig. 7.7 3D bathymetric model of the most representative eruption stages monitored along its evolution during the
main first phase. All the model views from the S
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of the edifice whose flanks acquired concave
profiles, although the width of the base
remained relatively stable constrained by the
gully and the summit could be kept at a
similar height due to the continuous outflow
of volcanic material. The southwestern apron
continued to form in favor of the gully gra-
dient. In the following days its rapid growth
took place, recovering its regular conical
geometry in the bathymetric survey on
October 31 (Fig. 7.6c). At this time basal
dimensions remains similar, the height of the
summit reached approximately 170 mbsl,
and the apron deposits filled the gully
thalweg.

(3) According to the bathymetric mapping of
November 13 (Figs. 7.6d and 7.7b), it was
observed the formation of a second collapse
event that significantly affected the cone,
although its summit was conditioned by a
high emission rate of volcanic materials in
these stages (Rivera et al. 2013), and con-
tinued to grow until reaching around
150 mbsl. This episode also affected the
western flank of the pre-existing gully; it
suffered strong episodes of instability that
generated the sliding of large blocks trans-
ported downslope towards the axis of the
gully. This process allowed the increase in
basal space for the growth of the volcanic
cone. The base width was extended up to
0.65 km and the gully width was also
increase in more than 0.5 km. In this context,
the emission center shifted to the north and
multiple vents developed that were activated
on the southern flank of the volcano.

(4) Subsequently, the volcano again had a stage
of vertical growth of the conical building that
produced a strong expansion of the basal
width up to 0.9 km. The level of the summit
did not increase significantly, reaching
around 135 mbsl the 2nd of December.
Although there was a significant pile-up of
material, generally on the flanks that even
buried the slided blocks on the western flank
of the gully (Fig. 7.6e). During this phase,
the emission was produced by means of two
main sources that were creating two

secondary cones and progressively coalesced
to form a main one.

(5) In December, the growing cone again suf-
fered a basal collapse, leaving the level of the
summit associated with the emitting center
around 175 mbsl. Basal width remains with
similar dimensions and around the cone a
rim horseshoe depression was formed for
depths between 200 and 280 mbsf around
the northern flank. Simultaneously, the
southern flank of the volcano suffers a slide
in favor of the gully slope (Figs. 7.6f and
7.7c) and a ridges complex was formed in the
outer boundaries of the slide, this ridges have
initially a NE-SW direction. This landslide
favored the flow and transport of flank
materials downslope to the southwest.

(6) After the third collapse, there was a last
progressive phase of growth that would last
until the final of the eruption. This last phase
was characterized by the development of
several attached cones with multiple emis-
sion vents forming the main volcanic edifice.
Both attached cones and multiple vents are
aligned with a NNW-SSE trend related with
a volcanic fissure with the same trend. In the
bathymetric mapping of February 8, 2012
(Figs. 7.6g and 7.8a) there were three
attached cones that reached from NNW to
SSE 103, 102 and 206 mbsl respectively and
distances between them of 79 and 221 m
respectively, and at least nine emission vents.
The ENE-WSW ridge between the main
peaks and the NNW-SSE ridge were also
formed. The northern cone is characterized at
least by three active vents with peaks at 103
and 109 mbsl to the east and 122 mbsl to the
west. While in the February 24, 2012
bathymetric mapping (Figs. 7.6h and 7.8b),
four attached cones had developed, located
from north to south successively at 88, 115,
204 and 246 mbsl, with distances between
them of 82, 252 and 124 m, and there were
at least 12 emission vents. This stage was
characterized by the growth both of the
highest Tagoro summit from the vent located
to the west of the northern cone, and the
deepest attached cone located to the SSW of
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Fig. 7.8 3D bathymetric model of the most representative eruption stages monitored along its evolution during the
main second phase. Both model views from the S
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the main edifice, in addition the ENE-WSW
ridge between the two main cones finished
its formation in relation with the sinking of
the second cone.

7.4.3 Morphological Evolution
During Post-eruptive
Phase

The improvement of DEM after the eruption has
allowed us to discern minor morphological
changes in the main features of the volcano that
have took place during the hydrothermal phase.

The main edifice of Tagoro volcano has
reduced its height at 89 mbsl at the 2019
bathymetric data, one meter below the highest
point (88 mbsl) measured during the eruptive
and initial post-eruptive phases (2012 to date).
The resolution of the bathymetric data was
increased from the Vulcana_0515 cruise
(Table 7.1) up to 2 or 1 m allowing the detailed
difference analysis between successive DTMs. In
this sense, the main summit (northern cone) does
not show significant changes since 2015 in depth.
Meanwhile the heights of the other three attached
cones peaks have deepening. Their peaks
reached respectively, 116, 204 and 247 mbsl
during 2013, reducing their heights at 118, 205
and 248 mbsl, between 1 and 2 m below the
initially registered. The high resolution monitor-
ing since 2015 allow to identified a decay of
these peaks approximately from about 30 cm/yr
covering the period of the last 5 years. In addi-
tion, the ENE-WSW ridge located at the main
edifice extends at least 20 m from their northeast
end, and has deepening between 0.2 and 1.2 m.
The cones flanks gradients have gradually been
higher and reaching up to 39° in the proximal
areas of the main and attached cones. These
cones are at present characterized by at least 15
conical vents presented as small mounded fea-
tures with heights from 1 to 20 m and slopes up
to 35°.

Finally, the most remarkable feature generated
within the main edifice along this phase corre-
sponds to a depression-like crater and other minor

depressions associated to these secondary cones.
The main circular depression was first mapped
during Vulcano 0313 cruise on the top of an arc-
like shape ridge of NE-SW orientation, 80 m
length and 127.5 mbsl in depth, and originally
had 15 � 6 m of dimension and 0.3 m depth.
The DEMs obtained in 2014 and 2015 reveal the
depression has started enlarged its width up to
8 m and its depth in 0.7 m reaching a deepest
point of 128.2 mbsl. The latest bathymetric DEM
also reveals its deepening and extending to
16 � 22 m in diameter, reaching a deepest point
of 129.7 mbsl, with a current depth of 2 m. The
subsidence of this crater-like depression is
therefore approximately 0.36 cm/yr similar to
that observed at the cone peaks.

7.4.4 Current Geomorphology
of the Tagoro Volcano
Complex

The current geomorphological characterization
of the Tagoro volcano is based on the 2019
bathymetric model (Fig. 7.9a) and has allowed
differentiating several morphological units
(Fig. 7.9b):

(1) Old volcanic cones. In the vicinity of the
Tagoro volcano there are several volcanic
edifices previously described (Fig. 7.5). These
are conical structures with a circular or oval
base that are in different degrees of degrada-
tion, mainly due to the development of ero-
sive and gravitational processes that produce
changes in the initial morphology. Its diam-
eters oscillate between 0.7 and 0.9 km and
their summits are located between 125 and
520 mbsl. The relief between the base and the
top varies between 95 and 395 m and the
slopes of its flanks between 20 and 50°. They
usually have a single top, but are occasionally
characterized by several minor cones or small
ridges on top. The increase of erosion is
characterized by development of scarps that
affect the flanks of these features.

(2) Volcanic Blocks. This morphologic type
corresponds to individual outcrops of
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Fig. 7.9 a Bathymetric data used to map de current geomorphology of Tagoro volcanic complex acquired by the IEO
in 2019. b Geomorphological map. Maps are represented in 50% transparency on the shade relief map
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volcanic materials with several geometries,
from longitudinal ridges to rectangular or
rhombic in basal shape internally marked by
ridges (Fig. 7.9). Outer borders are relatively
irregular, with boundaries characterized both
by irregular or longitudinal escarps. In the
study area they are more frequent in the
upper flank.

(3) Bedrock outcrops. It corresponds to areas
where irregular outcrops of volcanic rocks
occur. These outcrops occur in areas where
there are no large volcanic cones or dominant
blocks in the seafloor, although the rough-
ness of the bathymetric response allows us to
interpret these landforms as wide fields of
rocky outcrops regardless of their origin. In
the area near Tagoro (Fig. 7.9), these
fields are found in the upper part of the
island's flank and are related to the identified
blocks.

(4) The main edifice had its top at 88 mbsl after
the eruption, with slopes between 20 and
34°, extending approximately to a depth of
400 mbsl where the slope decreases below
20°. The base of this edifice is irregular to
quasi-circular with diameters that vary
between 0.9 and 1.2 km in length (Figs. 7.9
and 7.10). The irregularities are cause by two
sets of morphologic elements:

(a) Four ridges, two of them with a NE-SW
direction located on the west flank of the
main building, a third with an ENE-
WSW trend that crosses the second peak
of the main edifice, and the fourth with a
NNW-SSE orientation located on the
eastern flank of the main edifice.

(b) Four attached cones that compartmental-
ize the main edifice and decrease in height
and size from the NNW to the SSE, the

Fig. 7.10 Detail of the geomorphological map of proximal Tagoro area. Legend as in Fig. 7.9. Geomorphology
represented in 50% transparency on the shade relief map made from the 2019 bathymetric data
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height of their current peaks reached
respectively 89, 118, 205 and 248 mbsl.
On these attached cones, the presence of at
least 15 vents centers has also been rec-
ognized. Usually, these vents have
heights between 1 and 5 m on the sea-
floor, but they reach up to 10 m height in
the case of vent related to the main cones.

(5) Volcaniclastic Apron. The apron extends
from the SW flank of the main edifice
(Fig. 7.9) and it channels the flow of mate-
rials from all the flanks of the volcano except
the northern one. It has been divided into
three parts that have been defined as distal
and proximal pyroclastic apron by Somoza
et al. (2017), connected by a marked ravine
sector of the preexistent gully.

(a) The proximal apron extends for 2.5 km
southwestwards reaching 850 mbsl of
depth. It is characterized by slopes gra-
dients that decrease from 20° to 8° to the
southwest and by the development of an
accumulation front in its final zone of
WNW-ESE trend. This sector of the
apron is constrained to the interior of the
preexistent gully and has a major accu-
mulation body in its central part which
produces a smooth longitudinal ridge.

(b) A central steep ravine in the seafloor
connects the two main parts of the
Tagoro Apron. It is located between 850
and 1050 mbsl. It has been partially fil-
led and is characterized by the develop-
ment of two accumulation fronts located
successively at 950 and 1030 mbsl, the
first of N-S direction and the second of
NE-SW trend (Fig. 7.10).

(c) The distal apron extends in a general SW
direction at the mouth of the ravine, along
the slope of the island for approximately
3.5 km, forming a fan-like lobe geometry
for depths between 1150 and 1800 mbsl,
and slopes between 5° and 15°.
Finally, at the northern area of the
Tagoro volcano a minor lobate deposit
produced a secondary volcaniclastic

apron north-westwards into another sec-
ond previous gully developed between
volcanic reliefs.

(6) Depressions are low areas in the seafloor
ground surrounded by higher ground in all
directions, as a hole in the seafloor. It has
been defined at least two depressions
(Fig. 7.10). A NNW-SSE longitudinal
depression is located in the eastern flank of
the main edifice in relation to the same trend
ridge. It extended along 0.26 km; it has a
0.04 km of width and a maximum of 2 m of
negative relief, its course is controlled by a
ridge in this flank. The second one is a minor
circular depression, located in the summit of
the second cone in relief. It has a maximum
diameter around 0.02 km and a maximum
negative relief of 2 m.

(7) Insular flank Drainage System. The area has a
southwestwards slope gradient that favors the
development of a series of gullies and valleys
of different size with a dominant NE-SW trend
(Fig. 7.9). Gullies characterize the upper sec-
tion of the island flank. They have higher
slopes (10–20°); their course could be irreg-
ular by the interference with volcanic edifices
and varies between 2.5 and 4 km. Along the
eruption the NW and SE walls of the initial
gully were Tagoro took place have increased
in width as much as 110 m and increased in
depth as much as 0.8 m. Valleys are dominant
in the lower section of the flank. They have
lowers slopes (5–10°), more linear courses
with 5.5 up to 8 km in length along the study
area. They are related to fan lobe development
as part of the general apron of the island.

7.5 Discussion

7.5.1 Tagoro Eruptive Evolution
Geomorphology

The bathymetric monitoring carried out on the
Tagoro volcano has made it possible to establish
the different phases of its evolution which
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correspond to two different phases during the
eruption and a third phase after it. Along the two
active eruption phases the Tagoro volcano has
formed throughout four growth stages which
have alternated with three destructive stages
controlled by the development of collapse epi-
sodes (Fig. 7.6). Subsequently, the third phase
corresponds to evolution once the eruption cea-
ses and consists of only one stage in which the
maintenance of the monitoring has also made it
possible to control the minor-scale changes in the
morphology of the volcano, generated by pro-
cesses of lower speed that have affected this
volcano. Therefore, the evolution of the Tagoro
volcano can be summarized as follows

Phase 1 from October 10th to December 2011
In this phase the changes occurred rapidly

corresponding to the highest rates of volcanic
emissions (Rivera et al. 2013), the bathymetric
monitoring has allowed us to identify this great
variability of different stages.

Stage 1. On October 10th, 2011, the eruption
began with the growth of a volcanic cone favored
by a ENE-WSW fault into a submarine gully and
the development of an initial apron down-gully.
Stage 2. At the end of October there was a basal
collapse of the volcanic edifice increased apron
materials down-gully.
Stage 3. Vertical growth predominance of the
volcanic edifice.
Stage 4. Second collapse before November 13th
that affected both the main edifice and the
northwestern wall of the gully which generate
significant slided blocks to the gully thalweg.
Stage 5. Vertical growth with development at
least of two simultaneous emission vents that
evolved to a main cone as well as the continuous
growth of the apron, reaching to bury the blocks
slided in the previous stage.
Stage 6. Third basal collapse and development of
a major slide affecting the southern flank of the
cone.

Phase 2, from December 2011 to March 2012
In this phase the growth of the volcano was

more homogeneous, characterized only by a

stage with the development of a progressive fis-
sure edifice (Vázquez et al. 2016).

Stage 7. Vertical growth with several active vents
that progressively generate up to four attached
cones. Both vents and attached cones aligned in a
NNW-SSE trend to responding to a fissure evo-
lution. The last attached cone growth after
February 8th 2012 in the last episodes of the
eruption.

Phase 3, from March 2012 to Present
This phase corresponds to the Tagoro evolu-

tion after the magmatic eruption, it constituted by
the eighth and longest stage that corresponds to
the post-eruptive phase of degassing and
hydrothermalism.

Stage 8. The end of the eruption took place in
early March 2012, after that the degassing and
hydrothermalism processes dominated the
building which has been characterized by
development of minor vents and the progressive
crater-like depression formation. Minor subsi-
dence effect has also been detected.

This evolution of the volcanic eruption coin-
cides with the proposal of Martí et al. (2013a, b)
who, based on geophysical and petrological data,
have divided the eruption into two main phases.
The first phase took place from October 10th to
mid December 2011 and the second phase from
this date to March 2012. This evolution was
confirmed by the interpretation of Somoza et al.
(2017) who observed a change in the morpho-
logical style of the volcanic construction from the
cone collapse event that took place in mid
December 2011.

The style of the eruption was predominantly
explosive, with numerous emissions of pyro-
clasts ranging in sizes from ash to bombs
(Somoza et al. 2017), although it maintained
some mixed characteristics between shallow and
intermediate marine eruptions such as correspond
to the extensive emissions of lava balloons, that
reached the surface, or pillow-lavas and lava
ponds (González et al. 2020) observed in relation
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to the latest and deepest attached cone built up in
the second phase. In any case, during the erup-
tion the simultaneous activity of several emission
vents located at different depths was frequent and
they could have emitted different types of vol-
canic products, mainly pyroclastic but also lava
emissions.

7.5.2 Tagoro Geomorphology
and Processes

The previous morphological characteristics and
physiography existing in the eruption zone was a
strong constraint along the evolution of the vol-
cano growth. These characteristics are marked by
several volcanic features NE-SW alienated that
have been related to igneous dykes radiating
from the island (Gee et al. 2001b) and they had
different stages of conservation. Two physio-
graphic features controlled the initial morphol-
ogy of the volcano. First, the emission center was
initially installed near the head of a submarine
gully in relation to a ENE-WSW fault which
location would indicate that the fracture was
close to the boundary between the axis of the
valley and its northern wall. The diameter of the
volcano base was strongly constrained by the
characteristics of this gully. The first stage of
basal collapse of the cone, at the end of October
2011, did not produce the widening of its base;
instead it forced the development of a flow of
materials towards the southwest along the thal-
weg of the gully. In November 2011, the evo-
lution of the eruption induced the instability of
the gully which head and northwestern wall were
eroded and enlarged; these processes mainly
produced a strong setback of its NW wall and
allowing from this moment the increase of the
cone base and its vertical growth.

Second, the volcano from a physiographic
point of view was emplaced on the island's
submarine flank that is characterized by a steep
morphological context (ranging between 10 and
40°), it can be described as a hillside volcano.
This context conditioned the asymmetric geom-
etry of the volcanic edifice as well as its building
evolution in favor of the pre-existing

depositional gradients in the area. This aspect
introduces an instability factor and favored the
development of collapse events, affecting both
the main building base and flanks that facilitated
the development of apron deposits.

Two new large morphological units have been
generated by this eruption. They correspond
basically to the main edifice and to the debris-
volcaniclastic apron that extends to the southwest
of the volcano. Tagoro volcano began to grow
approximately at 350 mbsl, although it quickly
grew and the top remained between 200 and
88 mbsl. The location of emission centers var-
ieds during eruption generating different volcanic
cones along time. This produced that the summit
of the edifice had different locations throughout
the volcano evolution. The Tagoro volcano
morphology and nearby areas influenced by the
eruption were changing rapidly throughout its
development as a function of the rates of mate-
rials emitted at each moment (Rivera et al. 2013),
but also of the instability processes that affected
both the growing volcano itself and the sur-
rounding areas. These changes occurred more
quickly during the first phase of the eruption,
where the eruption had a high intensity and the
growing volcanic edifice had in consequence a
greater instability.

A flow of volcanic material was generated
from the initial stages to constitute the volcani-
clastic apron. This flow was generated both by
effusive emissions, volcaniclastic deposits and
mass movement of volcano and gully wall col-
lapses in favor of the gully gradient and drove
along the gully thalweg. The flow of materials
extended from the SW flank of the main edifice
and it was mainly channeled down-gully from all
volcano flanks except the northern one. This flow
was increased during the collapse and landslide
events. The apron is divided in three sectors, the
proximal sector is characterized by a smooth
longitudinal ridge that could be directly related to
the collapses of the southwest volcano flank and
transversal accumulation fronts, the central sector
functioned as a passage zone of the deposits
proceed from the eruption, but has two
transversal accumulation fronts, the distal sector
has a fan lobe shape that is frequent in adjacent
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sectors of the island flank, especially to the west.
This morphologic type corresponds to previous
volcaniclastic accumulations related with vol-
canic eruptions, erosion and mass movement
processes proceed from upper flank sectors,
including the emerged island.

Current geomorphology is controlled by the
evolution of the eruption itself, although most of
the morphological features observed today were
mainly formed during the second phase of the
eruption that largely obliterated the previous
features, such as the rim/horseshoe depression
and ridge system related to the collapse and slide
events. Some of the morphological features of
the first phase which current remain, partially
buried, are:

• The scar that affected the NW gully wall
during the gully wall collapse of November
2011. Now it is represented by the most
western ridge with a NE-SW direction sub-
parallel to the previous gully walls direction;

• The second NE-SW ridge is likewise the
residue of the collapse structure occurred in
December 2011 that affected both the main
volcanic edifice and its southwestern flank.

The direction of these ridges is similar both to
the pre-existing gully axis and its western wall
trends, therefore the development of these slides
could be controlled by the previous
morphostructure.

The current attached cones correspond to the
progressive growth of the main edifice generated
after the December collapse during the second
phase of the eruption characterized by a fissure
evolution. In this context the ENE-WSW ridge
corresponds to the limit between the two main
attached cones which constituted the main edi-
fice, probably also related to a minor collapse of
the second attached cone southeastwards whose
peak went from 102 to 115 mbsl throughout
February 2012. In addition, the NNW-SSE ridge
in the eastern volcano flank could also formed in
the second phase in relation to the instability of
the edifice to the SSE. Finally, the rain of small
sized pyroclastic materials occurred in a gener-
alized way in the area, they were deposited on

most of the morphological features described
producing their partial buried and smoothing
their characteristics (Vázquez et al. 2016).

A subsidence process has been observed in
the Tagoro volcano along the post-eruptive phase
that affect the general edifice and minor sec-
ondary morphological features. This subsidence
could be caused by several processes, highlight-
ing the consolidation of the fine-grained (pyro-
clastic material) accumulations and deposits into
more coherent hard bedrocks, as evidenced in
other zones of the Canary Islands (Hunt et al.
2011) and related to the post-emplacement ther-
mal cooling of the surface in contact with the
seawater, generating the contraction of the lava
flows. These phenomena are observed at many
active volcanoes, e.g., at Etna volcano in Italy
(Stevens et al. 2001), Kilauea volcano in Hawaii
(Dietterich et al. 2012) or those of the Iceland
lava fields (Wittmann et al. 2017). Furthermore,
the diameter and deep increase of the
hydrothermal crater-like depression could be
directly related to degasification processes of
Tagoro started when it ceased to be active. This
is supported by the water samples obtained into
the depression that show the maximum physic-
chemical anomalies in the area, comprising a
release of heat and gases (mainly CO2), by this
depression and the minor secondary craters
(Santana-Casiano et al. 2016), and the presence
of hydrothermal chimneys for expelling fluids
observed in situ since the first oceanographic
cruises in 2017 (Sotomayor-García et al., this
volume).

In the analysis of morphometric parameters,
such as slope and height/width ratio, no signifi-
cant differences were observed between the
Tagoro volcano and the rest of the edifices
identified at the El Hierro island submarine
flanks (Fernández-Salas et al. 2014). Tagoro
main edifice shows intermediate values of all
parameters, indicating that this new cone does
not have a special constructional morphology to
other edifices generated at previous eruptive
events. Although Tagoro reaches the highest
values of slope, which may indicate the already
mentioned physiographic control of it base that
have not allowed to reach higher values of the
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height-width ratio, however it has achieved a
steep slope that will decrease as the erosive
processes act on the new volcanic edifice in the
next years.

7.5.3 Bathymetric Monitoring

Bathymetric monitoring is essential to know the
character of the changes in the relief of the sea-
bed related to submarine eruptions. These chan-
ges can be positive and negative in height and,
can be generated both by erosion and/or collapse
processes, as well as by accumulation processes
and/or inflation of the seafloor. The first sys-
tematic geological studies on active submarine
volcanoes acquired bathymetric data (Moore and
Peck 1965). The development of multibeam
bathymetric echosounders from the 90s of the
twentieth century has allowed obtaining detailed
bathymetric maps with 100% coverage of sub-
marine active volcanoes (e.g. Chadwick et al.
2001; Baker et al. 2002). The strategy of bathy-
metric monitoring is to acquire repeated seafloor
bathymetric DEMs so that the changes in mor-
phology can be verified. The morphological
analysis is realized by means of GIS tools (e.g.
Clague et al. 2011; Wormald et al. 2012), espe-
cially difference maps are used to define the
morphological changes between two bathymetric
DEMs acquired at different times and calculate
affected areas and volumes involved as well as
the processes dominant on the seafloor (e.g.
Walker et al. 2008; Wright et al. 2008; Caress
et al. 2012; Embley et al. 2014). Finally, the
analysis of different morphological parameters,
or rates, allows a better characterization of the
volcanic forms and the eruptive processes (e.g.
Chadwick et al. 2001; Grosse et al. 2012; Sán-
chez-Guillamón et al. 2018).

The Tagoro eruption was characterized first
by different vents that were located in interme-
diate to shallow depths, and second by their
proximity close to the coastline. These two
peculiarities allowed the IEO to acquire a series
of bathymetric DEMs with a high temporal fre-
quency to monitoring the eruption, especially in
its first phase. Therefore, the changes of the

Tagoro morphology throughout its growth could
be well defined in these bathymetric DEMs, with
episodes of vertical growth, fissure growth
alternating with episodes of denudation with
basal or flanks collapses, or even collapses of the
gully walls adjacent to the eruption area. This
bathymetric monitoring has allowed a very well
defined record of the processes throughout an
individual eruptive episode. Unlike what nor-
mally happens in other regions of the world
where it is usual to perform the bathymetric
acquisition every some time periods or after a
specific eruption ends to determine the changes
associated with each specific eruption, that fre-
quently also alternated episodes of growth and
denudation, providing a good record of the
changes generated by the different eruptions
throughout the life of the active volcano (Chad-
wick et al. 2008, 2013, 2019; Wright et al 2008;
Caress et al. 2012; Embley et al. 2014; Schnur
et al. 2017; Allen et al. 2018).

The Tagoro volcano corresponds to a mono-
genetic eruption that has built during a singled
volcanic episode, as usually happens in different
eruptions that have taken place recently in the
Canary Islands, such as the multiples volcanic
edifices identified at El Hierro (Becerril et al.
2015), Tenerife (Dóniz et al. 2008) or Gran
Canaria islands (Rodriguez-Gonzalez et al. 2012)
and therefore a new eruption of this singled
volcano is not expected. However, as can be seen
in Figs. 7.3 and 7.4, there are two areas on the
submarine flanks of the El Hierro island, the
western promontory and the Southern Rift where
numerous volcanic cones with similar morpho-
logical characteristics to Tagoro volcano can be
located. Therefore, the possibility of a new
eruption with similar characteristics, either on
land or offshore in these areas, would not be
ruled out.

Unlike the Tagoro volcano, the submarine
volcanic areas usually studied correspond to
long-lived active volcanoes that have a long-term
activity alternating active episodes with quies-
cent periods. In addition, most of them corre-
spond to deep volcanoes dominated by lava
flows emissions and seafloor inflation/deflation
deformation (e.g. Chadwick et al. 2013; Nooner
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and Chadwick 2016; Clague et al. 2019; Le
Saout et al. 2020) or conversely coastal eruptions
of emerged volcanoes dominated by flank slope
processes and lava delta deposits (Casalbore
et al. 2010; Di Traglia et al. 2018). Morpholog-
ical features observed in the Tagoro volcano,
mainly asymmetrical cone growth, cone col-
lapses and flank slides, are comparable to those
identified on volcanoes with summits located at
intermediate to shallow depths such as the W
Rota (Schnur et al. 2017) or Kick-'Em-Jenny
(Allen et al. 2018) volcanoes, they are also
characterized by higher volumes of pyroclastics
materials. A close similarity exists with the Kick-
'Em-Jenny volcano located on a steep physio-
graphic domain and it is morphologically char-
acterized by a cone collapse that have resulted in
the formation of a horseshoe-shaped rhim
depression and a flank collapse bounded by lat-
eral ridges (Allen et al. 2018), so similar as the
features described in the Tagoro volcano that
were developed in December 2011 and observed
in the bathymetric DEM obtained on January 11,
2012. In any case, the development of growth
phases alternating with denudation phases, with
collapses or flank landslides, is a fairly general-
ized process characteristic of active volcanoes,
although gravitational landslides could also occur
in the quiescent phases.

7.6 Recommendations for Further
Geological Underwater
Monitoring

Given the monogenetic nature of the last vol-
canic eruptions in the Canary Islands, it is not
easy to carry out a geological monitoring strategy
for submarine volcanism in these regions. A first
conclusion is evident, it is necessary to have a
good control of the bathymetric and morpho-
logical characteristics of the seabed of the Canary
Islands environment. The areas that would have
the highest priority are those in which, given
their volcanic history, they may be more sus-
ceptible to a new eruption, especially around the
islands of La Palma and El Hierro. Likewise,
perhaps to a lesser extent but not less interesting,

the surroundings of the islands of Tenerife and
Lanzarote would also have to be studied. A good
bottom bathymetry, with the best possible reso-
lution, will make it possible to establish a geo-
morphological catalog of reliefs of volcanic
origin and other geological characteristics of the
seabed. This catalog of resulting morphological
types can be analyzed and compared with vol-
canic reliefs from different areas, including those
of emerged areas. In addition, this bathymetry
will also allow extending the use of the analysis
of morphometric parameters and their application
as potential indicators of the action of construc-
tive or destructive processes on submarine vol-
canoes, it will also be fundamental for the
analysis of differences that will be carried out
with subsequent bathymetric models when it will
be necessary. This catalog can be complemented
with studies of the alternating tephra layers in
marine sediments, so that obtaining sediment
cores would allow establishing the recent history
of eruptions in a region (e.g. Portner et al. 2015).

The sequential acquisition of seafloor bathy-
metric data over time would also allow the loca-
tion of potential volcanic areas to be identified
from possible seafloor inflations that would be
obtained from the analysis of the differences of
different bathymetric models. In the same way,
systematic sweeps with the water column module
of multibeam bathymetric echosounders could
allow the definition of possible active sources, at
least hydrothermal vents that could also be con-
sidered as potential precursors. A new quantum
leap in the acquisition of multibeam bathymetric
DEMs consists in the possibility of bringing
echosounders closer to the seabed using autono-
mous underwater vehicles (AUVs) and thus
increasing resolution, especially in the case of
deep-sea volcanoes. AUVs can be programmed to
follow a predetermined itinerary independently of
the mother ship. This technique has been applied
for example in the Axial volcano where bathy-
metric DEMs of 1 m resolution were obtained at
more than 1400 m depth (Caress et al. 2012). The
use of these systems would be applied mainly to
areas already classified as potentially active,
which implies extensive previous bathymetric
and geomorphological analysis work.
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When eruptions do not affect the sea surface,
it is also interesting to use the water column
module of multibeam echosounders, it can allow
to locate with greater accuracy the vents that are
actives in a submarine volcano during the erup-
tion (e.g. Baker et al. 2008; Chadwick et al.
2014), although its use is more frequent for
studies of hydrothermal emissions that imply a
lower risk to navigation and a lower load of
emitted volcanic particles into the water masses.

Finally, the geological monitoring of sub-
marine volcanoes should not be limited exclu-
sively to the acquisition of bathymetric data, it
would be important to go a step further with the
installation of underwater monitoring stations in
areas defined as potentially volcanic, connected
to base stations onland by coaxial cables (Kelley
et al. 2014), so that an online monitoring of
parameters such as microseismicity, variation of
the slope of the seafloor (tilting) or even the
variation of the magnetic field related to changes
in temperature in the subsoil, as well as the
content could be carried out from water bodies
into gases such as methane, carbon dioxide or
hydrogen sulfide.
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Abstract

The shallow Tagoro submarine volcano mon-
itoring represents a unique opportunity not
only for improving our sparse understanding
of submarine volcanic processes in specific
scientific fields as physical and chemical
oceanography or marine geology but also its
interactions over the marine biology in one of
the richest marine ecosystems in Europe. This
chapter aims to summarize the most relevant
physical–chemical, geological and biological
changes that occurred in the marine ecosystem
of El Hierro island, at the Marine Reserve
Punta de La Restinga—El Mar de Las Calmas,
due to the genesis of the new underwater
volcano Tagoro (27º37′07″N–017º59′28″W)
in October 2011. During the first six months
of the eruption, extreme physical–chemical
perturbations caused by this event, comprising
thermal increase from up to + 18.8 °C, water
acidification with a pH decrease of 2.9 units,
deoxygenation to anoxic levels and extremely
high metal enrichment among others, resulted
in significant and dramatic alterations of the
marine ecosystem. After March 2012, once the
eruptive phase was finished, the new sub-
marine volcano entered an active hydrothermal
phase involving the release of heat with

smaller but still significant and important
thermal anomalies of up to + 2.55 °C around
the craters, density decrease of − 1.43 kg m−3,
pH decrease of − 1.25 units, and high con-
centrations of metals and inorganic nutrients
similar to upwelling zones. These enrichments
are still active up to date, producing clear signs
of marine recovery not only in the benthonic
strata but also in the whole water column
compared with pre-eruptive data. Since its
eruption ten years ago, an unprecedented
monitoring effort has turned into the longest
and most complete multidisciplinary time-
series for the study of a shallow submarine
volcano, with the realization of 31 oceano-
graphic multidisciplinary expeditions that sys-
tematically measure more than 40 different
physical–chemical and biological variables.
All this information and the results obtained
during the evolution of the process could serve
as a baseline for better understanding future or
similar submarine eruptions worldwide.

8.1 Introduction

About 80% of Earth volcanism occurs on the
ocean floor which has greatly hindered our
understanding of the natural outgassing of vola-
tiles from the Earth’s interior and its impact on
the environment (Crisp 1984). A significant
percentage of new submarine volcanoes have
been discovered in the last decades together with
a high number of geochemical studies to inves-
tigate the current status of submarine hydrother-
mal systems (Rizzo et al. 2019). Although it is
well-known that submarine hydrothermal sys-
tems are instrumental in transferring heat, gases,
acidic and reduced metal-rich fluids relative to
ambient seawater in the global ocean (Butterfield
et al. 1990; Fraile-Nuez et al. 2012; Tassi et al.
2009), the chemical composition of hydrothermal
fluids change as deep and shallow systems are
affected by variations in permeability and fluid
source processes. Shallow hydrothermal vents
are located in different tectonic settings, in par-
ticular related to recent subaerial and submarine
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volcanic activity, along arcs, mid ocean ridges
and in areas presenting intraplate oceanic vol-
canism (Botz et al. 1999; Cardigos et al. 2005;
Dando et al. 1999; Fraile-Nuez et al. 2018;
Fricke et al. 1989; Furushima et al. 2009).

Although hydrothermal emissions signifi-
cantly affect the properties of seawater and
marine sediments (Damm 1990; Thompson
1983), changing the geochemical processes and
mineralization patterns (Rona et al. 2006) that
dramatically affect the surrounding marine envi-
ronments, it is unclear whether or not the emis-
sions produced by these systems could have a
clear effect on the primary producers inhabiting
nearby photic waters. Nevertheless, several
authors have shown that shallow inputs of
hydrothermal fluids lead to an increase in the
availability of nutrients and bioavailable iron
which could lead to an increase in oceanic pro-
ductivity in photic waters (Buck et al. 2018;
Guieu et al. 2018; Santana-Casiano et al. 2013;
Wilson et al. 2019). Yet, there are also other
studies finding no significant evidences on that
sense (Gómez-Letona et al. 2018). Moreover,
recent studies over Tagoro submarine volcano
have revealed an increase in zooplankton abun-
dance in waters affected by the volcano, indi-
cating that volcanic inputs have a significant
effect on these organisms (Fernández de Puelles
et al. 2021). On the other hand, submarine
organisms such as black corals have also been
revealed as a sink of volcanic elements (mag-
matic isotopes that are far to be nutrients), thus
being excellent fingerprints of eruptive events
(Álvarez-Valero et al. 2018).

This chapter aims to summarize the most
relevant physical–chemical, geological and bio-
logical changes that occurred in the marine
ecosystem of El Hierro island, at the Marine
Reserve Punta de La Restinga—El Mar de Las
Calmas, due to the genesis of the new underwater
volcano “Tagoro” (27º37′07″N–017º59′28″W) in
October 2011. Since its eruption ten years ago, a
continuous and intense multidisciplinary moni-
toring has been carried out in the area with the
realization of 31 oceanographic expeditions that
could serve as a baseline for future or similar
submarine eruptions.

8.2 Ten Years of Intense Physical–
Chemical, Geological
and Biological Monitoring

In July 2011, the youngest island of the Canary
Archipelago, El Hierro, began to register an
unusual seismic activity (see Chap. 6). In less
than three months, the National Geographic
Institute (IGN), the national institution in charge
of monitoring the seismic activity in Spain, reg-
istered through its seismic network more than
12,000 low-magnitude earthquakes located at
first in the northern part of the island and then
progressively more towards the south, crossing
the island practically by its half. These earth-
quakes had magnitudes that varied between 2 and
4.3 on the Richter scale and a ground deforma-
tion that exceeded 5 cm in its vertical component
(Domínguez-Cerdeña et al. 2014). On October
10th, 2011, a substantial decrease of seismicity
together with continuous volcanic tremor, indi-
cated the beginning of an eruptive phase. The
magma finally reached the Earth’s surface
underwater, at 1.8 km south of the fishing village
of La Restinga, at a depth of 355 m below the
ocean surface (Fraile-Nuez et al. 2018).

The Tagoro submarine volcano was entirely
generated during the eruptive underwater phase
that took place between October 10th, 2011 and
March 5th, 2012 (Fraile-Nuez et al. 2018).
During these six months, extreme physical–
chemical perturbations, comprising thermal
changes, water acidification, deoxygenation and
metal-enrichment, resulted in significant and
dramatical alterations of the marine ecosystem
(Fig. 8.1) (Fraile-Nuez et al. 2018, 2012;
Santana-Casiano et al. 2013). After March
2012, once the eruptive phase was over, the
Tagoro underwater volcano entered an active
hydrothermal phase which remains active, with
a diffuse release of heat, gases, inorganic
nutrients and metals from the main and sec-
ondary craters (Fraile-Nuez et al. 2018;
Santana-Casiano et al. 2013).

Since the beginning of the eruption and to this
day, the Spanish Institute of Oceanography
(IEO) together with both Canary Islands’
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Universities (University of Las Palmas de Gran
Canaria and University of La Laguna) and other
national and international marine research centers
and private foundations have dedicated funding,
resources and effort for developing multidisci-
plinary monitoring and studies of the physical–
chemical, geological and biological processes
that took place over the Tagoro submarine vol-
cano. To date, more than 31 different multidis-
ciplinary oceanographic expeditions have been
carried out in the area in the context of nine
different scientific projects: Bimbache (IEO-
2011–2012, Leg1-12), Raprocan-III (IEO-2010–
2012), Cethobaph (CGL2009-1,311,218),
Vulcano-I (CTM2012-36,317), Vulcano-II
(CTM2014-51,837-R), Vulcana-I (IEO-2015–
2017), Vulcana-II (IEO-2018–2020), Cyclovent
(2019SP18), Vulcana-III (IEO-2021–2023)
(Table 8.1; Fig. 8.2). These institutions have
been able to collect quite an enormous amount of
multidisciplinary data and water samples,
including CTD stations (*1300), dissolved
oxygen (*4500), inorganic nutrients (*5500),

turbidity (*1400), salinity (*200), pH
(*4000), inorganic total carbon (*4000),
alkalinity (*4000), potential redox (*400), Fe
(II) (*2200), metals (*700), phytoplankton
abundance (*800), bacterial abundance
(*1600), picoplankton diversity (*250), par-
ticulate organic carbon (*800), dissolved
organic carbon (*1500), dissolved inorganic
carbon (*700), photosynthetic pigments
(*700), electron transport system (*400),
plankton WP2-3 (*500), rocks and microbial
mats (*300), ROV images (*90 h recordings),
physical–chemical mooring (2), surface multi-
parametric buoy (1), among others.

This unprecedent monitoring effort has resul-
ted in the longest and most complete multidis-
ciplinary time-series for the study of the Tagoro
submarine volcano, one of the most recent shal-
low monogenetic submarine volcanoes in Eur-
ope. This invaluable dataset has been the base for
a large number of scientific publications that
evidence the enormous potential for the new
discoveries over the Tagoro submarine volcano

Fig. 8.1 a A true color, high-resolution RapidEye
satellite image featuring a gigantic stain visible on the
surface of “El Mar de Las Calmas” marine reserve, El
Hierro island, Spain (11–26–2011). b R/V Ramón
Margalef, from the Spanish Institute of Oceanography,
involved in the monitoring of the volcanic event. c,

d “Guardia Civil” helicopter flight images over the
Tagoro submarine volcano. e–g Pyroclastic rocks floating
with gas release images (Sasemar, Nov.2011, photo: Jesús
Pérez). h Bubbling over the main edifice (RTVE, 11–08–
2011)
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(Ariza et al. 2014; Álvarez-Valero et al. 2018;
Blanco et al. 2015; Coca et al. 2014; Danovaro
et al. 2017; Eugenio et al. 2014; Fernández de
Puelles et al. 2021; Ferrera et al. 2015; Fraile-
Nuez et al. 2012, 2018; García-Davis et al. 2021;
González-Vega et al. 2020; Olivé Abelló et al.
2021; Rivera et al. 2013; Santana-Casiano et al.
2013, 2016, 2018; Santana-González et al. 2017;
Sotomayor-García et al. 2019, 2020).

8.3 Dramatic Effects Over
the Marine Environment

8.3.1 Ocean Warming: A Continuous
Flux of Energy
into the Environment

The eruptive phase of the Tagoro submarine
volcano involved the release of a huge amount of
heat into the ocean. Physical observations in the
affected area of the volcano revealed temperature
and salinity anomalies of up to + 3 °C and
− 0.3, respectively, at 80 m depth in the sur-
rounding waters of the Tagoro edifice. Moreover,
expendable bathythermograph (XBTs) probes
were launched during November 2011 and
February 2012 in the proximity of the main crater
in order to quickly measure the vertical temper-
ature structure (Fig. 8.3). Temperature values of
22.76, 28.80 °C were registered in the proximity
of the main crater with maximum of 36.10 °C in
the center of a crater at a depth of * 120–
130 m. With respect to the reference temperature
value, a maximum temperature anomaly of +
18.8 °C was observed (Fraile-Nuez et al. 2012).
During the degasification phase, the temper-

ature anomalies at Tagoro volcano were only
observed close to the seabed in the surrounding
of the main and secondary craters. These
10 years of temperature anomalies could be
registered thanks to the Tow-yo technique, which
involves continuously lowering and raising the
rosette between 1 and 40 m above the seabed and
with the ship moving at 0.2–0.4 kn in dynamic
positioning, obtaining a sawtooth-shaped dataset
with high spatial resolution and closer to the
source of the emissions (González-Vega et al.Fi

g
.8

.2
T
im

el
in
e
of

th
e
m
ul
tid

is
ci
pl
in
ar
y
oc
ea
no

gr
ap
hi
c
cr
ui
se
s
ca
rr
ie
d
ou

tf
or

th
e
m
on

ito
ri
ng

of
th
e
su
bm

ar
in
e
vo

lc
an
o
T
ag
or
o
du

ri
ng

bo
th

th
e
er
up

tiv
e
an
d
de
ga
ss
in
g
st
ag
es

in
th
e
co
nt
ex
t
of

di
ff
er
en
t
sc
ie
nt
ifi
c
pr
oj
ec
ts
.
E
ac
h
cr
ui
se

ha
s
be
en

as
si
gn

ed
an

ID
nu

m
be
r
co
rr
es
po

nd
in
g
to

th
e
or
de
r
pr
es
en
te
d
in

T
ab
le

8.
1

8 Ten Years of Intense Physical–Chemical, Geological and Biological Monitoring … 165



Table 8.1 Detailed information about all the oceanographic cruises carried out in the last ten years for the
multidisciplinary monitoring of Tagoro submarine volcano

ID Project Cruise Type Research vessel Date

1 BIMBACHE
(2011–2012)

Bimbache leg 1 Bathymetry Ramón Margalef 22–26 Oct 2011

2 Bimbache leg 2 Oceanography—
ROV

Ramón Margalef 27 Oct–3 Nov 2011

3 Bimbache leg 3 Oceanography Ramón Margalef 5–9 Nov 2011

4 Bimbache leg 4 Bathymetry Ramón Margalef 10–14 Nov 2011

5 Bimbache leg 5 Oceanography Ramón Margalef 16–20 Nov 2011

6 Bimbache leg 6 Bathymetry Ramón Margalef 29 Nov–3 Dec. 2011

7 Bimbache leg 7 Bathymetry Ramón Margalef 9–11 Jan 2012

8 Bimbache leg 8 Oceanography Ramón Margalef 13–15 Jan 2012

9 Bimbache leg 9 Bathymetry Ramón Margalef 7–8 Feb 2012

10 Bimbache leg 10 Oceanography Ramón Margalef 9–12 Feb 2012

11 Bimbache leg 11 Bathymetry Ramón Margalef 23–24 Feb 2012

12 Bimbache leg 12 Oceanography Ramón Margalef 24–26 Feb 2012

13 RAPROCAN-III
(2010–2012)

Raprocan-1211 Oceanography Ramón Margalef 08 Dec 2011

14 Raprocan-1212 Oceanography Ramón Margalef 8–9 Dec 2012

15 CETOBAPH
(2010–2012)

Cetobaph-0412 Oceanography Cornide de Saavedra 05–09 Apr 2012

16 VULCANO-I
(2013–2014)

Vulcano-0313 Oceanography-
Bathymetry

Ramón Margalef 23 Mar–6 Apr 2013

17 Vulcano-1013 Oceanography-
Bathymetry

Ramón Margalef 26 Oct–11 Nov 2013

18 Vulcano-0314 Oceanography-
Bathymetry

Ramón Margalef 4–24 Mar 2014

19 VULCANA-I
(2015–2016)

Vulcana-0515 Oceanography -
Bathymetry

Ángeles Alvariño 5–16 May 2015

20 Vulcana-1015 Oceanography-
Bathymetry

Ángeles Alvariño 13–23 Oct 2015

21 Vulcana-0316 Oceanography-
Bathymetry

Ángeles Alvariño 07–17 Mar 2016

22 Vulcana-0417 Oceanography-ROV Ramón Margalef 2–10 Apr 2017

23 VULCANO-II
(2016–2017)

Vulcano-1016 Oceanography-
Bathymetry

Ángeles Alvariño 15–31 Oct 2016

24 Vulcano-1017 Oceanography Ángeles Alvariño 21 Oct–6 Nov 2017

25 VULCANA-II
(2018–2020)

Vulcana-0318 Oceanography-
Bathymetry

Ángeles Alvariño 28 Mar–9 Apr 2018

26 Vulcana-1118 Oceanography-ROV Ángeles Alvariño 31 Oct–14 Nov 2018

27 Vulcana-0319 Oceanography-
Bathymetry

Ángeles Alvariño 13–26 Mar 2019

28 Vulcana-1119 Oceanography Ángeles Alvariño 18–30 Nov 2019

29 Vulcana-1220 Oceanography Ramón Margalef 16–23 Dec 2020

30 VULCANA-III
(2021–2023)

Vulcana-0421 Oceanography Ángeles Alvariño 4–14 Apr 2021

31 Vulcana-1021 Oceanography-
Bathymetry

Ángeles Alvariño 13–31 Oct 2021
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2020). In that sense, in autumn, when the ther-
mocline was located around 60 m depth of the
water column, significant temperature anomalies
of up to + 1.2 °C were found in a range of 60–
120 m depth and only 1–30 m above the seabed.
Conversely, during spring, the thermocline was
found at a deeper depth of about 140 m, and a
temperature anomaly of up to + 0.8 °C was
registered in the range of 140–200 m depth
(Fig. 8.3).

In October 2016, five years after the end of the
eruptive phase, a physical mooring for thermo-
haline observations was installed in the interior of
the main crater at a depth of 127 m. This

instrument registered important physical anoma-
lies over the seabed as compared to the back-
ground temperature values of the surrounding
waters (Fig. 8.3). We have corroborated that the
hydrothermal system has generated a physical
environment that continuously supports maximum
potential temperature anomalies of up to + 2.55 °
C, a decrease in salinity of 1.02, and a decrease in
density of 1.43 kg m−3 (Fraile-Nuez et al. 2018).
The combined effect of these anomalies could
generate a buoyant plume over the environment
that returns downward waters closing the circu-
lation of the advection cells, which generate hor-
izontal flow due to the effect of rotation (Speer
1989). Theoretically, this vortex is of sufficient
magnitude to trap water in a local recirculation,
which could have a crucial effect on the expected
dispersal of properties, including minerals, tracers,
and organisms (Speer 1989).

From the previous temperature anomalies, we
computed the amount of heat that emanates from
the crater of the Tagoro volcano needed to pro-
duce the observed temperature anomaly. The
procedure followed is consistent with previous
publications (Baker and Massoth 1987; Lupton
et al. 1985), using the following expression:

Q ¼ qCpArDTv

where Q is the emitted power or heat flux, q is
the density, Cp is the specific heat, Ar is the area
affected by the emission, DT is the temperature
anomaly, and v is the current speed. The Tagoro
volcano environment is featured by the next
values: q = 1026 kg m−3, Cp = 3.99 � 103 J
kg−1 ºC−1, Ar comprises an area of about
10,000 m2, with a reference anomaly for the
temperature of 1 ºC and a speed for the Canary
Current of 0.1 m s−1. In this way, the power or
heat flux associated with the heat emission is in
the order of 4000 MW. This value is the same
order of magnitude as those reported in similar
vents, where a heat flux of the order of 1000 MW
is emitted (Baker and Massoth 1987). To put this
value in context, the integral hydro-wind power
plant that provides more than 90% of the elec-
trical power demanded by the island of El Hierro
has a peak production capacity of 11 MW.

Fig. 8.3 Vertical temperature profiles from Expendable
Bathythermograph (XBT) probes over the Tagoro sub-
marine volcano in November 2011(dashed orange lines)
and February 2012 (dashed blue line). Average vertical
profiles of temperature in the unaffected waters as a
reference (gray lines with shading) and in affected stations
(solid lines with shading) around the volcano, in the upper
200 m for Spring (blue) and Autumn (orange). The
shaded areas around each line represent the standard
deviation. Temperature data extracted from a mooring
installed in October 2016 in the interior of the main crater
at 127 m depth (indicated in red)
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The outgassing materials directly affect the
conductivity and the temperature of the sur-
rounding environment, which results in a high
fluctuation of these parameters (Bakalis et al.
2017; 2018; Olivé-Abelló et al. 2021). In the
water column above hydrothermal vents tem-
perature and conductivity were recorded, among
other properties, in the form of equidistant time
series. Typically, these measurements can be
made at single spots (using ROVs) (Bakalis et al.
2018, 2017) or can have a larger spatial coverage
as was the case for the measurements done over
Tagoro submarine volcano with CTD (Olivé-
Abelló et al. 2021). The recorded time series
were analyzed with the Generalized Moments
Method (GMM), (see Bakalis et al. 2017, 2018;
Olivé-Abelló et al. 2021 and references therein
for details of the method), which reformulates the
actual time of observation as time between con-
secutive measurements, in statistical sense, and
returns the moments of the formed distributions
at different times. The scaling of the moments
provides the structure function whose form
entails insights on the underlying stochastic
processes.

The analysis of the time series of temperature
and conductivity by GMM showed that Tagoro
submarine volcano releases energy to its sur-
roundings and slows down equilibration of tem-
perature with the overlying aquatic environment.
Temperature and conductivity are classified as
multifractals whose structure functions present a
crossover between two distinct regimes. Tagoro
volcano can be characterized as an open system
since temperature fluctuations do not correspond
to stationary process. The behavior of these two
properties can serve as an indicator of the state of
activity (conductivity) and the physical setting,
open or closed, of the submarine volcano (tem-
perature). The present methodology can be useful
especially when insights are needed for poorly-
known deep-sea volcanoes, where in situ mea-
surements by means of submarine robotic tech-
nologies are either too expensive or even
technically impossible. The applicability of the
method as universal geohazard warning predictor
requires its application to other volcanic systems.
The moments used by GMM may be used as a

metric in a machine learning approach aiming at
forecasting the future activity of volcanoes.

8.3.2 Ocean Acidification

The evolution of the CO2 system and its effects
were studied in the seawater around the Tagoro
submarine volcano during both the eruptive and
degasification stages. To quantify the effect of
the gasses emission on the acidification of the
area, the pH in total scale (pHT), the total dis-
solved inorganic carbon (CT) and the total alka-
linity (AT) were measured. To calculate the
atmosphere–ocean CO2 exchange, the fugacity of
CO2 (fCO2) was measured in most of the cruises
or calculated from CT and pHT (Fraile-Nuez et al.
2012; Santana-Casiano et al. 2018, 2013).

During the eruptive period, important
anomalies in pHT, CT and AT were observed
which generated an episode of natural ocean
acidification (Santana-Casiano et al. 2013). This
acidification was a consequence of the CO2, SO2

and H2S/HS
− volcanic emissions that decreased

the pH from 8 to values lower than 6, with pH
anomalies (DpH) larger than −2.9 in the first
month. The CT changed from the normal surface
values for the area of 2100 µmol kg−1 to
7682 µmol kg−1 and the AT decreased from
2430.1 µmol kg−1 to 1338 µmol kg−1 due to
different chemical reactions. The pCO2(pH,CT)
increased to values as high as 155,000 latm. The
surface seawater in the southwest of the island
registered pCO2(pH,CT) values in the range of
11,000–19,000 latm. pCO2 in the areas unaf-
fected by the volcanic emissions was of 414 ± 2
µatm. The air-sea CO2 exchange calculated in
one of the most active weeks of the volcano,
between November 4th–9th, was 5 � 1010 g d−1

(Santana-Casiano et al. 2013). It was estimated
that the volcano eruption released at least 1.3–2.1
Tg CO2 in the first 147 days (Longpré et al.
2016).

The degassing period began in March 2012
and the area affected was concentrated in 0.5 km
around the main crater of the volcano. The
composition of the gases emitted was mainly
CO2 (Santana-Casiano et al. 2013). These
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emissions generated a pHT value of 6.1 (1.9 units
below the normal values) and a CT of
4.191 µmol kg−1 in the water column just over
the crater.

During the post-eruptive stage, the study of
the chemical properties continued. The pHT,is

and Fe(II) variation in October 2013 is shown in
Fig. 8.4 along the volcano. In 2014, a new
methodology was introduced using Tow-yo
studies (Santana-Casiano et al. 2016). The
reduced and acidic characteristics of the Tagoro
emissions allowed to detect anomalies related to
changes in the chemical potential (pE) and pro-
ton concentration (pH, Fig. 8.3a) and to accu-
rately define the affected area of emissions
(13,000 ± 800 m2) and the volume occupied
(206,000 ± 50,000 m3). The pE and pH changes
were observed only around the main crater of the
volcano. From the measurements of the CO2

system variables (pHT, AT and CT) in the water
column and considering both the affected volume
and the current speed, a CO2 flux estimation of
6.0 105 ± 1.1 105 kg d−1, principally transported
to the south-west, was obtained for the Tagoro
volcano. This emission of CO2 reduced the pH
increasing the seawater acidity of the affected
area by * 20%. Maxima values of negative pH
anomaly of * 0.30 units close to the crater
duplicated the acidity of the waters (100% of
increase).

In 2019, anomalies were also observed only
above the crater. The anomaly in pCO2(pH,CT)

was 80 µatm and − 0.05 units for the pH, which
represented an increase of 12% in the acidity in
the vicinity of the crater.

8.3.3 Deoxygenation

The eruption of the Tagoro submarine volcano
released remarkable amounts of reduced chemical
compounds into the surrounding waters, such as
reduced sulfur species and Fe(II) (Santana-
Casiano et al. 2013). The mixing of these
reduced fluids with seawater caused a severe
oxygen depletion and even anoxic episodes (
González-Vega et al. 2022). The strongest episode
occurred in late November 2011 (Fig. 8.5a). In a
zone where dissolved oxygen concentrations
under normal conditions are typically around
200 µmol kg−1, concentrations as low as
7.71 µmol kg−1 were measured due to the vol-
canic eruption, which represents a 96% decrease
in oxygen respect to normal conditions. The
deoxygenation was observed in the first 250 m of
the water column, with minimum values found
around 100 m depth.

This patch of deoxygenated waters was
transported to a wide area around the volcano,
particularly south-west. Figure 8.5b shows an
estimation of the area where oxygen concentra-
tions were below normal levels at 100 m depth
during November 2011. This area represents 378
km2 and is in accordance with the observed
transport of the volcanic decolorated plume from
satellite images (Fig. 8.5c). This was the general
distribution of the transported plume; however,
sporadic processes also caused further transport
outside of this area. For example, a low-oxygen
plume was observed north-west of El Hierro
island on late November 2011 due to changes in
the local currents. Additionally, an anticyclonic

Fig. 8.4 Meridional transect with depth for the variation of a pHT,is and b Fe(II) variable over Tagoro submarine
volcano (October 2013). Figure modified of Santana-González et al. (2017)
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eddy on early November 2011 transported
deoxygenated waters from the volcanic area as
far as 80 km south of the island.

8.3.4 Reduction of the Epipelagic
Stocks and A Diel Vertical
Migration of Mesopelagic
Organisms

Diel (diurnal) vertical migration is the synchro-
nized movement of zooplankton and fish up and
down in the water column over a daily cycle. In
the eruption of Tagoro volcano, zooplankton and
micronekton were heavily affected. During the
days after the onset of the eruption, the use of
zooplankton nets (WP-2) near the volcano was
not possible due to the amount of ash clogging
the net mesh. Micronekton organisms assessed
using acoustics during those days displayed dif-
ferent densities and vertical distribution. Surveys
performed in the area not affected by the volcano
showed a deep scattering layer (DSL) between
400 and 600 m depth, which is the normal pat-
tern is the waters surrounding the Canary Islands
during the annual cycle (Uiblein and Bordes

1999). Near the volcano, however, organisms
were affected by changes in the physical and
chemical scenarios. Particulate material expelled
by the volcano (measured as sea surface reflec-
tance, SSR) decreased light penetration in the
water column affecting the depth of the DSL
(Ariza et al. 2014). While the normal position of
the upper bound of the DSL is normally located
at 400 m depth, the areas showing decreased
light penetration displayed this layer between
200 and 300 m depth (Fig. 8.6).

Associated to the volcano plume, the oxygen,
temperature, as well as chemicals and their effect
(e.g., acidification) also disrupted the diel vertical
migration of micronekton. These migrants around
the islands are mainly decapods, cephalopods, and
mesopelagic fishes (mainly myctophids; Ariza
et al. 2016). These organisms diminished by 73%
(± 18) in areas affected by the volcano plume
during night in the epipelagic layer as observed
from the 38 kHz frequency of the echosounder
(Ariza et al. 2014). This decrease was consistent
with anomalies related to rather high levels of
turbidity and the decrease in dissolved oxygen.

During the eruptive phase (from October 2011
to February 2012), we recorded low chlorophyll

Fig. 8.5 a Vertical profiles of dissolved oxygen during
the strongest episode of the eruptive stage (November
2011). Black line represents a reference profile averaged

from stations outside of the affected area, with standard
deviation (grey shade). b Horizontal section of dissolved
oxygen at 100 m depth during November 2011
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values (< 0.1 mg m−3) near the plume and in the
control station outside the waters affected by
turbidity. These low values also coincided with
low values of zooplankton (< 2 mg dry mass
m−3) and the proxy for this community (Mean
Volume Backscattering Strength, MVBS, at
200 kHz, (Ariza et al. 2014)). Values of MVBS
at 38 kHz used as a proxy for the migrant bio-
mass was not so heavily affected during the
eruptive and post-eruptive phases. Zooplankton
biomass and proxies for zooplankton and
micronekton biomass increased at the end of the
eruption by February showing the highest values
found during the study. These higher biomass
records coincided with the so-called Late Winter
Bloom in the Canary Current System

(Hernández-León et al. 2007) as the effect of
convective mixing and availability of nutrients in
the euphotic zone, fostering higher biomass in
upper trophic levels. This seasonal bloom hid a
possible fertilization effect on chlorophyll (and
therefore zooplankton) promoted by the impor-
tant amount of iron expelled by the volcano.

8.3.5 Ocean Discoloration: Remote
sensing of Volcanic
Processes

Satellite remote sensing is a powerful tool to
monitor and map the extent of natural hazards.
Nowadays, there is wide availability and variety

Fig. 8.6 38 kHz echogram a and Sea surface reflectance
b on November 7th, 2011 along the acoustic transects
indicated in Fig. 8.3b. The color scale refers to backscat-
tering strength (Sv). Migrant and Deep Scattering Layers
(MSL and DSL) as well as both diel migrations (*) are
indicated. Acoustic anomalies are also indicated: the MSL

weakening (yellow triangles) and the elevations of the
DSL (red triangles). Red lines depict the dissolved oxygen
profiles established during the acoustic track. The black
color in the time scale refers to nighttime and white to
daytime. Source https://doi.org/10.1371/journal.pone.
0102354.g003
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of sensors, with enhanced capabilities, providing
data at higher spectral, spatial and temporal res-
olutions. To analyze the impacts of El Hierro
submarine volcanic eruption, low and high spa-
tial resolution imagery were used (Fraile-Nuez
et al. 2012) (Fig. 8.7a–g). In particular, two
fundamental water quality parameters were
thoroughly studied: chlorophyll a concentration
(Chl-a) and the diffuse attenuation coefficient,
which allows the estimation of suspended and
dissolved constituents in turbid waters, Kd.

In the last decades, different semi-analytical
and empirical algorithms have been proposed to
recover water quality indicators in coastal an
open ocean waters. Unfortunately, these algo-
rithms failed in El Hierro due to the substantial
alterations in the water composition caused by
the submarine eruption. Thus, accurate models
were specifically developed for such singular
scenario (Eugenio et al. 2014).

8.3.5.1 Low Resolution Data
MERIS and MODIS imagery were the main
sources of remote sensing data used to assess the
progress of the volcanic discharges, and to sup-
ply information of chemical, biological and
physical parameters during the event. Such data
played an essential role directing the oceano-
graphic research vessels to the correct sampling
sites during the field campaigns.

As mentioned, spacecraft estimations of Chl-
a and Kd during these abnormal circumstances
were evaluated. Comparing in situ measurements
with derived MERIS and MODIS estimations, it
was demonstrated that open ocean Chl-a algo-
rithms completely fail, whereas the ALGAS-2
coastal model, developed for the MERIS instru-
ment, achieves better accuracy but just in regions
with lower-moderate turbidity. Likewise, the
existing Kd algorithms for MERIS and MODIS
sensors, in the surrounding waters around the

Fig. 8.7 Monitoring the surface perturbation of the
Tagoro submarine volcano during October 2011, a–
f NASA-MODIS multitemporal imagery and g RapidEye
image of the October 13th, 2011. MODIS and MERIS Kd

product (m−1) for some days of 2011 (spatial resolution of
1 km and 300 m, respectively): h MODIS October, 31st,

i MERIS November, 4th, j MODIS November 5th, and
k MERIS November, 9th. Worldview-2 image of October
26th, 2011 (spatial resolution of 2 m): l true color
composite (Bands 5–3–2), and m Kd product (m−1)
derived using the corrected bands
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volcanic eruption, were not acceptable, underes-
timating the real values. Accordingly, improved
algorithms were developed for the retrieval of
Chl-a and Kd in such turbid waters, demon-
strating good correlation with the sampled mea-
surements (Eugenio et al. 2014). Figure 8.7h–k
display the volcanic plume evolution due to
underwater volcanic activities using the diffuse
attenuation coefficient parameter with low reso-
lution MODIS and MERIS data.

Although the Canary Archipelago is a very
active region in the generation of eddies, these
structures are commonly studied and tracked
using satellite sea level anomaly products that
have a coarse spatial resolution of tens of kilo-
metres and, thus, they are suitable for global
studies but not very appropriate for coastal areas
or detailed analysis at submesoscale levels. In
that sense, the submarine eruption of Tagoro
volcano provided an outstanding source of opti-
cal tracer that enabled the study of such
oceanographic structures. Taking advantage of
this tracer by the eruption and accomplishing
ocean colour data, a comprehensive study at a
much higher resolution allowed a better under-
standing of the physical process of axisym-
metrization and filamentation predicted by
theoretical studies and numerical modelling
(Marcello et al. 2015).

8.3.5.2 Very High Resolution Data
Concerning very high resolution data,
Worldview-2 imagery with 8 spectral bands at
2 m’ resolution was used and the critical pre-
processing steps were improved. Specifically,
enhanced atmospheric correction and deglinting
techniques were adapted to such unusual sce-
nario. For WorldView-2, after applying the crit-
ical pre-processing steps, novel algorithms were
developed with the aim to retrieve high resolu-
tion maps of the diffuse attenuation coefficient,
total suspended matter and chlorophyll-a con-
centration. Algorithms were validated using
in situ data, obtained during the oceanographic
research cruises, and the results achieved con-
firmed the excellent performance under such
challenging situation. Figure 8.7-l presents a true
color composite image, using the WorldView-2

atmospheric corrected bands, and the diffuse
attenuation coefficients at 490 nm. Green and
brown colors in Fig. 8.7-m correspond to high
volcanic emissions areas.

As a concluding remark, it is important to
highlight that multitemporal and ultisensory
satellite imagery, applying the appropriate pro-
cessing techniques, becomes a powerful
approach to monitor and understand submarine
volcanic processes.

8.3.6 New Substrates: Annihilation
of the Pre-eruptive
Biological Communities
and Establishment
of Chemosynthesis-Based
Communities

Baseline information on the marine ecosystem
before the eruption and formation of Tagoro is
essential to understand and evaluate the changes
on the different components of the Tagoro
ecosystem. Sotomayor-García et al. (see
Chap. 4.3 of this book) provide an extensive
review on baseline information on the marine
habitats and associated biota of the area were
Tagoro was formed as well as similar informa-
tion on the current state of the marine habitats
and associated benthic and demersal species.
This baseline information is based on studies
carried out on the same areas or nearby some
years before the eruption.

Prior to reaching the present morphology, the
Tagoro submarine volcano went through several
eruptive events, overcoming two deflation main
cone collapses (Fig. 8.8a; see Chap. 7). The
eruption accumulated a total volume in the main
edifice area of 102 � 106 m3 of non-dense rock
equivalent, and 227 � 106 m3 in the pyroclastic
apron and main edifice (Rivera et al. 2013). Such
amount of new magmatic material covered the
pre-existing substrate. This also caused the
annihilation of the biota, mainly of benthic
organisms and some demersal ones (e.g., fishes)
(Fraile-Nuez et al. 2012), as well as the burial of
complex habitats, including aggregations of
gorgonians, antipatharians and sponges as the
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ones detected in unburied areas located close by
at similar depths (Sotomayor-García et al. 2019).

In specific areas of Tagoro, the new erupted
materials as well as the fluid venting, facilitated
the settlement and formation of new communities
and habitats. In this context, basaltic lava blocks,
pyroclastic deposits, and ash deposited in the new
grounds, creating a new seabed (Danovaro et al.
2017; Somoza et al. 2017; Sotomayor-García
et al. 2020). The new seabed was almost free of
metazoans and some hydrothermal chimneys were

formed in those areas where fluid venting was
more acute. Sotomayor-García (2020) described
different types of habitats according to their
proximity to the main or secondary cones of the
volcano. At the main edifice, two habitats with
extremophile conditions were distinguished,
including “hydrothermal vents with bacterial
mats” (Fig. 8.8b), and “Sulphurous-like fields”
(Fig. 8.8c). Both habitats were detected in the
vicinities of the main and secondary cones, from
89 to 300 m depth, over hard substrates in areas

Fig. 8.8 a Bathymetric map off the southern insular
slope of the El Hierro island with location of the Tagoro
submarine volcano showing the main edifice and sec-
ondary volcanic cones. In this map the location of the
main different types of new habitats are highlighted; b–
e In situ photographs taken from VOR-Aphia 2012

remotely operated vehicle from the Instituto Español de
Oceanografia showing the main habitats within the
Tagoro volcano; b hydrothermal chimney-like structures,
c the sulphurous–like fields, d the new hard substrates and
e the new mixed substrates
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with high slope (from 40° to 50°). The former
habitat was characterized at the moment of the
eruption by maximum extreme water temperature
anomaly of + 18.8 °C and chemical anomalies
around the hydrothermal vents (e.g., DpH up to
− 2.9, oxidation reduction potential, ORP from
0.2 to − 0.03 V) (Fraile-Nuez et al. 2012;
Santana-Casiano et al. 2013), which harbored
some chimney-like structures (Fig. 8.8b). In areas
with continuous fluid venting, extremophile bac-
terial communities have also been detected,
including a recently described novel bacterium
(Venus’s Hair, Candidatus Thiolava veneris)
(Danovaro et al. 2017). Then, surrounding the
aforementioned habitat and with a lower fluid
venting influence, vast fields of volcanic ash and
fine yellowish sediment were detected and named
as “Sulphurous-like fields” by Sotomayor-García
et al. (2020). Oxidized deposits of S and Fe
covered the area and characterized this habitat
with lower fluid venting activity (Fig. 8.8c). These
fields usually extend over large areas and some-
times cover basaltic blocks and pyroclasts. Those
deposits are composed of fragile and easily
resuspended material, and may create a barrier to a
large number of hard substrate colonizers.

Two extra habitats were described further
deep (between 300 and 900 m depth) in areas
with a lower slope (10–20°): “Newly formed
hard bottoms” (Fig. 8.8d) and “Newly formed
mixed bottoms” (Fig. 8.8e). Both habitats were
characterized by a seabed that was poorly colo-
nized by metazoans, except for specific areas
with few black corals (Stichopates cf. setacea)
and hydrozans among other organisms, that were
considered as survivors after the eruptions. These
areas with survivors were detected at the distal
part of the pyroclastic apron, where the arrival of
erupted material would be less aggressive. The
former habitat (Fig. 8.8d) was characterized by
large pyroclastic rocks of tens of centimeters to
meters in size, mostly volcanic bombs and lava-
balloons, which are distributed chaotically cre-
ating a crumble of rocks with abundant caves and
crevices, providing shelters and new substrates to
colonizers. The latter habitat (Fig. 8.8e) was
characterized by a combination of small to
medium-sized rocks, gravel and fine sediment,

and was mainly detected at the pyroclastic apron,
but also around the former habitat.

8.3.7 Significant Changes
in the Surrounding
Bacterioplankton
Communities

Bacterioplankton communities (i.e., bacteria and
archaea) are major contributors to marine biodi-
versity and are a dominant component of the
aquatic biota in terms of biomass and activity.
These microbes, which represent the smallest
biotic components of plankton, are capable of
responding rapidly to alterations in the ecosys-
tem´s conditions. After the eruption that gave rise
to the Tagoro shallow submarine volcano, a
series of oceanographic cruises allowed the study
of the changes produced on the bacterioplankton
communities (see Chap. 4.2 of this book). Initial
surveys indicated, by means of flow cytometry,
that the abundance of cyanobacteria, i.e.,
Prochlorococcus and Synechococcus, declined at
depths near the main cone of the volcano as
compared to unaffected stations (Fraile-Nuez
et al. 2012). On the contrary, the abundance of
heterotrophic prokaryotes increased with depth at
stations affected by the volcanic emissions
(Fraile-Nuez et al. 2012). Further exploration
combining flow cytometry and high-throughput
sequencing of 16S rRNA gene amplicons, a
typical marker for prokaryotic diversity analysis,
allowed to monitor the area around the volcano
from the eruptive phase until it had ceased
(November 2011 to April 2012). In particular,
the effects of the eruption on the abundance,
activity, diversity, and community structure of
bacterioplankton communities were evaluated
(Ferrera et al. 2015).

Bacterioplankon abundance data gathered
from seven cruises showed that the number of
prokaryotes in the surrounding waters of the
volcano was generally higher during the eruption
than in the post-eruption stages. Likewise, the
percentage of cells with high nucleic acid content
(HNA) was greater during the eruptive phase in
the affected zone. Cells with HNA content tend
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to be more active (Gasol et al. 1999), thus,
overall these results indicate that the eruption
promoted an increase in the abundance and likely
in the activity of heterotrophic prokaryotes.
Nevertheless, the effect was observed during the
eruptive phase and values returned to normal
levels in the post-eruptive stages (Ferrera et al.
2015). In terms of diversity, as seen through the
sequencing of the 16S rRNA gene in samples
from four hydrographic cruises, the eruption
promoted a decrease in bacterial richness, that is,
the number of distinct bacterial taxa retrieved in
samples collected during the eruption was lower
than in samples collected in the following
months (Fig. 8.9). This trend was however not
observed for archaeal diversity. Similar obser-
vations were compiled in relation to the structure
of bacterioplankton communities; the volcano
induced changes in bacterial community struc-
ture while no major shifts were observed for
Archaea. Yet, the limited amount of data gener-
ated for Archaea as compared to Bacteria could
have resulted in an underestimation of the effect
of the eruption on their diversity and community
structure (Ferrera et al. 2015). Besides, changes
in bacterioplankton composition were also
observed; the percentage of major marine bac-
terial taxa such as Alphaproteobacteria and
Bacteroidetes was lower in samples collected
during the eruptive phase. Moreover, the

presence of certain bacterial groups not com-
monly found in marine planktonic communities
but that typically dominate marine hydrothermal
environments, such as the Epsilonproteobacteria,
was notorious at that stage. No archaeal groups
associated with eruptive processes were retrieved
from these samples. Nevertheless, most archaeal
groups from hydrothermal systems are ther-
mophilic or hyperthermophilic which limits the
possibility that, even if they were released during
the eruption, they could have developed in the
water column.

8.4 An Oasis of Life: Clear Signs
of a Marine Ecosystem Recovery

8.4.1 Ocean Fertilization

The evolution of inorganic nutrients (Fe(II),
NO3

− + NO2
−, PO4, Si(OH)4 and NH4

+) were
studied in the seawater around the Tagoro sub-
marine volcano from the eruption to the degasi-
fication period (Fraile-Nuez et al. 2012;
González-Vega et al. 2020; Santana-Casiano
et al. 2018; 2013; Santana-González et al.
2017; see Chap. 9).

During the eruption period, high concentra-
tions of Fe(II) and inorganic nutrients were
measured in the area close to the volcano. The
emissions of Fe(II) produced dissolved concen-
trations as high as 50 µmol kg−1 in the seawater
compared to normal values in the area lower than
0.2 nmol l−1. Maximum concentrations of
macronutrients during the eruptive stage were
also registered in the water column between 75–
100 m depth with values up to 8.06 lmol kg−1

for NO3
− + NO2

− (reference: 1.75 lmol kg−1),
0.79 lmol kg−1 for PO4 (reference: 0.11 lmol
kg−1), and 21.76 lmol kg−1 for Si(OH)4 (refer-
ence: 1.23 lmol kg−1); moreover, substantial
concentration of these macronutrients often
reached shallower layers of the water column
between 0–50 m depth (González-Vega et al.
2020). This increase in Fe(II) concentrations
together with the important input of macronutri-
ents produced an enrichment in the water col-
umn. They provided the conditions for a

Fig. 8.9 Bacterial richness estimates (Chao1 index) in
pelagic samples collected during the eruption and post-
eruption stages (modified from Ferrera et al. 2015)
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fertilization event caused by the volcano emis-
sions that have contributed to the regeneration of
productivity in the area (González-Vega et al.
2020; Santana-Casiano et al. 2013).

Moreover, the diminution in pH decreased the
Fe(II) oxidation rate and favoured the persistence
of this bioactive metal in the medium. The oxi-
dation of Fe(II) in seawater depends on the pH
and the O2 and H2O2 concentrations (González-
Dávila et al. 2006; Santana-Casiano et al. 2005).
Therefore, the decrease in pH, because of the
volcano emissions, produced slower rates of Fe
(II) oxidation in the area. However, the oxidation
of Fe(II) for samples at the volcano affected area
occurred more rapidly than for samples under
normal conditions at the same pH, due to the
presence of other components, in particular sili-
cates, that accelerated the oxidation of Fe(II) in
the area (Santana-González et al. 2017). The
decrease in O2 and H2O2 concentrations also
favored the persistence of Fe(II) in the seawater
(González-Dávila et al. 2005).

During the post-eruptive stage, the high res-
olution studies using yo-yo and Tow-yo tech-
niques (Santana-Casiano et al. 2016; González-
Vega et al. 2020) revealed positive anomalies in
the vertical distribution of TdFe(II) concentra-
tion, which were also coincident with important
negative anomalies in the pH signal (Fig. 8.4b),
limited to an area and depth close to the main
cone (Santana-González et al. 2017). The TdFe
(II) concentrations measured in a close non-
affected area and in surface waters were lower
than 0.3 nmolL−1, with some exceptions at the
deep chlorophyll maxima (DCM) that presented
an increase in TdFe(II) concentration in some of
the stations, in the order of 1–2 nmolL−1

(Santana-González et al. 2017). Using the yo-yo
technique during October 2013 cruise, a TdFe(II)
concentration as high as 48.92 nmolL−1 and a pH
of 7.91 were measured just above the main
emitting vent. In March 2014, during the yo-yo
study on the top of the secondary crater, a
maximum value in TdFe(II) concentration was
1278.9 nmolL−1 at around 100 m depth but
decreased to 281 nmolL−1 when were sampled
only one and half hour later. The pH values
changed from 7.76 to 7.84 at the same station.

These variations could be due to small dis-
placement in the sampling position between casts
or due to changes in the amount of dissolved
species emitted along the day by the hydrother-
mal vents, related to tidal effects as it was
observed in the yo-yo studies (Santana-Casiano
et al. 2016) or by changes in the periodicity of
the emissions (Fraile-Nuez et al. 2018). In 2015,
the maximum TdFe(II) measured was 44.6
nmolL−1 with a pH of 8.0.

In the same way as Fe(II), remarkable differ-
ences in the macronutrients concentrations were
observed with regard to the sampling methodol-
ogy applied (González-Vega et al. 2020). Maxi-
mum phosphate and silicate concentrations were
found in the samples collected directly from the
vents with the use of the Liropus 2000 ROV
from the Spanish Institute of Oceanography, with
maxima of 1.26 and 189.40 lmol kg−1, respec-
tively; whereas for nitrate the maximum
(6.21 lmol kg−1) was found in the most mixed
(water-column) samples and decreased when
approaching the source (González-Vega et al.
2020). From these vent samples, ammonium
concentrations were analyzed, finding maxi-
mums of 1.97 lM (reference: 0.02 lM), indi-
cating that nitrogen is likely emitted in the form
of ammonium rather than nitrate or nitrite.
Average enrichments were obtained for all these
nutrients, with water-column maxima of 8.8-fold
(nitrate), 4.0-fold (phosphate) and 16.3-fold (sil-
icate), and higher vent maxima of 10.5-fold
(phosphate) and 325.4-fold (silicate) (González-
Vega et al. 2020). These important emissions of
macronutrients along with an enrichment and
longer persistence of Fe(II) in the waters affected
by the volcanic emissions contributed to the
biological recovery of the system (Santana-
Casiano et al. 2013; González-Vega et al. 2020).

8.4.2 The New Arrival: First
Benthonic and Demersal
Macro-colonizers

Despite the enormous amount of magmatic
erupted material, and the unfavorable conditions
in specific areas, some of the pre-eruptive
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habitats and associated biota managed to thrive
in specific areas (Sotomayor-García et al. 2020;
2019). These habitats were locally impacted by
the eruptive process through burial, mainly those
conformed by antipatharians (Stichopathes,
Antipathes, and Tanacetipathes) and hydrozoans.
These were considered survivors of the eruption
and also of the water column anomalies caused
by the eruption (Sotomayor-García et al. 2020).
Those organisms can be considered as relicts and
may have acted as habitat-recovery promoters in
those specific areas (Sotomayor-García et al.
2020). Nevertheless, pre-existing populations of
most of the organisms diminished during and
after the eruption and large areas were filled by
erupted materials lacking metazoans. However, a
large bulk of new colonizers settled and colo-
nized the new substrates and habitats, once
environmental conditions were similar to the pre-
eruptive stage (Sotomayor-García et al. 2020).
These new colonizers were mainly organisms
with strong capacities, high mobility, fast growth
rates and capability to adapt and benefit from
scarce competition.

Around the main crater and the secondary
cones, thermal and chemical anomalies were still
detected a few years after the onset of the erup-
tion (Fraile-Nuez et al. 2012; González-Vega
et al. 2020), essentially due to fluid venting from
specific hydrothermal vents. These vents provide
unfavorable conditions to most benthic and
demersal metazoans of the Macaronesian region,
and no information on the presence of the typical
vent invertebrates of the Atlantic Ocean is still
available for Tagoro’s extremophile habitats.
Nevertheless, those anomalies generated the ideal
conditions for extremophile bacteria to develop
(Danovaro et al. 2017). Far away from those
extremophile habitats, water masses without
significant anomalies and big basaltic pyroclastic
rocks, volcanic bombs, gravel and fine sediment,
arranged in irregular fields. The ideal conditions
were provided for the typical macaronesian fauna
to settle and develop at this bottom type and
depth range.

A study of the colonizing macro-fauna was
published by Sotomayor-García (2019), based on
video imagery and samples obtained with a

benthic-dredge, which provided a list of 116 taxa
from nine different phyla occurring in the area
two years after the first eruption. From this bulk
of species, it was possible to generate a picture of
the organisms with the strongest capacities to
adapt and develop in the erupted material, where
shelter and symbiosis with other organisms was
missing. A total of 93 different taxa were iden-
tified to be colonizers of these new habitats.
Annelids, arthropods, cnidarians, and mollusks
were the most diverse phyla, generally repre-
sented by small specimens (Fig. 8.10). Porifera
was also present but in much lower representa-
tion than un-impacted areas located away from
Tagoro. The most frequent taxa were similar
among the different newly formed habitats, i.e.,
rocky and mixed bottoms, but the abundance was
notably higher at the mixed bottoms due to the
combination of typical organisms from hard and
soft bottoms. Annelids were mainly represented
by small sessile and mobile species (Chloeia cf.
venusta—Fig. 8.10b, Onuphis sp.). Monodaeus
couchii (Fig. 8.10a) and Alpheus sp. were the
dominant arthropod species, and small hydro-
zoans (e.g., Sterularella cf. tenella, Fig. 8.10c)
constituted one of the few cnidarians in these
new substrates. On the other hand, mollusks were
vastly represented by the ostreid bivalve Neopy-
cnodonte cochlear (Fig. 8.10d), reaching densi-
ties of 100 individuals m−2 in some specific
areas. Certain organisms, typical from undis-
turbed hard bottoms, represented the demersal
community including pandalid shrimps (e.g.,
Plesionika spp.) and fishes that sometimes shelter
in caves and crevices (e.g., Anthias anthias,
Conger conger, Gymnothorax spp.,)
(Sotomayor-García et al. 2019).

Colonization and initial recovery of the dis-
turbed area by macro-fauna is viable thanks to
the arrival of larvae or developed adult organisms
from adjacent areas (Shanks 2009; Treml et al.
2012), and their settlement success in newly
formed substrates (Gaines and Roughgarden
1985). Some of the identified species in Tagoro
are mobile and, moreover, have planktotrophic
development, which are important strategies for
triggering a slow recovery process. Most of the
observed individuals were juveniles (mainly
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from larvae drifting arrival), however, post-
eruptive recruitment might have occurred for
some species (e.g., Glycera sp. and Chloeia cf.
venusta), as adult and juvenile individuals were
observed in the newly formed bottoms.

8.4.3 Microbial Mats: The Discovery
of a New Bacterium
(Thiolava Veneris)

In November 2014, three years after the eruption,
an expedition documented the presence of a
whitish microbial mat massively covering the
Tagoro submarine volcano. Microscopic analy-
ses revealed that such colossal mat was produced
by filaments made of bacterial trichomes envel-
oped within a sheath and colonized by epibiotic
bacteria. Further investigations of these filaments
resulted in the discovery of a new species of

bacteria, commonly named Venus’s Hair
(Danovaro et al. 2017). Bacterial species are
usually formally described after isolation in pure
culture. Attempts to grow this filamentous spe-
cies failed but nowadays powerful genetic tools
allow to obtain the genomic information of
uncultured microbes. Metagenomic analyses of
the filaments allowed to identify not only a new
species but also a new genus of the order Thio-
trichales, within the Gammaprotobacteria class,
named Thiolava veneris. This new species pre-
sents an unusual metabolic repertoire including
the potential to utilize organic and inorganic
carbon as well as the ability to uptake sulfur and
nitrogen compounds. Perhaps this metabolic
architecture explains why this organism was able
to colonize the seafloor after the destruction that
followed the submarine volcanic eruption, lead-
ing to a novel microbial habitat. What is unclear
is the origin of these new colonizers; Venus’s

Fig. 8.10 At the top-right, the pie-chart visually shows
the relative abundance of the phyla identified in the
benthic dredge samples of Vulcano 0313. At the top-left,
a list of the most abundant taxa of the identified phyla. At
the bottom, the images ilustrate the most representative

species of the four most abundant phyla, arthopoda (a,
Monodaeus couchii), annelida (b, Chloeia cf. venusta),
cnidaria (c, Sertularella cf. tenella) and mollusc (d,
Neopycnodonte cochlear)
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Hair was not detected in the surrounding sea-
water and, intriguingly, is macroscopically,
phylogenetically and ecologically different from
other known vent assemblages. How this
organism was surviving before the eruption and
how it spread remain a mystery. In any case, this
discovery illustrates how despite the destruction
that accompanies a volcanic eruption, a complex
ecosystem eventually emerges (Witt et al. 2017).
Nowadays the main crater area continues to be
covered with the presence of long extension of
mats likely formed by Thiolava veneris mats
(Fig. 8.11).

8.5 Recommendations for Further
Monitoring

The shallow Tagoro submarine volcano moni-
toring represents a unique opportunity not only
for improving our sparse understanding of

submarine volcanic processes in diverse fields
such as physical and chemical oceanography or
marine geology, but also the interactions among
all of them and their synergic effects over the
marine ecosystem.

Although our research over these ten years
has addressed a broad number of studies mainly
focused on the quantification, evolution and
interactions of a relevant number of physical–
chemical properties of the seawater in active
submarine ambients (Ariza et al. 2014; Álvarez-
Valero et al. 2018; Blanco et al. 2015; Coca et al.
2014; Danovaro et al. 2017; Eugenio et al. 2014;
Fernández de Puelles et al. 2021; Ferrera et al.
2015; Fraile-Nuez et al. 2012, 2018; García-
Davis et al. 2021; González-Vega et al. 2020,
2022; Olivé Abelló et al. 2021; Rivera et al.
2013; Santana-Casiano et al. 2013, 2016, 2018;
Santana-González et al. 2017; Sotomayor-García
et al. 2019, 2020), there are still many important
questions that should be addressed in order to

Fig. 8.11 a, b Bacterial mat
likely formed by Thiolava
veneris (white patches marked
with black arrows) over hard
substrates. Image captured by
ROV Liropus 2000 from the
Spanish Institute of
Oceanography (IEO) in the
context of VULCANA-II
project (April 2017)
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better understand this complex and interesting
system. In a close future, all our physical–
chemical monitoring effort should be focused on
the long-term data acquisition with the use of
multiparametric moorings, landers or even floats
that could transmit data in real or quasi-real time.
Nevertheless, the traditional data acquisition with
the use of oceanographic vessels in the area are
highly recommended and cannot be replaced.
This includes the collection of large amounts of
continuous CTD data and other physical–chem-
ical sensors, in situ water samples collected with
the oceanographic rosette for the analysis of
numerous parameters, in situ experiments, tow-
yo and yo-yo studies, etc.

From a microbiological perspective, the
Tagoro volcano offers a unique opportunity to
approach the long-standing question of microbial
biogeography. The studies carried out up to date
indicate that some of the taxa near the volcano
were not present in the surrounding waters and it
is unclear where Candidatus Thiolava veneris
came from. A larger effort should be directed
towards understanding whether the diversity of
Tagoro’s microorganisms are identical to those of
other hydrothermal systems or the systems har-
bors its own local diversity. Further, investigating
the presence of symbiotic bacteria in the biota that
colonized the newly formed ecosystem would
further contribute to this question since symbiotic
bacteria can be selected by the environmental
conditions but also by their hosts, which likewise
can display strong biogeographical patterns.

Moreover, the Tagoro submarine volcano
represents a unique opportunity for improving
our knowledge on some key processes of marine
benthic and demersal organisms of the Mac-
aronesia, such as their colonization potential or
resilience to ocean acidification. In order to
improve the information on biological coloniza-
tion, further monitoring should be done using
non-invasive methods (ROV) in order to assess
how the newly formed habitats are evolving
towards complex habitats located nearby. This
could be done in a 2–3 year periodicity in order
to detect the arrival of those slow-growing
organisms (e.g., gorgonians, antipatharians,

scleractinians), because the information on the
small opportunistic and fast-growing taxa is
already available after the 3-years monitoring
after the eruption. Moreover, our findings over
Tagoro submarine volcano highlight the potential
role of this eruptive process as a natural
ecosystem-scale experiment for the study of
extreme effects of global change stressors on
marine environments.
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9Tagoro Submarine Volcano
as a Natural Source of Significant
Dissolved Inorganic Nutrients
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Magdalena Santana-Casiano, Melchor González-Dávila,
Carolina Santana-González, Jesús
M. Mercado, José Escánez-Pérez,
Carmen Presas-Navarro, and Eugenio Fraile-Nuez

Abstract

The shallow submarine volcano Tagoro
releases high amounts of inorganic nutrients
(N, P, Si, Fe) into the surrounding waters.
These emissions have been intensely moni-
tored during both the eruptive stage (October
2011–March 2012) and the post-eruptive
hydrothermal stage (March 2012—ongoing).
The obtained seven-years dataset comprises

over 3300 water samples analysed for
concentrations of silicate (Si(OH)4), phos-
phate (PO4), nitrate + nitrate(NO3

− + NO2
−),

ammonium (NH4
+), and iron (Fe(II)) in the

area affected by the volcanic emissions
(> 250 km2) as well as outside of this area
for reference. This chapter provides an over-
view on the main results obtained from this
comprehensive dataset, as well as contextual-
izing these results by comparison with other
volcanic and hydrothermal nutrient sources in
the world. The results show that the
hydrothermal emissions from Tagoro volcano
cause nutrient enrichments both in the vicini-
ties of the vents (88–130 m depth) and the
water column up to 50 m above the seabed.
The emissions can occasionally also be
injected into the mixed layer and might even
reach the surface. The transport of these
emissions presents a flux of comparable
magnitude to other important nutrient fluxes
in the region, such as those related to the
NW-African coastal upwelling, when com-
pared per unit of area. We highlight the
importance of accounting for shallow
hydrothermal and volcanic inputs worldwide
as significant nutrient sources that can exert an
important influence on the ecosystems of
superficial nutrient-poor waters.
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9.1 Introduction

Inorganic nutrients are molecules required for the
growth of phytoplankton. These nutrients have
long been recognized to play a key role in con-
trolling ocean productivity, which accounts for
about half of the carbon fixed by photosynthesis
on Earth (Field et al. 1998). Inorganic nutrients
tend to be present in relatively small concentra-
tions in the euphotic zone (Chavez et al. 2011).
Thus, studying their inputs and cycles is key to
understand the patterns of growth limitations of
marine phytoplankton.

Two of the most important nutrients in sea-
water are nitrogen (N) and phosphate (P),
essential for cellular structures and processes
(Paytan and McLaughlin 2007; Zehr and Kudela
2011). Additionally, silicon (Si) is required for
the growth of diatoms (Tréguer and De La Rocha
2013). But even in zones where these three ele-
ments are in abundance, it has been observed that
phytoplankton growth can still be limited by
other elements, mainly iron (Fe) (Martin et al.
1994).

The most important supply of nutrients to
surface waters comes from remineralization of
organic matter in subsurface layers, which gen-
erates pools of regenerated nutrients that are then
injected to the surface through physical processes
such as vertical mixing or upwelling (Ducklow
and Plank 2019). Additional inputs can also be
significant and influence the patterns of nutrient
limitation (Moore et al. 2013). Terrestrial inputs
such as atmospheric and fluvial fluxes can be
important, but not all inputs come from land.
Nutrients can also be directly injected into the
ocean through volcanic and hydrothermal activ-
ity (Karl et al. 1988a).

It is well known that submarine volcanic
activity releases nutrients into seawater,

including Fe, Si, P, and N (González-Vega et al.
2020; Karl et al. 1989, 1988b; Santana-Casiano
et al. 2013; Sarradin et al. 1999; Tunnicliffe et al.
1986). However, most of the existing studies
describing these emissions come from deep
hydrothermal settings, at depths where the
ambient nutrient concentrations are generally
high. Very few studies have described volcanic
or hydrothermal emissions of inorganic nutrients
to shallow, nutrient-poor waters (González-Vega
et al. 2020; Kilias et al. 2013; Santana-Casiano
et al. 2013; Sedwick and Stuben 1996).

Tagoro submarine volcano releases significant
amounts of inorganic nutrients (N, P, Si, Fe) to
the surrounding waters since its eruption in 2011
(González-Vega et al. 2020; Santana-Casiano
et al. 2013; Santana-González et al. 2017). Dur-
ing the eruptive stage (October 2011–March
2012), these emissions reached an extensive area
around El Hierro island, particularly to the south
and south-west (see Chap. 8). Since March 2012,
Tagoro volcano entered a post-eruptive or
degassing stage, with diffuse-flow hydrothermal
discharge that affects a smaller area of roughly
500 m around the main cone and close to the
seafloor (< 50 m) (Santana-Casiano et al. 2016).
In this stage, the combined effect of the physical
anomalies can generate a buoyant plume that
returns downward forming vortex features (Speer
1989). Theoretically, this vortex could be of
sufficient magnitude to trap water in a local
recirculation that could have a crucial effect on
the expected dispersal of properties, including
minerals, tracers, and organisms. In that sense,
enrichments of inorganic nutrients that are still
found in the area (González-Vega et al. 2020)
could both be transported into the surrounding
waters or/and recirculated around the volcano.

The submarine eruption of Tagoro volcano
and the subsequent hydrothermal activity repre-
sent a unique opportunity to observe and monitor
the release of inorganic nutrients from an active
shallow submarine volcano. This chapter con-
stitutes a review on inorganic nutrient emissions
from active submarine volcanoes and
hydrothermal systems. We will focus on the 7-
year dataset obtained from Tagoro volcano,
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providing the magnitude, spatial distribution and
transport, and relative ratios of the main inor-
ganic nutrients (N, P, Si, Fe). In parallel, we will
put all this information in context by reviewing
the existing studies on nutrient emissions from
other active submarine volcanoes and
hydrothermal systems worldwide.

9.2 Sampling Strategies

The emissions of inorganic nutrients (N, P, Si,
Fe) from Tagoro submarine volcano were studied
throughout 7 years of monitoring (2011–2018)
comprising 15 oceanographic cruises carried out
at an average of twice a year, mostly around
March and October. Throughout these years of
monitoring, the different sampling strategies
applied played a central role in understanding the
system.

The first sampling strategy consisted on ver-
tical hydrographic stations distributed around El
Hierro island (Fig. 9.1a), collecting water sam-
ples for nutrient analysis in the whole water
column (sampling depths were generally consis-
tent, with some variations depending on the
vertical distribution of the volcanic plume at the
time). During the eruptive stage, a wide area up
to hundreds of km2 was affected (see Sect. 9.3.1)
and the distribution of the volcanic plume was
very variable depending on local dynamics,
therefore the spatial planning of the hydrographic
stations varied accordingly following the plume
distribution. For the degassing stage, a more
consistent grid of stations was established around
the island of El Hierro (Fig. 9.1a), which were
consistently sampled in different oceanographic
cruises. These stations mainly served as reference
stations, since area affected by the emissions
during the post-eruptive stage was drastically
reduced to roughly 500 m around the main cone
of the volcano. In order to adapt to these new
circumstances, a high-resolution transect of ver-
tical stations separated by tens of meters (20–
140) was established across the volcanic edifice
(Fig. 9.1b) following the alignment of the main
and secondary cones (Santana-Casiano et al.
2016). This transect was consistently sampled in

several oceanographic cruises during the post-
eruptive stage.

Furthermore, seeing as the emissions in this
stage were found mostly in the first 50 m above
the seafloor, a methodology called tow-yo was
also applied, consisting of a sawtooth-shaped
sampling, lowering and raising the rosette
between 1 and 40 m above the seabed while the
vessel moves slowly (0.2–0.4 kn) (Santana-
Casiano et al. 2016). These transects were car-
ried out throughout the whole volcanic edifice
and particularly centered over the main and
secondary craters (squared area in Fig. 9.1b).

Finally, eight samples were also obtained
directly from the hydrothermal vents (Fig. 9.1b)
through the use of the remotely operated vehicle
(ROV) Liropus 2000 from the Spanish Institute
of Oceanography (IEO), using a syringe-like
system specifically designed for this kind of
sampling.

In total, about 3300 water samples were ana-
lyzed for the seven-years study of inorganic
nutrients from Tagoro volcano, collected from
221 vertical hydrographic stations, 43 tow-yo
transects, and 8 vent samples.

9.3 Nutrient Emissions from Tagoro
Volcano

Significant anomalies of increased concentrations
in inorganic nutrients were found in both the
eruptive and the post-eruptive stages, underlining
a nutrient discharge from Tagoro volcano (Gon-
zález-Vega et al. 2020; Santana-Casiano et al.
2013; Santana-González et al. 2017). In this
section we will discuss separately the data of
each inorganic nutrient: silicate (Si(OH)4),
phosphate (PO4), nitrogen species (NO3

− +
NO2

−, NH4
+), and iron (TdFe(II)); while also

contextualizing these data with a compilation of
studies from other volcanic and hydrothermal
emissions in the world, presented in Table 9.1.

The variety of sampling strategies discussed
previously (see Sect. 9.2) is reflected in Fig. 9.2.
Here, the concentrations of inorganic nutrients
(Si, P, N, Fe) are presented as boxplots divided
into five categories: (i) ambient nutrient
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concentrations from reference stations, unaf-
fected by the volcano; (ii) concentrations during
the eruptive stage in the water column; and
concentrations during the post-eruptive stage:
(iii) in the water-column (first 150 m); (iv) near
the seafloor (tow-yo methodology); and (v) in the
hydrothermal vents (collected with ROV).

9.3.1 Silicate

Volcanic and hydrothermal emissions constitute
one of the main inputs of silica to the ocean
(Tréguer and De La Rocha 2013). In fact, silicate
is often used as a mixing tracer for hydrothermal
fluids, since it presents a linear trend with tem-
perature (Edmond et al. 1979; Sansone and
Resing 1995; Sedwick and Stuben 1996). Sig-
nificant emissions of Si have been widely
described for hydrothermal vents and submarine
volcanoes, with enrichments of one to three
orders of magnitude with respect to ambient
seawater (Karl et al. 1988a, 1989; Sedwick and
Stuben 1996; Wilson et al. 2019).

In Tagoro volcano, silicate was found to be
the most enriched nutrient by the volcanic
emissions (Fig. 9.2a). Silicate concentrations
under normal conditions in this area are typically
very low (0.5 µmol kg−1). During the eruption,
concentrations as high as 22 µmol kg−1 were
measured in the water column. In the post-
eruptive stage, measurements from 16 samples
taken directly from the vents with a ROV showed
concentrations up to 189 µmol kg−1, which
represents an increase of three orders of magni-
tude with respect to normal conditions. The data
show a decrease with the distance to the source,
but remarkable concentrations up to 19 µmol
kg−1 were still found in the water column (90–
130 m depth).

9.3.2 Phosphate

Hydrothermal processes have often been descri-
bed as sink within the phosphorus cycle, due to a
net loss by formation of suspended iron oxyhy-
droxides and by direct uptake of phosphate

Fig. 9.1 a Map of vertical profiles carried out around the
island of El Hierro during both the eruptive and post-
eruptive stages. b Map of sampling during the post-
eruptive stage in the Tagoro volcanic edifice, including a

high-resolution transect of vertical profiles, an area around
the main cone where the tow-yo transects were carried
out, and discrete vent samples taken with ROV
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through reaction with basalt (Föllmi 1996; Pay-
tan and McLaughlin 2007). This is typically true
for deep hydrothermal systems (Karl et al.
1988b; Sarradin et al. 1999). However, in shal-
low systems, even with this loss, a net enrich-
ment can occur given the extremely low
concentrations in the ambient seawater (Sedwick
and Stuben 1996; Wilson et al. 2019).

This is also the case for Tagoro volcano
(Fig. 9.2b). In comparison to the ambient con-
centrations of around 0.1 µmol kg−1, concentra-
tions of up to 1.60 µmol kg−1 were found in the
hydrothermal vents. The concentrations decrease
as the distance to the source increases. In the
water column, the maximums were found during
the eruptive stage, with concentrations up to
0.79 µmol kg−1. Smaller amounts of up to
0.29 µmol kg−1 reach the water column in the
post-eruptive stage, but note that these values are
still an enrichment with concentrations more than
double of the ambient level.

9.3.3 Nitrogen Species (NO3
−, NO2

−,
NH4

+)

Inorganic nitrogen available for phytoplankton
uptake can be found in the forms of nitrate
(NO3

−), nitrite (NO2
−), and ammonium (NH4

+).
Ammonium is the preferred source as it is more
energetically favorable, but the oxidized forms
(nitrate and nitrite) are also commonly used
(Zehr and Kudela 2011). Ammonium has been
often described to be highly enriched in
hydrothermal settings, with an enrichment of
typically one order of magnitude related to
background (Karl et al. 1989; Sarradin et al.
1999; Sedwick and Stuben 1996; Tunnicliffe
et al. 1986; Wilson et al. 2019), although con-
centrations as high as 11,559 µM (ambient
levels: 0.84 µM) have been described by Karl
et al. (1988b) at the Guaymas Basin. Oxidized
forms of nitrogen have also been frequently
studied in hydrothermal sites, often jointly as
nitrate + nitrite (NO3

− + NO2
−), since NO2

−

Fig. 9.2 Boxplots of nutrient concentrations in reference
stations (grey), eruptive stage (orange), and post-eruptive
stage (blue). The boxes are also classified according to the

sampling strategy followed: vertical profiles for water-
column samples (data from the first 150 m), tow-yos for
near-seafloor samples, and ROV for vent samples
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concentrations are usually extremely low.
NO3

− + NO2
− typically do not show such big

increments, and its concentrations in the emitted
fluids can in fact represent either an enrichment
or a net loss depending on the ambient concen-
trations (Karl et al. 1988b, 1989; Sarradin et al.
1999; Sedwick and Stuben 1996; Tunnicliffe
et al. 1986). In that sense, shallow volcanoes and
vents are bound to be more enriched in all forms
of nitrogen due to the low ambient levels of this
nutrient (Wilson et al. 2019).

At Tagoro volcano, nitrogen was mostly
measured as NO3

− + NO2
− (Fig. 9.2c). During

the eruption, concentrations as high as
8.06 µmol kg−1 were found (reference:
0.41 µmol kg−1). In the post-eruptive stage,
concentrations of up to 6.21 µmol kg−1 are
found in the water column; however, unlike the
case of phosphate and silicate, nitrate does not
show an increase when sampled closer to the
source, exhibiting concentrations roughly in the
same range as the ambient seawater in the sam-
ples collected from the vents with ROV. It has
been suggested that nitrifying processes occur in
hydrothermal sites, oxidizing NH4

+ into NO2
−

and NO3
− (Baker et al. 2012; Kilias et al. 2013;

Lam et al. 2004; 2008). Although ammonium
data from Tagoro submarine volcano is scarce,
some samples taken from the vents with ROV
support this hypothesis, showing NH4

+ increases
of almost 100-fold with respect to normal con-
ditions. The occurrence of nitrification would
explain the presence of oxidized nitrogen
(NO3

− + NO2
−) in the water column.

9.3.4 Iron

During the eruptive stage, Tagoro volcano
emitted large amounts of gases and reduced
chemical species, changing the physical–chemi-
cal properties of the seawater (Santana-Casiano
et al. 2013; see Chap. 8). Due to gas emissions,
the seawater carbonate species were strongly
affected and the pH decreased from 8.1 to values
as low as 5.1. The concentration of Fe(II) and
reduced sulfur increased to 50 lmol l−1 and
200 lmol l−1, respectively, contributing to the

reduction of the redox potential of the system
(Santana-Casiano et al. 2013). Just after the
molten eruptive phase, changes in the composi-
tion of the gas and reduced species emissions
were observed, and the O2 concentrations
decreased due to the oxidation of these reduced
species. Moreover, the Fe(II) emitted was oxi-
dized to Fe(III) under the oxic seawater condi-
tions (Santana-Casiano et al. 2016). The formed
Fe(III) precipitated into various mineral species,
mainly oxyhydroxide (De Baar 2001), resulting
in the formation of massive deposits of iron. Iron
mineralization within the seafloor sediments was
described in the area by González et al. (2020)
and related to hydrothermal iron enrichment.

It is calculated that around 4% of the total
emitted iron could be stabilized against loss from
solution due to complexation by dissolved
organic ligands (Bennett et al. 2008; Resing et al.
2015), and also by incorporation into inorganic
or organic colloids, which reside within the dis-
solved size fraction (Resing et al. 2015). More-
over, reduced species of Fe and S form a FeS
colloidal complex, which remains suspended in
the water and is modified as the pH changes
(Luther et al. 2001). These nanoparticles can
remain suspended in the deep sea for years with
slower settling rates (Yücel et al. 2011), solubi-
lizing and releasing the Fe(II).

During the post-eruptive stage, the high-
resolution transects carried out along the vol-
canic edifice revealed positive anomalies of TdFe
(II) concentration, which was also accompanied
by important negative anomalies in the pH signal
(−0.17 units), and which were limited to an area
of 0.1 km2 and depths between 90 and 160 m,
close to the main cone (Santana-González et al.
2017). The ambient TdFe(II) concentrations in
non-affected areas and in surface waters were
lower than 0.3 nmol l−1, with some exceptions at
the depth of maximum chlorophylls that pre-
sented an increase in TdFe(II) concentration in
the order of 1–2 nmol l−1 (Santana-González
et al. 2017). In the area affected by the
hydrothermal emissions, higher Fe(II) concen-
trations were observed in an intermittent mode at
around 100 m depth and in a limited area of
around 500 m around the main cone (Santana-
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González et al. 2017). In the water column (first
150 m) of this affected area, the concentrations
were between 0 and 20 nmol l−1, while the
samples collected near the seafloor were within a
range of 2–50 nmolL−1, with even higher punc-
tual values. The maximum TdFe(II) concentra-
tion was recorded in march 2014 at around
100 m depth with a concentration of 1278.9
nmol l−1, which was reflected in the pH values
ranging from 7.76 to 7.84, and which decreased
to 281 nmol l−1 in only 1.5 h. All these changes
were associated with variable CO2 emissions
from hydrothermal vents located in the volcano
area (Santana-Casiano et al. 2016). The low pH
values enabled to maintain Fe(II) in solution for a
longer period due to a decrease in its oxidation
rate.

Oxidation kinetic studies were carried out to
estimate the Fe(II) oxidation rate constant. These
studies were done in samples close to the main
cone (5 m above the seafoor) affected by the
hydrothermal emissions and showed that Fe(II)
oxidated faster than those expected in olig-
otrophic seawater. This can be explained by the
higher amount of macronutrients, in particular
silicates, which increased in concentrations to
16.3 fold in the water column and 325.4 fold in
the vent (González-Vega et al. 2020). The
macronutrients accelerate the oxidation of Fe(II)
in the area (Santana-González et al. 2017), as
indicated for the Fe(II) oxidation kinetics in high
nutrient media (González et al. 2010; Samperio-
Ramos et al. 2016).

TdFe(II) emitted in the area may act as a
fertilization event (Ardyna et al. 2019; Tagliabue
et al. 2017) in the seawater around the Tagoro
submarine volcano near the island of El Hierro.

9.4 Extent and Transport
of the Emissions

9.4.1 Eruptive Stage

During the eruption of the submarine volcano
Tagoro, a wide area around El Hierro island was
drastically affected, particularly south and south-
west of the island. Figure 9.3a shows the areal

distribution of the nutrient plume, defined as the
area where nutrient concentrations were above
the normal conditions as measured in back-
ground samples. This distribution was observed
in November 2011 during the eruptive phase.
The silicate (Si(OH)4) plume is the most extent,
with an area of 255 km2, which is almost the size
of El Hierro island (268 km2). The phosphate
(PO4) and nitrate (NO3

− + NO2
−) plumes

reached smaller areas of 118 and 95 km2,
respectively.

The nutrient plumes, however, reached even
further regions episodically depending on the
local current dynamics, as shown in Fig. 9.3b in
late November 2011. The nutrient plumes were
drifted to the north of the island, due to changes
in the local current conditions. This represents an
additional area of roughly 70–120 km2, but note
that the southern and western limitations of the
plume were not determined, meaning that the
affected area was even larger.

The distributions of both of these plumes are
in agreement with the discoloured areas in the
water as observed in satellite images from the
same periods (Fig. 9.3c, d; see Chap. 8,
Sect. 8.3.5). Note that the observed light-green
color of the water in these images was not caused
by an increase in chlorophyll-a, but rather as an
effect of the chemicals injected by the volcanic
emissions (Eugenio et al. 2014).

9.4.2 Post-eruptive Stage

From March 2012, once the eruption ended,
Tagoro volcano entered a new phase, known as
post-eruptive or degassing stage, which still
remains active. In this new stage, the volcanic
activity consists of diffuse-flow, low-temperature
hydrothermal emissions with release of heat,
gases, metals, and inorganic nutrients (Santana-
Casiano et al. 2013). These emissions are limited
to a much smaller area within the volcanic edifice
and close to the seabed, rarely reaching the sur-
face. Figure 9.4 shows the average distribution
of the nutrient plumes where their concentrations
are above normal conditions. This plume typi-
cally remains within 400 m around the main
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crater, with an asymmetry to the south-west (due
to the direction of the predominant current), and
about 50 m above the seabed, although occa-
sionally the plume has been observed to reach the
surface.

Figure 9.4 also shows the depth of the
euphotic zone as well as the mixed layer in the
region, shown as minimums and maximums.
These depths vary seasonally and depend on
environmental conditions. Therefore, the nutrient
plumes might occasionally reach the mixed layer

and the euphotic zone, where they have the
potential to exert an impact on photosynthetic
organisms.

In order to estimate the transport of inorganic
nutrients provided by Tagoro volcano in the post-
eruptive stage, nutrient fluxes were calculated
from a vertical section perpendicular to the pre-
dominant current (González-Vega et al. 2020).
The results of these fluxes, in mol m−2 year−1,
were: 3.19 ± 1.17 for NO2

− + NO3
−,

0.02 ± 0.01 for PO4, and 0.60 ± 1.35 for Si

Fig. 9.3 a Areal distribution of the nutrient plumes
during early November 2011 at 70 m depth. The plume is
defined as the area where nutrient concentrations are
above normal conditions, and is delimited by a dashed
line. b A plume transported north of El Hierro island
during late November 2011. Note that the south and west

limits of the plume were not determined. c, d NASA
MODIS RGB images of El Hierro island for the
corresponding periods (early and late November 2011,
respectively). Note that the color of the plume is not
related to chlorophyll-a, but to the chemicals injected by
the volcano (Eugenio et al. 2014)
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(OH)4. The high variability indicated by the
standard deviation, particularly in the case of
silicate, accounts for the substantial gradient
found within the plume, as concentrations
increase towards the seafloor.

These fluxes, when compared per unit of area,
are of similar magnitude to some of the most
important nutrient inputs to the region, described
in detail by Barton et al. (1998). In this study, the
northwest African upwelling was estimated to
present a nitrogen flux of 5.87 mol m−2 year−1.
The Canary archipelago is located in the transi-
tion zone between this coastal upwelling and the
open-ocean oligotrophic waters, with presence of
various mesoscale processes that also supply
nutrients to the area. For example, filaments from
the coastal upwelling reaching the Canary region
present an estimated nitrogen flux of 0.29 mol
m−2 year−1 (Barton et al. 1998). Additionally, a
permanent cyclonic eddy originated in the lee
region south of the island of Gran Canaria also
supplies nutrients at a rate of 1.36 mol m−2

year−1 for nitrogen (Barton et al. 1998).
Therefore, the estimated nitrate flux from

Tagoro volcano of 3.19 mol m−2 year−1 is of
similar or even higher magnitude than these

regional inputs. Of course, it should be kept in
mind that these comparisons have been made per
unit of area. The northwest African upwelling, as
well as the mesoscale processes found in the
transition zone, represent a much wider area than
the plume emitted by Tagoro volcano. However,
these results highlight the need to account for
volcanic and hydrothermal inputs as important
sources of nutrients to the ocean. Here we have
accounted for one single monogenetic volcano
with post-eruptive diffuse flow; however, its
contribution has been proven to be non-
neglectable. Therefore, it is crucial to work on
assessing volcanogenic nutrient inputs world-
wide, especially from shallow emissions, which
have the potential of impacting the photosyn-
thetic primary production.

9.5 Local Effects by the Nutrient
Emissions of Tagoro Volcano

9.5.1 Nutrient Ratios

In 1934, Alfred C. Redfield made an observation
that would forever impact the study of elemental

Fig. 9.4 Average vertical distribution of the plume of
nutrient emissions in a high-resolution transect of the
main cone during the post-eruptive stage. Horizontal lines
show the mixed layer depth (MLD) and the euphotic zone

depth (EZD), as minimum and maximum values obtained
from monthly averaged datasets provided by the Coper-
nicus Marine Environment Monitoring Service for the
period of 1993–2019
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stoichiometry in the ocean: he suggested that
nitrogen and phosphorus were found in a con-
stant ratio of 16:1 both in seawater and in phy-
toplankton biomass (Redfield 1934, 1960). This
tight relationship between organisms and their
environment is caused by a mutual feedback:
phytoplankton consume and incorporate these
elements in a certain proportion, and with their
death and decomposition, the elements return to
the water in the same proportion. Thus, life and
its environment are locked in a state of mutual
influence (Gruber and Deutsch 2014).

Even though Redfield’s proportions are true
as a global average and particularly consistent in
the deep ocean, the reality is more complex. It
was later revealed that optimal N:P ratios in
phytoplankton can vary between 8.2:1 and 45.0:1
depending on the growth conditions, and that the
Redfield ratio of 16:1 represents an average of
species-specific N:P ratios (Klausmeier et al.
2004). Furthermore, changes in the regional or
even global nutrient sources can lead to changes
in the elemental ratios of the seawater (Pahlow
and Riebesell 2000), which would provide some
selective advantage for those organisms whose
requirements are more adapted to the ambient
stoichiometry (Zehr and Kudela 2011).

Nonetheless, the study of the relationships
among nutrients in the ocean has evolved beyond
Redfield’s observations for N and P. Hydrother-
mal and volcanic settings are a good example, as
they emit fluids that expectedly present a differ-
ent composition than the ambient seawater. More
specifically, silicate has been commonly descri-
bed as a mixing tracer, assessed by a linear
dependence with temperature in hydrothermal
fluids (Edmond et al. 1979; Sansone and Resing
1995; Sansone et al. 1991). This means that if
other chemical species are plotted against Si and
show a linear behavior, conservative mixing is
assumed; whereas a non-linear relation indicates
non-conservative mixing (Sedwick and Stuben
1996).

For Tagoro submarine volcano, the relation-
ships among N, P and Si were studied during the
eruptive and post-eruptive stages (González-
Vega et al. 2020). Firstly, in order to assess

whether silicate could be used as a mixing tracer,
the relationship between silicate (Si) and tem-
perature (T) was studied from the near-seafloor
and vent samples during the post-eruptive stage
(Fig. 9.5a). The near-seafloor data are distributed
around a small range of T and Si, but the vent
samples are more evenly distributed and do
indeed present a linear relationship. The corre-
lation is statistically significant (p < 0.001) and
presents an r2 = 0.878. Thus, it can be assumed
that silicate can be used as a mixing tracer for
Tagoro volcano.

Next, both N and P were plotted against Si in
order to assess their mixing behavior. It should
be kept in mind that these are not elemental
stoichiometries, as N is only represented by the
species NO3

− and NO2
− (NH4

+ is not included
due to the reduced number of samples available),
P only by PO4, and Si by Si(OH)4. However, we
will name them as N, P, and Si for simplicity.
Figure 9.5b, c show the N:Si and P:Si ratios,
respectively, during the eruptive and post-
eruptive stages. The post-eruptive stage is split
into three datasets based on the grade of dilution
(water column, near-seafloor, and vent samples).
The water column samples show the most similar
stoichiometry to the ambient seawater, followed
by near-seafloor samples, and finally the vent
samples, indicating the differential composition
of the hydrothermal fluids and the effect of
mixing with ambient seawater.

Even though all linear correlations were sta-
tistically significant (p < 0.001), the data are
notably scattered (r2 between 0.5 and 0.7), except
for the case of N:Si in the vent samples
(r2 = 0.925). This wide distribution of the data is
most likely due to a variety of processes that may
be affecting the concentration of these species,
e.g., (a) the possible use of NO3

− as an electron
acceptor in the absence of oxygen during the
eruptive stage (Kristensen and Holmer 2001);
(b) the withdrawal of phosphate by formation of
suspended iron oxyhydroxides (Föllmi 1996;
Paytan and McLaughlin 2007); (c) processes
related to the nitrogen cycle, such as oxidation of
NH4

+ to NO2
− and NO3

− (Baker et al. 2012;
Kilias et al. 2013; Lam et al. 2008; 2004); or
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(d) nutrient uptake by primary producers. Thus,
even though N:Si and P:Si were linearly corre-
lating, the notable scattering of the data and the
complexity of processes involved indicate a non-
linear mixing behavior.

Finally, the N:P ratio (Redfield’s legacy) was
also studied at samples from Tagoro volcano
(Fig. 9.5d). The ambient seawater, unaffected by
the volcano, presented a ratio of 16.95:1,
remarkably similar to Redfield’s 16:1 ratio. The
samples taken within the volcanic plume showed
ratios varying from 4.38:1 in the vent samples to
11.44:1 in the water column samples. This
highlights the potential of changes in the regional
nutrient inputs to modify the elemental ratios of
seawater at a local scale.

9.5.2 Effects on Local Communities

Local enrichments of microbial biomass and
enhanced activity in deep-sea hydrothermal vents
has long been recognised (Baker et al. 2012; Karl
et al. 1988b, 1989; Lam et al. 2008), but the
effects of shallow hydrothermal and volcanic
emissions on surface communities have received
attention only in recent years. In the Southern
Ocean, hydrothermal vents emitting large
amounts of bioavailable iron to surface waters
have been observed to trigger massive phyto-
plankton blooms (Ardyna et al. 2019). A similar
bloom in the North Pacific Ocean was stimulated
by lava reaching the seawater from subaerial
Kilauea volcano, characterized by high

c
0 50 100 150 200

0 50 100 150 200

d

a b

Fig. 9.5 Nutrient ratios calculated as linear correlations,
a (NO3

− + NO2
−):PO4 ratio, abbreviated as N:P (Red-

field’s 16:1 ratio is shown), b (NO3
− + NO2

−):Si(OH)4 as
N:Si, and c PO4:Si(OH)4 as P:Si, for the reference
stations, the eruptive stage, and the degassing stage

classified according to the grade of dilution of the samples
(water-column/near-bottom/vents). Upper x-axis in panels
b, c corresponds to silicate concentration in the vent
samples (green). d Relation between silicate and potential
temperature from the closest samples to the source
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concentrations of metals and nutrients (Wilson
et al. 2019). Atmospheric deposition of volcanic
ash in the North-East Pacific has also been
observed to act as a fertilizer for the surface
ocean (Langmann et al. 2010), as well as support
diverse bacterial colonisation in mesocosm
experiments (Witt et al. 2017). High rates of
planktonic and benthic production have been
described in the hydrothermally influenced
waters of the crater of the Ushishir Volcano in
the Pacific Ocean (Tarasov et al. 1990). In the
Western Tropical South Pacific, patches of high
chlorophyll concentrations in the vicinity of
volcanic islands were suggested to be sustained
by a submarine source of hydrothermal fluids
(Guieu et al. 2018). Buck et al. (2018) also
suggested that the injection of iron-rich
hydrothermal fluids from Ahyi Seamount (Mar-
iana arc) into the mixed layer could potentially
have an impact on oceanic productivity in the
region. At slightly deeper settings (400–500 m),
enhanced chemosynthesis and nitrification has
been described in a Mediterranean arc-volcano
(Kilias et al. 2013) as well as in the Western
Pacific (Sorokin et al. 1998).

Benthic communities have been well charac-
terised in the newly formed substrate of Tagoro
volcano (Sotomayor-García et al. 2019; see
Chap. 8). Two newly discovered benthic habitats
were described around the summit and main
craters: (1) hydrothermal vents with microbial
mats, and (2) sulfurous-like fields mainly colo-
nized by small hydrozoan colonies. The micro-
bial mats covering the hydrothermal fields are
formed by filaments made of bacterial trichomes
enveloped within a sheath and colonized by
euphotic bacteria (Danovaro et al. 2017).
A newly recorded species (Thiolava veneris) was
found in these filaments, with the potential to
utilize organic and inorganic carbon as well as
the ability to uptake sulfur and nitrogen com-
pounds (Danovaro et al. 2017). Downslope of the
volcanic complex, further highly diverse habitats
have been observed, including annelids, arthro-
pods, cnidarians, and mollusks as the first colo-
nizers. A recent study has also revealed an
increase in zooplankton abundance in waters
affected by the volcanic emissions, with a higher

presence of non-calanoid copepods and a decline
in the diversity of the copepods community,
indicating that the volcanic inputs have a sig-
nificant effect on these organisms (Fernández de
Puelles et al. 2021).

At the phytoplankton level, the effect of the
emissions is yet unclear. Assessing a potential
effect is a difficult task because of temporal
variations related to the cyclicity of the emissions
(Fraile-Nuez et al. 2018). A study carried out in
vertical stations near the volcano (but outside of
the area reached by the nutrient plume) showed
no significant difference in chlorophyll-a and
community structure respect to background
stations (Gómez-Letona et al. 2018). However,
positive chlorophyll-a anomalies have been
observed above the main crater (González-Vega
2018).

9.6 Conclusions and Future Works

From the information gathered in the present
chapter regarding the release of inorganic nutri-
ents from Tagoro volcano, we conclude that:
(i) inorganic nutrients (N, P, Si, Fe) have been
emitted in large amounts and in bioavailable
forms during both the eruptive and post-eruptive
stages; (ii) these nutrient emissions (which still
remain active) significantly enrich the water
column and can be transported into the sur-
rounding waters, and (iii) the emissions can
occasionally be injected into the mixed layer and
reach the euphotic zone.

However, there are still some gaps of infor-
mation that can be assessed in future studies. For
example, a more specific study on the dynamics
of the inorganic nitrogen species emitted from
Tagoro volcano would shed light on the knowl-
edge of the system. We have concluded that
nitrate (NO3

−) and nitrite (NO2
−) are not the

main forms of nitrogen found in the hydrother-
mal source, and that ammonium (NH4

+) may be
the primary form; however, we still lack infor-
mation about the relative concentrations of all
these species in the whole water column and
how they evolve as the hydrothermal plume
spreads.
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The question of whether these emissions have
a direct impact on phytoplankton communities
also remains to be answered. A more targeted
study is required to assess this hypothesis, taking
into account the horizontal and vertical distribu-
tions of the hydrothermal plumes, the temporal
variations related to cyclicity (Fraile-Nuez et al.
2018), and the local dynamics that could be
occurring as an effect of the physical anomalies,
such as buoyant plumes and vortex features
(Speer 1989).

Lastly, the study of nutrient release at Tagoro
volcano comprises one of the largest datasets of
inorganic nutrients from an active submarine
volcano in the world. This time series needs to
continue in order to be able to observe long-term
changes in the activity and behavior of the
hydrothermal system.
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10Microbial Communities Surrounding
an Underwater Volcano Near
the Island of El Hierro (Canary
Islands)

Isabel Ferrera, Jesús M. Arrieta, Marta Sebastián,
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Abstract

Underwater hydrothermal systems release
nutrient-rich fluids that are favorable for
microbial activity. This allows the growth of
a plethora of microorganisms that can be
found inhabiting hydrothermal plumes, met-
alliferous sediments, or forming dense micro-
bial biofilms or mats on the surrounding of the
vents. Most of the current knowledge on the
microbiology associated with underwater vol-
canic activity comes from the study of
deep-sea hydrothermal vents. However, much
less is known about shallow underwater
hydrothermal systems. The submarine vol-
canic eruption that took place near El Hierro
(Canary Islands) in October 2011 and gave
rise to the Tagoro volcano, located only
1.8 km from land and approximately 89 m

below the sea surface, provided a rare occa-
sion to study almost in real time the micro-
biology associated with an underwater
eruptive process, from its birth to the current
degassing state, allowing investigations of its
effects on the surrounding pelagic and benthic
communities. In this chapter, we summarize
what is known 10 years after the formation of
the Tagoro submarine volcano, and we discuss
what questions should be pursued in order to
foster our knowledge of the microbiology
associated with this volcano and its surround-
ing waters.

Keywords

Hydrothermal systems � Shallow underwater
volcanoes � Tagoro � Microbial diversity �
Microbial activity � Venus’ hair

10.1 Introduction

Microbes inhabit every ecosystem on Earth and
play key ecological roles; they are the engines
that drive nutrient cycles and energy flow and
represent, by far, the largest share of the meta-
bolic diversity of the biosphere. Underwater
volcanoes are no exception to that rule and can
harbor many types of microorganisms. Active
submarine volcanoes provide nutrient-rich fluids
(González-Vega et al. 2020; Chap. 9) that are
favorable for microbial activity, allowing the
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growth of microbes on or near hydrothermal
systems (Emerson and Moyer 2010). Microbes
can be found inhabiting hydrothermal plumes,
metalliferous sediments, forming dense microbial
biofilms or mats on the surrounding of the vents,
or thriving directly on the vents, along the gra-
dient from superheated waters in the vicinity of
some vents to the cold temperatures typical of
deep oceanic waters. The heterogeneity of
physical and geochemical conditions in these
underwater ecosystems makes active volcanoes
potential hotspots of microbial diversity (Emer-
son and Moyer 2010). Yet, our knowledge of the
microbiology of submarine volcanoes is still in
its infancy, which is not just due to the technical
challenges associated with sampling underwater
volcanic areas. In fact, it is also because of the
historical limitations of studying microorganisms
in the wild, constrained by our inability to grow
the majority of them in the laboratory (Rappé and
Giovannoni 2003). Three decades ago, the
advent of molecular methods allowed us to
explore, for the first time, microbes in nature
circumventing the need for culturing, an
approach that revolutionized the field of envi-
ronmental microbiology. PCR amplification and
sequencing of ribosomal RNA genes allowed the
initial identification of the dominant microor-
ganisms in the environment (Pace et al. 1986;
Stahl et al. 1984; Takai and Horikoshi 1999;
Ward et al. 1992), and the development of high-
throughput sequencing enabled uncovering
microbial diversity at an unprecedented scale
(Flores et al. 2011, 2012; Meyer et al. 2013;
Sogin et al. 2006; Zinger et al. 2011). Further,
the sequencing of protein-coding genes was used
to identify and infer phylogenetic relationships
among microorganisms involved in biogeo-
chemical processes (Hügler et al. 2010; Nerces-
sian et al. 2005; Roussel et al. 2011). The rise of
the -omics era, in which metagenomics, meta-
transcriptomics, and metaproteomics can reveal
the function of the whole community without
PCR biases, has provided massive amounts of
information on the genetic and functional diver-
sity of microorganisms (Fortunato and Huber
2016; Olins et al. 2017; Reysenbach et al. 2020).

Today, genome-centric approaches allow the
access to individual environmental genomes
(Danovaro et al. 2017; Merino et al. 2020;
Reysenbach et al. 2020), greatly expanding the
catalog of uncultivated microorganisms from
these ecosystems. Yet, isolating bacteria and
archaea remains a crucial step in complementing
culture-independent methodologies, and allows
to obtain complete genomes and the experimen-
tal study of microbial physiology in the labora-
tory. Altogether, the various approaches now
available in the field of environmental microbi-
ology contribute to advancing our knowledge of
the microorganisms inhabiting these unique
ecosystems. Nevertheless, despite the significant
gains achieved in recent years, the microbiology
of underwater volcanoes is understudied com-
pared to other ecosystems, given the additional
challenges of sample collection. Together, we are
only at the beginning of understanding the
diversity and metabolic potential of microbes in
these submarine ecosystems.

10.2 Microbial Communities
Around the Tagoro
Underwater Volcano

The submarine volcanic eruption that took place
near El Hierro (Canary Islands) in October 2011
provided a unique opportunity to study the
microbiology associated with an underwater
eruption. The birth of the Tagoro submarine
volcano, located only 1.8 km from land and
approximately 89 m below the sea surface,
offered a rare occasion to observe almost in real
time how a devastating event disrupting and
destroying life under the sea opened at the same
time new windows for life to begin again. Initial
geophysical surveys of the volcanic eruption
were followed by a series of hydrographic crui-
ses, which allowed the study of the changes in
seawater physical and chemical parameters as
well as their effects on the marine ecosystem (see
Chap. 8). The discharge of high temperature
hydrothermal fluids, magmatic gases and vol-
canic particles from October 2011 to March 2012
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warmed the water column and changed the sea-
water chemistry, including a significant decrease
in pH and oxygen and an increase in iron and
nutrients near the volcano (Fraile-Nuez et al.
2012; Santana-Casiano et al. 2013). Effects on
the pelagic communities included the death of
fish, which appeared floating on the surface
while no fish schools could be acoustically
detected within the volcano-affected area (Ariza
et al. 2014; Fraile-Nuez et al. 2012). Moreover,
the deep scattering layer produced by plankton
and nekton echoes was shallower than usual in
affected waters, and diel vertical migration of
micronekton was disrupted (Ariza et al. 2014;
Fraile-Nuez et al. 2012). A clear deoxygenation
near the volcano was found from 75 to 175 m,
yet oxygen profiles were normal in the post-
eruptive stages (Fraile-Nuez et al. 2012). Once
the eruptive stage was over, the Tagoro sub-
marine volcano began an active hydrothermal
phase, involving the discharge of heat, gases, and
metals from multiple vents dispersed around the
main cone by percolation of vent fluids through
the highly permeable volcanic edifice (Fraile-
Nuez et al. 2018; González-Vega et al. 2020;
Santana-Casiano et al. 2016). In this new phase,
the oceanographic conditions in the large affected
area north and south of the island returned to
normal, but cyclic emissions producing impor-
tant physical–chemical anomalies in the interior
of the main and secondary craters were docu-
mented (Fraile-Nuez et al. 2018). Today, the
Tagoro submarine volcano is still active, in a
degassing phase, but physical–chemical anoma-
lies are only detectable in a * 400 m radius
around the main crater and close to the seabed.
Recent studies have shown that the Tagoro sys-
tem currently exhibits physical and chemical
anomalies, with an increase in potential temper-
ature of 2.55 °C, a decrease in salinity of 1.02, a
decrease in density of 1.43 kg m−3, and a
decrease in pH of 1.25 units (Fraile-Nuez et al.
2018; Chap. 8 of this book).

Bacterioplankton (i.e., bacteria and archaea)
around the Tagoro submarine volcano was also

monitored. These organisms constitute the
smallest but most abundant organisms of marine
plankton and may be crucial in understanding the
magnitude of sudden disturbances, particularly
because of their fast response to environmental
changes (i.e., Ferrera et al. 2020; Mock et al.
2016; Nogales et al. 2011). The effects that the
volcanic disturbance had on prokaryote abun-
dance, activity, diversity, and community struc-
ture were studied through the eruptive and post-
eruptive phases (November 2011–April 2012)
(Ferrera et al. 2015; Fraile-Nuez et al. 2012).
Subsequently, multidisciplinary surveys were
continued in the area but, unfortunately, there
was little microbiological research. Still, some
studies provided evidence that the Tagoro sub-
marine volcano, after evolving from the eruptive
to a degassing phase, gave rise to a new
ecosystem in which microorganisms involved in
iron, sulfur, and methane cycles were able to
grow (González et al. 2020), including previ-
ously undescribed microbes (Danovaro et al.
2017). Sampling for microbiological studies was
resumed with some regularity in 2018, taking
advantage of the hydrographic expeditions led by
the Spanish Institute of Oceanography that
monitors the area twice a year. Current efforts
focus on the effect of volcanic emissions and the
associated nutrients on photosynthetic produc-
tivity of the water column and on the isolation
and culturing of microbes associated with the
diffusive flows. These expeditions are an oppor-
tunity to study the effects of a volcano in a
degassing stage on the photosynthesis-based
microbial food web of the water column and
also to explore whether the volcano continues to
provide the reduced materials and conditions that
sustain chemosynthetic primary production at the
venting sites. Below, we summarize what is
known about the microbial communities around
the Tagoro submarine volcano, from its birth to
the current state, and we discuss what questions
should be pursued in order to foster our knowl-
edge of the microbiology associated with this
volcano, both in the pelagic and benthic realms.
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10.2.1 Abundance and Activity
of Microbial
Communities in Waters
Surrounding the Tagoro
Submarine Volcano

The abundance of photosynthetic picoplankton
and heterotrophic prokaryotes in the surrounding
waters of the volcano was assessed during vari-
ous cruises that took place shortly after the onset
of the eruption until it ceased. Cells with the
typical characteristics of Prochlorococcus and
Synechococcus cyanobacteria were enumerated
using flow-cytometry in samples collected from
November 2011 to February 2012. The data
indicated that the abundance of these members of
the picophytoplankton were not affected in sur-
face waters but both cyanobacterial groups
declined threefold in deeper waters closer to the
volcano, compared with stations far from the
volcano (Fraile-Nuez et al. 2012). Conversely, in
these initial surveys, heterotrophic prokaryote’s
abundance increased with depth at stations
affected by the volcanic emissions (Fraile-Nuez
et al. 2012). Further analyses comparing samples
collected from November 2011 to April 2012 at
subsurface waters and oxygen depleted waters in
various areas around El Hierro island revealed
that: (i) the number of prokaryotes was higher
during the submarine eruption than in the post-
eruption stages, (ii) the differences were more
evident when comparing the control station to the
stations in the vicinity of the volcano, and
(iii) the oxygen-depleted waters (*70–200 m)
were in general more affected than subsurface
waters (Ferrera et al. 2015).

The study of Ferrera et al. (2015) also asses-
sed the nucleic acid content of bacterioplankton
as a single cell-based proxy of cell activity.
Previous investigations have shown that the
delineation of bacterioplankton into two popu-
lations based on their nucleic acid content (high
nucleic acid content—HNA—or low nucleic acid
content—LNA) can be attributed partly to a
difference in their physiological state and that
HNA cells tend to be more active (Gasol et al.
1999; Lebaron et al. 2001; Servais et al. 2003),
although it is known that nucleic acid content

may also partially reflect the genome size of the
cells (Vila-Costa et al. 2012). The percentage of
presumably more active cells was significantly
different between sampling periods (eruption and
post-eruption) and between depths (subsurface,
0–70 m; oxygen depleted waters, 70–200 m)
(Ferrera et al. 2015). The proportion of HNA
cells was greater in the affected zone and near the
volcano during the eruptive phase, particularly in
oxygen-depleted waters (Fig. 10.1) (Ferrera et al.
2015). Flow cytometric analyses further revealed
the presence of two types of particles distinct
from the typical HNA or LNA populations.
Based on the cytograms, one of them could
represented particles and was observed associ-
ated with the discharge of vent material appear-
ing mainly in stations closer to the volcano. The
second population could represent cells attached
to these particles and was detected in signifi-
cantly higher amounts in the volcano area (Fer-
rera et al. 2015).

Overall, this study showed that the eruption
promoted an increase in the abundance and
activity of heterotrophic prokaryotes during the
eruption, notably in depths close to the volcano
but values returned to normal levels in the post-
eruptive period. This increase could be a conse-
quence of the enrichment of Fe(II) and
macronutrients over the volcano promoted by the
eruption as reported by Santana-Casiano et al.
(2013) and González-Vega et al. (2020).
Nonetheless, the distinct response of cyanobac-
teria and heterotrophic prokaryotes to the vol-
cano’s influence suggests that there was selection
under the rapidly changing conditions.

In subsequent studies, bioorthogonal non-
canonical amino acid tagging (BONCAT)
(Dieterich et al. 2006; Hatzenpichler et al. 2014;
Leizeaga et al. 2017) was used to evaluate the
effect of the volcano in a degassing state on
microbial communities. This approach enables
the visualization of protein synthesis and coupled
with catalyzed reporter deposition fluorescent
in situ hybridization (CARDFISH), it allows the
phylogenetic identification of the active cells
(Fig. 10.2). Samples for BONCAT were col-
lected in October 2016 when the degasification
of the volcano was driven by periodic pulses
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(Fraile-Nuez et al. 2018). Single cell activity of
prokaryotes increased in waters affected by the
volcanic emissions, which were detected by pH
anomalies (Martínez-Miralles 2017), providing
evidence that underwater volcanos have an
impact on communities in surrounding waters
long after the eruption is over.

It is well-known that underwater eruptions can
release nutrients that may stimulate the growth of
phytoplankton (Buck et al. 2018; Guieu et al.
2018; Santana-Casiano et al. 2013). A clear
example was recently documented during the last
eruption of the Kilauea volcano (Hawaii), when a
unique perturbation of lava-impacted seawater
produced a large-scale ocean fertilization event,
which revealed how marine ecosystems respond
to exogenous inputs of nutrients (Wilson et al.
2019). There, the extensive plume of chlorophyll
a was even detectable in satellite images. In
contrast, Gómez-Letona et al. (2018) did not find
evidence of significant phytoplankton blooms
occurring with the Tagoro eruption. They
hypothesized that a bloom did not occur because
nutrients were diluted by efficient renewal of
ambient water in the area. However, new studies

around the Tagoro have revealed an increase in
zooplankton abundance in waters affected by the
volcano, with a higher presence of non-calanoid
copepods and a decline in the diversity of the
copepods’ community, indicating that volcanic
inputs have a significant effect on these organ-
isms (Fernández de Puelles et al. 2021). Thus,
the Tagoro submarine volcano can be considered
a natural laboratory where to analyze the zoo-
plankton community, in particular the factors that
modulate its abundance and diversity (Fernández
de Puelles et al. 2021).

10.2.2 Diversity and Structure
of Microbial
Communities in Waters,
Sediments and Mineral
Deposits Surrounding
the Tagoro Submarine
Volcano

A preliminary study investigating the effect of
the volcanic eruption on the diversity of bacte-
rioplankton used phylogenetic analyses of
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Fig. 10.1 Distribution of the percentage of high-nucleic
acid content (% HNA) cells in samples collected during
the eruptive phase (top panel) and the post-eruptive phase
(bottom panel) grouped by depth (SS: subsurface, 0–
70 m; OD: oxygen depleted waters, 70–200 m) and

location (Control: stations in the control zone; Affected:
stations in all affected areas, Volcano: affected stations in
the vicinity of the volcano). Modified from Ferrera et al.
(2015)
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cyanobacterial 16S rRNA gene sequences (gen-
erated from clone libraries) and revealed a pos-
sible volcano-induced selection for certain
Prochlorococcus ecotypes in affected waters
(Fraile-Nuez et al. 2012). In a later, more com-
prehensive study, samples collected during four
of the initial hydrographic cruises were used for

amplicon sequencing of bacterial and archaeal
16S rRNA gene tags. This methodology is
commonly used in microbial ecology studies and
allows the detection of patterns of diversity,
structure, and dynamics of microbial communi-
ties. The results indicated that bacterial commu-
nities during the eruption were overall less rich

Fig. 10.2 Single cell analysis of prokaryotic activity.
a Schematic flow of the bioorthogonal non-canonical
amino acid tagging (BONCAT) technique. The sample is
incubated with an amino acid surrogate and then the
incubation is terminated with a fixative. The cells are then
collected onto a 0.2 µm pore size filter which is divided
into several portions. Each portion of the filter undergoes
a CARDFISH hybridization with a group-specific probe
(CARDFISH + cells), and a click-chemistry reaction
through which the proteins synthesized during the incu-
bation are fluorescently labelled (% of active cells).
Samples are counterstained with DAPI (4′,6-diamidino-2-

phenylindole) to enumerate the total number of prokary-
otic cells. b Examples of micrographs of DAPI,
BONCAT and CARDFISH with a sample collected
during the degassing stage of the Tagoro volcano
(October 2016). In the BONCAT micrograph, an example
of active cells not labelled with the Gammaproteobacteria
probe is shown (arrow), and an example of active
Gammaproteobacteria cells are signaled by the round tip
arrow. c Schematic of the outcome of the results. With
this analysis the contribution of different prokaryotic
groups to the bulk activity of the prokaryotic community
can be assessed
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(lower number of taxa) than those collected in
the following months. In contrast, archaeal rich-
ness estimates in eruption and post-eruption
phases were similar (Ferrera et al. 2015).

An index of differences in bacterial compo-
sition (beta-diversity) indicated that bacterial
communities collected during the eruption
grouped together and were separate from those
collected after the eruption (Fig. 10.3; Ferrera
et al. 2015). The presence of certain groups
typically associated with hydrothermal systems
(e.g., Epsilonproteobacteria and Zetaproteobac-
teria) supported the hypothesis that, as for
abundance and activity, the volcano induced
changes in the bacterial community structure.
However, no clear clustering of eruptive or post-
eruptive samples was observed for archaea,
although the low number of sequences analyzed
for the archaeal domain could explain the lack of
pattern (see Ferrera et al. 2015).

Further, sequence tags revealed interesting
differences between the erupting and post-
erupting periods in the composition of the bac-
terial communities. For example, the proportion

of Alphaproteobacteria, including the SAR11
group—a common member of marine bacterio-
plankton—was lower in samples collected in
November 2011 than in samples collected
months later. Moreover, despite the low abun-
dance of Epsilonproteobacteria, recognized as an
ecologically relevant group in hydrothermal
environments for playing key roles in carbon and
sulfur cycling (Nakagawa et al. 2005), they were
significantly higher in November 2011. In fact,
they were hardly detected in epi- or mesopelagic
samples collected months after the eruption.
Interestingly, the few tags found in the post-
eruption period were different than those present
during the eruption (see Fig. 10.4). Members of
the candidate division ZB3, often associated with
oxygen minimum zones and sulfidic environ-
ments, were also detected in the water column
although at low abundances. Lastly, tags
belonging to the Zetaproteobacteria, which are
iron-oxidizers associated with seamounts
(McAllister et al. 2019), were also detected in the
water column near the Tagoro submarine vol-
cano. Compounds released during the eruption
included inorganic sulfur, reduced iron, man-
ganese, and ammonium (Fraile-Nuez et al. 2012),
all of which can serve as a source of energy for
some of these organisms, which were likely
accompanying the volcanic emissions and
thrived in the water column during and after the
eruption. As for archaea, the taxa that typically
dominate hydrothermal systems (e.g., Nanoar-
chaea, Archeaoglobales, Thermococcales, Ther-
moplasmatales; e.g. Gugliandolo and Maugeri
2019; Huber et al. 2002; Kormas et al. 2006;
Pagé et al. 2008; Reysenbach et al. 2020) were
not detected near the Tagoro submarine volcano
after its birth. Overall, the study by Ferrera et al.
(2015) concluded that the geochemical changes
in seawater resulted in changes in the bacterial
community structure and composition, although
these changes were transient. Microbial com-
munities in the area were largely restored after
the eruption.

In 2014, two years after the eruptive phase
was over, a survey collected sediment and min-
eral deposits near degassing vents around the
Tagoro and found the presence of various

Fig. 10.3 Non-metrical multidimensional (nMDS) plot
based on bacterial taxa in seawater samples collected from
November 2011 to April 2012. The position of samples
reflects how different bacterial assemblages are from each
other based on their distance in a two-dimensional plot.
The figure shows how bacterial communities collected
during the eruption clustered together and were separate
from the post-eruption communities. Modified from
Ferrera et al. (2015)
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organomineral structures, reflecting microbial
iron-oxidation fueled by Fe-enriched hydrother-
mal fluids (González et al. 2020). Sequencing of
16S rRNA genes from a sediment sample
unveiled that most bacterial and archaeal taxa
recovered belonged to groups typically found in
the seawater column, such as Acidobacteria,
Oceanospirilalles, Bacteroidetes, and Thaumar-
chaeota. Moreover, organisms typically recov-
ered from hydrothermal systems, such as iron-
oxidizing bacteria from the Zetaproteobacteria
class, sulfur-oxidizing bacteria from the
Gammaproteobacteria (Thiotrichales and Chro-
matiales), sulfate-reducers (Deltaproteobacteria),
and methanogenic and methane-oxidizing
archaea were also present (González et al.
2020). Overall, this study provided evidence of
the occurrence of diverse microorganisms
involved in iron, sulfur and methane cycling in
the Tagoro submarine volcano, some of which
may participate in microbial biomineralization
processes (i.e., the formation or accumulation of
minerals by microorganisms). Further, sequence

data generated from a hydrographic cruise that
took place in October 2016 suggest that venting
activity continued providing the conditions for
the development of iron- and sulfur-oxidizing
bacteria, since these microbes were relatively
abundant in seawater samples with pH anomalies
(Romano-Gude 2017).

10.2.3 New Forms of Microbial Life
Emerging from the
Tagoro Submarine
Volcano

One of the most fascinating findings made from
exploring the Tagoro submarine volcano was the
discovery of what appears to be a new bacterium,
named Venus’ Hair (Danovaro et al. 2017). In
2014, 32 months after the eruption, an expedition
found an area of about 2000 m2 around the vol-
canic cone colonized by whitish microbial mats,
which were made of filaments of up to a few
centimeters long attached to the lava substrate.
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Fig. 10.4 Phylogenetic tree of epsilonprotebacterial 16S
rRNA gene sequences retrieved from seawater samples
collected around the Tagoro submarine volcano between
November 2011 and April 2012. The color indicates the
sampling period when sequences were detected (green:

eruption, blue: post-eruption). Reference sequences from
GenBank database are indicated by their accession
number in parenthesis. The scale bar indicates substitu-
tions per site. Modified from Ferrera et al. (2015)
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Microscopic analysis of the filaments revealed
that these were long trichomes of bacterial cells
inside of 36–90 lm-wide sheaths. The filaments
resembled those formed by members of the genus
Thioploca within the Thiotrichales (Teske and
Nelson 2006) but the organisms covering the
Tagoro submarine volcanowere firmly attached to
the substrate whereas the Thioploca filaments
typically do not. The lack of vacuoles in Venus’
Hair, unlike other members of sulfur-oxidizing
filamentous Thiotrichales (Jørgensen and Gal-
lardo 1999), was another hint that Venus’ Hair
could be a new organism. The lack of a cultured
isolate of the organism was circumvented by
Danovaro and colleagues by powerful metage-
nomic analyses of DNA from the filaments, which
enabled the reconstruction of various partial gen-
omes, one of which (bin 11) dominated the
sequence dataset. Phylogenomic analyses using
multiple gene markers showed that bin 11 was
affiliated with the family Thiotrichaceae (class
Gammaproteobacteria). Bin 11 was closest to the
genome of the filamentous Thioploca araucae,
but these two genomes only shared about one third
of predicted genes. These results indicated that the
Venus’ Hair filaments likely were not only a new
species but a new genus of the order Thiotrichales.
The proposed new name is Candidatus Thiolava
veneris (Danovaro et al. 2017).

Genomic analyses of bin 11 revealed its
unusual metabolic potential. Like other
chemolithoautotrophs, Candidatus Thiolava
veneris has the capability for CO2 fixation, but it

has not one but three mechanisms for carbon fix-
ation: the Calvin–Benson–Bassham cycle, the
reductive tricarboxylic acid cycle, and the C4-
dicarboxylic acid cycle. Strikingly, it has also
genes for the exploitation of organic substances, as
heterotrophic organisms do, being thus a potential
mixotroph. The genome of Candidatus Thiolava
veneris also contains genes involved in nitrate
reduction and different pathways for sulfur meta-
bolism. In addition, its partial genome contains a
gene similar to a known heavy metal translocating
ATPase, which could be used for detoxification of
metals leached from the solidified lava. Perhaps
this unusualmetabolic repertoire explainswhy this
organism was able to massively colonize the sea-
floor after the destruction that followed the sub-
marine volcanic eruption, leading to a novel
microbial habitat. Further analyses of the organ-
isms associated with the mat conducted by
sequencing taxonomic ribosomal genes showed a
diverse array of bacteria, archaea, and eukaryotes,
many of which could not be assigned to organisms
present in current databases, indicating that the
new ecosystem could represent an important
contribution to biodiversity. Overall, the data
suggest that the filamentous bacteria act as the
system’s primary producer at the bottom of a food
chain that supports higher trophic levels. Cur-
rently, the main crater area of the Tagoro is still
covered with whitish mats likely formed by Can-
didatus Thiolava veneris (Fig. 10.5), which offers
the possibility to further investigate this fascinat-
ing habitat.

Fig. 10.5 Image showing whitish filaments attached to
mineral deposits in the Tagoro volcano (indicated by the
white arrow), likely formed by Candidatus Thiolava

veneris. Image captured by ROV Liropus 2000 from the
Spanish Institute of Oceanography (IEO-CSIC) as part of
the VULCANA-II project (April 2017)
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10.3 Concluding Remarks
and Future Perspectives

Shallow hydrothermal systems constitute an
excellent natural laboratory for investigating the
effects of high CO2, temperature, and nutrients as
well as lower pH on marine microorganisms.
Moreover, eruptive events provide a unique
opportunity to observe subseafloor microbial
communities. Since 2011, the shallow Tagoro
submarine volcano has been monitored by the
Spanish Institute of Oceanography (IEO-CSIC)
and other national and international marine
research institutions and universities. The multi-
disciplinary monitoring carried out over the past
10 years has included a microbiological per-
spective, yet our knowledge of the microbial
communities in this ecosystem is still sparse.
Most of the focus of the surveys has been on
evaluating the effects of the eruptive plume first
and then the gaseous emissions on the sur-
rounding pelagic communities (Ferrera et al.
2015; Fraile-Nuez et al. 2012; Gómez-Letona
et al. 2018; Romano-Gude 2017; Martínez-
Miralles 2017). These studies have concluded
that the eruption significantly changed the
abundance, activity, and diversity of prokaryotes.
In particular, from monitoring the pelagic com-
partment during early stages of the Tagoro sub-
marine volcano we have learnt that:
(i) cyanobacterial cells suffered a decline at
depths close to the volcano during the eruption;
(ii) the number of heterotrophic prokaryotes in
the surrounding waters of the volcano was gen-
erally higher during the eruption than in the post-
eruption stage; (iii) the percentage of HNA
potentially active cells was greater during the
eruptive phase in the affected zone; (iv) the
eruption caused a decrease in the diversity of
bacterial communities; (v) certain typically
hydrothermal taxa were detected in the water
column during the eruption; and (vi) greater
effects on diversity and community composition
of archaea were not observed (Ferrera et al. 2015;
Fraile-Nuez et al. 2012). Surveys in the degas-
sing stage have shown that, despite most values
returning to normal in the post-eruptive stages

thanks to dilution with background seawater,
there are physical (temperature, salinity, and
density) anomalies still present in the area (see
Chap. 8 of this book). Moreover, venting areas
still have a certain influence in the area, as
observed by the occurrence of hydrothermal
microorganisms involved in iron cycling that are
detected in the water column years later
(Romano-Gude 2017) and the increase in the
single-cell activity of marine prokaryotes in
waters affected by the plume (Martínez-Miralles
2017). Conversely, other authors could not find
any apparent impact on local phytoplankton
communities (Gómez-Letona et al. 2018), while
a significant change was detectable in the com-
position of the zooplankton community in waters
affected by the volcanic emissions (Fernández de
Puelles et al. 2021). These contrasting reports
should motivate further investigation. A major
caveat lies in the fact that any biological effect of
volcanic inputs to the water column will occur
after a certain time lag and, with the combined
effect of uptake and dilution, it is difficult to
distinguish between water masses affected by
emissions and unaffected control waters. Current
efforts led by the Spanish Institute of Oceanog-
raphy (IEO-CSIC) focus on improving the design
of the sampling strategy and finding appropriate
tracers of volcanic affection in order to
unequivocally identify the water parcels that
receive volcanic inputs. This knowledge will be
instrumental to properly assess the effect of dif-
fuse volcanic emissions on the pelagic food web.

Regarding the benthic compartment, analyses
of microbial mats, sediments, and mineral
deposits in the post-eruptive stage revealed that
years after its onset, the volcano was fueling the
development of microbes involved in iron, sul-
fur, and methane cycling (Danovaro et al. 2017;
González et al. 2020). One of the most remark-
able findings was the discovery of Candidatus
Thiolava veneris, a filamentous organism with
the ability of massively colonizing the seafloor
around Tagoro (Danovaro et al. 2017). The
authors characterized this organism using
microscopic and metagenomic approaches and,
based on phylogenomic placement and structural
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differences, they proposed this organism as a new
species. Unfortunately, the organism was not
isolated in pure culture and the 16S rRNA gene
sequence of Candidatus Thiolava veneris was
never retrieved from the metagenomic assembled
sequences. Due to the lack of ribosomal gene
sequence data, the authors could not perform
fluorescence in situ hybridization analysis on the
filaments, which would have been the irrefutable
proof that bin 11 belonged to the filamentous
organism. Perhaps other single-cell molecular
techniques like gene-FISH (Barrero-Canosa et al.
2017) or its variants (Guimarães et al. 2021)
could be used to target Candidatus Thiolava
veneris genes, which would help confirm the
identity of this filamentous organism.

The assembly of single-amplified genomes
(SAGs) and metagenome-assembled genomes
(MAGs) have unveiled the existence of many
new organisms and even phyla (Rinke et al. 2013;
Parks et al. 2017). Yet, having a cultured ‘type
material’ is still required by the International
Code of Nomenclature of Prokaryotes (ICNP) to
name a new species, despite the rising initiatives
for naming uncultivated organisms (Konstantini-
dis et al. 2017; Murray et al. 2020), and the
common practice in microbiology of defining
species based on 16S rRNA gene sequences (Kim
et al. 2014). Obtaining Candidatus Thiolava
veneris in culture would help confirm its identity
and move from the Candidatus category to a fully
described organism. Most importantly, it would
be possible to investigate its physiology under
different, controlled scenarios and to test the
metabolic versatility suggested so far only with
metagenomic information.

With the exception of the study by Danovaro
and colleagues which applied metagenomics, the
analysis of prokaryotic diversity conducted on
the Tagoro submarine volcano has been limited
to sequencing ribosomal genes. By means of 16S
rRNA gene sequencing, the presence of organ-
isms typically associated with hydrothermal
systems, such as members of the Epsilonpro-
teobacteria, Zetaproteobacteria or Woe-
searchaeota, has been reported. However, no
genomic information has been retrieved from
these organisms. Thus, whether the ecotypes

living in this volcano are identical to those
reported from other hydrothermal environments
is unknown. A long-standing question in micro-
bial ecology is about the biogeography and
microbial dispersion across very distant com-
munities (Martiny et al. 2006; Mestre and Höfer
2020). The question is of particular interest in
hydrothermal systems since these ecosystems are
distantly distributed, and as a result can poten-
tially harbor isolated microbial populations (Dick
2019; Whitaker et al. 2003). Some of the taxa in
the vicinity of the volcano were not present in the
surrounding waters and, intriguingly, Candidatus
Thiolava veneris had not been previously repor-
ted elsewhere. Up to now, little effort has been
put into comparing the diversity of the organisms
inhabiting the Tagoro submarine volcano with
other hydrothermal systems. Obtaining individ-
ual genomes from these organisms would help
understand whether the Tagoro harbors commu-
nities similar to those of other geothermally
active systems or it contains its own local
diversity. Another issue that has not been fully
investigated is the presence of symbiotic bacteria
among the biota colonizing the newly formed
ecosystem (Witt et al. 2017), as opposed to those
from hydrothermal vents in mid-ocean ridges
worldwide, which have been studied in detail.
Approaching this subject would further con-
tribute to that biogeography question, since
symbiotic bacteria are selected by environmental
conditions but also by their hosts, which them-
selves display strong biogeographical patterns
(Bachraty et al. 2009; Dubilier et al. 2008;
Petersen et al. 2010; Tunnicliffe et al. 1998).
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Abstract

Since Tagoro volcano erupted in 2011, several
impacts have been associated to the volcano
formation process, some of which are still

present to date. This chapter is a review of the
marine environmental perturbations caused by
Tagoro volcano as a new geological structure,
but thoroughly onto the partly annihilated
benthic and demersal pre-existing biota, and
the colonizing dynamics during the recovery
process. Shallow recent volcanic activity in
the NE Atlantic is uncommon, thus, Tagoro
provides a unique opportunity to study, from
the very beginning, the evolution of the
unusual shallow hydrothermal systems, and
the establishment of new marine habitats and
associated biota. Distinct habitat types, with
different associated deposit products (volcani-
clastic aprons, lava balloons, lava ponds, etc.),
have been described, and a description of the
colonizing biota has been made from the
available published works as well as from
underwater imagery and benthic dredge sam-
ples taken during several field expeditions
(Vulcano0313, 1013, 0314 and Vulcana0417).
Those habitats included hard (rocky) and
mixed (loose) substrate habitats, but also
extreme habitats with hydrothermal vents
and bacterial mats, accompanied by significant
physical and chemical anomalies. Habitat
preference by the observed taxa among the
volcanic edifice has been explored through
nMDS analyses, and a comparative analysis
with published data of the typical fauna of the
region (La Restinga, Mar de Las Calmas,
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Marine Reserve, El Hierro Island), permitted
to foresee the very first steps and direction of
the recovery of the benthic and demersal
communities. The impact caused by Tagoro
onto the nearest littoral benthic communities,
the ichthyofauna and the local fisheries have
been described as well. Finally, some recom-
mendations and further steps are given in
order to adequately monitor the successional
trend and environmental status of the benthic
and demersal communities.

Keywords

Shallow underwater volcanoes � Tagoro �
Benthic habitat diversity � Dynamics of
marine ecology

11.1 Introduction

Underwater volcanic eruptions expose marine
organisms to highly variable and extreme con-
ditions in short time frames. Violent eruptions
can destroy benthic-established communities by
burying them with lavas and pyroclastic materi-
als (Tolstoy et al. 2006; Sotomayor-García et al.
2019), but create at the same time a new and
empty substrate, spotted with diffusive vents that
can be colonized by organisms ranging from
bacteria to metazoans (Tunnicliffe et al. 1997;
Dunstan and Johnson 1998; Shank et al. 1998;
Mullineaux et al. 2003; Cowen and Sponaugle
2009; Hernandez et al. 2011; Witt et al. 2017;
Sotomayor-García et al. 2020). In 2011, Tagoro
volcano (hereafter Tagoro) erupted south of El
Hierro Island (Canary Islands) at 89 mbsl (meter
below the sea level) (Fraile-Nuez et al. 2012;
Rivera et al. 2013), annihilating most of the
inhabiting benthic and demersal fauna in the area
(Sotomayor-García et al. 2019). The immediate
colonization and recovery process of those
habitats has been described in Sotomayor-García
et al. (2019, 2020). The former drastic conditions
seemed to be advantageous to some organisms
that have a wide range of tolerance or high
capacity to adapt to new environments, high
growth rates, high reproductive output and

mobility, and also, to those that were common in
the adjacent areas. Nevertheless, the eruption
itself was responsible at the same time of a
transitory fertilization event of the surrounding
seawater (Fraile-Nuez et al. 2012; Santana-
Casiano et al. 2013; González-Vega et al.
2020), latter on replaced by lateral fluxes of
organic particles from distant active established
habitats, or downwards from the ocean’s surface
waters as has been described in other environ-
ments by Smith et al. (2008) and Levin et al.
(2016).

Magmatic activity at shallow depths
(infralittoral-circalittoral) is often brief and
punctual, followed by an extended-on-time
degassing phase. In the case of Tagoro, the vol-
canic eruption lasted for 5 months (Rivera et al.
2013), and the venting phase remains active to
date (Fraile-Nuez et al. 2018; González-Vega
et al. 2020). The recovery of the habitats and
associated biota is then subjected to a gentle fluid
emission, i.e. visible shimmering water, and
small but noticeable water temperature anomalies
of around + 0.02 °C above the ambient, and
large deposits of S and Fe mineral covering
mantles on the nearby venting chimneys (Gon-
zález et al. 2020).

The first colonization steps of extreme envi-
ronments in the ocean have been well docu-
mented for the deep-sea hydrothermal vents, at
the spreading mid-ocean ridges (Gulmann et al.
2015; Alain et al. 2004; Marcus et al. 2009;
O’Brien et al. 2015). The habitats of these
hydrothermal vents may display repeated pri-
mary succession because community develop-
ment is reset by continuous eruptive events on a
decadal scale (Embley et al. 1998; Soule et al.
2007). Therefore, some knowledge has been
achieved on the premier macrofauna that takes
over (i.e., chemosymbiotic tubeworms and deep-
sea mussels) within the associated productivity
regimes, as well as on the chemosynthetic bac-
teria that make the community development
viable (Van Dover 2000). Nevertheless, when it
comes to eventual shallow-water eruptions,
scarce information is available on the ecological
succession for replenishing the eradicated habi-
tat. The extent to which a benthic marine
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community is accessible is crucial to understand
its resilience capacity. Colonization of new sub-
strates by larvae of macrofaunal organisms from
distant areas was found to be one of the major
triggers for habitat recovery after an eruptive
event at the East Pacific Rise (Mullineaux et al.
1998, 2010, 2012) and Juan de Fuca Ridge
(Marcus et al. 2009). Moreover, it is important to
take into account, that natural disasters only
partly destroy the pre-existing communities, i.e.,
there are rarely no survivors to an eruption
(Sousa 2001). Thus, these survivors may con-
tribute to the reconstruction of the pre-
disturbance communities (Platt and Connell
2003).

In this chapter, the impact caused by the
eruption and further recovery of the habitats have
been reviewed combining information published
by different authors together with data gathered
for a decade, from before (Oceana 2010) and
after the eruption through Vulcano and Vulcana
oceanographic expeditions from IEO (Instituto
Español de Oceanografia, Sotomayor-García
et al. 2019, 2020) (Fig. 11.1a). The impact of
Tagoro formation onto benthic and demersal
communities has been analyzed, but also onto
pelagic and littoral systems, accounting for the
ichtyofauna and flora of the surrounding ambi-
ent. Finally, some recommendations and further
directions are given in order to maintain Tagoro’s
biological communities monitoring.

11.2 Physical–Chemical Anomalies
of the Water Masses During
the Eruptive Event
and the Successive Recovery
Phase

During the eruptive phase, where large quantities of
mantle-derived gases, solutes and heat were
released into the surrounding waters, Conductivity-
Temperature and Depth (CTD) measurements of
the waters affected by the volcanic emissions,
revealed temperature and salinity anomalies up
to + 3 °C and 0.3, respectively, at 80 mbsl. The
major anomalies though were commonly detected
around the principal and secondary cones. At the

time of the eruption, maximum temperature
anomalies of + 18.8 °C were observed close to the
principal cone (around 210 mbsl) (Fraile-Nuez
et al. 2012). Moreover, important anomalies in
the carbonate system variables, pHT (total pH), CT

(total dissolved inorganic carbon) and AT (total
alkalinity) were observed principally due to CO2

emissions. At depths between 75 and 100 mbsl, pH
values ranged from 5.8 to 6.4 (outside the affected
area: pH = 8.0), which increased to values between
7.2 and 7.6 to the southwest of the volcano. The CT

at surface waters was as high as 7682 lmol kg−1

(outside the affected area, at the surface, CT =
2100 lmol kg−1). To the west, and following the
direction of the volcanic plume, the CT decreased
gradually to 2780 lmol kg−1. The emissions of
reduced species such as iron and sulfur were also
important. Between 75 and 125 mbsl, the concen-
tration of Fe(II) reached values higher than
50 lmol kg−1 and the S(II) species presented
concentrations of 476 lmol kg−1. The Fe(II)
emitted was oxidized to Fe(III) and precipitated
into various mineral species, mainly oxy-
hydroxides. The flux and oxidation of the
reduced emitted species was so high that oxygen
values were often below detection limit and patches
of anoxia at 100 mbsl in the affected area were
observed (Santana-Casiano et al. 2013; Ariza et al.
2014). Studies of volatiles and trace elements
concentrations from the Tagoro lava balloons
(Longpré et al. 2017) agreed with the changes in
the CO2 variables and redox species observed
along the water column.

Five months after the beginning of the erup-
tive process, monitoring of the physical proper-
ties around Tagoro continued showing significant
variations in the temperature and salinity, with
small but notable differences of + 0.02 °C and
− 0.018, respectively. During the degassing
period, the area chemically affected by Tagoro
and its hydrothermal emissions was concentrated
0.5 km around the principal cone. The compo-
sition of the gases emitted was mainly CO2.
These emissions generated a pHT value of 6.1
(1.9 units below the normal values) and a CT of
4.191 µmol kg−1 in the water column just over
the volcanic edifice, around 90 mbsl (Santana-
Casiano et al. 2013). Positive anomalies for
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Fig. 11.1 a Location of benthic dredges and underwater
imagery tracks recovered during Vulcano and Vulcana
oceanographic expeditions. b Map displaying the main
habitats of Tagoro volcanic complex: HVB, hydrothermal
vent sites with bacterial mats; SLF, sulphurous-like fields,
NHB and NMB, new hard and mixed bottoms and SHB,

stable hard bottoms, and location of underwater images C
to H. c Hornito mesoform, d hydrothermal chimney,
e Greyish bacterial mats near the summit of Tagoro
volcano, f Venus’s hair bacterial mats, g sulphurous-like
fields and small bacterial mats in the depression-like crater
and h Sulphurous-like fields near to the depression

220 A. Sotomayor-García et al.



Fe(II) were still observed. A decrease in pH
contributed to a decrease in the oxidation rate of
Fe(II), and favored the persistence of this metal
in the medium.

In October 2016, five years after the end of
the eruptive phase, a physical mooring installed
in the interior of a hydrothermal depressed area at
127 mbsl of the principal cone of Tagoro, reg-
istered important physical anomalies above the
surface of the seabed in reference to the sur-
rounding waters. In that sense, the hydrothermal
system generated a micro-environment that were
supporting continuously maximum potential
temperature anomalies of up to + 2.55 °C, a
decrease in salinity of − 1.02 and a decrease in
density of − 1.43 kg m−3 (Fraile-Nuez et al.
2018). The emission of CO2 was observed only
above the principal cone reducing the pH
by * 0.30 units in 2014 (Santana-Casiano et al.
2016) and 0.05 in 2019. The combined effect of
temperature and salinity anomalies could gener-
ate a buoyant plume on the environment that
returned shallower water downwards by diffu-
sion, to close the circulation cells, which at the
same time generated by advection a horizontal
flow (Speer 1989). Theoretically, this vortex, is
of sufficient magnitude to trap water in a local
recirculation that could have a crucial effect on
the expected dispersal of plume properties,
including mineral particles, chemical tracers, and
organisms (Speer 1989). Also, a general enrich-
ment of macronutrients (nitrate, nitrite, phos-
phate and silicate) was observed during a period
of eight years since the onset of the eruption
(González-Vega et al. 2020), as well as an
extended mineralization of the seafloor due to
hydrothermal iron (Fe)-rich sediments (González
et al. 2020).

11.3 Tagoro Formation
and Establishment
of Chemosynthesis-Based
Habitats

The main geomorphic macro- (e.g., edifice,
cones) and micro-features (e.g., hornitos) of
Tagoro, as well as the newly formed habitats and

associated biota, were previously characterized in
different works (Somoza et al. 2017; Danovaro
et al. 2017; Sotomayor-García et al. 2019, 2020).
The eruptive activity, ranging from effusive to
explosive with a wide range of eruption styles,
combined with later hydrothermal venting, gave
rise to the Tagoro volcanic complex (TVC)
composed by the principal cone, various sec-
ondary cones and associated deposit products,
including volcaniclastic aprons, lava balloons,
lava ponds, bulbous pillow lavas, scoria and
hydrothermal hornitos (Somoza et al. 2017).

One aspect that characterizes Tagoro is the
absence of a previous volcanic-type structure to
be reused for its growth, as mentioned in
Chap. 3.2 (Vázquez et al., this volume). There-
fore, the volcanic stacking resulting from these
different eruptive styles, corresponds to new
volcanic bottoms mainly generated on the pre-
vious physiography of the southern flank of El
Hierro Island. The TVC is formed by this pile of
volcanic material and the debris and volcanic
flows that transported material to the southwest
channeled through a pre-existing valley (Váz-
quez et al. 2016). In the adjacent areas, a pyro-
clastic deposit was produced, which was ejected
towards the surface and later distributed by the
water masses, especially towards low gradient
areas of both the slope and the island shelf. This
volcanic dynamic devastated large part of the
bottoms where the stacking of Tagoro and
debris-volcanic flows occur. Nevertheless,
although the impact in adjacent areas was
important, some species survived throughout the
entire eruption, as discussed in the following
section.

Once magmatic activity subsided at Tagoro,
some of these newly formed seafloor deposits
conformed two novel habitats with extreme
characteristics: “Hydrothermal vents with the
presence of bacterial mats” and “Sulphurous-like
fields” (Sotomayor-García et al. 2020) (HVB and
SLF in Fig. 11.1b). They both occur around the
principal and secondary cones. Some authors
indicated that these were the most extreme
habitats in Tagoro (Danovaro et al. 2017;
Sotomayor-García et al. 2020), basically colo-
nized by bacteria that oxidize reduced sulphur
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and Fe emanating from vent sites. The study of
these habitats represented a unique opportunity
for improving the poor knowledge of these sin-
gular extreme habitats for the NE Atlantic
(Sotomayor-García et al. 2019). Other habitats
were formed by pyroclastic deposits consisting
of new hard substrates and mixed bottoms (NHB
and NMB, respectively, in Fig. 11.1b) and will
be presented and discussed in the following
section. Finally, stable hard bottoms that were
not significantly covered by erupted material
surrounded TVC and are also presented in the
following section (SHB in Fig. 11.1b).

Hydrothermal vents occur over the hard sub-
strates of the principal and secondary cones
and depression-like craters, where significant
physical–chemical anomalies associated with
hydrothermal vents occurred during the post-
eruption phase due to the degasification process
of the TVC (Fraile-Nuez et al. 2018) (Fig. 11.1b,
e, HVB). In underwater imagery numerous
chimneys, siphons and holes were identified
(Fig. 11.1d). The bacterial mats concentrated
around venting areas and were characterized by a
10 cm thick band of purple to yellowish color in
underwater photographs (Fig. 11.1e). Also, the
occurrence of numerous hornitos at the summit
of the principal cone could be indicative of the
final eruptive activity with hydrothermal flows
and alteration, where metric conical to cylindrical
accumulations of scoriaceous lava spatters, and
small eruptive vents with emissions of small
amounts of lava fragments and degassing struc-
tures are still present (Fig. 11.1c). Hydrothermal
venting beneath the hornitos resulted in the rising
of water at high pressure through secondary
conducts or fissures in the volcanic rocks pro-
moting their alteration and the formation of Fe-
oxyhydroxide precipitates and bacterial mats
(Somoza et al. 2017; González et al. 2020). In
addition, the hydrothermally altered lavas are
represented by multicolor (white, black and red)
seafloor patches, and the scoriaceous lava is
composed of large brownish heterometric and
subangular blocks showing coarse vesicular
textures and degassing conduits. Pillow lavas are

observed in the most distal deposits as flowing
over the accumulation of lava balloons on the
lower slopes of the secondary vents (Somoza
et al. 2017).

Danovaro et al. (2017) investigated the mas-
sive colonization of this extreme new habitat
(“Hydrothermal vents with bacterial mats”), and
described a new chemosynthetic bacteria genus
and species of the order Thiotrichales, commonly
known as Venus’s hair (Thiolava veneris)
(Fig. 11.1f). These Venus`s hair bacterial mats
are characterized by centimeter-long filaments of
cells, each 3–6 µm in diameter, strung together
inside a sheath with a width of 36–90 µm.
Danovaro et al. (2017) indicated that Venus’s
hair displayed an unprecedented array of meta-
bolic pathways, spanning from the exploitation
of organic and inorganic carbon released by
volcanic degassing to the uptake of sulfur and
nitrogen compounds. This metabolic plasticity
provided key competitive advantages for the
rapid colonization of the new habitat created by
the submarine eruption. Also, when analyzing
Venus’s hair DNA, DNA sequences of metazoan
taxa belonging to meiofauna with different
trophic strategies (e.g., arthropods, annelids and
nematodes, –from grazers and epistrate-feeders
to predators–), were detected as well (Danovaro
et al. 2017). This could indicate that Venus’s hair
may also represents an important food source and
sustain the entire life cycle of the smallest ben-
thic metazoan organisms, which have been
poorly studied at Tagoro.

Despite this first record of such bacteria at
Tagoro, it is difficult to explain its origin and
spreading mechanisms because Tagoro volcano
is a clear example of an isolated vent system
unconnected to any other known active
hydrothermal site in the surroundings. According
to metagenomic comparison of Venus’s hair 16 s
rDNA sequence, with other vent metagenomes
(Danovaro et al. 2017), the prokaryotic assem-
blages detected in Venus’s hair mats were
completely different from those of other
hydrothermal vent ecosystems investigated so
far, even from those detected in the water masses
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around Tagoro. Only the prokaryotic assem-
blages from the Woody Crack Front vent site,
located in the Mid-Atlantic Ridge showed
* 15% similarity with those of the bacterial
mats found at Tagoro (Danovaro et al. 2017).
Typical hydrothermal vents are common in the
Mid-Atlantic Ridge (Desbruyères et al. 2000),
but examples of isolated and active vents at
shallower locations of the Macaronesian region
are still scarce and restricted to some volcanic
islands and seamounts (Cardigos et al. 2005;
Couto et al. 2015; Hernández et al. 2016). Recent
and similar eruptive events formed newly sea-
floor substrates in the East Pacific Rise, Juan de
Fuca Ridge, the Kermadec and the Mariana arcs
(Kelley et al. 2002; de Ronde et al. 2005; Meyer
et al. 2013; Gulmann et al. 2015) and they pro-
vided novel information on key eruptive and
post-eruptive colonization processes. In general,
deep-sea hydrothermal vents are characterized by
high biomass but low biodiversity, including
several endemic metazoans (Desbruyères et al.
2000). In contrast, shallow-water vents tend to
have low biomass of a wider diverse fauna than
deep-sea vents, but they generally display few or
non-endemic species. Indeed, no endemic meta-
zoans have yet been found strictly associated
with vents of Tagoro and other shallow-water
vents of the Macaronesian region (Cardigos et al.
2005; Sotomayor-García et al. 2019).

Finally, the “Sulphurous-like fields” of
Tagoro are characterized by sulphur-looking
light and sparse deposits, which can be easily
re-suspended as seen in underwater images
(Fig. 11.1g, h). These deposits cover large
extensions surrounding the abovementioned
hydrothermal vents and hornitos, covering the
proximal extensions of the main depression-like
crater and the shallower secondary cones, around
89–130 mbsl (Fig. 11.1b, SLF) (Sotomayor-
García et al. 2020). No different species to
those ones colonizing the bacterial mats could be
detected in the underwater imagery. Further
studies are needed to characterize in detail the
biological communities (from bacteria to meta-
zoans) occurring in this extreme habitat.

11.4 Impact of Tagoro Formation
on Non-chemosynthesis-Based
Habitats

As commented in the previous sections, the
eruption promoted extreme physical–chemical
anomalies of the water column in and around the
main focal eruptive areas, during the first six
months, the degasification phase. At the dis-
tanced areas from the principal and secondary
cones, temperature anomalies were only
observed close to the seabed (data extracted
from tow-yo transects in the depth range of
60–250 mbsl). At depths between 60 and 120
mbsl, significant temperature anomalies of up
to + 1.2 °C were only found during autumn,
when the thermocline was located at around
60 mbsl. Conversely, during spring, the ther-
mocline was found deeper than in autumn, at
about 140 mbsl, and the temperature was sig-
nificantly different from background water in the
range of 140–250 mbsl of Tagoro, with a mag-
nitude of up to + 0.8 °C (Fernández de Puelles
et al. 2021). Chemical anomalies at the deeper
waters were not observed and the variations
occurred around the principal and secondary
cones. During the post-eruptive phase in 2014,
DpH values of − 0.25 at 100 mbsl were detected,
and the same anomaly was observed in 2015 and
2016. In 2019, the DpH observed was only
0.005, below the detection limit (Santana-
Casiano et al. 2013, 2016).

No specific information on the habitats and
associated biota that occurred in the area where
Tagoro was formed is available, but probably
these communities contained components that
are common at similar depths and bottoms of the
south-eastern part of El Hierro Island. Oceana
(2010) explored different parts of El Hierro
Island and characterized the habitats and com-
munities of circalittoral and bathyal hard bottoms
down to 530 mbsl in areas close to Tagoro. This
information could serve as a baseline for esti-
mating the potential habitats and communities
that once were present where this new volcano
was formed. One of the explored areas was the
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Marine Reserve “Mar de Las Calmas”
(ES7020057), which is located a nautical mile
north-westwards from Tagoro, and also the
bathyal bottoms off La Restinga harbour, close-
by to where Tagoro was later on formed. In the
deep circalittoral and bathyal zones of those
areas, Oceana (2010) documented the presence
of dominant hard bottoms covered in some cases
by a thick layer of sediments. In these areas,
deep-sea sponge grounds were common and
conformed by the hexactinellid sponge Asco-
nema setubalense and several Lithistid sponges.
Another common habitat was conformed by
aggregations of gorgonians, including the com-
mon Callogorgia verticillata, Ellisella flagellum
and Acanthogorgia hirsuta, as well as other
gorgonians that are generally less abundant such
as Narella bellissima and Candidella imbricata.
Cold-water corals such as Dendrophyllia
cornigera and Anomocora fecunda, and
anthipatharians such as Parantipathes hirondelle,
Stichopathes sp. and Antipathes sp., were also
common components in those explored bottoms,
and they were also observed years after in the
adjacent areas of Tagoro by Sotomayor-García
et al. (2019) (Fig. 11.2l–o). Some echinoderms
were also abundant, such as the echinoids Echi-
nus sp. and Echinus melo, as well as crinoids
colonizing the rocks together with gorgonians
and antipatharians (Oceana 2010). The most
common crustaceans were Plesionika edwardsii,
especially in crevices, and Anamathia rissoana,
the latter sometimes found on large gorgonians
(e.g., Callogorgia verticillata) (Oceana 2010).
Molluscs were mainly represented by oysters
assigned to Neopycnodonte zibrowii and the
octopus Eledone cirrhosa (Oceana 2010).

Similar species were documented by
Sotomayor-García et al. (2019) in deep areas of
Tagoro including patches with large antipathar-
ian colonies (mainly Stichopathes cf. setacea and
Anthipathes furcata), dead colonies of unidenti-
fied scleractinians, hydrozoans (Sertularella sp.,
Plumulariide) and some sponges (Axinella sp.,
lithistid sponges). Some of the slow-growing
species detected (e.g. black corals, scleractinians)
were considered survivors from the eruption by
those authors (Fig. 11.2i–k), mainly due to the

fact that they were half buried by the erupted
volcanic materials, when encountered in specific
areas of Tagoro. These areas were located away
from the main focal eruptive points of the vol-
canic edifice and lava debris apron. Later on,
Sotomayor-García et al. (2019) indicated the
presence of different habitats and communities,
some of them similar to those reported by
Oceana (2010), conforming the “Newly formed
mixed bottoms” (NMB) and (Fig. 11.2a–c) and
“Newly formed hard bottoms” (NHB)
(Fig. 11.2d–h) habitats as well as the “Stable
hard bottoms” (SHB) (Fig. 11.2l–o), outside the
affected area.

Small (centimeters) to medium size (tens of
centimeters) of basaltic pyroclasts characterize
the new NHB habitat (Fig. 11.2d–h), surrounded
by the NMB habitat (Fig. 11.2a–c), which is also
composed by basaltic rocks of larger size (from
tens of cm to meters), mainly represented by
volcanic bombs and lava-balloons fragments
(Sotomayor-García et al. 2020). The character-
istics and natural instabilities of the NMB sub-
strates make it to be less compact than the NHB
habitat. The latter represents an ideal area for
colonizers including small invertebrates such as
the bivalve Neopycnodonte cochlear (Fig. 11.2
g), the annelid Hyalopomatus sp. and the dec-
apod Plesionika narval (Fig. 11.2h), which was
observed in high densities in the crevices of the
volcanic bombs and lava-balloons. Also, the
annelid Hermodice carunculata was observed in
high abundance in the most recent underwater
images (Fig. 11.2d–f).

The biodiversity reported by Sotomayor-
García et al. (2019) in these newly formed
habitats (NHB and NMB) is represented by
seven different phyla, further described in the
following section of this chapter. Some of the
observed taxa were considered to be successful
benthic colonizers of new substrates. Contrasting
ecological parameters were observed in these
habitats, with a higher number of taxa docu-
mented in the NHB but with higher abundance
values in NMB habitats (Fig. 11.3b). Neverthe-
less, the most diverse phyla are similar in both
habitats and include annelids such as the mobile
taxa Glycera sp., Chloeia cf. venusta and
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Onuphis sp.; arthropods including the dominant
Monadaeus couchii and Alpheus sp.; cnidarians
mostly represented by small colonies of the
hydrozoan Sertularella cf. tenella; molluscs,
mainly the ostreid bivalve N. cochlear (up to
100 ind. m−2); and echinoderms such as the

echinoid Stylocidaris affinis (Fig. 11.2g). The
colonizing success of some of these taxa may
have been magnified by a combined effect of
(1) being dominant components of undisturbed
hard bottoms located close by and the horizontal
movements of individuals from these adjacent

Fig. 11.2 Images of the different habitat types and
species within Tagoro volcanic complex (TVC) (a–k) and
at the undisturbed area (l–o). a–c Newly formed mixed
substrates with small and large rocks (NMB), with an
individual of Eledone cirrhosa (Ec) (Mollusca: Cephalo-
poda). d–h Newly formed pyroclastic rocks (NHB
harboring Hermodice carunculata (Hc; see details in
images e, f (Annelida: Polychaeta), Neopycnodonte
cochlear (Nc) (Mollusca: Bivalvia), Stylocidaris affinis
(Sa) (Echinodermata: Echinoidea), and Plesionika
sp. (Pl) (Arthropoda: Decapoda) individuals. i–k Rocky

bottoms within TVC (NHB) harbouring slow-growing
twisted whip-shaped Stichopathes cf. setacea (Ss) (Cni-
daria: Anthozoa) colonies, considered as survivors from
the eruption, as well as other invertebrates such as
Coscinasterias tenuispina (Ct) (Echinodermata: Asteroi-
dea) and Hyalopomatus sp. (Hy) (Annelida: Polychaeta).
l, m Stable undisturbed hard bottoms (SHB) colonized by
fan-shaped Antipathes furcata (Af) (Cnidaria: Anthozoa),
S. cf. setacea (Ss), small Bebryce mollis (Cnidaria:
Anthozoa) and hydrozoans colonies. n, o Detail of a S.
cf. setacea colony (Ss)
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habitats (Hernández et al. 2011); (2) the plank-
totrophic development of larvae during their life
cycle that would permit their settlement in
remote places (Cowen and Sponaugle 2009), and
(3) some opportunistic organisms (e.g., annelids,
molluscs) with high larval settlement success in
free empty substrates (Dunstan and Johnson
1998) such as those conformed by newly formed
volcanic rocks in Tagoro.

Despite recolonization after volcanic erup-
tions have been largely studied on mid-ocean
ridges for vent chemosynthetic taxa, information
on deep-sea community succession and recovery
of meio and macrofaunal is scarce (Putts et al.
2019). Definitively, the eruption and subsequent
formation of Tagoro caused drastic modifica-
tions. The extrusion of stacking layers of mag-
matic material, together with the exposure to hot,

Fig. 11.3 a nMDS plot for
samples and underwater
images from sites of Tagoro
volcanic complex
(TVC) collected during
Vulcano 0313, Vulcano 1013
and Vulcano 0314
oceanographic expeditions.
The nMDS shows the samples
distribution accordingly to
presence/absence of the
different taxa identified from
both video images and
benthic dredge. Color-coding
corresponds to the habitats
from which samples were
collected. At the TVC:
Hydrothermal vents with
bacterial mats (red),
Sulfurous-like fields (yellow),
Newly formed hard bottoms
(steel-blue), Newly formed
mixed bottoms (pale-black).
Ouside the TVC: Stable and
hard bottoms (purlple).
Vertical-ish gray line
separates to the left benthic
dredge samples and to the
right video samples. b Area
plot shows the distribution of
the species richness (number
of species) of each phyla
identified at the different
habitats. Same color-coding
as Fig. 11.3a
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turbid, mineral-rich water, and changes in the
hydrodynamic regime-caused by a change in the
seafloor morphology, have seriously disturbed
the biological communities inhabiting the origi-
nal habitats (Fraile-Nuez et al. 2012; Santana-
Casiano et al. 2013; Somoza et al. 2017;
Sotomayor-García et al. 2019, 2020). These facts
caused mortality either directly or indirectly, as
observed in the submarine images.

In the case presented here, in a second stage
following this devastating process, Tagoro pro-
vided a large amount of nutrients and elemental
resources that promoted the recovery of
the ecosystem (Santana-Casiano et al. 2013;
Sotomayor-García et al. 2019; González-Vega
et al. 2020). This recuperation process was pro-
gressive. Observations on the evolution of deep-
sea coral communities on similar environments,
have suggested a * 150 year time range for the
development of a pioneer coral community (Putts
et al. 2019), whereas the establishment of a
‘mature’ coral community supporting a more
diverse array of tall, slower-growing taxa, may
require far longer to fully develop (Putts et al.
2019). In Tagoro, fast-growing and small-size
pioneering taxa such as some molluscs, arthro-
pods and annelids will be followed by more
complex and larger species of slow growth and
long-lived nature. Initially, this young substrate
will show a low species richness but a fast spe-
cies accumulation, with the number of species
increasing with time. The common taxa in El
Hierro hard bottoms reported by Oceana (2010)
and missing in these newly formed habitats
include mostly slow-growing cnidarians such as
colonial scleractinians and antipatharians, which
may appear throughout the first century of
community succession and colonization (Putts
et al. 2019), if habitat and biological conditions
are still adequate (i.e., species growth rate, dis-
persal capacity, circulation of the water masses,
nutrients, etc.). This colonization process could
be promoted in Tagoro by a potentially enhanced
availability of food and larvae as observed in
other high relief geomorphological features in
other parts of the world (Mienis et al. 2007;
Dolan et al. 2008). The colonization process of
complex organisms such as the colonial

scleractinians onto newly formed volcanic sub-
strates seems to be partially linked to the nature
of their internal skeletons and the rates of ele-
ments assimilation, which in turn can also limit
growth rates (Roberts et al. 2006). In this line,
pioneering scleractinian colonies with aragonite
skeletons may be the first ones to colonize once
the acidic conditions of the alteared water col-
umn permitted so, with such skeletons derived
from ubiquitous elemental resources (e.g., cal-
cium ions and dissolved inorganic carbon) whose
concentrations increased enormously after the
eruption (Santana-Casiano et al. 2013). Some
slower-growing corals (e.g., Antipatharia) with
proteinaceous skeletons may colonize in this
succession stage, or later on, as they generally
require more time for conforming colonies
(Wagner et al. 2012). As time goes by, and
excluding future climate-related or anthropic-
related disturbances, the community inhabiting
Tagoro will probably be characterized by
branching skeletal coral colonies such as those
observed in stable undisturbed hard bottoms
close to Tagoro, which will slowly modify the
benthic environment into a unique habitat, sup-
porting increased biodiversity (Oceana 2010;
Long and Baco 2014; Rossi et al. 2017).

11.5 Habitat Preference
by Post-eruptive Benthic
and Demersal Colonizing
Fauna

Habitat preference by the different benthic
and demersal species has been analyzed using
multivariate similarity analyses (non-metric
Multidimensional Scaling, nMDS) based on
presence/absence (Jaccard index similarity
matrix) information of the different taxa identi-
fied among the newly formed habitats and the
non-buried habitats (Fig. 11.3a). The presence/
absence data was retrieved from underwater
videos and from benthic dredge samples obtained
during Vulcano 0313, Vulcano 1013, and Vul-
cano 0314 oceanographic expeditions. Habitat
preference of the most abundant taxa identified in
the dredge samples (abundance was only counted
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for benthic dredge organisms) has been explored
by overlaying their relative abundance onto the
original nMDS. Presence/absence information
and relative abundance data revealed the colo-
nization dynamics across the different habitat
types (inside the TVC affected area:
“Hydrothermal vents with bacterial mats”, HVB;
“Sulfurous-like fields”, SLF; “Newly formed
hard bottom”, NHB; and “Newly formed mixed
bottoms”, NMB; and outside the TVC affected
area: “stable and hard bottoms” SHB, described
in Sotomayor-García et al. 2020; Fig. 11.3a).
A total of 6451 individuals, accounting for
116 taxa and nine phyla, were identified as
inhabitants of Tagoro and its adjacent areas
(Sotomayor-García et al. 2019) (Fig. 11.3b). In
the multivariate analyses (nMDS), samples of
organisms (ressembling assemblages) from the
newly formed bottoms form a very disperse
grouping (steel-blue and pale-black, Fig. 11.3a).
Then, benthic communities of the extreme habi-
tats: “Hydrothermal vents with bacterial mats”
and “sulfurous-like fields”, form a robust group
(red and yellow symbols, Fig. 11.3a), and sam-
ples from less-impacted habitats located outside
of Tagoro, also conformed a distinct group from
those of the newly formed habitats (purple
symbols, Fig. 11.3a).

Relative abundance of the most representative
taxa identified in the benthic dredge samples has
been plotted through modifying the dot size in
the nMDS (from now on: bubble plots,
Figs. 11.4. and 11.5). Bubble plots may provide
information on the habitat preference for certain
taxa, and emphasize the affinity of particular taxa
to specific habitats. Macro-benthic taxa coloniz-
ing the “Hydrothermal vents with bacterial mats”
and the “Sulfurous-like fields” (i.e. S and Fe
deposits) are very scarce and displaying much
lower abundances than in the other habitats
(Fig. 11.3b). The dominant taxa included small-
unidentified hydrozoans (size up to 2–3 cm),
including some assigned to the Sertularella
genus (e.g., Sertularella cf. tenella) (Fig. 11.4a).
Small hydroids have been also detected in other
shallow hydrothermal systems in the NE Atlantic
(Fricke et al. 1989; Cardigos et al. 2005; Couto
et al. 2015). Underwater images also detected

small-unidentified serpulid polychaetes, and
some fishes, especially Seriola sp.

Then, at the “Newly formed hard bottoms”
and “Newly formed mixed bottoms”, a higher
biodiversity was detected when compared to the
extreme habitats (Fig. 11.3b). A total of 64 taxa
from different phyla were detected, except bra-
chiopods and bryozoans. Composition of the
community of these two newly formed habitats is
somehow similar, however, the structure (abun-
dance of the different taxa) differed significantly,
being substantially higher at the mixed bottoms,
as mentioned in a previous section. Mature
complex communities have been observed where
different types of substrates combine, with bio-
logical components typically associated to each
type of substrate, resulting in high number of
species (Snelgrove 1999). The most abundant
species are cnidarians, annelids, molluscs and
arthropods, and one species of echinoderm, the
echinoid Stylocidaris affinis. Cnidarians were
mainly represented by small colonies of hydro-
zoans also detected in the extreme habitats
(Sertularella cf. tenella and other Sertularella
species, Fig. 11.4a), and an unidentified species
of Lafoeidae (Fig. 11.5a), which was also iden-
tified outside the TVC affected area. Annelids
were represented by small sessile serpulids
(Hyalopomatus sp., Fig. 11.4b) and mobile
amphinomids, eunicids and glycerids (Chloeia
cf. venusta, Onuphis sp., Fig. 11.4c, d, and
Glycera sp.), considered the latter group as effi-
cient predators and scavengers with high dis-
persal potential (Rouse and Pleijel 2001). Also in
terms of abundance, the unidentified species of
Lafoeidae, Syllidae, Protula sp., (Fig. 11.5a–c),
and an unidentified Terebellidae species, were
also important components of the new habitats,
which were also identified outside Tagoro.
Molluscs were essentially represented by vast
amounts of the bivalve Neopycnodonte cochlear
(locally reaching up to 100 individuals m−2,
Fig. 11.4e), and several individuals of unidenti-
fied opistobranchs detected in underwater ima-
ges. Finally, arthropods were represented by the
decapods Monodaeus couchii, especially in the
mixed bottoms (Fig. 11.4f), Alpheus sp., Munida
sp., Plesionika narval and other Plesionika
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species detected in underwater images. Some of
these identified species are opportunistic with a
planktotrophic development (Cowen and Spag-
nuole 2009), and with high settlement success
rates that may favor them to be pioneer colo-
nizers of these newly formed habitats (Gaines
and Roughgarden 1985; Dunstan and Johnson
1998). Moreover, undisturbed areas surrounding
Tagoro, may have acted as sources of larvae,
recruits and adults of mobile taxa (Fig. 11.3a).
Depending on a variety of factors influencing the
viability of the transport, i.e., larvae mortality
(Cowen et al. 2000), pelagic larvae duration
(Shanks 2009), and larvae output according to
new cohort sizes (Rouse and Pleijel 2001), the
recovery of the disturbed area will be enhanced
by the communities located closeby.

Outside Tagoro, benthic and demersal com-
munities were highly diverse and some taxa were
detected in high abundances. A total of 68 taxa,
from nine phyla, were detected (Fig. 11.3b).
Several species of colonial cnidarians (Sti-
chopathes cf. setacea, Antipathes furcata and
Tanacetipathes cavernicola, (Fig. 11.5d–f) co-
occurs and provides a complex structure to a
well-established circalittoral hard bottom com-
munity with dense antipatharian aggregations
and large sponges (Jones et al. 1994). These slow
growing and fragile organisms enhance the cre-
ation of three-dimensional habitats, providing
settling substrates and shelter from predators
(Collie et al. 1997; Kaiser et al. 1999). From
those, only Stichopathes cf. setacea was detected
in Tagoro, which when spotted in very specific

Fig. 11.4 nMDS with bubble plots illustrating the
relative abundance of some of the most representative
taxa identified in benthic dredge samples collected at
Tagoro, among the different habitat types. Bubble size is

indicative of relative abundance. Sertularella cf. tenella
(a), Hyalopomatus sp. (b), Chloeia cf. venusta (c),
Onuphis sp. (d), Neopycnodonte cochlear (e) and Mon-
odaeus couchii (f)
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locations, was considered a survivor to the burial.
Also, well-developed hydrozoan colonies were
detected, mainly Aglaophenia sp.1 and 2, and
Sertularella cf. gayi. A wide variety of epibionts
visualized in underwater images, colonized some
of the above-mentioned antipatharians, and
mainly represented by vast populations of cir-
ripeds (Heteralepas cornuta, also seen in
Tagoros’ new habitats), bryozoans (Reteporella
sp.), and molluscs (Neopycnodonte cochlear,
Pteria hirundo), being those, the most abundant
phyla of the non-buried habitats. Some of these
epibionts were identified as key colonizers of the
new substrates. For example, the bivalve N.
cochlear is a non-selective filter feeder, which
grows attached to the substrate and adapts its
shape to irregular surfaces. Moreover, it is a very

common ostreid species of the circalittoral hard
bottoms of the Macaronesia Region, including
those of Canary Islands. The availability of
uncolonized hard substrate and a potential event
of natural fertilization that followed the eruption
(Santana-Casiano et al. 2013), could probably
favored the proliferation of phytoplankton and
this common filter-feeding bivalve in Tagoro.
Annelids were represented by serpulids, an
unidentified Syllidae, Protula sp., and an
unidentified species of Lafoeidae, as abovemen-
tioned (Fig. 11.5a–c). Moreover, different spon-
ges were also detected in these complex and
biodiverse habitats, including Axinella sp., Ircina
sp., Geodia sp., and several other unidentified
species of Demospongiae. Finally, non-previously
detected phyla in Tagoro were observed in

Fig. 11.5 Bubble plots illustrate the relative abundance
of the most representative taxa identified in benthic
dredge samples collected at Tagoro (NHB, steel-blue and
NMB, pale-black dots), and outside the affected area

(SHB, purple). Bubble size is indicative of relative
abundance. Lafoeidae (a), Protula sp. (b), unid. Syllidae
(c), Stichopathes setacea (d), Antipathes furcata (e), and
Tanacetipathes cavernicola (f)
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habitats located close-by, at the no-buried areas,
such as brachiopods (Megerlia truncata and
Pajaudina atlantica) and bryozoans (Frondi-
poridae, Hornera sp., and Reteporella sp.), hos-
ted by habitat-structuring communities of black
corals (essentially Stichopathes cf. setacea).

In general, there is a transition between
communities with low number of taxa in extreme
habitats to communities with small opportunistic
colonizers in higher biodiversity at the newly
formed habitats of Tagoro. Then, a well-
established and complex benthic community is
observed outside Tagoro, with some of its com-
ponents also detected at Tagoro, based on the
gradient of disturbances caused by the eruption.
The former basically composed by small hydro-
zoans and serpulids, whereas the second is
characterized by arthropods, annelids, cnidarians
and hydrozoans. Finally, a three-dimensional
structured community with complex ecological
interactions, based on slow-growing cnidarians
and large sponges, characterizes the habitats
outside Tagoro.

11.6 Impact of Tagoro Formation
on the Demersal and Pelagic
Megafauna

The oceanographic characteristics of the southern
part of El Hierro Island, sheltered from the trade
winds and calmer waters, together with its stee-
ply sloping seabed, promote the existence of a
large fish biodiversity, especially given that the
Canary Islands are considered to be oligotrophic
(Bacallado et al. 1984). Two years before the
volcanic eruption, Oceana (2010) documented
different fish species in ROV high-resolution
images recorded between 370 and 530 m depth,
in areas close to the current location of Tagoro.
The fish fauna included the seaperches Anthias
antias and Callanthias ruber, the rockfishes
Helicolenus dactylopterus and Pontinus kuhlii,
the wrasse Acantholabrus palloni, the caproid
Antigonia capros, the alfonsino Beryx splendens,
the frogmouth Chaunax pictus, and the conger
eel Conger conger, among other species. The
coastal fish fauna of El Hierro is reasonable

diverse and abundant (Bortone et al. 1991) with
ca. 50 species observed in visual transects using
scuba-diving, among which the ornate wrasse
Thalassoma pavo, the canary damsel Simili-
parma lurida and the Azores chromis Chromis
limbata represented dominant components.

This high fish biodiversity has enhanced an
important local artisanal fishery that mainly has
targeted the parrotfish Sparisoma cretense, the
barred hogfish Bodianus scrofa, the triggerfish
Canthidermis sufflamen, the groupers Epinephe-
lus marginatus and Mycteroperca fusca, the
morays Muraena spp., and the seabreams
Diplodus spp., besides other pelagic fish species
such as the wahoo Acanthocybium solandri, the
european pilchard Sardina pilchardus, the blue
jack mackerel Trachurus picturatus, the bogue
Boops boops and tuna Thunnus spp., among
others (Martín-Sosa and Cansado 2006).

Some of these fish species represent a food
source for large predators such as cetaceans,
being 16 the different species recorded in these
waters (Aguilar de Soto et al. 2013). The bot-
tlenose dolphin Tursiops truncatus, the short-fin
pilot whale Globicephala macrorhynchus, the
sperm whale Physeter macrocephalus or even
big mysticetes, such as the humpback whale
Megaptera novaeangliae and the rorquals
Balaenoptera spp. are common cetaceans in this
area. Besides, El Hierro holds important resident
populations of Blainville’s and Cuvier’s beaked
whales, Mesoplodon densirostris and Ziphius
cavirostris, in deep waters close to the shore.

During the eruption, large quantities of mantle-
derived gases, solutes and heat were released into
the surrounding waters of Tagoro and caused
important physical–chemical anomalies, as men-
tioned before. A combination of these perturba-
tions mainly driven by the release of high
concentration of reduced compounds, derived into
an extreme deoxygenation events and caused high
mortalities of several demersal species and some
pelagic ones (mainly myctophids and hatchet-
fishes) in the area during the most acute episodes
of the eruption (Fig. 11.6). Many local and
regional media reported this, however, no detailed
information has been found on reports or scientific
papers. Ariza et al. (2014) suggested that the
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magnitude of the eruption did not leave any scope
for adaptation, and only those species with
capacity of fast vertical and horizontal mobility
could avoid massive mortality events. Some of the
species killed by the eruption were reported in
publications by the local media including the
black belly rosefish Helicolenus dactylopterus,
the slimehead Hoplostethus mediterraneus, the
beardfish Polimixia nobilis, as well as Balistes
capriscus (Fig. 11.6e), B. explendens (Fig. 11.6
b), C. conger (Fig. 11.6f), S. lurida and different
species of genus Diplodus spp. (Fig. 11.6b),
among others (Fig. 11.6). They all showed inju-
ries associated with fast depressurization (López
2013). The eruptions also caused an impact on the
artisanal fishing fleet at La Restinga harbour,
because fishing was banned for several months
due to a potential chemical pollution of commer-
cial species in these waters due to the erupted
materials and substances (Acosta et al. 2011).

The first fish colonizers of TVC observed
during the Vulcano and Vulcana oceanographic
expeditions (from 2013 to 2017) were A. anthias,
and the black-tail comber Serranus atricauda,
also reported in Sotomayor-García et al. (2019)
(Fig. 11.7e), followed by others species such as
Muraena helena, C. conger, rockfish Scorpaena

sp, the common stingray Dasyatis pastinaca and
the alfonsino Beryx splendens (Fig. 11.7d, f–i).
All of them are generally common species in the
adjacent unaffected areas, which could have
favored the recolonization process of Tagoro.
Moreover, some of these species (e.g. M. helena,
C. conger) take advantage of the cavities and
crevices existing in hard substrates as an ideal
habitat for establishing their populations. Fur-
thermore, pelagic species such as the jacks
Seriola dumerili and S. rivoliana or the bar-
racuda Sphyraena virindensis were also observed
after the eruption (Fig. 11.7a–c), although its
pelagic and migratory habits do not allow
drawing conclusion as a permanent resident. This
was also the case for large shoals of small
pelagics (e.g., Sardina pilchardus) reported by
different media.

The post-eruptive stage has showed the
restoration capacity of pelagic ecosystems after
volcanic perturbations (Ariza et al. 2014). The
evaluation of mesopelagic fauna a year after the
eruption, as well as some of their predators such
as the beaked whales that are monitored by
University of La Laguna, showed no significant
differences in their populations before and after
the eruption (Aguilar de Soto et al. 2013).

Fig. 11.6 Images of dead fishes floating on the surface
after different eruption episode of Tagoro. a–c Numerous
dead fishes close to the shore, including a high number of
Beryx splendens (Bs) and Diplodus spp (Ds), among

others. d–f injuries associated with fast depressurization
and high temperature events were observed in dead
individuals such as Balistes capriscus (Bc), Kyphosus
sectatrix (Ks) or Conger conger (Cc), among others
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Nevertheless, further studies about the re-
colonization process by the pelagic and demer-
sal megafauna are required to have a clear picture
on the impact caused on them by the eruptions.

11.7 Impact of Tagoro Formation
on the Littoral Benthic
Communities

Although the eruption took place some kilome-
ters away from the coast, some studies have
demonstrated that the same volcano which was
responsible for the creation of a highly corrosive

environment, affecting marine biota, also injected
to the water column a huge concentration of
inorganic nutrients and Fe(II), that could con-
tribute positively to the recuperation of the
marine ecosystem (Santana-Casiano et al. 2013;
González-Vega et al. 2020). Nevertheless, other
phytoplankton monitoring studies could not find
significant evidences on that sense (Gómez-
Letona et al. 2018).

Some authors detected changes in the littoral
benthic communities before and after the vol-
canic eruption, which were probably linked to
changes of the water column. Sangil (2013)
studied the marine vegetation of the Marine

Fig. 11.7 ROV Images from Instituto Español de
Oceanografía—ROV of ichthyofauna colonizers within
Tagoro: a Seriola rivoliana. b Seriola dumerili. c School
of Anthias antias with some Sphyraena viridensis
(Sv) individuals on the background. d A Muraena helena
individual sheltering in a crevice of newly formed hard
habitats. e School of Anthias antias with a Serranus
atricauda (Sa) individual centered in the image. f A

Dasyatis pastinaca individual moving over newly formed
hard substrates. g School of Anthias antias with a
Scorpaena sp. (Ss) individual on newly formed bottoms.
h A Conger conger individual spotted inside a newly
formed volcanic rock cavity. i A Beryx splendens
individual close to a newly formed volcanic rocky
substrate
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Reserve “Mar de Las Calmas” before and after
the eruption and detected a decline of the
macroalgae Lobophora variegata, especially in
those littoral areas that were closer to Tagoro.
The same trend was detected with some coralline
algae and this seemed linked to the pH decrease
in the water caused by the eruptions, and to the
lower concentrations of oxygen and the presence
of sulfurous components in the water column.
Nevertheless, the environmental conditions dur-
ing the eruption and the decline of those domi-
nant macroalgae on the rocky shores provided a
fast increase of other non-incrusting macroalgae
for few months (e.g., Cladophora liebethrutii,
Pseudochlorodesmis furcellata, Ceramium spp.,
Polysiphonia spp.). Finally, a recovery of Lobo-
phora variegata populations was recorded in the
area once the water masses recovered the original
characteristics. Gil-Díaz et al. (2014) indicated
that the calcified brown alga Padina pavonica
was sensitive to acute and chronic environmental
pH changes as the ones detected during the
eruption. Indeed, a high decalcification of this
macroalgae was detected in November 2011 at
the inner harbor of La Restinga (close to the
eruption), in contrast to the low decalcification of
other P. pavonica from areas far away from the
eruption. The authors concluded that these brown
algae could be use as a bio-indicator of ocean
acidification.

The effects of the eruption on the littoral fauna
have been less studied. Quintero-Romero (2016)
indicated that the eruption caused a clear effect
on the abundance and diversity of mesoinverte-
brates, with a decline of amphipods, decapods
and echinoderms and an increase of polychaetes,
especially of nereids. Further studies are needed
in order to improve the knowledge on how the
eruptions impacted the littoral ecosystem close to
Tagoro.

11.8 Recommendations
and Further Steps

The exceptionality of the volcanic eruption that
gave rise to Tagoro, provides an excellent
opportunity to improve the knowledge on newly

formed volcanic habitats and their colonization,
from the very first stage with pioneer organisms,
up to the climax community formation with
slow-growing coral species, as well as to analyze
the ongoing ecological processes in between.
This is one of the very few cases for the NE
Atlantic and for other parts of the world.

Benthic and demersal colonization studies in
newly formed volcanic habitats are extremely
limited worldwide (Putts et al. 2019) and espe-
cially for the NE Atlantic. Sotomayor-García
et al. (2019) reported high abundances for some
pioneer macrofauna and megafauna species on
Tagoro; these were mainly fast-growing, mobile
and dominant species of the local fauna of El
Hierro Island. Nevertheless, monitoring pro-
grams for studying this colonization must be
carried out on a long-term scale due to the slow-
growing nature of some organisms such as the
colonial scleractinians and antipatharians. In this
line, long-term monitoring programs will provide
important insights into the benthic ecosystems
responses to this catastrophic events (Lagger
et al. 2017), which are not always detected in the
marine realm. The new hard and mixed sub-
strates formed after the Tagoro eruption are cat-
alogued as Reefs (habitat code 1170) according
to the EU Habitats Directive, which would allow
to include this area into the annual monitoring
program that is run as part of the Marine Strategy
Framework Directive in Spanish waters. This
monitoring program, which should be carried out
by using non-invasive methods in order to pre-
serve these newly formed faunal communities,
would provide a very important temporal evo-
lution information on the community succession
and colonization on recently formed habitats,
as well as on the impact that hydrothermal
venting has on benthic and pelagic neighboring
communities.

Furthermore, the new habitats with extreme
characteristics formed around the principal and
secondary cones, including hydrothermal vents
and sulphurous-like fields (Danovaro et al. 2017;
Sotomayor-Garcia et al. 2019, 2020), are singular
habitats whose monitoring represents a unique
opportunity to enhance the understanding of the
bacterial and faunistic communities inhabiting
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them, their behavior, and the interactions with
adjacent communities. No information is avail-
able yet for the meiofauna communities at
Tagoro as well as for those organisms that could
get some benefit from the bacterial communities
in the most extreme habitats.

Previous studies in volcanic CO2 vent sites
show the resilience of many species to elevated
CO2 and low pH through different physiological
and ecological mechanisms (Foo et al. 2018).
However calcifying species, which are suscepti-
ble to skeletal dissolution in low pH conditions,
are reduced in abundance and diversity compared
to controls at other vent sites around the world
(Fabricius et al. 2011, 2015; Goffredo et al.
2014). As the pH decreases, an increase in the
dominance of generalists and small-bodied spe-
cies results in a simplification of the food webs
and trophic complexities (Vizzini et al. 2017). As
indicated by Fraile-Nuez et al. (2018), five years
after the eruption there were still present impor-
tant physical–chemical anomalies surrounding
the principal cone, including a pH decrease of
− 1.25 units generating a pH gradient in the area.
These special conditions make Tagoro a unique
natural laboratory, of relatively easy access,
where regular monitoring can be carried out to
improve our understanding of how future ocean
acidification may impact marine biota.

Another question that still remains unsolved is
how all these eruptive events have affected the
pelagic and demersal megafauna communities,
including fisheries resources and the fishing fleet
operating in the area at short and long-term. In
this line, the location of Tagoro, just a nautical
mile away from the Marine Reserve “Mar de Las
Calmas” (ES7020057), could include this newly
formed volcano within the Special area of con-
servation (SAC) with an “Integral-area” category
in order to carry out experimental work on dif-
ferent aspects. On one hand, this would reduce
the impact of professional fishing on these bot-
toms, allowing the development of the coloniz-
ing processes in a pristine environment; on the
other hand, the large amount of nutrients and
elemental resources released by the eruption
would support the arrival of benthic, demersal
and pelagic organisms, promoting an increase of

biomass that will eventually export (i.e. spil-
lover) from Tagoro to surrounding areas (Gell
and Roberts 2003; Goñi et al. 2008; Sánchez
Lizaso et al. 2000). In this sense, periodical
monitoring of the marine resources and catches
by the artisanal fleet would be desirable.

Besides the Marine Reserve “Mar de Las
Calmas”, other protection figures such as El
Hierro Global Geopark, in the framework of the
UNESCO International Geosciences and Geop-
arks Programme, will contribute to preserve
this geological heritage and natural laboratory
for studying marine recolonization in the
Macaronesia.
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Abstract

Secondary volcanic hazards (SVH) are not
usually considered in volcanic hazard analy-
sis, nor are they specifically included in
volcanic risk management plans. However,
SVH may cause more damage than primary
volcanic hazards (PVH). The magmatic unrest
on El Hierro Island in 2011–2012 is a perfect
example of how SVH can be one of the
leading causes of damage during magmatic
unrest. Rockfalls are common on the island of

El Hierro, mainly controlled by the heteroge-
neous lithology and the steep topography.
Heavy rainfall and strong wind are usually the
main triggering factors. However, during the
2011–2012 El Hierro Island magmatic unrest
most of them were triggered due to earth-
quakes. Rock falls caused roadblocks and
damage to road infrastructure. Two reports
analysing rockfall hazards and associated risks
during the emergency were based on expert
knowledge and highlighted the need for, a
comprehensive inventory of rockfalls, their
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processes characterisation, recurring event
timing estimations and an analysis of their
triggering factors. The need for better rockfall
understanding on El Hierro island and the
extensive experience of the local Civil Pro-
tection agents that were already working with
citizens during the volcanic emergency, led to
the development of a Rockfall Citizen’s
Observatory. The observatory aims to engage
citizens in the study of this geological hazard,
hence providing a substantial increase in the
amount of high quality data for rockfall risk
analysis.

Keywords

Secondary volcanic hazards � Rockfall �
Landslide � Volcanic eruptions � Triggering �
Assessment � Canary Islands

12.1 Introduction

The management of magmatic unrest and erup-
tions is complex since several hazards can occur
simultaneously and affect different areas.
Volcanic hazard analyses are mainly focused on
primary volcanic hazards (PVH) such as lava
flows, ash fallout or pyroclastic density currents.
However, associated with magmatic and non-
magmatic unrest, many other secondary volcanic
hazards (SVH) can occur, such as earthquakes,
tsunamis, floods, lahars, landslides or rockfalls
(Rouwet et al. 2014). Unlike PVH, SVH can also
occur before and after the eruptive phase of the
unrest, even in areas far from the volcanic vent
(s). These hazards may cause more damage than
PVH (Tilling 1989). Therefore, the identification
of secondary volcanic hazards and their study
before eruptions is of extreme importance for
safety reasons, as well as analysing the possible
relationship they have with the primary volcanic
hazards and their associated risks.

During the Tagoro submarine eruption just off
the island of El Hierro, which began in October
2011 after several months of numerous seismic
events, and ended in March 2012, some seismic

events triggered rockfalls causing extensive
damage (Llorente and Galindo 2013; Llorente
et al. 2015). Previous to this magmatic unrest, the
inhabitants of El Hierro were aware of this haz-
ard, since they are common natural processes in
the island mainly due to the existence of steep
scarps and cliffs, and the volcano-structural
complexity of the island (Llorente et al. 2015;
Rossi et al. 2021). Steep scarps in El Hierro are
mainly related to coastal cliffs and mega-
landslide scars like those of El Julan, Las
Playas and El Golfo (Fig. 12.1) (Leon et al. 2017
and references therein). These escarpments are
very steep or even almost vertical, with heights
of several hundred-metres.

El Hierro inhabitants have always coped with
rockfalls, adapting their uses and customs to this
natural hazard. New anthropogenic actions in the
territory, such as the modernization of roads or
the use of trails for sports and tourist activities
increase the exposure to these types of hazards
and therefore, increase the risk. However, it is
very difficult to collect information to make a
thorough analysis of rockfall source areas, as
well as knowing their magnitude and frequency,
in addition to keeping this information up to date.
During the rockfall events between 2011 and
2013, the residents of El Hierro were equally
impressed and impacted by this spectacular nat-
ural hazards, so much so that they recorded them
and published photos of the rocks falling on
social media, providing a useful way to collect
information for scientists and risk managers. This
gave rise to the idea of launching a citizen
observatory project towards improving risk
analysis associated to rockfalls hazard.

The concept of citizen science was first used
in 1989 in the United States (Gharesifard et al.
2017). It has evolved to focus primarily on
geohazard management, encouraging citizens to
take an active part in risk prevention, particularly
when they face recurring hazards (Grainger
2017). Various programmes have been success-
fully developed where citizen contributions have
been a key factor towards developing adequate
protection strategies. Some examples, among
many others, include the following:
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(a) Gas emission control from the transport
sector, which has also developed a moni-
toring programme for future observatories
on the same subject (Zaldei et al. 2017);

(b) Flood risk management (Wehn et al. 2015);
(c) Measurements of soil moisture (Mazumdar

et al. 2018);
(d) Weather patterns in countries that suffer

water scarcity (Gharesifard and Wehn
2016);

(e) Mapping fire effects (Kirchhoff et al. 2021);
(f) Biodiversity observation (Callaghan et al.

2021);
(g) Circular economy (Hielscher and Jaeger-

Erben 2021).

One of the advantages of citizen observato-
ries, beyond data collection, is that data can then
be processed by scientists involving people in the
processes affecting them and their territory and
later have an effect in the public decision-making
that results from these experiences (Sánchez-
Renteria et al. 2016).

Citizens’ engagement in a rockfall observatory
on El Hierro is an opportunity to improve rockfall
science and risk management in the island. This
observatory is a pilot project towards the Canary
Islands Rockfall Observatory. Here we present
the first steps of this pilot project that might
contribute to the well-being of the society as a
whole, participating as a community in the man-
agement of rockfall risk, as well as its assessment
and monitoring. The results of this pilot project
might help to improve the implementation of
other natural hazard citizen observatories.

12.2 Rockfalls and the Tagoro
Magmatic Unrest

Tagoro eruption began in October 2011 offshore,
south of El Hierro Island (Fig. 12.1), ending on 5
March 2012. However, from July 2011, high
seismic activity was registered, and it continued
after the eruption. From 2012 to 2014, several
magmatic intrusions were detected intruding El
Hierro crust (Díaz-Moreno et al. 2015; Sanchez-
Pastor et al. 2018). During the eruption,

earthquakes were initially located in the central
part of the island, migrating to the south (Telesca
et al. 2016). Dominguez Cerdeña et al. (2018)
also detected migrations during the six post-
eruptive episodes and suggested an anticlockwise
rotation of the post-eruptive intrusions.

Before the eruption started, and due to the
likelihood of an increase in seismic intensity and
frequency, resulting in the triggering of rockfalls,
the Canary Government decided to close one of
the main roads on the island at Los Roquillos
tunnel on 27 September 2011 (Europa Press
2011; Fig. 12.1). Thus, the Canary Government
through the Emergency Plan for Volcanic
Activity in the Canary Islands (PEVOLCA;
Gobierno de Canarias 2018) requested a report to
the Geological and Mining Institute of Spain
(IGME-CSIC) regarding the instability of the
South entrance to Los Roquillos tunnel. As
mentioned before, rockfalls are a frequent geo-
logical event in this area because of steep slopes
and the presence of weathered and fractured
materials. Several events have occurred in this
area since Los Roquillos tunnel opening in 2003.
Heavy rain being the main trigger of instability
events that often reached the road. No records of
rockfalls were reported during the period of
greatest seismic intensity. However, Ferrer et al.
(2011) pointed out that seismicity, as a potential
trigger for rockfall, should not be neglected in
case of shallow (<10 km) earthquakes exceeding
4.5 magnitudes occurring near Los Roquillos
tunnel. Therefore, due to the unstable conditions
in the area, added to the seismic activity taking
place, safety was not guaranteed and it was rec-
ommended to adopt urgent stabilization and
control measurements to prevent rockfalls within
this area (Ferrer et al. 2011).

On 8th October, a 4.3 magnitude earthquake
located SW of El Pinar triggered rockfalls near
another tunnel, affecting the tunnel entrance and
the road from Pozo de la Salud to Lomo Negro
(EFE 2011). Los Roquillos tunnel remained
closed until October 18th when access was
allowed in a controlled manner. Between Octo-
ber 17th and 20th, field observations carried out
by IGME-CSIC in the El Golfo area enabled a
preliminary evaluation of the cliff stability along
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the road HI-5, near Los Roquillos tunnel south-
ern endpoint [Los Roquillos tunnel (S) in
Fig. 12.1]. IGME-CSIC highlighted a complex
scenario for the analysis of rockfall hazard, par-
ticularly in the identification of rockfall source
areas. The report concluded that the studied
hillside did not meet the conditions required to
guarantee safety against rocks falling, hence
making obvious the need to adopt rockfall con-
trol and stabilization measures both over the
tunnel access as well as in the rest of the studied
route. Additionally, IGME-CSIC warned of
rockfall hazard induced by earthquakes if they
exceeded 4.5 magnitudes, in the event of their
epicentres being close to the tunnel and their foci
located < 10 km depth. By the end of October,
the epicentres of the earthquakes with a magni-
tude > 4 were located NW of Frontera
(Fig. 12.1). Therefore, on November 5th, the
tunnel was closed again, except for security and
emergency personnel.

The closure of the tunnel was one of the most
controversial measures taken during the emer-
gency, since this road connects the two most

populated regions of the island, Valverde and
Frontera. The tunnel allows a reduced commut-
ing time by half compared with other roads.
Local administrations demanded the opening of
the tunnel and the Frontera Town Hall declared
economic and social emergency (La Provincia
2011). On November 14th, passage was allowed
with time restrictions until November 25th, when
the tunnel was reopened.

Another emergency action, aimed at prevent-
ing rockfall damage, was the evacuation of areas
prone to rockfall. The first evacuation took place
on September 27th overnight in Frontera
municipality (Twenty minutos 2011). Initially,
300 people were expected to be evacuated, but
only 53 were effectively evacuated from El
Lunchón, Pie Risco, Los Corchos, Las Puntas
and Guinea areas (Fig. 12.1). At the beginning of
November, when the seismic activity increased
again, a second preventive evacuation was
ordered in Frontera. Thus, two further evacua-
tions took place on November 4th involving 11
families in Las Puntas neighborhood and 51
people from Los Polvillos area the next day. On

Fig. 12.1 Location map of El Hierro island and 2011 Tagoro eruption, including the position of epicentres with
magnitude > 4.3 for 2011 and 2013 (Earthquake data and Digital Elevation Model from Spanish Geographical Institute)
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14th November, the residents of the Los Polvil-
los area were allowed to return home and on 25th
November, the rest of the residents from Las
Puntas area were allowed to return home too.

In March 2013, during a new seismic volcanic
event, rockfalls occurred in many places
throughout the island, but they were mainly
taking place on the west part of El Hierro
(Fig. 12.2). On this occasion, the highest seismic
energy released and the largest ground defor-
mation associated with a post-eruptive intrusion
was reported off the west coast of El Golfo
(Domingez-Cerdeña et al. 2018; Fig. 12.1).
Managers of the PEVOLCA requested a second
technical report from IGME-CSIC (Llorente and
Galindo 2013). Before this point, there was no
verified evidence of a clear relationship between
the seismic activity registered during the emer-
gency and the rockfall occurrence. Thus, areas
affected by rockfalls were examined in the field
in order to locate detached boulders and charac-
terize rock type, boulder size, impact marks on
both anthropogenic structures and natural ele-
ments, as well as to identify source areas
(Fig. 12.3). The vast majority of the detached
boulders in 2013 were smaller than 1 m3, how-
ever, some reached 2.5 m3 (Llorente and Galindo
2013). Contributing factors were steep slopes,
lithological heterogeneity and vegetation. Trig-
gering factors were rainfalls, moderate wind,
moisture changes, haloclasty weathering, and
seismicity. Moreover, in order to find the rela-
tionship with seismic activity and rockfalls, the
rockfalls registered by emergency services and
seismic data from the Spanish Geographical
Institute (IGN) were compared.

From this analysis, it was confirmed that some
of the earthquakes with magnitudes higher than
4.4 mbLg triggered rockfalls (Llorente and
Galindo 2013). Besides the normal triggering
factors (rainfalls, strong winds, etc.), rockfalls
seem to be also influenced by other factors such
as seismic events frequency or deformation rates.
Difficulties were found in correlation due to lack
of a complete rockfall database, the variety of
contributing and triggering factors, as well as the
influence of epicentral distance, depth and loca-
tion of earthquake with the surface effects. The

report suggested that rockfall warnings should be
activated in case of meteorological alerts (rain-
fall, high wind) and high probability of earth-
quake occurrence with magnitudes exceeding 4.3
mbLg. The report also strongly recommended
actions towards increasing general awareness,
and installing monitoring cameras in areas prone
to rockfalls.

On 27th December 2013, the longest seismic
swarm since October 2011 was recorded, 20 km
away from the western coast of El Hierro. A 5.1
mbLg magnitude earthquake caused rockfalls,
which damaged infrastructures, and caused the
closure of roads: one between Frontera and
Sabinosa, and the other between Pozo de la Salud
and Lomo Negro. Due to the closing of the roads,
30 people were unable to leave Las Arenas
Blancas and El Verodal beaches (Fig. 12.1;
RTVE 2013).

12.3 Rockfalls Research in El Hierro
After the Tagoro Eruption

Previous to the Tagoro eruption, the only com-
plete island mapping to be conducted was for
talus cones (Lain et al. 2011). After the magmatic
unrest started, several studies focused on ana-
lysing rockfall susceptibility and hazard on the
island were published (Ferrer et al. 2011;
Fernandez-Hernández et al. 2012; Llorente and
Galindo 2013; Llorente et al. 2015; Melillo et al.
2020; Rossi et al. 2021). However, during the
eruption, an unpublished semi-quantitative
heuristic rockfall susceptibility zonation of El
Hierro was made available to the PEVOLCA, the
Emergency Plan for the Canary Islands. The
susceptibility zonation map obtained was vali-
dated by some historical events (yellow dots in
Fig. 12.2) including the 2011 rockfall events
(Fernandez-Hernández et al. 2012). This map
revealed that 12% of the entire island showed
medium to very high susceptibility. East and
west parts of El Golfo valley, as well as Las
Playas valley and the adjacent cliffs to the south,
present high and very high susceptibility values,
with slopes > 70°. The area of El Verodal also
counts with very high susceptibility values. In
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Llorente et al. (2015) developed another rockfall
susceptibility map with a slightly more conser-
vative approach and included a higher number of
index-based non-weighted models (Fernández-
Hernández et al. 2012) and a higher number of
areas with high susceptibility category.

The latest approach to rockfall susceptibility
and hazard at El Hierro is based on mathematical
models that allow the calculation of boulders
travelling trajectories and path-lengths in differ-
ent triggering scenarios (Rossi et al. 2021). To
better identify the rockfall source areas, Rossi
et al. (2021) proposed a probabilistic modelling
framework applying a combination of multiple
statistical models using the source area locations
mapped in the field as the dependent variable and

a set of thematic data as independent variables.
The models use as input morphometric parame-
ters derived from the Digital Elevation Model
and lithological data as an expression of the
mechanical behaviour of the rocks. The analysis
of different training and validation scenarios
allowed to test the model sensitivity to the input
data, select the optimal model-training configu-
ration, and evaluate the model applicability out-
side of the training areas. The final map obtained
from the model for the entire island of El Hierro
provided the probability of a given location being
a potential source area and can be used as the
input for rockfall runout simulation modelling.
This last susceptibility analysis shows a high
probability of source areas appearing along El

Fig. 12.2 Rockfall events compilation (Sources: Citizen
Observatory on Rockfalls in the Canary Islands, Fernán-
dez-Hernández et al. 2012, Llorente and Galindo 2013,

and BD-Moves database Topographical base: 2002 Dig-
ital Elevation Model from Spanish Geographical Institute)
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Golfo and Las Playas escarpments. It covers on
the one hand, a larger surface if compared with
the high susceptibility categorized areas in Fer-
nández-Hernández et al. (2012); and on the other
hand, it presents similar aspect to the heuristic
model published by Llorente et al. (2015).

12.4 Citizens’ Rockfall Observatory
of El Hierro

Within the AGEO research project framework,
three citizen observatories on rockfalls are being
implemented in three areas of the Canary Islands:
San Bartolomé de Tirajana in Gran Canaria, San
Cristobal de La Laguna in Tenerife, and in the
entire island of El Hierro (Santamarta Cerezal
et al. 2021). The physiography and geology of
these three areas means these are sites susceptible
to rockfalls, and are therefore perfect locations to
analyse how meteorological factors influence the
occurrence of rockfalls. El Hierro rockfalls citi-
zen observatory might also allow to analyse the
relationship between rockfalls and seismicity.

El Hierro rockfalls citizen observatory raises
special interest among the citizens of the island,
and successful results are expected. To begin
with, the low population density in the island
contributes to a closer-knit community, which, in
turn, will allow us to reach a high number of
participants. Recruiting volunteers should be
easier than in any other more populated islands in
the Canaries. Moreover, the experience gained
during the magmatic unrest makes the inhabi-
tants of El Hierro be especially aware of geo-
hazards as it is discussed in the following section.
Thus, if citizens are provided with some basic
training on rockfall hazard and some advice on
how to participate in the observatory is given, it
will encourage their involvement in every single
task they may be asked to do and consequently,
an improvement on the risk management of their
island should be noticed. The rockfalls observa-
tory in El Hierro intends to:

(i) Engage the local population in order to
increase the awareness about rockfall haz-
ard and reporting of rockfall events;

(ii) Compile rockfalls data in order to get an
updated inventory of events, elaborate sus-
ceptibility maps and create 3D simulations
of rock blocks (boulders) trajectories;

(iii) Contribute to the nation-wide IGME-CSIC
mass movements database, BD-MOVES
(https://info.igme.es/BD2DMoves/);

(iv) Help to improve risk management plans.

12.4.1 Stakeholders and Citizens’
Engagement

The population of El Hierro is small with around
11,423 inhabitants (2022 data, Instituto Canario
de Estadística), a factor that has favoured the
cohesion of the community and its organisational
capacity to manage emergencies and report
rockfalls. Their previous experience dealing with
the Tagoro magmatic unrest has created an
opportunity to improve citizen´s awareness of
geohazards, making this region especially inter-
esting to collaborate with this citizen science
initiative. The experience of the local Civil Pro-
tection dealing with citizens during the emer-
gency is also an added value since they played
the role of the “groupers”, citizens accepted and
respected by the community who helped to
coordinate the evacuations during the Tagoro
emergency. This organisational citizen figure
was responsible for guiding people to the meet-
ing points and keeping calm during emergencies.
There were three groupers per meeting point, one
of them being in charge of communications with
the City Council coordinator of Civil Protection,
informing about community behaviour, inci-
dents, evacuation times, etc. All this information
was passed on to the Civil Protection Coordina-
tion Centre. Therefore, groupers maintain direct
contact with the communities and are very aware
of any kind of hazard. The scheme has worked so
well that it could be implemented in other situ-
ations of hazard or risk for the population, or in
order for them to be involved in risk awareness
and knowledge processes and the collection of
information and events to catalogue occurring
rockfalls.
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The idea of the citizen observatory arose from
this experience in El Hierro during the eruption.
However, we expect three types of citizens to be
involved: the general public, expert citizens, and
groupers. The general public is neither non-
specialists nor trained citizens; experts will
include citizens trained during the project or with
previous specific knowledge; groupers will be
trained by popular leaders working in closed
collaboration with the local Civil Protection.
Groupers will also play an important role in
engaging people to participate in the observatory.
Basic training will be provided about the project,
rockfall hazard (process, triggering factors,
damages, etc.), and the platform for data collec-
tion. Thus, groupers might provide other people
with the mentioned training, which, in the end,
will result in obtaining more accurate data.

Information and training provided to each
group will be different and adapted to each level.
The aim is to obtain high-quality data that allow
the characterization of rockfalls in El Hierro, as
well as their triggering factors. Data provided by
citizens will include the date, location of the
event, pictures and videos, descriptions about

damages, triggering factors, etc. Schools at all
levels are also receiving training to participate in
the observatory through activities in which they
are being involved in monitoring the terrain
(fracture identification, fracture opening mea-
surements, notification of rock fragments falls,
etc.). The Copernicus program (Dell’Acqua and
De Vecchi 2017), one of the tools, provided by
the European Union to collaborate with Earth
observation projects, is also being introduced
during training sessions.

The first step in the setup of the observatory
has been to contact the relevant stakeholders with
a view of managing strategies to reach the pop-
ulation and engage them to collaborate with the
observatory. Currently, we are tightly working
with the El Hierro Island Council on creating the
AGEO´s citizens network and organizing dis-
semination activities in order to involve the
public in the observatory.

The upcoming activities will be focused on
maintaining citizens’ engagement, since one of
the most significant challenges for the observa-
tory is to keep motivation and retain long-term
involvement, furthering this way the project goal.

Fig. 12.3 a Las Playas
valley scarp. b Rockfalls and
impact mark; c Fallen
boulders along the road from
Tigaday to Sabinosa; d Water
pipe bent by a rockfall
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El Hierro observatory will give the participants
feedback on how data are included in the data-
base and represented in a viewer, so the citizens
will see on an event map the data they have sent.
People will also receive the list of events regis-
tered, some news related to rockfall, statistics,
and alerts (meteorological, seismic and rockfall
events, roads conditions and closures), etc.
Stakeholders will also benefit of other products
such as updated inventory of events, suscepti-
bility maps or 3D simulations.

Activities planned in the schools of El Hierro
take the form of challenges or games, intended to
engage students in the project, ensuring they
enjoy the activities by providing extra motivation
stemming from the competition. Initiatives
involving games are highly popular in these
projects because they have proven to be espe-
cially effective when gathering data being the
main objective of the citizen scientists as they are
useful for strengthening collaboration links
between society and science. Therefore, oppor-
tunities to gain and retain contributors are pro-
vided through the use of gamification techniques
(Ponti et al. 2018; Veeckman et al. 2019).

12.4.2 Rockfall Analysis

Records of rockfalls are being included in the
BDMOVES mass movements’ Spanish national
database (Fig. 12.2). In order to have events
maps previous to the launching of the observa-
tory, we have compiled and validated informa-
tion on rockfalls in the Canary Islands from
previous databases and news. Preliminary results
for the island of El Hierro show that a total of 76
historical rockfalls have been reported from 2005
to February 2021, mainly concentrated on the
western side of the El Golfo escarpment
(Fig. 12.2). Furthermore, from March 2021
(starting point of the observatory data collection)
up to date, 34 rockfalls events have been reported
in El Hierro. The most frequent damage is indi-
rect and usually resulting in road closures.
Nonetheless, direct damage (houses, cars, roads,

paths, etc.) is also registered. Fortunately, casu-
alties or loss of life are the least common
consequences.

Nearly 70% of the historical events (previous
to the Observatory set up) correspond to rockfalls
that occurred between 2011 and 2013 during the
seismic volcanic crisis, but only a few of them
are clearly correlated with earthquakes. How-
ever, during this period, citizens were more
sensitive to natural hazards due to the unrest
period. Although many more rockfalls have
occurred during this period they are usually
linked to storms and news only report the events
in a general light, e.g. “floods and rockfalls
affected El Hierro” (ABC 2020; La Provincia
2021). Without additional information, it is
impossible to locate and characterize the events.
However, relating the occurrence of rockfalls to
rain thresholds is of the utmost importance to
establish rockfall alerts to reduce rockfall risk
(Melillo et al. 2020).

12.5 Summary

Volcanic eruptions in active volcanic zones may
produce a series of associated secondary hazards.
Damages derived by secondary hazardous events
such as road closures due to rockfalls and land-
slides invading the roadways many times can
turn the affected population into collateral vic-
tims of the eruption, who are often more
numerous than those directly affected by an
eruption (lava flows, pyroclasts fall, etc.). Costs
of economic activities interrupted by such clo-
sures should not be neglected (Llorente 2014).
Considering these aspects, some classifications
of risk level found in the Civil Protection Terri-
torial Plans in the Canaries should be reviewed,
in particular the exposure, as they are just con-
sidering people directly injured by the volcanic
event and therefore, underestimating the damage
indexes.

The Tagoro eruption showed that for the
effective management of any seismic or meteo-
rological emergency on El Hierro Island, rockfall
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hazard knowledge and readiness are essential to
reduce risks. Planning instruments as suscepti-
bility maps, in which the rockfall source areas,
possible trajectories and deposit areas of the
detached blocks are shown, hazard maps, in
which the probability of the hazard occurrence is
assessed for different triggering scenarios, and
risk maps, in which the exposed elements and
their valuation are included, are basic tools that
must be used to achieve the knowledge and
preparedness needed. But modelling rockfall
phenomena is very complex and requires several
inputs, including precise location of source areas,
quality topographic and geological data, and a
complete record of past events allowing reliable
validation of the models for predictive use.

Despite rockfalls being recognized as a fre-
quent geological hazard process, with high-
moderate associated risk in the Civil Protection
plans in the Canary Islands (Cabildo de Gran
Canaria 2005). These plans do not consider it as
a primary hazard, labelling it as a secondary
hazard associated. Therefore, the islands do
not have a specific plan in case of rockfalls or
other mass movement emergencies; only if other
hazards occur and their plans are activated
rockfalls mitigation measures will start to be
implemented. Regarding the PEVOLCA, rock-
falls are considered as an indirect hazard derived
from volcanic activity. Besides this mention of
rockfalls in a classification of direct and indirect
hazards, no other mention appears in the entire
document. Thus, there is a PEVOLCA review to
integrate rockfalls and other SVH in the volcanic
risk analysis and mapping.

Due to the high velocity of the rockfall pro-
cess plus the small size of the boulders some-
times falling in remote locations, it becomes
extremely difficult to obtain a full report of every
event occurred in a region. Citizen scientists
enable us to significantly increase the number of
updated samples through events reporting if
compared to traditional research (Gardiner et al.
2012). Likewise, larger temporal and spatial
scales are also allowed by citizen science data
(Callaghan et al. 2019). Initiatives like El Hierro
observatory improve and update event invento-
ries, an essential tool to carry out any precise

analysis or calculation of hazards and risks. Just
one year of citizens’ data collection has gathered
50% of historical data registered in 16 years. The
more updated the data the more accurate the
results. Updated event maps are not only indis-
pensable tools to help in prevention and mitiga-
tion stages, but also to build derived maps that
help in the analysis of the process.

Great benefits arise from citizen science ini-
tiatives: low cost or free reports, huge quantity
of data from varied locations, increased aware-
ness of the environment, empowered societies
with a sense of community and learning
encouragement (Lee et al. 2020). However,
participant recruitment and long-term engage-
ment is a challenge. Mechanisms such as
advertisements, press releases, broad online
presence, online citizen science platforms,
feedback on project success, rewards and
recognition and acknowledging volunteer con-
tributions play a vital role in participants’
retention (Bonney et al. 2009; Crimmins et al.
2014; De Moor et al. 2019; Veeckman et al.
2019). Stakeholders involved in El Hierro
observatory are carefully managing all those
initiatives in order to keep active communication
channels open between people and observatory
managers. Dynamic systems of incentives are
necessary to get high recruitment rates and thus,
replace users who continuously leave the project
(Crall et al. 2017; Callaghan et al. 2019).

A not negligible issue that will also be tackled
in El Hierro observatory is the measurement of
citizens’ engagement as a means of tracking
participation over time. De Moor et al. (2019) or
Crall et al. (2017) presented it on their research,
enabling to assess whether fluctuations in par-
ticipation are related to recruiting and outreach
strategies. Not only are small societies like El
Hierro population usually more involved in every
event related to their surrounding environment,
but also present a strong commitment with the
social group they belong to, making collabora-
tion among citizens more frequent and a part of
their daily life.

The experience during the Tagoro eruption
demonstrates that management of volcanic unrest
should be improved through the understanding of
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all geological hazards related to magma intru-
sion, storage and eruption; both primary and
secondary. To improve management during
future volcanic emergencies Civil Protection
plans might consider including in its emergency
plan the study and mapping of rockfalls, as well
as other secondary hazards at the same level as
primary hazards. Thus, a holistic approach
should be used when dealing with volcanic risk
analysis in order to improve volcanic multi-
hazards monitoring and management which will
consequently, mitigate volcanic risks.
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13Tagoro, the Youngest Submarine
Volcano in the Spanish Geoheritage
Inventory: Scientific Value,
Geoconservation and Opportunities
for Geotourism

Juana Vegas, Inés Galindo, Juan-Tomás Vázquez,
Ricardo León, Nieves Sánchez, Esther Martín-González,
and Carmen Romero

Abstract

The submarine eruption of La Restinga, now
known under the name of Tagoro volcano,
began in early October 2011 offshore the
southern coast of El Hierro island and ended
in early March 2012. This eruption produced a

volcanic cone, hornitos, a thick pyroclastic
apron that prograded towards the base of the
volcanic edifice and volcanic products that
emerged from the sea floor over sea level,
such as lava balloons and low-density vesic-
ular pyroclasts (xeno-pumices/restingolitas)
that popped up in the sea surface. All these
submarine volcanic elements and processes,
which have been monitored and studied by
direct and indirect scientific techniques, have
made it possible to gain scientific knowledge
of the whole eruption, taking into considera-
tion that no other submarine eruption had been
studied before in Spain. Tagoro is the young-
est Spanish submarine volcano included in the
national geoheritage inventory (Spanish
Inventory of Geological Sites of Interest),
being representative and the best example of
an underwater eruption, as well as one that has
been studied and monitored by various
research teams since the beginning of the
magmatic unrest. It is essential that geoher-
itage inventories include submarine geosites
as an essential part of geological knowledge of
the planet. For this reason, a new methodol-
ogy has been designed for assessment because
most of the criteria used in terrestrial geosites
are not applicable. This submarine volcano,
despite its inaccessibility, is a geotouristic
resource for the El Hierro UNESCO Global
Geopark (UGGp), which uses new technolo-
gies for its interpretation, through virtual
reality presentation so that the visitors can
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access it at the Interpretation Centre. It is
necessary to promote educational and tourist
use by means of new technologies such as
augmented reality, an e-library and a special-
ized section on its website that can be easily
accessed with QR codes located in La
Restinga port and in the UGGp network of
hotels and rural houses to connect with the
audience. Its protection is guaranteed as it lies
within the ‘Punta de La Restinga-Mar de Las
Calmas’ Marine Reserve, but the geological
values of Tagoro should be specifically
included in the regulations as one of the
natural resources that contribute to this pro-
tected marine area.

Keywords

Submarine volcanic geosites � Underwater
geoheritage � Assessment � Geoturism �
Canary Islands

13.1 Introduction

In Spain, the Canary Islands are the geological
domain where volcanic-type geosites predomi-
nate, with a wide representation of volcano-
derived types, environments, morphologies,
structures, processes, rocks and minerals in this
insular geological framework, ranging from the
Oligocene to the present (Robertson and Stillman
1979; Vera et al. 2004). Volcanoes, along with
dinosaur fossils, are very probably among the
most attractive geological features for people.
This is the case of the Tagoro volcano, on the
island of El Hierro, which erupted between 10th
October 2011 and 5th March 2012 (López et al.
2012; Rivera et al. 2013; Somoza et al. 2017).
Add to this that the Tagoro is an underwater
volcano and the component of mystery and
attraction is even stronger for all those who fol-
lowed this eruption, from scientists, local popu-
lation, politicians and civil protection bodies to
society in general.

It is common for geoheritage inventories to be
carried out at any scale from the local to the
global, for exclusive inclusion in land geosites.

Currently, the inclusion of geosites from the
underwater or submarine environment is not
considered in many inventories, especially those
carried out at a national scale (Rovere et al. 2011;
Galindo et al. 2019a, 2019b, 2019c). The
inventories that most frequently include sub-
marine geosites tend to be UNESCO Global
Geoparks that offer these geosites as an oppor-
tunity for geotourism, mainly through scuba
diving (e.g. Lima et al. 2013; Galindo et al. 2017,
2018). This scarce representation of submarine
geosites is due to the fact that (1) there is no
standardized methodology to identify and clas-
sify underwater geosites, (2) many of the
assessment criteria are not adapted to underwater
geosites, (3) it is more difficult to carry out tra-
ditional field work in situ, and (4) in general,
these geosites are not given the same attention as
land-based geosites with a longer tradition for
nature tourism.

In the development of the Canary Islands
geoheritage inventory, submarine geosites have
been included due to their strong connection with
the geodiversity and geological processes of
these volcanic islands (LIGCANARIAS project,
Galindo et al. 2020). This regional inventory is
being included in the Spanish Inventory of
Geological Sites of Interest (IELIG, acronym in
Spanish).

Tagoro volcano is a unique geosite of very
high heritage value at national scale and included
in the Spanish National Inventory (IELIG)
because it is the best example of the evolution of
a submarine volcano. Since its birth, Tagoro
volcano has been extensively and continuously
documented by scientific monitoring and
research campaigns (Carracedo et al. 2015), and
it now constitutes a reference model for sub-
marine geoheritage sites. It has a high value as a
model because it is the most recent Spanish
volcano that has erupted in the twenty-first cen-
tury and, for this reason, the best scientific doc-
umentation of volcanic processes is available in
real time, allowing one to determine the evolu-
tion and development of this underwater volcano
(Somoza et al. 2017 and references herein). Since
these active volcanic processes are from being
regarded as a social problem in the Canary
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Islands, the Tagoro can be one of the best edu-
cational and geotourist resource of the El
Hierro UNESCO Global Geopark (UGGp). This
objective will be achieved thanks to a promotion
plan developed through good planning and eco-
nomic investment, which combines science, new
technologies and marketing, thus favouring the
management of this geosite in the future. It is
necessary to protect and, above all, to dissemi-
nate this geosite as a great natural resource for
society, a model for science and formal education
at all educational levels. Despite this, the Tagoro
volcano can become one of the main attractions
of this UGGp and one of the pillars for the sus-
tainable development of this territory.

13.2 Geological Setting

El Hierro Island is the youngest island of the
Canary Archipelago (Fig. 13.1). It is located in
the south-westernmost emerged part of a ridge of
volcanic islands and seamounts, measuring more
than one thousand kilometres in length (from
Lars at the NE to Tropic at the SW seamounts),
named the Canary Islands Volcanic Province
(Geldmacher et al. 2005). The base of the vol-
canic edifice is located between 3600 m in water
depth in the eastern part and 4000 m in water
depth in the western part. The summit is located
at 1503 m. The volcanic edifice lies on an
approximately 156-Ma-old (Jurassic) oceanic
crust (Roeser 1982). The oldest rock has been
recovered in the southeast part of the submarine
volcanic edifice (El Hierro ridge) at 133 Ma (van
den Bogaard 2013). In the subaerial environ-
ment, the oldest has been dated at 1.12 Ma
(Guillou et al. 1996; Bellido-Mulas et al. 2012).
These differences indicate the presence of two
superimposed volcanic buildings.

The origin of the Canary Islands is still con-
troversial, but it is commonly accepted that it is
the result of a mantle plume upwelling close to
the northwest African continental margin. This
mantle plume dynamic produced lithospheric
melting periods with the subsequent generation
of volcanic edifices from the Jurassic until the
present (the Tagoro volcano on El Hierro and

2021 volcano on La Palma being the most recent
examples) (van den Bogaard 2013). El Hierro
Island shows a radial distribution of dykes and
eruptive fissures (Becerril et al. 2015). Three
main eruptive cycles on land can be described:
(i) The Tiñor Edifice (1.2–0.88 Ma), the first
cycle and outcropped along the Las Playas
escarpment; (ii) The El Golfo edifice (0.54–
0.176 Ma), covering the Tiñor edifice; and
(iii) The Rift Volcanism (0.158 Ma-present),
filling the El Golfo and Las Playas flank col-
lapses (Guillou et al. 1996; Bellido-Mulas et al.
2012). Finally, the most recent volcanic events
are related to the probable eruption in 1973 at
Lomo Negro (Hernández Pacheco 1982) and the
Tagoro eruption at La Restinga offshore in 2011
(López et al. 2012; Troll et al. 2012; Martí et al.
2013; Rivera et al. 2013; Somoza et al. 2017).

The Tagoro fissure submarine edifice con-
sisted in two main construction phases (from
explosive to effusive) intercalated by collapse
events (López et al. 2012; Rivera et al. 2013;
Somoza et al. 2017). The shallow part of Tagoro
shows chaotic heterometric boulders. Its base
presents large accumulations of lava balloons
(description in: Somoza et al. 2017) and exten-
sive deep volcaniclastic aprons of ash and
vesicular lapilli generated during the explosive
phases. In the latter phases of effusive activity,
secondary cones of lava ponds and flows were
deposited over the lava balloons. Hornitos con-
stitute the final volcanic activity characterized by
the presence of hydrothermal alterations and
bacterial mats at the top of the volcanic edifice
(Somoza et al. 2017; Gonzalez et al. 2020).

13.3 Geoheritage Assessment
Criteria

This geosite has been inventoried as ‘Tagoro
2011–2012 submarine volcanic eruption’ (code
C7008) within the LIGCANARIAS project
(IGME 2021a). This project carries out the geo-
site inventory in the geological domain of the
Canary Islands, which is one of the domains that
make up the Spanish Inventory of Geological
Sites of Interest (IELIG) (IGME 2021b). The
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starting methodology of García-Cortés et al.
(2019) for the selection and assessment of geo-
sites was adapted to this geological domain due
to the specific geological characteristics of
oceanic volcanic islands (Vegas et al. 2019).

The first phase of this methodology consisted
in identifying the twelve geological frameworks
for the Canary Islands (Galindo et al. 2017),
which are representative of the geodiversity of
this archipelago. One of them is the framework

Fig. 13.1 a Situation map of Canary Islands Island
(Spain). The black square indicates the position of El
Hierro island. b Study area where the 2011–2012
submarine eruption occurred south of El Hierro, offshore
from La Restinga (red square). c Bathymetric map of ‘The
Tagoro 2011–2012 submarine volcanic eruption’ Geosite.
Black dotted line comprises the geosite boundary with a
volcanic cone and deep pyroclastic apron that is included
in the geoheritage inventory for the Canary Islands.
d Detail of the Tagoro main volcanic cone and shallow

pyroclastic apron. Source of bathymetry and topography
data: a GEBCO Digital Atlas (https://www.gebco.net/
data_and_products/gebco_digital_atlas/); b and back-
ground of c, the Instituto Hidrográfico de la Marina
(IHM) for the bathymetry and MDT05-Centro Nacional
de Información Geografica (CNIG-IGN) (https://
centrodedescargas.cnig.es/CentroDescargas/) for the
topography; c, d, from the Instituto Español de Oceano-
grafía (IEO), acquired along the VULCANA-0319 cruise
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“Geological elements submerged below sea
level” and it was defined because the largest
volume of an oceanic volcanic island is sub-
marine and it is necessary to make visible geo-
sites that are representative of the ocean floor. It
includes all the volcanic, erosive and sedimen-
tary deposits (including fossils) and morpholo-
gies with heritage value found today below sea
level, both those that were formed in an under-
water or submarine environment (lava deltas,
pillow lavas, turbidite systems, dykes, submarine
volcanoes, underwater debris flow deposits, etc.),
as well as those that originally formed on the
surface of the islands and which are currently
submerged due to the rise of the sea level during
the Holocene.

However, it is not possible to apply the stan-
dard assessment methodology in this geological
framework as many of the conventional criteria,
such as ‘accessibility by roads’, ‘density of
population’ or ‘facilities for public use’, were not
applicable, gave very ambiguous results, or could
not be used directly. Above all, it was not easy to
apply the usual criteria to calculate educational
and tourist value because their results are not
discriminatory. A specific methodology was
carried out to assess this type of geosites
(Table 13.1).

13.4 Assessment of Scientific,
Educative and Touristic Values
for the Tagoro Submarine
Volcanic Eruption

Following the methodology proposed by the
Spanish Inventory of Geological Sites of Interest,
the scientific, educational and touristic value of
each geosite is assessed independently (Garcia-
Cortés et al. 2019). Therefore, for this geosite
these three values are also calculated separately
and the criteria designed for submarine geosites
have been assessed for the Tagoro (Table 13.2),
where very high results are shown for scientific
and educative value. However, the touristic value
is low due to the underwater geosites located
below the scuba diving range being more difficult
to access for most visitors.

13.4.1 Scientific Value

Six main criteria are evaluated to calculate the
scientific value: representativeness (R), scientific
knowledge of the geosite (K), state of conser-
vation (C), study techniques used in geosite
research (TE), rarity (A) and diversity (D); with
K being the criterion that gives it the highest
value. This assessment of scientific value for
submarine geosites is quite similar compared to
the method for terrestrial geosites. The criterion
that is unique to submarine geosites is TE, since
scientific research of these geosites relies mostly
on indirect techniques (Galindo et al. 2017).

The scientific value of the Tagoro submarine
eruption is 8.75 points out of 10, which is a very
high value within the 314 geosites of the Canary
Islands inventory. This geosite is unique and
representative as a model for the inventory of the
geological domain of the Canary Islands and is
also unique in the Spanish geoheritage inventory.
However, when considering the possibility that
the Tagoro submarine eruption could be of
international relevance, there are few similar
cases in the scientific literature. Similar sub-
marine eruptions have also occurred at Pantelle-
ria, Italy (Foerstner 1891; Washington 1909);
Myojinsho, Japan (Fiske et al. 1998); Capelin-
hos, Azores (Machado et al. 1962; Gaspar et al.
2003); Taal, Philippines (Moore et al. 1966);
Socorro island, Mexico (Siebe et al. 1995);
Kavachi volcano, Solomon Islands (Baker et al.
2002); Ambae, Vanuatu (Németh et al. 2006);
Hunga Haapai, Tonga (Vaughan and Webley
2010); Surtsey, Iceland (Romagnoli and Jakob-
sson 2015); or Nishino-Shima, Izu Volcanic Arc,
Japan (Kaneko et al. 2019). The magmatic unrest
that started before the onset of the eruption and
continued later on, provided a firm basis to better
understand magmatic intrusions and shallow
magma storage processes associated with this
type of eruptions (e.g. Becerril et al. 2013; Martí
et al. 2013; Barnett and Gudmundsson 2014).

Given that the 2011–2012 El Hierro event that
originated the submarine Tagoro volcano is
extremely significant, being among the first
submarine eruptions worldwide to be fully
monitored in real time since the beginning of
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Table 13.1 Specific criteria developed for the assessment of scientific, educative and touristic value of submarine
geosites applied in the Canary Islands geoheritage inventory (LIGCANARIAS Project, IGME 2021a)

Assessment criteria Points Scientific
value
(weight)

Educational
value
(weight)

Touristic
value
(weight)

Representativeness (R)

Not useful as a model to represent, even partially, a
geological feature or process

0 � 20 � 20 � 0

Useful as a model to represent part of a geological feature or
process

1 � 20 � 20 � 0

Useful as a model to represent an entire geological feature or
process

2 � 20 � 20 � 0

Best known example of an entire feature or process in the
geological domain inventoried (Canary Islands)

4 � 20 � 20 � 0

Scientific knowledge of the geosite (K)

There are no scientific papers, geological maps, reports, or
PhD theses on the geosite

0 � 30 � 10 � 0

There are technical geological reports, geological maps or
papers citing the existence of the geosite, but within other
more general scientific publications

1 � 30 � 10 � 0

Technical geological reports or PhD theses or papers in
national scientific journals or abstracts at national conferences
are available for the geosite

2 � 30 � 10 � 0

Geosite investigated by several research teams, the subject of
PhD theses and/or papers published in SCI international
scientific journals

4 � 30 � 10 � 0

State of conservation (C)

Strongly degraded: the geosite is practically destroyed or
eroded

0 � 10 � 10 � 0

Degraded: the geosite shows significant deterioration and
erosion

0 � 10 � 10 � 0

Altered: the geosite has damage that prevents an appreciation
of some characteristics of geological interest

1 � 10 � 10 � 0

Favourable with alterations: some damage that does not
decisively affect the value or geological interest of the geosite

2 � 10 � 10 � 0

Favourable: the geosite is practically intact and is well
preserved

4 � 10 � 10 � 0

Study techniques used in geosite research (TE)

Only an indirect geophysical technique has been used 0 � 15 � 10 � 0

Two types of indirect geophysical techniques have been used 1 � 15 � 10 � 0

Three or more types of indirect geophysical techniques have
been used

2 � 15 � 10 � 0

Indirect geophysical techniques and direct sampling
techniques have been used (e.g. direct sampling by scuba
diving in coastal and neritic areas; or with cores, robots or
dredges in bathyal and abyssal areas)

4 � 15 � 10 � 0

(continued)
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Table 13.1 (continued)

Assessment criteria Points Scientific
value
(weight)

Educational
value
(weight)

Touristic
value
(weight)

Rarity (A)

There are several similar geosites in the geological domain of
the Canary Islands

0 � 15 � 10 � 0

There are less than 5 similar geosites in the geological domain
of the Canary Islands

1 � 15 � 10 � 0

The best known example in the geological domain of the
Canary Islands

2 � 15 � 10 � 0

The only known example within the geological domain of the
Canary Islands

4 � 15 � 10 � 0

Diversity (D)

The geosite only presents the primary type of geological
interest

0 � 10 � 10 � 0

The geosite presents another type of geological interest in
addition to the primary type, but it is not relevant

1 � 10 � 10 � 0

The geosite presents 2 other types of geological interest in
addition to the primary type, or only 1, but they are relevant

2 � 10 � 10 � 0

The geosite presents 3 other types of geological interest in
addition to the primary type, or only 2, but they are relevant

4 � 10 � 10 � 0

Spectacularity or scenic (B)

It does not meet, by default, the following three criteria 0 � 0 � 10 � 20

(1) Very high relief amplitude (>1000 m), or (2) complete
geological elements that allow their perfect identification in
official bathymetric maps (year 2018, for Spain’s scale) or
through other indirect techniques, or (3) presence of varied
geological elements (high geodiversity) in the geosite

1 � 0 � 10 � 20

Presence of two of the three previous characteristics 2 � 0 � 10 � 20

Presence of the first three characteristics 4 � 0 � 10 � 20

Accessibility (Ac)

Without any possibility of access 0 � 0 � 0 � 30

No direct access, but underwater geosites can be explained
from boats that make tourist routes

1 � 0 � 0 � 30

Geosites that can be visited with a snorkel: between 6 and
8 m deep

2 � 0 � 0 � 30

Underwater geosites located at a depth of between 40 and
20 m with direct access through recreational diving

4 � 0 � 0 � 30

Size of the singular geological elements of the geosite (E)

The geosite has numerous geological elements of centimetre
and metric size (fragile and vulnerable for public use)

0 � 0 � 0 � 10

The geosite has geological elements of decametric size (not
vulnerable to controlled visits, but sensitive to other more
aggressive public uses)

1 � 0 � 0 � 10

The geosite has geological elements of hectometre size (they
could be deteriorated by massive visits)

2 � 0 � 0 � 10

(continued)
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unrest by several research teams (Fraile-Nuez
et al. 2012; López et al. 2012; Rivera et al. 2013;
Somoza et al. 2017), it could be considered an
outstanding universal value because Tagoro´s
natural significance is so exceptional as to tran-
scend national boundaries and to be of common
importance for present and future generations of
all humanity.

In addition to the eruptive process itself, vol-
canic products that emerged and been recovered
for the El Hierro UGGp museum are the so-
called ‘lava balloons’, measuring more than 1 m
in diameter and erupted in November 2011; and
the xeno-pumice balls ejected and floating on the
sea surface during the first days of the eruption
(late October 2011). The xeno-pumice balls
appeared as black volcanic “bombs” that exhibit
cores of white and porous pumice-like material

(Troll et al. 2012) and have appeared in other
underwater eruptions (Gaspar et al. 2003). These
kinds of volcanic rock contribute to the geosite
having a secondary petrological interest.

13.4.2 Educational Value

The score obtained for the educational value is
7.5 points out of 10, a high value for this use.
The criteria that have been taken into account for
its assessment are 8: Representativeness (R),
Scientific knowledge of the geosite (K), Study
techniques used in geosite research (TE), Rarity
(A), Diversity (D), Spectacularity or Scenery (B),
State of conservation (C) and Possibilities for
educational use (PE). The PE criterion indicates a

Table 13.1 (continued)

Assessment criteria Points Scientific
value
(weight)

Educational
value
(weight)

Touristic
value
(weight)

The geosite has geological elements of kilometre size without
any impact on its conservation due to its public use

4 � 0 � 0 � 10

Possibilities for educational use (PE)

No possibilities of educational activities. The geosite is a
geological process/element that is not included in educational
curricula

0 � 0 � 20 � 0

Possibility of carrying out specific educational activities for
university studies

1 � 0 � 20 � 0

Possibility of carrying out educational activities for secondary
schools and universities

2 � 0 � 20 � 0

Educational activities are regularly carried out for all
educational levels

4 � 0 � 20 � 0

Potential for touristic activities (PT)

No potential for touristic activities 0 � 0 � 0 � 40

Potential geotourism activities through new technologies
(App, augmented reality on visitor centres, etc.) and by diving
and/or snorkelling

1 � 0 � 0 � 40

Existing geotourism activities through new technologies
(App, augmented reality on visitors´ centres, etc.)

2 � 0 � 0 � 40

There are geotourism activities from tourist companies on the
geosite through diving and/or snorkelling

4 � 0 � 0 � 40

Results RS RE RT

Value (0–10) VS = RS/40 VE = RC/40 VT = RT/40
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possibility of carrying out educational activities
for secondary schools and universities.

This geosite is a clear example of geological
heritage with great potential for educational
activities in the field of formal education, which
have not yet been implemented. This may be due
to the fact that little time has elapsed since the
publication of the scientific papers and knowl-
edge transfer is needed to prepare educational
materials and activities adapted to educational
curricula, especially in primary and secondary
education. Fieldwork or laboratory practices in
the formal education of university degrees in
Earth Sciences is much easier since the teaching
staff is specialized in this topic.

Tagoro also meets all the requirements to be
used in environmental education promoted by
local administrations and UGGp managers,
which means that the implementation of activi-
ties to promote communication and awareness of
the impact of submarine eruptions, especially
among the local population, can be carried out. In
2011 and 2012, during the volcanic emergency,
many educational and awareness-raising activi-
ties were carried out on the island before and
during the eruption. However, since the

emergency officially ended, these activities have
not continued. This is a considerable mistake
because showing this geosite could help the
community to be more resilient against natural
hazards as the IGCP-692 ‘Geoheritage for Geo-
hazard Resilience’ is being demonstrated in other
volcanic regions of the world (http://www.
geopoderes.com/).

13.4.3 Tourism Value

Only four main criteria are evaluated to calculate
the touristic value for submarine geosites: spec-
tacularity or scenery (B), accessibility (Ac), size
of the singular geological elements (E), Potential
for touristic activities (PT). The score obtained
for this value is 4.75 points out of 10, a medium–

low value for this touristic use at this moment.
The PT criterion is the one that weighs the

most in the total value for tourist use, but it must
be taken into account that submarine geosites, a
priori, have a lower tourist potential than those
geosites located in the interior of the islands or
on their coastline, which visitors can access by
themselves and at any time of the year. For this

Table 13.2 Assessment of scientific, educative and touristic values for the ‘Tagoro submarine volcanic eruption’
geosite, El Hierro island

Geosite: ‘Tagoro submarine volcanic
eruption’ assessment criteria

Points Scientific value
(weight)

Educational
value (weight)

Touristic value
(weight)

Representativeness (R) 3 60 60 0

Scientific knowledge of the geosite (K) 4 120 40 0

State of conservation (C) 4 40 40 0

Study techniques used in geosite research
(TE)

4 60 40 0

Rarity (A) 2 30 20 0

Diversity (D) 2 20 20 0

Spectacularity or Scenery (B) 2 0 20 40

Accessibility (Ac) 1 0 0 30

Size of the singular geological elements (E) 4 0 0 40

Possibilities for educational use (PE) 2 0 40 0

Potential for touristic activities (PT) 2 0 0 80

Results 340 300 190

Value (0–10) 8.75 7.5 4.75
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reason, the tourist value of underwater geosites is
always lower and, in turn, this value tends to be
in inverse proportion to the depth of the geosites.

During the whole duration of the eruption and
after its end, scientific tourism increased (Dóniz-
Páez 2014). The tourist phenomenon increases
when there are volcanic eruptions that do not
pose a serious danger to people, such as the
Hawaiian type (Bird et al. 2010; Erfurt-Cooper
2011) or the Icelandic type (Bird and Gísladóttir
2014). The most important touristic activity
around Tagoro is in the El Hierro UGGp Inter-
pretation Centre, where the lava balloons and
xeno-pumices recovered on the sea surface dur-
ing the eruption are displayed. These crustal
xenoliths from the El Hierro 2011–2012 eruption
underline the role of partial melting and assimi-
lation of pre-island sedimentary layers in the
early shield-building phase of ocean islands
(Berg 2016). Xeno-pumices are known by the
popular name of ‘restingolitas’, after La Rest-
inga, the nearest town to the eruption (Troll et al.
2012), and they are also exhibited in several
stores, cafés and restaurants in the municipality
of Frontera (Fig. 13.2). In the second building of
this Centre, visitors can enjoy an audiovisual that
reproduces the eruption of 2011–2012 in La
Restinga. In this way, through this infrastructure
an approach is created for visitors to the under-
water geosites, with audiovisuals, videos and real
rocks serving as the best experience for one learn
about these unique volcanic processes.

The Tagoro also serves as a claim and pro-
motion of the Hero Fest (www.hero-fest.com), an
alternative music festival held at the UGGp, and
for the second edition of August 2018 a poster
was designed showing the explosive underwater
volcano (Fig. 13.2).

13.5 Actions Proposed to Promote
the Public Use of the Tagoro
Submarine Geosite

Although the Tagoro volcano is 88 m below sea
surface, this is no impediment for developing an
educational and tourist strategy around this sub-
marine eruption, since nowadays new

technologies allow this geosite to be brought
closer to visitors and students. The development
of new tourism products and experiences will
increase its value for public use.

13.5.1 Environmental Education

Environmental education and geoconservation
have developed a mutually beneficial relationship
in the last decade (Vegas and Díez-Herrero
2018): environmental education advances by
sensitizing and raising awareness of actions to
protect the geoheritage; it supports the process of
defining standards and regulations through
communication and participation; and finally, it
enables the implementation and effectiveness of
the initiatives adopted, through dissemination
and training.

Many city councils in Spain have environ-
mental education programs that include geoher-
itage as a resource (Vegas and Díez-Herrero
2021; Díez-Herrero et al. 2021). For this reason,
Tagoro is an excellent educational resource for
the nearest municipalities, such as La Restinga
and El Pinar. For the UGGp El Hierro itself, it is
also a great opportunity for educational activities.
In its Interpretation Centre, it is possible to
launch environmental education activities whose
focal point is the Tagoro eruption, its conse-
quences, the social impact and the potential for
socioeconomic development. Education increa-
ses the resilience of the population to volcanic
phenomena regarding the impact and hazards of
submarine eruptions as promoted by the IGCP-
692 Project ‘Geoheritage for Geohazard Resi-
lience’ (IGCP-692 2021).

13.5.2 Formal Primary, Secondary
and High School
Education

Volcanism is usually included in the Earth Sci-
ence curricula in secondary and high school
cycles in Spain (mainly included in the subjects
of natural environment; biology and geology;
geography for secondary-level schools and
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geology in the 2nd year of high schools, corre-
sponding to student ages of 17 years old). This
type of volcanic eruption in the submarine
environment associated with islands is not usu-
ally included because such eruptions are less
frequent compared to the volcanism of the
oceanic crust and mid-ocean ridges. This geosite
is a magnificent example of submarine volcanic
eruptions originating at shallow depth, which are
characterized by higher explosiveness with the
development of lava-balloons and a large amount
of pyroclasts of different grain sizes, compared to
deep volcanic eruptions whose likelihood of
effusive behaviour increases with water depth. In
the revision and updating of textbooks for these
subjects in Spain, Tagoro should be included as
an example of submarine eruptions for all the
graphic material available, which perfectly
illustrates the entire eruptive process. Moreover,
similar eruptions have taken place in other sub-
marine environments for comparison with El
Tagoro: Surtsey 1963 is likewise the result of an
eruption that started below water surface (Tho-
rarinsson and Vonnegut 1964). The Ambae 2005
eruption formed a pyroclastic mound in the cal-
dera lake emerged from the lake, but a few

months later it shoaled (Global Volcanism Pro-
gram 2005); and there is the case of Ferdinandia
in the Straight of Sicily in the nineteenth century
(Garrison et al. 2021).

Since the Tagoro eruption, in the Canary
Islands this eruption has been used as an edu-
cational resource, even in the time of the pan-
demic (2020), this phenomenon being explained
in primary education and linked to the popular
Canarian legend of the island of ‘San Borondón’
(an island in the sea that appears and disappears).

13.5.3 Information
and Communication
Technologies

Information and Communication Technologies
(ICT) are a new way and undoubtedly the best
tool for the dissemination and outreach of the
submarine geoheritage. Through technologies
such as software applications (apps), virtual
reality, social media and web pages, the barrier
between people and underwater geosites can be
eliminated, allowing new forms of educational
and geotouristic uses. In many cases, ICT may be

Fig. 13.2 a, b Restingolites from the Tagoro submarine
eruption that are exposed in a pharmacy in Frontera (El
Hierro UGGp). c, d Poster display in El Hierro airport

advertising the alternative music festival Hero Fest of
2018, whose icon is the Tagoro submarine volcano that
erupted in 2011–2012 in La Restinga (Herofest 2021)
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the only way to get to know these inaccessible
geosites and favour the transfer of scientific
knowledge to society.

Augmented reality (AR) is an enhanced ver-
sion of the real physical world that is achieved
through the use of digital visual elements, sound,
or other sensory stimuli delivered via technology
(Hayes 2021). In the case of Tagoro, AR has a
great potential, allowing us to see how this
eruption occurred with a real experience thanks
to the large amount of audiovisual materials that
were recovered by scientists with very diverse
methods. Having an AR experience with Tagoro
can be a magnificent resource to implement in
the Interpretation Centre of the El Hierro UGGp.

The apps for mobile phones and tablets are a
tool for the outreach of geological processes and
geoheritage. The City Council of El Pinar (El
Hierro) designed an App in 2018 with the aim of
spreading the word about the eruption of the
Tagoro submarine volcano in 2011. This initia-
tive, developed through the Department of New
Technologies, Communication, Heritage and
Tourism, aims to give evidence of what hap-
pened in the volcanic eruption from a positive
perspective and bring all the public closer to the
island's seabed. All this information, collected in
the app, is told through a tale that includes an
interactive design with real photos of the sea-
beds, in addition to providing knowledge about
the conquest of El Hierro and other historical
data. With this initiative of the local government,
the aim is to make the natural heritage and his-
tory known to the local population and visitors in
a fun and entertaining way.

Another of the most widely used ICT in
geotourism consists in web pages and their
combination with QR codes for access from
mobiles and tablets for transmitting content,
recreations and maps. The installation of QR
plates in the Port of La Restinga to access the
website of the UGGp of El Hierro and thus be
able to view the Tagoro audiovisual in 2011–
2012 would be highly recommended to see what
the eruption was like with real images. They have
a low cost and a low visual impact, it being very
easy to replace and update the information on the
web, significantly reducing the high cost of

replacing conventional panels (Vegas and Díez-
Herrero 2018). An e-library could be created on
the UGGp website, where access to publications
and online resources on the Tagoro geosite could
be compiled.

Social media has changed the landscape of
human communication and interaction where
scientists, researchers, and scientific organiza-
tions are now gradually engaging in these online
platforms (Jan Landicho 2020). For this reason,
the use of the UGGp´s social media can keep
news about the activities that develop around the
Tagoro geosite.

13.5.4 Guided Boat Tours and Scuba
Diving in the Tagoro
Geosite

Scuba diving makes this type of geotourism a
unique and exclusive product compared to other
UGGps. In Spain, the UGGps that have spe-
cialized diving routes and activities are Cabo de
Gata, Lanzarote and the Chinijo archipelago.
This is a unique tourist product that can be made
accessible to all audiences through routes made
by boat in the Tagoro geosite, with the possibility
of implementing virtual reality on these routes in
the interests of an exclusive experience. The
association between diving companies and the
UGGp will favour new products and routes
where dive monitors and guides can show the
underwater eruption based on scientific data. The
UGGp restaurants are other companies that can
benefit from a geosite like Tagoro, offering gas-
tronomic experiences inspired by the submarine
eruption with the creation of new dishes such as a
‘restingolite soup’,’ lava croquettes balloons’,
etc.; which can be combined with the boat tours.

13.6 Tagoro Geosite Challenges
and Future Perspectives

Despite the fact that 30% of existing UGGps
have a maritime/submarine part, only some of
them consider the marine environment to be a
full part of their geoheritage and responsibilities
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(Martini et al. 2021). Therefore, it is important
that the UGGps begin to consider their marine
environment and integrate promotion and actions
in this respect. In this sense, the El Hierro UGGp
has, in the Tagoro eruption, one of the best
resources of the submarine geoheritage of Spain
that can be displayed worldwide.

What is most valuable is the extensive scien-
tific knowledge available about the eruption,
which was monitored from its inception and
followed at all times until the volcanic activity
ended. All these scientific data constitute the
basis for generating a development strategy for
tourism, educational and conservation activities
for this geosite. The achievement of these
objectives by the UGGp managers in the short
and medium term depends on four major
challenges.

Challenge #1: Protection. The volcanic cone of
this geosite is included within the ‘Punta de La
Restinga-Mar de Las Calmas’ Marine Nature
Reserve, which was established in 1996 by a
Ministerial Order of 24th January 1996 and
Decree 30/1996. This Reserve covers an area of
1180 hectares. The Tagoro is not included in the
reserve's maximum protection zone and is
included in ‘Waters beyond baselines’, where
only professional hook fishing, local traditional
fishing and scuba diving under authorization
from the Regional Government are allowed. The
protection and declaration of this marine area
was due exclusively to biodiversity. Since 2016,
the new volcano appears on the official hydro-
graphic charts as ‘Tagoro’ (‘a meeting place
made of a stone circle’ in the indigenous
Canarian language). We propose extending the
nature reserve's protection of geodiversity and
geoheritage to the marine environment. It is
crucial for the preservation of singular submarine
geological structures, such as submarine hornitos
or lava balloons, from submarine facilities (e.g.
cables, foundations, wind farms) or mining
exploitations that may have a severe impact on
their conservation. The geosite of the Tagoro
submarine eruption of 2011–2012 should be
formally included in the Marine Reserve.

Challenge #2: Visibility (i.e. popularization). The
first step to take is for the El Hierro UGGp to also
include the Tagoro geosite within its inventory
and make it visible on its website, with a special
section where it is easily explained and with
diagrams showing how the eruption occurred. In
addition, it can include an e-library section with
scientific articles and videos recorded during the
eruption. It is necessary to reactivate a commu-
nication strategy around the Tagoro geosite,
using marketing techniques and ICT. It has been
proven that through the use of social media,
science is brought closer to more people and in
real time. Making this type of volcanism in
oceanic environments visible will make it pos-
sible to publicize these marine eruptions that are
more difficult to observe and know by the local
population and the general public.

Challenge #3: Active and positive resource for
sustainable tourism. El Hierro offers nature
tourism, as opposed to the mass tourism pro-
moted by other Canary Islands. For this reason, it
has a network of exclusive small hotels and rural
houses where visitors can connect with nature
and which are respectful with the environment.
This small business infrastructure can also be
used as an ally to promote the Tagoro geosite.
Therefore, information points of the activities
around this geosite could be created by installing
plates with the QR code that allows access to the
UGGp website with all the information of the
companies that carry out routes and dives and of
the Interpretation Centre, where people can learn
about the eruption in depth. Hotel establishments
have a unique tourism brand in the Tagoro geo-
site, since there are very few places in the world
where it is possible to do tourism around a vol-
canic eruption under the sea that occurred
recently in the twenty-first century.

Challenge #4: A key geosite in the El Hierro
UNESCO Global Geopark focused on geological
hazards. The UGGps have to promote activities
around the ‘Top 10 Focus Areas’: Natural
Resources, Geological Hazards, Climate Change,
Education, Science, Women and social respon-
sibility, Sustainable Development, Local and
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Indigenous Knowledge, and Geoconservation
(UNESCO 2016). The Tagoro is the geosite that
constitutes the best example of geological haz-
ards for this UGGp. This volcanic eruption ini-
tially triggered a series of small earthquakes that
alerted the authorities, scientists and the local
population during the first months. These earth-
quakes were caused by the volcanic tremor prior
to the eruption and are very well identified in the
seismic network records as being very different
from earthquakes caused by the movement of
faults in other geotectonic areas. At that time, the
area where the eruption would occur was not yet
known, as neither was whether it would happen
on the island itself or under the sea, as finally
happened. The management carried out during
the eruption by the authorities is also a model to
show, especially in the educational field, as it is a
magnificent example for future eruptions. It is
necessary to promote positive activities in the
local population that increase resilience to future
submarine eruptions in El Hierro and can also be
shown in the Canary Islands because similar sub-
marine eruptions can occur on other islands.
Resilience is fully embedded in the institutional
and management structure of the UGGp (Dier-
ickx et al. 2016; Fassoulas et al. 2018).

13.7 Summary

This chapter presents for the first time the results
of the underwater/submarine geoheritage assess-
ment methodology applied for the case of the
Tagoro volcano geosite, which is included in the
Spanish Inventory of Geological Heritage
(IELIG). This submarine geosite stands out for
its high scientific value, as it is the best model of
a submarine eruption in Spain that has been
monitored since the unrest phase. Due to its high
scientific value, it is necessary to modify the
regulation of this protected marine area to
include the new geological elements derived
from the eruption, thus fully guaranteeing its
conservation.

The great challenges facing the managers of
the UNESCO Global Geopark so that El Tagoro

can be used for tourism and education include the
use of ICT that will allow an approach to a
resource under the sea. It is necessary to invest in
an exclusive promotion and outreach so that it
becomes one of the key tourist attractions on El
Hierro island.
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