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On the cover: Sea surface evidence of El Hierro submarine eruption, occurring 2 km off

the village of La Restinga. From 15 October 2011, this light-green discoloured area of

sea could be observed, proving a good indication of the explosive activity occurring at the
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Abstract

Working with observational data from an active volcano offers us the oppor-

tunity to not only deal with the physics of the recorded observables (e.g. earth-

quakes, surface deformation) but also with the dynamics of the volcano itself.

When we undertake the geodynamic study of the volcanic phenomenon, it is

necessary to extend the spatial and the temporal frame of the studied paramet-

ers, looking for the boundaries of the acting forces to obtain a comprehensive

recording of its evolution.

The observational data recorded by the monitoring networks during El Hierro

2011-2012 volcanic unrest and eruption, allowed us to conduct a study of the

volcanic eruptive phenomena with that wide view. The lack of previous instru-

mental data describing such a process in the Canaries gave us the invaluable

chance of analyzing for the first time, novel geophysical signals registered

before, during and after an eruptive event, allowing the study of evidence of

the energy involved in the emplacement and migration of magma through the

lithosphere. The aim of this PhD Thesis is to make a comprehensive revision

of the physics of this eruptive process and its causes, through the analysis and

processing of geophysical data which has been recorded since the time of the

first instrumental record to exist in the area, to the present. Three main aspects

are considered, focusing on the eruptive phenomenon of El Hierro at different

temporal and spatial scales, going from the general to the specific.

The first aspect is the study of the potential relation between the regional geo-

dynamics and the eruptive event of El Hierro 2011–2012. This potential re-

lation, through the analysis of long-time series of geophysical observational

data, has not been studied before. Highly reliable seismic and geodetic data

acquired from 1996 to 2014 is analyzed, covering: from the North Atlantic

Ridge to the West, to the Azores-Gibraltar boundary to the North (including



the NW African margin) and the Canary Islands. A joint regional- and local-

scale analysis based on this data enabled the identification of early signs of an-

omalous tectonic activity from 2003 onwards, the intensity of which increased

in 2007, accelerating three months before the onset of the volcanic eruption on

El Hierro in October 2011.

The second aspect is the study of the precursory signals recorded during the

El Hierro volcanic episode (19 July to 10 October, 2011), and their correct in-

terpretation when only limited data is available. The seismic and deformation

data corresponding to the pre-eruptive unrest is reanalyzed using novel meth-

ods, taking into account new information about the internal structure of the

island. Results indicate that important changes in the medium properties and

in the magmatic mechanism occurred throughout the process, identifying dif-

ferent phases with distinct types of fracturing. A triggered shear seismicity is

observed on pre-existent faults caused by the magma pressure on the structure

underneath the island, and the crossing of the Moho discontinuity.

The third aspect is the detailed study of the type and geometry of the irre-

versible mechanism, acting during the final phase of the unrest episode (6-10

October, 2011) and during the first days of tremor (10-15 October, 2011) re-

cording on the seismic monitoring stations. Application of time varying fractal

analysis to the seismic data and the characterization of the seismicity pattern

and the strain and the stress rates, allows the identification of different stages

in the source mechanism, and to infer the geometry of the path used by the

magma and associated fluids to reach the Earth’s surface.
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You will never do anything in this world
without courage. It is the greatest qual-
ity of the mind next to honor.

Aristotle

CHAPTER

1
Introduction

It is well known that magmatic and seismic activity coincide mostly at plate bound-

aries, where tectonic deformation also concentrates. This coincidence of earthquakes and

eruptions in time, and/or space, justifies the continued questioning as to whether volcanic

eruptions and earthquakes may be related. Several authors suggest that the answer is af-

firmative, suggesting that they could share energy (e.g. by triggering activity) (Bonali et al.

2013, Hill D P & Newhall 2002, Lupi & Miller 2014, Manga & Brodsky 2006, Marzoc-

chi 2002, T. & Selwyn 1998, Walter & Amelung 2007) for volcanic and seismic activity.

Despite being less obvious, the same question can be also addressed in intraplate volcanic

areas, located far away from the active plate margins. This is the case of the Canary Is-

lands, an oceanic island chain that lies in the Atlantic Ocean off the Northwest coast of

Africa and presents active volcanism. On 2011, we had the occasion of living in real time

the awakening of volcanic activity with the unrest and eruption of a submarine volcano in

El Hierro, which is the smallest and western island of the Canarian Archipelago, offering a

nice and valuable opportunity of understanding the ocean island volcanism and the volcanic

phenomenon in the Canaries.

1



1. INTRODUCTION

1.1 Motivation

During the final stages of pre-eruptive volcanic unrest, certain features are usually ob-

served: an overall acceleration in seismicity and ground deformation (e.g. Bell & Kilburn

2012), shallower seismicity (e.g. Battaglia et al. 2005), seismic migration (e.g. (Caudron

et al. 2015)) and an apparent lack of activity (hours to minutes) before the reinforcement

or the onset of the eruption (e.g. Roman et al. 2016). Several well-documented eruptions

show some, if not all, of these precursory features (e.g. Battaglia et al. 2005, Bell & Kilburn

2012, Caudron et al. 2015, López et al. 2012, Sigmundsson et al. 2015, Vinciguerra 2002),

which suggests that similar fundamental physical processes occur within these volcanoes.

However, the physical processes preceding a new eruption are complex and poorly

known, and there are still many unanswered questions regarding the requirements for an

irreversible failure of the Earth’s crust and non-stop magma migration from deeper levels

to the surface. It is also difficult to correctly interpret the precursory signals recorded by

monitoring networks and to understand the nature and extent of the physical processes that

cause them. Some of the difficulties arise from the incompleteness of monitoring data

and the lack of previous knowledge of the volcanic systems (e.g. type of magma, internal

structure, local and regional stresses).

This PhD Thesis is the result of the multidisciplinary study of the most recent volcanic

eruptive process occurred in the Spanish territory: El Hierro (Canary Islands) 2011–2012

eruption. Until this eruption, instrumental monitoring data about unrest preceding mono-

genetic eruptions in the Canaries, were sparse and the available information was mainly

based on historical records (Albert et al. 2016), in fact, from the previous eruption occurred

in the Canaries in 1971 (Teneguı́a eruption, in La Palma Island) there is only macroseismic

information related to felt seismic activity.

Since the appearance of the first signs of anomalous seismicity in El Hierro, a com-

prehensive record of the activity was obtained from the high-quality network (endowed

with seismic and GPS stations, gravimeters, magnetometers and geoquemical stations) de-

ployed by the Instituto Geográfico Nacional (IGN, www.ign.es) in the Island, giving us the

invaluable chance of analyzing, for the first time, the precursory signals that accompany

the eruptive phenomenon from its very beginning. I collected, processed and analyzed

from the global to the particular and since the time the first instrumental records exist, to

date, geophysical, geochemical and petrological data in the Canaries, for a comprehensive

2



1.1 Motivation

analysis and interpretation of the volcanic eruption precursors registered during El Hierro

magmatic process.

Below, I present the scientific papers included in my PhD Thesis, which have been

already published in scientific journals or accepted for revision:

López C., L. Garcı́a-Cañada, J. Martı́, and I. Domı́nguez Cerdeña (2017), Early signs

of geodynamic activity before the 2011–2012 El Hierro eruption, Journal of Geodynamics,

104, 1-14, doi: http://dx.doi.org/10.1016/j.jog.2016.12.005.

López C., M.A. Benito, J. Martı́, C. del Fresno, L. Garcı́a-Cañada, H. Albert and H.

Lamolda (2017), Driving magma to the surface: the 2011–2012 El Hierro eruption, G3,

accepted by Editor.

López C., J. Martı́, R. Abella and M. Tárraga (2014), Applying fractal dimensions and

energy-budget analysis to characterize fracturing processes during magma migration and

eruption: 2011-2012 El Hierro (Canary Islands) submarine eruption, Surveys in Geophys-

ics, doi: 10.1007/s10712-014-9290-2.

Besides, I collaborated with different authors studying El Hierro eruption or other as-

pects like the eruptive mechanism in monogenetic eruptions. I used the results and retrieved

knowledge from these collaborations, enriching the discussion of my papers and improving

the proper interpretation of my own results. I list them below:

Martı́ J., C. López, S. Bartolini, L. Becerril, and A. Geyer (2017), Stress controls of

monogenetic volcanism: a review, Frontiers in Earth Science, 4(106), doi:10.3389/feart.2016.

00106.

Martı́ J., A. Villaseñor, A. Geyer, C. López, and A. Tryggvason (2017), Stress barriers

controlling lateral migration of magma revealed by seismic tomography, Scientific Reports,

7, 40757, doi: 10.1038/srep40757.

Telesca L., M. Lovallo, C. López, and J. Martı́ (2016). Multiparametric statistical

investigation of seismicity occurred at El Hierro (Canary Islands) from 2011 to 2014. Tec-

tonophysics. http://dx.doi.org/10.1016/j.tecto.2016.01.045.

Telesca L., M. Lovallo, J. Martı́, C. López and R. Abella (2015), Multifractal in-

vestigation of continuous seismic signal recorded at El Hierro volcano (Canary Islands)

3



1. INTRODUCTION

during the 2011–2012 pre- and eruptive phases, Tectonophysics. Vol 642, 71-77, doi:

10.1016/j.tecto.2014.12.019.

Tárraga M., J. Martı́, R. Abella, R. Carniel, C. López (2014), Volcanic tremors: good

indicators of change in plumbing systems during volcanic eruptions, Journal of Volcano-

logy and Geothermal Research, Vol. 273, 33–40.

Telesca L., M. Lovallo, J. Martı̀, C. López and R. Abella (2014), Using the Fisher–Shannon

method to characterize continuous seismic signal during volcanic eruptions: application to

2011–2012 El Hierro (Canary Islands) eruption, Terra Nova, 0, 1-5, doi: 10.1111/ter.12114.

Martı́, J.; V. Pinel; C. López; A. Geyer; R. Abella; M. Tárraga; M.J. Blanco; A. Castro

and C. Rodrı́guez (2013), Causes and mechanisms of the 2011–2012 El Hierro (Canary

Islands) submarine eruption, Journal of Geophysical Research: Solid Earth, Vol. 118,

1–17, doi:10.1002/jgrb.50087.

López C., M.J. Blanco, R. Abella, B. Brenes, V. M. Cabrera-Rodrı́guez, B. Casas, I.

Domı́nguez-Cerdeña, A. Felpeto, M. Fernández de Villalta, C. del Fresno, M. J. Garcı́a-

Arias, L. Garcı́a-Cañada, A. Gomis-Moreno, E. González-Alonso, J. Guzmán-Pérez, I.

Iribarren, R. López-Dı́az, N. Luengo-Oroz, S. Meletlidis, M. Moreno, D. Moure, J. Pereda

de Pablo, C. Rodero, E. Romero, S. Sainz-Maza, M. A. Sentre-Domingo, P. A. Torres, P.

Trigo, V. Villasante-Marcos (2012), Monitoring the volcanic unrest of El Hierro (Canary

Islands) before the onset of the 2011-2012 submarine eruption, Geophysical Research Let-

ters Vol. 39, LI3303, doi:10.1029/2012GL051846.

As an introduction, I present a revision of the recent volcanism in the Canary Islands

and the review of those mathematical tools and physics used in my papers, which constitute

the basis of this PhD Thesis.
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1.2 Volcanism in the Canary Islands

1.2 Volcanism in the Canary Islands
The study of the volcanic activity that surrounds and builds oceanic islands may yield

evidence of thermal and chemical anomalies within Earth’s mantle. The Canary Islands

are an oceanic island chain that lie in the Atlantic Ocean off the continental margin of the

African plate, and offers the opportunity of understanding oceanic island volcanism. They

have been the subject of numerous scientific studies, but the geological and geophysical

data that have been obtained on the Canary Islands presents many open questions, giving

us the opportunity for interesting research related to the island’s origin and the role it plays

in the regional geodynamics.

1.2.1 Geodynamic context

The Canary Archipelago consists of seven main volcanic islands and several islets lying in

a chain extending for 500 km across the eastern Atlantic Ocean; its eastern edge is only 100

km from the northwest coast of Africa (see Figure 1.1). The Canaries are constructed on

the passive continental margin of the African Plate in a tectonic region that is, nevertheless,

bounded by very active plate boundaries.

Its borders include the Mid-Atlantic Ridge to the west, as well as the transition to the

north from an oceanic (the Azores, the Gloria Fault and the Gorringe Bank) to a continental

boundary where Iberia and Africa meet. This boundary to the north is only clearly defined

in its oceanic part. From 11◦W to 3.5◦E, including the Strait of Gibraltar and the Alboran

Sea southern Spain, northern Morocco, and western Algeria, is more diffuse and forms a

broader area of deformation. To the northeast, the region also includes the Atlas sub-plate

(Morocco), consisting of continental lithosphere and likewise subject to active deformation

(Bezzeghoud et al. 2014, Mantovani et al. 2007, Serpelloni et al. 2007).

Following the classification used by several authors (e.g. Bezzeghoud et al. 2014),

the whole area can be divided into different regions, each characterized by coherent seis-

mic and kinematic properties. From west-to-east and north-to-south these regions are as

follows: the Mid-Atlantic Ridge including the Azores Triple Junction (MAR-ATJ); the

Azores Islands from Faial-Terceira to the islands of San Miguel (ATSM); the Gloria Fault

(GF); the Gorringe Bank as far as Cadiz (GB); the Betic Mountains, the Rif Cordilleras,

the Alboran Sea (BALB); the Atlas Mountains (ATL); and the Canary Islands (CAN). See

schematic plot in Figure 1.2. Crustal seismicity and GPS deformation studies (Bezzeghoud

5



1. INTRODUCTION

Figure 1.1: Geodynamic context and main geographical features of the studied region.

et al. 2014, Jiménez-Munt et al. 2001, Jiménez-Munt et al. 2011, Serpelloni et al. 2007)

were used to identify the kinematic behavior of each region. From west-to-east, there is

a quite simple deformation field characterized by an extension running perpendicular to

the Mid-Atlantic and Terceira Ridges. As well, there is a right-lateral strike-slip motion

along the Gloria transform faults, which becomes the dominant compressive regime run-

ning eastwards from the Gorringe Bank area to Algeria, where the continental lithosphere

is involved. The other volcanic regions in this area are the Azores Archipelago, located

at the intersection of the Mid-Atlantic Ridge, the North American, Eurasian, and African

Plates, and the Cape Verde Archipelago, located to the south, from 450 to 600 km off the

west coast of Africa, all of them with known volcanic activity in the last decades. Table 1.1

is a compilation of all known volcanic eruptive and unrest episodes that have taken place

in the Azores, Canary, and Cape Verde archipelagos since 1900.
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Azores Islands
Start Date Stop Date Eruption Certainty VEI Evidence Location Lat◦N Lon◦W Source

1902/05/07 1902/05/08 Confirmed 0 Historical observations Subm. vent ca. 20 km SW of Terceira 38.65 28.08 Smithsonian

1907/04/01 Unknown Confirmed 0 Historical observations Monaco Bank 37.6 25.88 Smithsonian

1907 Unknown Confirmed 0 Historical observations San Jorge 38.65 28.08

1911/03/07 Unknown Confirmed 1 Historical observations Monaco Bank 37.6 25.88 Smithsonian

1957/09/27 1958/10/24 Confirmed 2 Historical Observations West flank (Capelinhos) and summit 38.6 28.73 Smithsonian

1988/05/? 1989/01/? - - Seismic unrest Volcanic unrest Agua de Pau Volcano San Miguel - - Additional Report for Azores-Gigraltar Fracture Zone

1998/11/25? 2000/03/? Confirmed 0 Historical observations Serreta Ridge (submarine vent W of Terceira) 38.73 27.32 Smithsonian

2003/04/26 2007/01/01 - - Seismic unrest San Miguel - - Wallenstein et al., 2009 Silva et al., 2012

2011/09/15 2012 - - Seismic and deformation unrest San Miguel - - Okada et al., 2014

Canary Islands
Start Date Stop Date Eruption Certainty VEI Evidence Location Lat◦N Lon◦W Source

1909/11/18 1909/11/27 Confirmed 2 Historical observations NW rift zone (Chinyero), Tenerife 28.27 16.64 Smithsonian

1949/06/24 1949/07/30 Confirmed 2 Historical observations San Juan, Llano del Banco, Hoyo Negro, La Palma 28.57 17.83 Smithsonian

1971/10/26 1971/11/18 Confirmed 2 Historical observations Teneguia, La Palma 28.57 17.83 Smithsonian

1989/05/09 - - - Seismic unrest Tenerife - - Vinciguerra and Day, 2013

2004/05/12 2005/05/18 - - Seismic unrest Tenerife - - Domı́nguez-Cerdeña et al., 2011

2011/10/10 2012/03/05 Confirmed 2 Seismic and deformation unrest Submarine S flank, El Hierro 27.73 18.03 Smithsonian

Cape Verde Islands
Start Date Stop Date Eruption Certainty VEI Evidence Location Lat◦N Lon◦W Source

1909 Unknown Confirmed - Historical Observations Fogo 14.95 24.35 Smithsonian

1951/06/12 1951/08/21 Confirmed 2 Historical Observations Northwest and south caldera floor, Fogo 14.95 24.35 Smithsonian

1995/04/02 1995/05/26 Confirmed 2 Historical Observations WSW flank of Pico, Fogo 14.95 24.35 Smithsonian

2014/11/23 2015/02/08 Confirmed - - Northwest and south caldera floor, Fogo 14.95 24.35 Smithsonian

Table 1.1: Volcanic (eruptive and unrest) activity in the Azores, Canary, and Cape Verde Islands since 1990. The descriptions of the volcanic
events were taken from the Smithsonian Database (www.volcano.si.edu) and from scientific papers.
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Figure 1.2: Mw>3.0 earthquake distribution during 1900-2012 (7,847 seismic events. Catalog sources: Instituto Geográfico Nacional, IGN;
International Seismological Centre, ISC-GEM; The North Moroccan Earthquake Catalog of seismic hazard assessment (Cabañas et al. 2015,
Peláez et al. 2007). Symbol size reflects event magnitude, with colors ranging from yellow to blue depending on the event depth. Bathymetry and
topography from the National Geophysical Data Centre (NOAA). Upper figure shows the synthesis of the kinematic field in the region and the
distribution of the studied areas: Mid-Atlantic Ridge including the Azores Triple Junction (MAR-ATJ); the Azores Islands from Faial-Terceira
to the islands of San Miguel (ATSM); the Gloria Fault (GF); the Gorringe Bank as far as Cadiz (GB); the Betic Mountains, the Rif Cordilleras,
the Alboran Sea (BALB); the Atlas Mountains (ATL); and the Canary Islands.
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1.2 Volcanism in the Canary Islands

In this region important tectonic forces act. Deformation rates range from 5 mm/year

in the Mid-Atlantic region in a E-W direction, and decrease eastward to values of 2.7-

3.9 mm/year in Algeria in a NW-SE direction (Figure 1.2). This border has given rise to

frequent powerful seismic events such as the 1755 Lisbon earthquake and the subsequent

tsunami (8.5 Mw, felt X in southwest Portugal) (Baptista & Miranda 2009). The border

running from the Azores to Algeria has been the site of recently occurring major earth-

quakes (Mw > 7.0), including events on the Azores-Gibraltar fracture zone (1931 7.0 Mw

and 1975 7.9 Mw), Santa Marı́a (1939 7.0 Mw), the Gloria Fault (1941 8.4 Mw), the At-

lantic Ocean (1969 7.8 Mw), and El Asnam in North Africa (1980 7.2 Mw).

The Canarian volcanism is thought to be related with mantle dynamics, being evidence

that an active mantle upwelling exists beneath the Atlantic Ocean Basin off the northwest

African continental lithosphere. Duggen et al. (2009), based on geochemical data of lavas,

proposed the existence of a sublithospheric mantle flow beneath the northwest African

plate, through a subcontinental lithospheric corridor from the Canarian domain, crossing

the Atlas Mountains and moving towards the western Mediterranean. This author relates

plume push, to eastward-thinning, delamination below the Atlas and rollback of a sub-

ducting slab in the western Mediterranean, 1,500 km to the northeast from the Canaries.

van den Bogaard (2013) studied the spatial and temporal distribution of the Canary Island

Seamunt Province, concluding that an active and shallow mantle upwelling beneath the At-

lantic Ocean basin off the NW African continental lithosphere produced recurrent melting

anomalies and therefore active volcanism.

Moreover, Saki et al. (2015) interpret the existing seismic discontinuities at different

sublithospheric depths in the region as a large upwelling beneath the North Atlantic not

extending through the top of the transition zone as a whole, except for different plume

branches which appear as a thinner upwelling in the Azores, the Canaries and also in the

Cape Verde hotspots at the surface. A recent high-resolution tomography study below

Morocco, Canary Islands and the Alboran sea by Bonnin et al. (2014), found the exist-

ence of a strong low velocity zone beneath the western part of Canaries down to a depth

of approximately 300 km. Plume conduits beneath the three hotspots have been mapped

previously by Montelli et al. (2006) and Zhao (2007). They find prominent low velocity

zones beneath Azores, Cape Verde and Canaries, stretching down to at least 700 km depth.

Figure 1.3 represents the slice stacks of high resolution tomographies on P-wave LLNL-

G3DV3 (Simmons et al. 2012) and S-wave S2.9EA (Kustowski et al. 2008).
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Figure 1.3: Slice stacks of shear-wave velocity perturbation, dVs% (-3:+3) of S2.9EA global
tomography model (left) and compressional velocity perturbation, dVp% (-3:+3) of LLNL
global tomography model (right).
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1.2 Volcanism in the Canary Islands

These slices highlight different aspects of the lithosphere given the differing behaviors

of the compressional (P) and shear (S) waves due to the variations of the state parameters

with depth. However, both correspond to a broad sub-lithospheric, low velocity anomaly

in the Atlantic Ocean, as well as independent lithospheric branches in contact with the

surface.

At shallower depths in the Canarian lithosphere, geophysical and petrological modeling

studies propose a low velocity anomaly at lithospheric (50-110 km) and sub-lithospheric

(150-260 km) depths (Fullea et al. 2015, Legendre et al. 2012). The upper anomaly is

modelled as a depleted and mechanically strong lithosphere showing no significant thinning

with respect to the surrounding oceanic and continental domains, while the sub-lithospheric

anomaly is assumed to represent a value of + 100 ◦C with respect to ambient mantle (mantle

potential temperature of 1,435 ◦C) (Fullea et al. 2015).

Further towards the surface, thermobarometric and petrologic studies of basanites erup-

ted on El Hierro and La Palma allowed to reconstruct the magma plumbing and storage

beneath those islands, indicating the existence of small, intermittent magma chambers in

a depth range of 15-26 km, in a similar manner to other oceanic volcanic islands fed by

plumes with relatively low fluxes (Klügel et al. 2005, Martı́ et al. 2013, Meletlidis et al.

2015, Stroncik et al. 2009).

On El Hierro, structural studies carried out before the eruption revealed clear litho-

spheric anomalies below the island. Carbó et al. (2003) and Llanes et al. (2003) performed

a 3D-lithospheric gravimetric inversion over a wide area around the Canary Islands (See

Figure 1.4). These authors found a main regional N-S oriented Bouguer gradient to the west

of the island of La Palma that passes through El Hierro, which is associated with a Bouguer

wavelength of 40 km (corresponding to a depth of 48-128 km). They also identified two

shallow gravity minima to the NE and SW of El Hierro, with Bouguer wavelengths of 12-

40 km (corresponding to a depth of 12-48 km). In the same area that these two authors

(Carbó et al. 2003, Llanes et al. 2003) found a gravity minimum to the SW of El Hierro,

Montesinos et al. (2006) used a 3D gravity inversion to model a negative density anomaly

at a depth of 10km.

In a field survey carried out prior to the 2011 unrest, Gorbatikov et al. (2013)studied the

deep structure of El Hierro using microseismic sounding techniques. These authors found a

central-eastern intrusive high velocity body in the crust that they interpreted as being related

to the early stage of the formation of the island, as well as a western intrusive body below
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Figure 1.4: Distribution of the Bouguer anomalies in the Canaries (modified from Carbó et al.
2003, Llanes et al. 2003. Color scale in mGal.

the crust at a depth of >15 km that was interpreted as a recent magmatic reservoir. This

is consistent with the depth range of 19-26 km (in the upper-mantle) reported by Stroncik

et al. (2009) for the magma plumbing and storage system below El Hierro. A P- and S-

wave 3D tomography performed by Garcı́a-Yeguas et al. (2014) revealed on El Hierro a

high-velocity crust to a depth of 10-12 km and a low-velocity anomaly below the base of

the crust, interpreted as a batch of magma rising as a small plume from the mantle located

beneath El Hierro.

Furthermore, recent P-wave 3D tomography (Martı́ et al. 2017) modeled the structural

complexity of the interior of El Hierro, identifying important discontinuities. Authors inter-

preted these discontinuities as structural and/or rheological contrasts (i.e.: stress variations)

that have conditioned magma transport inside the island and, consequently, the evolution

of the location of seismicity during the different magmatic episodes, as that occurred in El

Hierro since 2011.

These barriers correspond to regional tectonic structures and blocked pathways from

previous eruptions, which reduces the options for fresh magma for finding a suitable path-

way to the surface and for erupting (See Figure 1.5). The most important features are

the upper-crustal Tanganasoga high-velocity anomaly, and the upper-mantle low velocity

region, that authors interpreted as magma reservoirs.
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1.2 Volcanism in the Canary Islands

Figure 1.5: P-wave 3-D tomography model of the structure beneath El Hierro island showing
the isosurfaces of 7.21 km/s and 7.56 km/s. Modified from (Martı́ et al. 2017).
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1.2.2 Recent volcanism

The Canary Islands are one of the largest active intraplate volcanic regions of the World,

beginning its volcanism about 60 Ma ago (e.g. Carracedo et al. 2002). The origin of

its magmatism is still controversial and several hypotheses, including a mantle plume hot

spot (Carracedo et al. 1998, Hoernle & Schmincke 1993, Holik et al. 1991), a local exten-

sional ridge model (Fuster 1975), and an uplifted tectonic blocks model (Araña & Ortiz

1986), have been mooted to explain its geological features. Additional petrological, geo-

physical, and geochemical evidence of its sub-lithospheric mantle provided evidence for

other possible explanations such as that stated by Anguita & Hernán (2000), who unify in

a single model thermal mantle anomaly features and the role of the regional fractures and

tectonic forces as sources of the magmatic activity. Its eruptive activity rate is low and only

19 eruptions have been recorded over the past 500 years of written history, all of mono-

genetic character on the islands of El Hierro (2011–2012), La Palma (1585, 1646, 1677,

1712, 1949, 1971), Tenerife (1704, 1706, 1798, 1909) and Lanzarote (1730–1736,1824)

(Romero 2000). Figure 1.6 shows the historical eruptions occurred in the Canary Islands.

In all cases, historical eruptive activity has been related to basic magmas ranging in in-

tensity from strombolian to violent strombolian, originating scoria cones and lavas. The

duration of the eruptions ranged from a few weeks to a few months, except in the case of

the Timanfaya eruption in 1730 that lasted for six years.

Figure 1.6: Canary Islands geographical distribution and deposits (in red) of the historical
eruptions occurred in the last 500 years (Romero 2000). Modified from www.ign.es.

14



1.2 Volcanism in the Canary Islands

1.2.2.1 El Hierro 2011-2012 volcanic unrest and eruption

The 2011-2012 El Hierro eruption occurred 40 years after the eruption of Teneguia on La

Palma in 1971 and represents the only such event, in the Canaries, that has ever been fully

recorded from beginning to end by a local monitoring network.

On 19 July 2011, after a long period of quiescence on El Hierro, a persistent incre-

ment in seismic activity was observed. During the pre-eruptive unrest, which lasted for

almost three months (19 July-10 October), a batch of deep magma accumulated at a shal-

low depth, migrated laterally from north to south below the crust for over 20 km before

erupting (López et al. 2012, Martı́ et al. 2013), producing thousands of seismic events and

centimetric surface deformation.

On 10 October 2011, a submarine volcanic eruption occurring 2 km south of the island

culminated this process. A comprehensive record of the activity was obtained from the

seismic and GPS network deployed by the IGN all over the island, and besides, by the gra-

vimetric, geomagnetic and geochemical IGN stations. The seismic network was composed

by one three components (3CC) broad-band station (CTIG) and eight short- and medium-

period 3CC stations. The located seismic activity is included in the IGN seismic catalog

(www.ign.es) and includes the hypocentre and size of the located events. The 3D surface

deformation history was recorded by a network of four GPS stations located in the north of

El Hierro, which provided daily displacements as a function of time (López et al. 2012).

Distinct pre-eruptive phases were distinguished by significant changes in the evolution

of the geophysical signals:

1) a north-to-south migration of magma at a depth of 12-15 km at the Mohorovicic discon-

tinuity in the area (Ranero et al. 1995, Watts 1994);

2) a simultaneous surface deformation pattern that also reflected a correlated migration of

the pressure source towards the south;

3) a clear acceleration in the process during the final days of unrest in the form of an incre-

ment in the released seismic energy and deformation (3–5 October 2011); and, finally,

4) the occurrence on 8 October 2011 of a 4.3 mbLg earthquake at a depth of 12 km in the

same area where the seismicity was occurring.

On 10 October at 04:10 UTC, a clear emergent tremor signal was registered by all the

seismic stations, indicating the onset of the eruptive activity. From the 8 October event, to

the beginning of the eruption on 10 October, the only activity consisted of a few shallow
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low magnitude earthquakes occurring offshore to the south of the island, about 5 km from

the coast.

The eruption of basanitic magma constructed a submarine cone at about 2 km from the

southern corner of the island at a depth of about 300 m. This cone reached a height of 220

m with a basal diameter of over 1 km (Rivera et al. 2013).

Figure 1.7: Seismic and geodetic activity registered on El Hierro during the volcanic unrest.
(a) Temporal evolution of the earthquake hypocentral solutions. Seismic stations are shown
as triangles. Depth of the events is shown for vertical cross-sections in N-S direction and E-
W direction. White star shows the epicenter of the mbLg = 4.3 event. (b) Daily horizontal
deformation (colored squares and diamonds) with respect to the location of each GPS station
(inversed triangles). Both panels show the position of the 2011 eruption (white cross). Figure
from (López et al. 2012).

The eruption lasted until early March 2012 and was followed (2012–2014) by several

further episodes of volcanic unrest. In terms of the seismic energy released and the accu-

mulated deformation, some of these subsequent episodes were in fact more intense than the

pre-eruptive unrest, although none actually culminated in further eruptions.
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1.3 Methodology
A summary of the main methodology applied to the observational seismic and geodetic data

is presented below; a comprehensive description of the procedures and the mathematical

formulation is included in the Papers I present in this PhD Thesis (Appendix A, B and C).

1.3.1 Analysis and characterization of the located seismic activity

The information of located events included in seismic catalogs is used to study the seismi-

city in the region and the causal relation of its variations with El Hierro volcanic unrest and

eruption. In most of the cases, it was necessary to improve the completeness of the data-

sets in order to make temporal and spatial evolution studies, or to re-analyzed the seismic

waveform and manually picking additional earthquakes, completing the seismic catalog of

events.

1.3.1.1 New regional seismic catalog

The main issue was the compilation of a new, unified (using the same magnitude scale and

not including duplicated event solutions) seismic catalog, enabling the study of the seismic

activity at regional scale, from the Azores to the South of the Iberia Peninsula, and from the

Canary Islands to the Azores-Gibraltar fault. The compilation was performed by searching

for global and regional agencies that could provide seismic locations in the region, from

1900 to date.

Consulted catalogs were the following:

1. IGN, Instituto Geográfico Nacional, Spain. On-line bulletin, http://www.ign.es. The

IGN provides preliminary and final seismic locations for the whole Ibero-Maghrebian re-

gion (26◦N - 45◦N, 20◦W - 6◦E).

2. ISC, International Seismological Center. On-line bulletin, http://www.isc.ac.uk (United

Kingdom, 2014). This center collates and recalculates earthquake locations from national

and local agencies, and provides solutions for the region. When available, the ISC-GEM

Catalog was used.

3. The North Moroccan Earthquake Catalog of seismic hazard assessment (Peláez et al.

2007) consists of records of seismicity occurring in northern Morocco (27◦N - 37◦N, 15◦W

- 1◦E) in the period 1045-2006.

4. The on-line database of Earthquake Mechanism for European Area (EMMA) (Vannucci
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& Gasperini 2004), a complete compilation of reliable solutions available in the literature

for all events occurred before 2004.

5. GCMT, Global Centroid Moment Tensor Database (formerly, Harvard CMT), USA.

This website provides moment tensors for earthquakes of a magnitude M >5 throughout

the world.

6. A revision of the IGN Seismic Catalog by Cabañas et al. (2015) as part of hazard

assessment in the Iberian Peninsula, which includes empirical relationships for different

magnitude formulas with MW .

Merging tasks generated a huge dataset of earthquakes, with many duplicated entries

for origin time and hypocentral location, as well as several different scales for magnitude

values (moment magnitude-MW , surface wave magnitude-MS , body wave magnitude-

mb, duration magnitude-MD, and local magnitudes ML and mbLg. Final hypocentral

location parameters were assigned following a prioritization rule based on the reliability

and the level of revision of the seismic source, and making a special effort to homogen-

ize magnitudes. The most reliable mb, MS ,MW , or MD from global agencies and ML,

mbLg, MW , mb, or MD from local observatories were selected. It was assumed that

(Mb,MS ,MW )NEIC = (Mb,MS ,MW )ISC, and (MW )HARV ARD/GCMT =

(MW )NEIC, with only a little deviation, as shown by Scordilis (2006). It was also as-

sumed ML = MW (ML < 6.5), following the criteria used by Heaton et al. (1986). In the

case of the IGN catalog, we used the empirical relationships established by Cabañas et al.

(2015) between the successive IGN magnitude (mbLg, mb) formulas with MW .

1.3.1.2 Time variations of seismic rate

In order to study the temporal evolution of the seismic rate during the last days of the pre-

eruptive unrest and the beginning of the El Hierro eruption (6-15 October 2011), it was

addressed the task of completing the located event catalog in El Hierro with additional

detected events, heretofore not included, in order to estimate the true seismic release that

reflects the history of the process dynamics.

The seismic rate R = dN/dt, where N is the number of earthquakes, and the stress

change associated with dike intrusion, can be calculated using the seismicity-rate theory of

Dieterich (1994), which establishes

R =
dN

dt
=

r

γτ̇r
;
dγ

dt
=

1

aσ
(1− γ ds

dt
) (1.1)
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where r is the background seismicity rate at the stressing rate,γτ̇r, σ is the normal stress

acting on the fault, a is a frictional constitutive parameter, and s is the Coulomb stress. γ

can be approximated to the inverse of the stressing rate prior to dike propagation (Segall

2013).

Seismicity rate was used as an estimation of the local stress changes and the seismic

energy per unit of the fault area, to calculate the minimum bound of the strain field vari-

ation. The continuous seismic waveforms were reviewed, and manually picked the arrival

time and ground-motion maximum amplitude of those volcano-tectonic (VT) events re-

gistered by at least five stations, which were identified by their waveform as belonging to

the same local families. This procedure increased the number of events detected on El

Hierro from 677 to 6,343 (an increase of more than 800%). Each detected event mag-

nitude was computed by correcting for attenuation and spreading for distance considering

the mean location of the events located at closer time.

1.3.1.3 Characterization

The seismic activity was characterized based on the variations in the b value of the Gutenberg-

Richter distribution, and on the variations in the travel time residuals of the seismic phases

on located events. Variations in the b value can identify the different time-periods where

tectonic (mainly driven by the tectonic plate activity) or volcano-tectonic (driven by the

volcanic activity) seismicity predominated. In addition, the temporal variations of the P−
(compressional) to the S- (shear) wave velocity ratio (VP /VS) of local earthquakes, in vol-

canic areas, aid the study of the properties of the medium, the existence of fluids and/or

increasing/changing crack distribution, thereby identifying the volcano state and its evolu-

tion (e.g. Hong et al. 2014, Lin & Shearer 2009.

The Gutenberg-Richter (G-R) distribution power law states that,

log n(M) = a− b ∗M (1.2)

where n(M) is the cumulative number of earthquakes of magnitude larger than M , a rep-

resents the earthquake productivity, and b describes their size distribution (Gutenberg &

Richter 1944). The unknowns, a and b, were adjusted by the maximum curvature method

(Aki 1965), in overlapping moving windows of 200 earthquakes each one. The complete-

ness magnitude (above this magnitude the catalog should include all the events recorded by
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the seismic network), MC , and the maxima magnitude, Mwmax, were calculated in each

time period window by using the ZMAP program (Wiemer 2001).

The VP /VS ratio can be estimated by using a modified Wadati analysis (Wadati, 1933;

Jo and Hong, 2013):
VP
VS
− 1 =

TS − TP
TP

(1.3)

where TP and TS are the observer P - and S-waves phase readings. From VP /VS the

Poisson’s ratio ν (is the ratio of transverse contraction strain to longitudinal extension strain

in the direction of stretching force) can be calculated by using:

ν =
1

2
[1− 1

(
VP
VS

)2 − 1
] (1.4)

The VP /VS ratio and Poisson’s ratio, ν, were calculated using the phase information (P -

and S-wave arrival times) of those MW >1.7 events included in the IGN catalog, and a

robust multilinear regression in non-overlapping windows with 300 earthquakes in each.

Applying Kostrov (1974), Jackson & McKenzie (1988), Stich et al. (2006) formula-

tions (Appendix C) it is possible to calculate the permanent seismic strain (static seismic

deformation in response to stress forces) from the seismic moment (which measures the

size of the earthquake and is proportional to the product of the rock strength, the fault

area and the amount of slip), for different ranges of time and magnitude. This manner,

the contribution to the strain of the located seismicity (included in the seismic catalogue)

with magnitudes above MC , is added to the contribution of the seismicity with magnitudes

below MC (most of them not included in the seismic catalog) inferred from the b value re-

gression of the Gutenberg-Richter distribution. This non-catalogued seismicity is relevant

when large earthquakes do not dominate the deformation (b > 1.5).

We used the relationship established by Hanks & Kanamori (1979) between the scalar

seismic moment, Mo, and Mw, Mo = 10(1.5Mw+9.05), and the a, b, Mwmax and MC

values obtained during the GR analysis, with Mwmin = 1.0, Cs = 1 and µ = 4 ∗ 1010Pa

(Watts 1994, Watts et al. 1997). Once an approximated value for the total moment mag-

nitude was retrieved, it was possible to estimate the contribution of the permanent seismic

deformation (static deformation) to the variations in the volume from Mo, using the ap-

proximation ∆V = (ΣMo)/µ (Aki & Richards 1980, Hill et al. 2003). With this equation,

ΣMo becomes proportional to the volume of the active fractures associated with the mag-

matic activity.
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1.3.2 Analysis and characterization of the continuous seismic activity

A summary of the main methods applied in this PhD Thesis to study the seismic activity in

the continuous seismic data is included below.

1.3.2.1 Time Varying Fractal Dimension

In order to study the type (e.g. seismic noise, volcano-tectonic event, low frequency,

tremor) of seismic signals as well as some other interesting parameters like the geometry of

the radiated wave field, and the dynamic changes with time, time varying fractal dimension

analysis is performed on the continuous seismic data. As the fractal dimension parameter

reflects the spectral dependence of the seismo-volcanic source, it offers a useful tool for

the characterization of the different types of seismic activity (e.g. VT and tremor) recorded

during an eruptive process (see Appendix C).

Time varying fractal analysis complements the traditional Fourier analysis in the study

of the complexity of waveform sample signals and shows that this technique can also be

applied to observational phenomena that present self-similarity across a characteristic time-

scale (Higuchi 1988).

Mandelbrot (1967) introduced the concept of fractals and the term fractal dimension

to determine the length of the west coast of Great Britain. Since then, fractals and self-

organized criticality have been widely used to study the level of complexity of an observ-

able including many geological and geophysical phenomena (e.g. Turcotte 2007). Math-

ematically, a fractal follows the relation:

Ni = C/(rDi ) (1.5)

where Ni is the number of objects with a characteristic linear dimension ri, C is a constant

of proportionality, and D is the fractal dimension. If the fractal dimension is an integer, it

is equivalent to the Euclidean dimension. The Euclidian dimension of a point is zero, of

a line segment one, of a square two and of a cube three (e.g. Turcotte 2007). This author

showed that a curve with a single power-law spectrum is self-similar and the index, α, of

the power spectral density (PSD) has a power-law spectrum dependence on frequency:

P (f) = f−α (1.6)

that is simply related to the fractal dimension D by the equation D = (5 − α)/2 (for

a self-affine fractal 1<D<2). The time varying fractal dimension (FD) was estimated
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applying Higuchi’s algorithm on the vertical component of the continuous IGN seismic

stations, for different window lengths. The seismic data was previously pre-processed in

order to remove bad-quality data segments, and the ground-motion retrieved correcting by

instrument response.

1.3.2.2 RSAM and seismic energy

A Real-time Seismic Amplitude Measurement (RSAM) analysis is performed to study

the contribution of the continuous seismic sources (micro-seismicity, volcanic tremor or

swarms of volcano-tectonic events) to the seismic data acquired during El Hierro unrest.

The RSAM (Endo & Murray 1991) is defined by:

RSAM =

∑3
i=1 | Ai − Ā |

n
(1.7)

where Ai, is the signal amplitude corrected by the instrument response and the geomet-

ric and anaelastic attenuation occurred from the hypocentre to the station; Ā is the mean

amplitude in the calculation window and n is the number of samples in the window. The

RSAM was calculated on the broad-band CTIG seismic station applying different band fil-

ters (CTIG was the only station with a flat instrumental response in the whole frequency

spectra that recorded the seismic activity from the beginning to the end of the unrest). The

contribution of the different sources were separated by applying frequency bands filters to

the continuous data: 1-3 Hz for tremor, low frequency events (LF), hybrids and medium

magnitude volcano-tectonic events (VT); 3-15 Hz for small VT; and 15-30 and 30-50 Hz

for very small and micro-seismic events, as per the classification in Wassermann (2012),

correcting by instrument response, spreading and attenuation. P -wave RSAM was com-

puted using the vertical component, and S-wave RSAM using the average sum of the NS

and EW components. From the RSAM calculated on the S- and P -waves it was straight-

forward the computation of the ratio between the energy in the S- and P - radiated fields,

Es/Ep, providing valuable information about the dominant fracturing type associated with

the emplacement and migration of the magma.

1.3.3 Analysis and characterization of the surface deformation

1.3.3.1 GPS 3D coordinate time series

3D coordinate time series analysis is performed to study the variations of the regional stress

field. Those permanent GPS stations with longest continuous dataset deployed in the stud-
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ied area were used in order to retrieve slow deformation. The selected sites ranged from

the Azores to the west (PDEL on San Miguel), the Iberian Peninsula (CASC in Cascaes,

Portugal, VILL in Villafranca, and SFER in San Fernando, Spain) to the north, Morocco

(RABT in Rabat) to the east, and the Canary Islands (LPAL on La Palma and MAS1 on

Gran Canaria) to the south. GPS data was processed obtaining homogeneous coordin-

ate time-series. 3D coordinates were computed from the first reprocessing set offered by

EPN (EUREF Permanent Network, where EUREF stands for International Association

of Geodesy Reference Frame Sub-Commission for Europe), that is called EPN-Repro 1

(http://epn-repro.bek.badw.de/) that covers the period from 1996 to the end of 2006. From

January 2007 onwards, EPN routine solutions were used. These solutions are in two differ-

ent realizations of the International Terrestrial Reference Frame (ITRF): ITRF2000 (Alta-

mimi et al. 2002) until April 2011, when the reference frame was changed to ITRF2008

(Altamimi et al. 2011) in use up to the end of 2014. Weekly time series for the selected

sites were used and removed offsets that might affect the results and their interpretation.

The magnitude of these offsets in case of known origin was computed and corrected (e.g.

equipment and frame changes).

The deformation time series were provided by the IGN Volcano Monitoring Service

(Garcı́a-Cañada et al. 2014), that computes daily 3D coordinates solutions in each one of

the GPS stations. The local GPS network in El Hierro, during the unrest episode, included

up to six GPS stations (IGN stations: HI01, HI02, HI03, HI04, HI05; Canarian Government

station: FRON), allowing the calculation of daily solutions. The GPS data was processed

using Bernese software (Dach et al., 2015) in the ITRF2008 reference frame and a network

of more than 30 GPS stations located in the Canary Islands, Azores, north of Africa, and

south of Spain. Precise satellite orbits and absolute antenna phase center models from IGS,

along ocean-loading model FES2004, were applied (Garcı́a-Cañada et al. 2014).

1.3.4 Modeling

1.3.4.1 Deformation source pressure model

Three-dimensional displacements and their associated errors were calculated for each se-

lected time period and inverted using the dMODELS software package (Battaglia et al.

2013), which uses a nonlinear inversion algorithm to determine the best fit parameters (i.e.,

location, depth, and volume change) for the deformation source (Benito-Saz et al. 2017).
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The spherical point source pressure model was used within an elastic, isotropic, and ho-

mogeneous half-space (Mogi 1958) with Poisson’s ratio ν = 0.25 and shear modulus of 40

GPa (Watts 1994, Watts et al. 1997). To assess the uncertainty of the source model para-

meters, an empirical bootstrap method was applied 1,000 times to estimate 95% confidence

intervals (Efron & Tibshirani 1986).

1.3.4.2 Coulomb stress and strain changes

The static stress changes caused by the static displacement associated with the modeled

pressure sources, can be calculated in an elastic half-space approximation with uniform

isotropic elastic properties, following Okada (1992) formulation and the Coulomb 3.3 soft-

ware (Lin & Stein 2004, Toda et al. 2005). The shear and normal components of this

Coulomb change can be computed on specific faults (receiver fault planes) or on a 3D grid

(Lin & Stein 2004, Okada 1992, Toda et al. 2005). For the modeling, a Young modulus

E = 100 GPa and a Poisson’s ratio ν = 0.25 were used. The regional stress field (ver-

tical component, maximum and minimum horizontal components) was modeled by using

the information derived from the World Stress Map (Heidbach et al. 2008), the neotec-

tonic modeling of the stress field proposed by Jiménez-Munt et al. (2001), and existing

focal mechanism solutions (σV = 250 bar/km, σH = 300 bar (160◦N) and σh = 75 bar

(70◦N)). The directions of the horizontal components are in agreement with the modeled

stress field for the Canary Islands (Geyer et al. 2016).
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God always geometrizes.

Plato

CHAPTER

2
Results

In the following pages, a review of the main results obtained in the papers is conducted,

in accordance wih a temporal sequence of different stages. First stage includes results of

the very early signs of unrest, detected from 2003 onwards through the analysis of the

regional (from Atlantic Ridge to South the Iberian Peninsula, and from the Canaries to

the Azores-Gibraltar fault) seismic catalog and from those permanent GPS stations located

in the region with longest dataset. The second stage includes results of the pre-eruptive

activity recorded by the seismic and geodetic stations located in El Hierro from 19 July to

10 October, 2011. The third stage includes results of the pre- and eruptive activity recorded

during 6-15 October 2011, on El Hierro.
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2.1 Temporal sequence of evidence

2.1.1 Early signs: 1996-2011

The results of regional analysis performed with the compiled new regional seismic catalog

and the 3D GPS coordinates series processed for the 1996-2011 time period are presen-

ted. Figure 2.1 shows the geographical distribution of the seismicity located in the whole

area (MW > 3.0), which follows the known tectonic features. Shallow (depth < 40 km)

seismicity is recognized in MAR-ATJ and ATSM and intermediate (40 km ≤ depth < 70

km) seismicity in GB, BALB and ATL. (Cunha et al. 2012) interpreted this intermediate

seismicity as related to the shortening and wrenching between northern Algeria-Morocco

and southern Spain, and between NW Morocco and SW Iberia. This convergence would be

accommodated along NNE-SSW to NE-SW and ENE-WSW thrust faults and WNW-ESE

right-lateral strike-slip faults releasing intermediate earthquakes (Cunha et al. 2012, Rosas

et al. 2012, Terrinha et al. 2009). Besides, intermediate seismicity in the Canaries and in

Madeira Islands is found. The temporal (in each area) and the spatial evolution (in a mesh)

Figure 2.1: MW > 3.0 earthquake distribution in 1996-2012.Bathymetry and topography
from the National Geophysical Data Centre (NOAA). Dashed rectangles mark the boundaries
of the different areas included in the regional study.

of the magnitude of completeness, MC is studied to perform comparison of the seismic

energy released by the activity in each one of the different regions. This study allows to

establish the completeness magnitude threshold and the homogeneous calculation of the

temporal variations of the seismic energy using those events with magnitude MW ≥ MC

in each region. Figure 2.2 summarizes the time evolution of the released seismic energy
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2.1 Temporal sequence of evidence

for all the regions. Each curve depicts the accumulated elastic energy, ES , for those earth-

quakes with magnitude above the magnitude of completeness. ES was computed using an

empirical regression with the scalar seismic moment, M0.
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Figure 2.2: 1996-2012 comparative analysis of the accumulated seismic energy released for
events with MW ≥MC in each one of the seven areas (MAR-ATJ, MW ≥ 4; ATSM, MW ≥
2.7; GF, MW ≥ 3; GB, MW ≥ 2.9; BALB, MW ≥ 2.9; ATL, MW ≥ 2.6; and CAN,
MW ≥ 2.7).

A comparison between the Canaries and the surrounding areas is included in Figure 2.3,

showing the evolution of the earthquake occurrence in the Canary Islands, the Atlas, the

Gloria Fault and the Gorringe Bank regions.

As the global magnitude of completeness in the Canaries is rather high as consequence

of the later installation of a dense seismic network, detected events are manually picked

in the seismic waveform on the CHIE stations, that is the station with longer recording of

continuous data in El Hierro. The lower part of Figure 2.4 consists of an histogram of the

local seismicity detected by the CHIE seismic station on El Hierro (Canary Islands).

Results shows that tectonics seems to be dominated by the occurrence of the strongest

events, being MAR-ATJ the area that released the maximum of seismic energy in this time

period with a fairly regular pattern. Besides the known and expected seismic activity, some

changes can be recognized in the trend and in the rate of the seismicity: ATSM shows an

increased seismicity in 1998 associated with the Serreta (Azores) submarine eruption; a

fairly general (excepting MAR-ATJ) increase in the activity can be recognized in ATSM,

BALB, CAN, ATL, GF and GB series from 2003 onwards; seismic activity on the Canary
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Figure 2.3: 1996-2012 comparative analysis of the accumulated seismic energy released for
those events with MW ≥MC located in in GF, MW ≥ 3; GB, MW ≥ 2.9; ATL, MW ≥ 2.6;
and CAN, MW ≥ 2.7.
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Figure 2.4: Monthly event histogram (red bars) registered at the CHIE seismic station on El
Hierro. Black bars indicate the availability of the station data.

Islands and in the Atlas Mountain increased from 2003 and was followed by a further

increase around 2007. Activity in the Canaries experienced a further acceleration at the

beginning of 2011, which lasted until the onset of the submarine El Hierro volcanic eruption

in October 2011. Most of the series (BALB, ATSM and GB) experienced increments in

2003-2004 or 2007-2008.

In relation with the surface deformation, Figure 2.5 shows the 3D (north, east, vertical)

time series from the PDEL, LPAL, MAS1, CASC, RABT, and SFER GPS stations in re-

lation to the VILL station. The errors in the time series correspond to the formal errors
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2.1 Temporal sequence of evidence

computed during the data processing, which underestimated the true uncertainty given that

a large number of systematic errors and mis-modeled parameters were not included. In

Figure 2.5: Residuals of the PDEL, LPAL, MAS1, CASC, RABT, and SFER GPS weekly
coordinate series in relation to the VILL GPS station (after the removal of the offsets), marked
with vertical lines (purple: both antenna and receiver changed; red: only antenna changed;
blue: only receiver changed; green: reference system changed). Note that the vertical scale is
double for the PDEL and SFER stations.

almost all the stations can be recognized concurrent changes in trend. In order to quantify

these changes, the accumulated deformation in time periods for the horizontal and vertical

components are calculated.

Figure 2.6 reflects the deformation history and the velocity evolution (horizontal and

vertical vectors) calculated from the GPS series shown above, with the VILL station (European

Plate) (an equivalent study respecting the RABT station (African Plate) as the reference
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station is included in Annexe A). Some GPS stations are located either on the Eurasian

Figure 2.6: GPS velocity field (horizontal and vertical vectors) in relation to the VILL station
(European Plate). For the period 10 October 1996-09 October 1999, the vertical velocity vector
is excluded for the MAS1 station due to the high scattering of the vertical component.

or African Plates, but others do not belong clearly to any of the two plates but some of

them are not so clearly aligned with any of them (e.g. SFER, Fernandes et al. 2007), so

it is necessary to compute all the time series relative to a reference station in each one of

the plates, in order to isolate the local deformations. Each vector represents the estim-

ated velocity at each station for every three years, computed from the weekly coordinate
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2.1 Temporal sequence of evidence

time-series using CATS software (Williams 2008) and taking into account annual and semi-

annual periodic variations. The last vector (in red) begins on the same day as the onset of

the submarine eruption on El Hierro on 10 October 2011. The data error is proportional

to the size of the error ellipse and is plotted at the same scale as the deformation vector

(see legend). During the period 10 October 2002-09 October 2005 the horizontal deforma-

tion showed (referenced to the VILL station) a counterclockwise rotation over a wide area

(LPAL, drift = 53◦ SW; MAS1, drift = 54◦ SW; RABT, drift = 25◦ SW, yellow

vector in Figure 2.6A), coinciding with the abrupt westwards jump recorded at the SFER

station. SFER station shows several changes in the magnitude of the horizontal components

but not any rotation. Thereafter, the stress field gradually reverted to steady compressive

NW-SE behavior (see A and B), while the vertical deformation component continued to

increase, firstly at the RABT station and subsequently at the LPAL and MAS1 stations,

until the onset of the eruption (see C and D). PDEL station (Azores) did not present any

change in horizontal or vertical components.

The time varying fractal dimension analysis is applied to the permanent seismic sta-

tions (CHIE on El Hierro and CCAN on Tenerife, both equipped with short-period, vertical

component seismometers), and results are shown in Figure 2.7. The end time of the stud-

ied period is spammed in order to show the registered local activity associated with the

post-eruption phase in El Hierro. FD evolution was estimated using the Higuchi (1988)

algorithm on the vertical component. Each FD point corresponds to a 12 hour window

of the ground-motion seismic signal with no window overlapping. Seismic data was pre-

processed in order to remove bad-quality data segments and the ground-motion was re-

trieved correcting by the corresponding instrument response.

Before 2003, the FD showed cyclic variations with a mean value of FD ≥ 1.4 for both

stations and no predominant notable trends. From 2004 onwards, however, it decreased to

values DF ∼1.1-1.2. The FD decreased more from January 2011 to the end on the unrest

phase. During the eruption on El Hierro (October 2011-March 2012), reached its lowest

values of FD ∼1. Besides, the relative deformation between two GPS stations (LPAL on

La Palma and MAS1 on Gran Canaria) is computed on the Canary Islands with the longest

continuous (> 10 years) data series.

The 3D differential coordinates time series (LPAL minus MAS1) for the GPS stations

are shown in Figure 2.8. The end time of the studied period is also spammed in order to

show the registered local activity associated with the post-eruption phase in El Hierro. The
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Figure 2.7: Time varying fractal dimensions FD at the stations on CHIE (El Hierro) and
CCAN (Tenerife). Gaps in data are due to the lack of station availability.

deformation showed a tendency to shorten northwards and lengthen westwards, showing

an extension between the stations in the E-W direction, from 2003 onwards; as well, there

was a positive northward deformation episode starting in January 2011, observed more

clearly from July 2011 onwards that coincided with the beginning of the pre-eruptive unrest

on El Hierro. With the onset of the submarine eruption in October 2011, the northward

deformation was quickly inverted.
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2.1 Temporal sequence of evidence

Figure 2.8: Time evolution of a three-component (north, east, upward) LPAL–MAS1 deform-
ation.
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2.1.2 Pre-eruptive unrest signs: July-October, 2011

In the following pages, the results of the analysis of the pre-eruptive activity registered

by the seismic and geodetic stations located on El Hierro from 19 July to 10 October

2011, are presented. The seismic activity was registered by a total of 9 seismic stations

(see Figure 2.9). Different time periods are distinguished attending to differences in rate,

magnitude, depth, location and focal mechanism. The seismic activity began inland in

the central-western area, and consisted of an almost-two-month period of low magnitude

earthquakes, from 19 July to 8 September 2011.

Figure 2.9: Seismicity located on El Hierro during the unrest for different time periods
(purple: 19 July–22 August, green: 23 August–8 September, yellow: 9–26 September, pink:
27 September–3 October, red: 4–10 October). Seismic stations are represented by white tri-
angles and GPS stations by black ones.

During this period, events clustered to the northwest and southeast of the first recor-

ded activity, as highlighted by a precise double-difference relocation study that used data

from 3,500 (out of a total of 10,000 events) local earthquakes registered during the unrest
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(Cerdeña et al. 2014). During 9-26 September and 27 September-3 October a seismic mi-

gration is observed, being seismicity located southwards rather than the previous one with

increasing magnitudes. Between 3-10 October a high magnitude sparse seismicity was loc-

ated. In Figure 2.10 the evolution of the hypocentral coordinates, the magnitude values and

the double-couple focal mechanism solutions of those MW ≥ 3.5 events located during

the unrest, all registered on 27 September–9 October are shown.

Figure 2.10: Evolution of the latitude, longitude, depth coordinates and magnitude, of the
seismicity occurring from 19 July to 10 October 2011. At the bottom, double-couple focal
mechanism solutions of those MW ≥ 3.5 events (Del Fresno 2016) are shown.

Figure 2.11 includes results of the seismic characterizations, showing the time evolu-

tion of the b, MWmax, MWC parameters, the time evolution of the earthquake location on

a N-S projection, the time fluctuations of the V p/V s ratio and the Poisson’s ratio curve.
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Variation in MWC with time is readily recognized, especially during the intense seismic

Figure 2.11: Main features of the located seismicity during the unrest, a) Time evolution of the
MWmax, MC and b parameters. b) N-S growth distance of the seismic events from (19/08)
to the final location coordinate (10/10) after 82 days of activity. c) V p/V s ratio evolution and
error bounds, d) Poisson’s ratio evolution. Scale bar intervals: purple, 19 July–22 August;
green, 23 August–8 September; yellow, 9–26 September; pink, 27 September–3 October; red,
4–10 October.

swarm episodes registered during the two weeks before the onset of the eruption.

During seismic swarms most of the seismic waveforms were partially overlapping,
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thereby making the phase detection and separation of the earthquakes difficult or even

impossible. The incompleteness of the IGN catalog motivated us to use an approximate

method to quantify the contribution of the non-located seismicity that was not included in

the seismic catalog (See Appendix C). Figure 2.12 shows results of the total seismic strain

time evolution, corresponding to the located and non-located seismic events. The ground

Figure 2.12: Strain analysis during the 2011 unrest. a) Seismic strain of the located events
above MWC (blue), below MWC (red), the sum of both (black) and rate of located strain to
total strain (purple). b) Contribution to the volume of the events above MWC (blue), total
contribution from located and no located (black) and horizontal (NS and EW) series from
FRON GPS station. c) Number of MW ≥ 2.5 events/day. Scale bar as in previous figure.

surface deformation recorded by the GPS network is also analyzed and modeled. Fig-

ure 2.13 shows the point source pressure solutions corresponding to different time periods,

selected to ensure that the resolution on the displacement measurements was sufficient, to
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minimize inversion errors, and to replicate, as closely as possible, the periods used in the

seismic analyses.

Figure 2.13: Location and depth of the sphere point pressure deformation sources for the
selected time periods. GPS displacements are represented with blue arrows. a) 31 July-8
September. b) 9-21 September. c) 22 September-9 October. d) 3-9 October. GPS displace-
ments are represented with blue arrows, and the located seismicity with grey points. Right and
bottom panels show the depth of the models and the seismicity as well as the vertical GPS
displacements.

As only four-to-six GPS stations were operating during these time periods, and given

that most of them were located in the northern part of El Hierro, the most basic and simplest

deformation source model (Mogi’s point source) is performed. Therefore, we should con-

sider the results simply as a first approximation of the deformation source, useful only to

track and evaluate the evolution of the magma (volume change and position) during the

38



2.1 Temporal sequence of evidence

unrest. The results are summarized in Table2.1, (lower and upper limits of the 95% con-

fidence intervals obtained by bootstrapping techniques are included in Table1, Appendix

B) and includes the location, depth, volume change and chi square per degrees of freedom

(χ2ν) for each one of the point pressure sources.

Period Lat◦N Lon◦E Z km Vol km3 χ2ν

07-31/09-08 27.713 -18.053 4.9 0.004 4.7

09-08/09-21 27.690 -18.065 5.4 0.008 5.4

09-21/10-09 27.595 -18.064 5.1 0.026 6.0

10-03/10-09 27.620 -18.047 12.6 0.027 4.8

Table 2.1: Optimal point pressure source model (location, depth, volume and χ2ν) for different
time periods.

Using the Mogi’s source corresponding to the 3-10 October, the Coulomb static stress

changes are modeled (Figure 2.14) on the specific faults corresponding to the 4.0 MW , 8

October plane solution (295◦strike; 40◦dip; 164◦rake) (Del Fresno et al. 2015)

Seismic and geodetic analyses provided concurrent results. During 19 July-22 August, low

magnitude (< 2.5MW ) seismic events were located in clusters in the center-north of the

island at a stable range of depths (8-12 km). Seismicity showed a bi-directionally growth

and b > 1.5 while V p/V s ratio decreased until reaching a value of ∼ 1.66 (ν = 0.21).

During this first period, the contribution of the micro-seismicity was notable, as shown in

RSAM at 15-30 and 30-50 Hz bands and in the high amount of non-located events reflected

in the total to catalog strain ratio (See Figure 2.15).

During 23 August-8 September, seismicity continued to be located in the center-north,

while b decreased slightly, fluctuating around 1.5, and V p/V s ratio increased to ∼ 1.68

(ν = 0.23). The most characteristic feature of this period is the beginning of a clear

unidirectional migration of the seismicity towards the South. Modeling of the first and

second periods of deformation registered by the GPS stations, that have been analyzed

together, provides a source center of 0.0039 km3.

From 9-26 September, seismicity continued its migration towards the South that las-

ted until 27 September, and b decreased to b = 1. At the end of this period (from 14-15

September to 26 September), maximum depth increased being > 15 km with the con-

sequent V p/V s increasing.
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Figure 2.14: Triggered seismicity in pre-existent faults. a) Coulomb stress change (bar) distri-
bution on (295◦strike, 40◦dip, 164◦rake) faults at 12 km depth. We superposed the seismicity
located during that time period between 10 and 20 km depth. b) Focal mechanism solution of
the 4.0 MW , 8 October event (star in pink).

Modeling of the GPS data provides a source center with a volume of 0.0079 km3.

From 27 September to 3 October, the nature of activity varied and there were minimum

b ∼ 1, a maximum depth of the located seismic events, increased seismic rates and higher

magnitudes. Although the depth range remained stable (12-16 km), Poisson’s ratio changed

with time (including its maximum value and a reversion in growth). The main fracturing

mechanism from 27 September onwards alternated between intense wide pulses of shear

fracturing and short episodes of tensile mechanism. The seismic strain registered its highest

values ever.

This intense deformation occurred in two pulses (27–30 September and 2–5 October)

and was registered by the seismic and the GPS network. Figure 2.16 shows the North-

South time series of the GPS and the seismic strain. Of note are the coincidence between

the coherent oscillation in the NS component and the seismic strain pulse (2–5 October)

with maximum on 3 October, and the change in the focal mechanism from thrust fracturing

to strike-slip that occurred on that date (upper panel on Figure 2.16).

From 3 to 10 October, V p/V s decreased continuously (beginning on 30 September),

the seismic strain decreased in relation to the previous days, and the GPS stations registered
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Figure 2.15: RSAM and tensile/shear type of fracturing analyses. a) ES/EP time evolution.
RSAM plots in P-wave amplitude of the CTIG station for different frequency bands: b) 0.5–1,
1–3 and 3–15 Hz and c) and 15–30, 30–50 Hz. Scale bar intervals as in previous figure.

the highest deformation rate (due to the anomalous behavior of coordinates around 3 Oc-

tober, following the trend the rest of the days), modeling a source center of 0.027 km3.

In all the periods, the modeled pressure centers were always shallower than the seis-

micity and laid slightly further to the south in the direction of the seismic migration. This

bias could be partially caused by intrinsic errors due to model simplification and the sparse

GPS data used for the inversion. Another possible reason for these differences (Traversa

et al. 2010) is that the seismicity accompanying dyke propagation in basaltic volcanoes

represents events located backwards with respect to the dyke tip position. In this case, the

seismicity is not only related to the magma propagation but also to the response of the
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Figure 2.16: Comparison of the evolution of the seismic strain, the time series of GPS deform-
ation and the Poisson’s ratio during the 2011 El Hierro unrest. a) GPS NS component and the
seismic strain, b) GPS EW components and seismic strain, c) GPS vertical components and
seismic strain, d) Poisson’s ratio time evolution.

edifice itself to the volumetric deformation (Traversa et al. 2010).
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2.1.3 Short-term eruptive signs: 6-15 October, 2011

Hereinafter, the results of the detailed analysis performed over the data acquired during

the last days of pre-eruptive unrest (6-10 October) and the first days of volcanic tremor

(10-15 October) are presented. The objective of this study is to look for short-term unrest

indicators and precursors of the irreversible mechanism occurring at depth below El Hierro

that led the pressurized magma to the surface.

A manually review of all the seismic IGN events located during the unrest is performed,

applying homogeneous criteria for phase picking and event formation. Resulting events are

shown in Figure 2.17 (486 events with rms ≤ 0.3 seconds and horizontal location error

σ ≤ 3 km). Seismic distribution of events suggests, from 6 October to the occurrence of

the 4.3 mb event on 8 October, a slight vertical trend from a depth of 14 to 10 km. The

first shallow event (at a depth of 3.5 km) occurred only 23 minutes after the main 4.3 mb

event and was located to the south of the hitherto seismic source area. From then on, the

hypocentral location of seismic events alternated between the deep seismic source area (75

events in total) and the shallow seismic source area (89 events in total with depths≤ 4 km).

Some phases can be differentiated based on the evolution of the seismicity and the

features that could be observed once the tremor signal started on 10 October:

1) Phase 0: considered to represent previous activity.

2) Phase I: from 6 October, 03:00 UTC (approx.) to 7 October, 21:00 UTC (approx.),

which includes swarms of events whose hypocentres moved NW-SE in a lateral and almost

horizontal direction.

3) Phase II: up to 8 October, 05:30 UTC (approx.), which includes the final and strongest

swarm that coincided with an upwards depth trend from 13 to 10 km.

4) Phase III: up to 8 October, 20:34 UTC (duration approx. 15 hours.), which includes the

relative quiescence in the seismic activity before the 4.3 mb event.

5) Phase IV: from the 4.3 mb event on 8 October to the beginning of the volcanic tremor

on 10 October, which includes the double-source seismicity.

6) Phases V, VI and VII, including the different tremor signal behavior and the appearance

of different surface manifestations of the eruptive activity.

The Time Varying Fractal Analysis is applied to the continuous seismic data. Fig-

ure 2.18 shows the results of the temporal variations of FD(k = 1, ..., 5) for the different

stations.
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Figure 2.17: Reviewed seismic activity located during 6-15 October, 2011. (a) 498 hypocent-
ral locations and their projections in the XZ and YZ planes. (b) The 360 events located from 6
October to the 4.3 mb event on 8 October at 20:34 UTC. (c) The 126 located events occurring
from the 4.3 mb event to the beginning of the tremor signal on 10 October at 04:10 UTC. (d)
The 12 events located from the tremor onset up to the end of 15 October.

Results show that up to 8 October, there were cyclic variations with a dominant value

of FD ∼ 1.5 during the most intensive seismic swarms. On 10 October a decrease to a

shorter dimension began, which reached minimum values of FD ∼ 1 in almost all sta-

tions by the end of 11 October. FD analysis reflects the effects of cyclic seismic swarms;
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2.1 Temporal sequence of evidence

Figure 2.18: Temporal variations of FD(k = 1, .., 5) at the different seismic stations. The
4.3 mb event and the onset of the seismic tremor are indicated on the graph with full green
and red vertical lines, respectively. 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 discolored sea-water stained by volcanic gases, which was observed about two
nautical miles off the southern coast.

higher FD values would correspond to seismically quiet periods in which uncorrelated

background seismic noise dominated, which agrees well with previous analyses of similar

seismic patterns (see Boschetti et al. 1996, Padhy 2004, Tosi et al. 1999). Dominant seismi-

city approaches to the lower FD ∼ 1.5. FD results were complemented with spectrogram

analysis for source characterization. Figure 2.19 shows the ground-motion spectrogram

(instrument response corrected) on the vertical component at the CTAB and CRST seismic

stations, and their time traces. The successive VT swarm episodes show energy in a high-

frequency band up to 25Hz, while the tremor energy is concentrated in a 0.3-5-15 Hz band.

Finally, the strain and the stress rates and their time evolution, are calculated to identify

different stages in the source mechanism. These dynamic parameters reflect the state of

fracturing of the crust and can be used as a potential tool for short- to medium-term fore-

cast of the initiation of a eruption. The seismic catalog is completed, adding additional
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Figure 2.19: Ground-motion spectrogram of the vertical component of the CTAB and CRST
stations, and their time traces (amplitude and spectrogram color scales are the same for both
stations). The spectrogram is represented on a semi-logarithmic frequency axis plot from 0.1
to 50Hz. Color bands labeled 0-VII indicate different phases.

detections, incrementing the number of detected events on El Hierro from 677 to 6,343.

Figure 2.20 shows the activity time evolution in terms of energy expenditure.
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Figure 2.20: Energy, strain and stress time evolution. (a) Detection magnitude (in black) and location-depth time evolution (in purple) of
seismic events. (b) Detection rate (in black) and its accumulated value (in red). (c) Seismic strain (in red) and its corresponding strain energy (in
black) (or energy release under the Orowan’s condition). (d) Effective pressure, at the seismic fracture surface as the minimum energy needed
to initiate a catastrophic fracture through the crust towards the surface. Color bands labeled 0-VII indicate different phases.

47



2. RESULTS

Plots show the increase in seismic activity in the populated swarms during Phases I

and II, which suggests that there was a periodic occurrence every 6-8 hours. The depth

locations plot shows a slight trend for the hypocentres to move toward the surface; 15 km

mean depth on 3 October, 14 km mean depth on 6 October, 14-10 km mean depth during the

final strong swarm occurring in the final hours of 7 October and the first hours of 8 October.

During Phase IV, the events seem to concentrate closer to the beginning and to the end of

the phase, with locations alternating between the deep and the shallow seismic source areas.

In the first shallow swarms, the mean depth was 2 km, while in the second and final shallow

swarm, the mean depth was slightly less, around 1 km. During Phases V, VI and VII events

were only observed in the deep seismic source area. The accumulated slopes of the seismic

rate show different phases of the local stress field and crescent strengthening, from Phase

0 to Phase II. A higher contribution by the shallow seismicity to the local deformation is

remarkable despite its lower seismic rate. The phenomenon involved in Phase II was the

most energetically expensive of the whole period and produced the maximum deformation

rate, even greater than the 4.3 mb event. During Phases I, II and III (65 hours approx.)

0.82x1011 J and 0.76 x10−4 strain (1.2 µstrain/hour) of deformation were released in the

area. In Phase IV the corresponding values were 0.34 x1011 J and 0.2 x10−4 strain of

deformation. Figure 2.20 also includes the corresponding effective pressure, σf , that points

to the minimum energy needed to initiate a catastrophic fracture (See Appendix C). For the

characteristic critical strain energy rate for the area, G, the rate used was the accumulated

one during Phases I, II and III, it is highlighted from 4 to 10 MPa on a grey background.

There are two critical situations where σf reached its lowest value, in Phase II (6 MPa) and

during the 4.3mb event (5 MPa). Crust state parameters were calculated using the standard

value of Poisson’s ratio for the crust ν = 0.25 and µ = 40 GPa (Watts 1994, Watts et al.

1997).
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Nature makes nothing incomplete, and
nothing in vain.

Aristotle

CHAPTER

3
Discussion

The application of classical and new approach analyses on the geophysical and geo-

detic data acquired in the Canaries, provided a valuable opportunity to get new results

about the eruptive mechanism occurred on El Hierro. Analysis results are discussed in the

following pages in relation with the emplacement and migration mechanism used by the

magma to fracture and travel through the crust from its base to the Earth’s surface. Thus,

the most likely interpretation of the activity registered during the 2011 unrest and eruption

is proposed. Throughout the discussion, it is applied knowledge about the regional Geo-

dynamics, the El Hierro known structure and the Rock Fracture Mechanics Theory, which

offers challenging interpretations of what occurs when a fluid (including magma) opens

and fractures rock. Main results, and their interpretation, are chronologically presented. A

conceptual model for the El Hierro magmatic mechanism is also presented.
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3.1 Discusion

3.1.1 1996-2002
1995 2003

background level

1996 2002

Activity. The activity registered in the Canaries during this period was rather low and

steady (see Figure 2.3, Figure 2.4) and the deformations measured by the regional GPS

network (horizontal components) followed the regional stress field direction in the Ar-

chipelago (Figure 2.6).

Discussion in terms of volcanic activity. Compared to the tectonic activity occurred

from 2003 onwards, the activity in the Canaries may be considered in its background level.

3.1.2 2002-2011
2000 2012

anomalous activity

2002 2007

increased anomalous activity

2007 2011

Activity. Anomalous seismic and geodetic activity were detected by a general increase

in the whole region, from Azores to Strait of Gibraltar (excepting the Mid-Atlantic Ridge)

with a coincident increment in the seismic energy released in 2003-2004 and/or around

2007 (see Figure 2.2, Figure 2.3, Figure 2.4) an E-W drift and uplift deformations that

affected the southern Iberian Peninsula, northwest Africa, and the Canary Islands (Fig-

ure 2.6). At local scale, in the Canaries, activity affected different islands, showing com-

mon seismic patterns (similar FD evolution and an increase in seismicity) at El Hierro

(more intensely) and Tenerife Islands (Figure 2.7) a concurrent stress-shift episode meas-

ured by GPS stations on La Palma and Gran Canaria Islands (Figure 2.8).
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It is noteworthy that the local activity (seismicity and surface deformation) is occur-

ring not only in El Hierro but also in Tenerife, La Palma and Gran Canaria Islands. Other

authors have also reported increased activity in these periods, marked by an increase in

seismicity and anomalous 222Rn and 220Rn subsurface degassing from 2003 to 2005 in

Tenerife and an increased trend of diffuse CO2 emission from Teide Volcano (Tenerife

Island) in 2007 (Almendros et al. 2007, Cerdeña et al. 2011, Peréz et al. 2007). These

increases in activity were interpreted as caused by the presence of new magma below the

Canaries and the subsequent changes in the stress field.

Discussion in terms of volcanic activity: Anomalous tectonics, generation and em-

placement of new magma in this environment may be explained either by stress changes

generated at the plates boundaries or by a mantle plume upwelling (Bonnin et al. 2014,

Fullea et al. 2015, Geyer et al. 2016, Legendre et al. 2012, Miller et al. 2015, Saki et al.

2015). The observed deformations (regional and local) agree with the existence of an act-

ive mantle upwelling beneath the Atlantic off the northwest African continental lithosphere

(Fullea et al. 2015, Legendre et al. 2012, Saki et al. 2015). A recent study (Miller et al.

2015) has proposed the existence of a considerable amount of multiple sub-lithospheric,

low-velocity material flowing sub-horizontally northeastward from the Canary hotspot to

southern Spain, that is, beneath the Atlas and the Alboran Sea and from the 410-km dis-

continuity to the lithosphere-asthenosphere boundary.

A reactivation of this sub-lithospheric material below the lithosphere of Canaries, Mo-

rocco and southern Spain would explain the observed seismicity, the regional extension

and uplift affecting the southern Iberian Peninsula, NW Africa, and the Canary Islands and

could have facilitated partial melting and accumulation of magmas at different depths in

the mantle below the Canary Islands. The time encompassed between the beginning of

the deformation and the eruption and subsequent unrest episodes at El Hierro suggests a

certain delay between mantle upwelling and melting. The fact that the Azores hotspot is

different from the Canary Islands hotspot above 660 km (Saki et al. 2015) would explain

the decoupled evolution of the process in the Canary Islands (eruption) and in the Azores

(no eruption), despite sharing an increased seismicity.
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3.1.3 19 July-8 October, 2011

01/07–19/07

19/07–08/09
hydrofracturing

presence of a fluid gas-enriched

08/09–26/09
post-inyection uni-directional

seismic migration

26/09–03/10
tensile/shear fracturing

presence of melt

10/10
tremor onset

03/10–08/10
triggered seismicity

crust stagnation

08/10–10/10
tensile upwards dyke fracturing 20122011

Activity. The activity registered in El Hierro from the beginning of the unrest to the

date when the seismic migration at constant depth to the south started (19 July to ∼21

August) showed an hydrofracture nature (clustered swarm activity, low MWmax, b ≥ 1.5,

tensile fracturing, low Poisson’s ratio and the occurrence of micro-seismicity) (see Fig-

ure 2.9, Figure 2.11, Figure 2.15, Figure 2.13). On 21, and more clearly on 27 September,

the activity changed drastically, appearing deeper earthquakes from this date onwards (Fig-

ure 2.10), and very intense swarms of VT events and an alternation of shear and tensile

behavior, with maximum Poisson’s ratio values, maximum seismic strain release and max-

imum deformation as reflected by the higher modeled Mogi’s source volume (see Fig-

ure 2.11, Figure 2.15, Table2.1).

The activity presented two pulses (27-30 September and 2-5 October) (Figure 2.16)

registered by the seismic and the second one by the GPS network. Of note are the coin-

cidence between the coherent oscillation in the NS component and the seismic strain pulse

(2–5 October) with maximum on 3 October, and the change in focal mechanism from thrust

fracturing to strike-slip that occurred on that date. During 6–8 October VT seismic activity

strongly increased both in rate and in size, reflecting the seismic strain a permanent de-

formation accumulation, with a maximum rate of 1.4x10-6 strain h−1 (Figure 2.20), the

greatest throughout the whole process.

Discussion in terms of volcanic activity. When an over-pressurised fluid is injected

into a volume of rock, the pressure migrates through the pores (pore pressure pulses) and

stress variations in the rock occur (due to the opening and fracturing of fluid-filled cracks)
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(e.g. Dahm et al. 2010, Miller et al. 2004, Shapiro et al. 1997, Toda et al. 2002). In the

fluid-filled crack opening and fracturing model (e.g. Dahm et al. 2010) cracks grow bi-

directionally during the fluid injection process. This bidirectional growth continues for

some time (post-injection) due to decompression by the remaining driving pressures, and

then subsequently initiates unidirectional growth that is maintained depending on the stress

gradients and the injection fluid pressure. High b values (in some cases up to 2 or even 3) in

volcanoes have been interpreted as being caused by the fracturing produced by fluid/magma

intrusion in the mapping areas surrounding magma bodies (e.g. Bridges & Gao 2006, Dı́az-

Moreno et al. 2015, McNutt 2005, Murru et al. 2007, Wiemer & Wyss 2002).

Besides, anomalous VP /VS ratios have also been registered in many volcanoes and

low ratios are interpreted as an increase in the presence of gas in fractures (e.g. Kilauea,

Johnson & Poland 2013; Mount Etna, Patanè et al. 2006; Campi Flegrei Caldera, Chiarabba

& Moretti 2006; Aso Caldera, Unglert et al. 2011). These authors suggest that increasing

crack density should lead to higher S-wave delay times and to lower VP /VS ratio values —

if the cracks fill with gas.

Therefore, a fluid injection (gas-enriched) close to the crust-mantle discontinuity would

explain the bi-directional seismicity growth, the high b values, the clustered seismicity and

the existence of seismic back- and fore-fronts observed during 19 July to∼21 August. This

fluid intrusion could not go upwards through the crust due to the high velocity crust in that

area, as revealed by the two P- and S-wave tomography results (Gorbatikov et al. 2013,

Martı́ et al. 2017) but it overpressurized the entire Island promoting extension and tensile

fracturing of pre-existent faults. The observation of a spatial CO2 positive flux anomaly in

a faulted area at the North of El Hierro between 22 July and 14 August (López et al. 2012)

could be congruent with described state.

The seismic migration pattern observed from 21 August to ∼27 August (Figure 2.12),

suggests a unidirectional growth of the fluid injection, driven by structural or regional

stress gradients. In this regard, it is noticeable the precise coincidence of the unidirectional

growth path with the lateral heterogeneity at 10-15 km depth below the Moho discontinuity

(Gorbatikov et al. 2013) in El Hierro.

Previous studies in volcanic active areas, have related an increase of VP /VS ratio with

the presence of melt (magma) and fluid-filled cracks in the media. Melt intrusions in a

fractured rock result in high VP /VS ratios by lowering the VS . Fracturing and increasing

pore pressure also causes a relatively marked decrease of Vs but only a small decrease of
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VP , which yields an increased VP /VS ratio (e.g. Chiarabba & Moretti 2006, Hong et al.

2014, Koulakov et al. 2013). Moreover, a rapid migration of fluids in pre-fractured zones,

leads to a high VP /VS ratio and to an increase of the seismicity (Chiarabba & Moretti 2006,

Hong et al. 2014, Husen et al. 2004, Johnson & Poland 2013, Patanè et al. 2006, Vanorio

et al. 2005).

In regard to the relationship that exists between tectonic stress field and the earthquakes

triggered by magma overpressure, Roman & Heron (2007) proposed different faulting scen-

arios depending on the strength of the regional tectonic stress in comparison with the vol-

canic stress. Fault slip in the direction of the regional maximum compression if regional

stresses dominated; no faulting, creating shadow zones around the inflating dyke if regional

stresses balance volcanic stresses; and reverse faulting if volcanic stresses dominated (Ro-

man & Heron 2007).

Based on these observations, we suggest that from 27 September onwards, an increase

of over-pressurized melt, as suggested by the increased modeled volume of the pressure

source: 0.0039 km3 (31 July to 8 September), 0.0079 km3 (8-21 September) (see Table2.1),

reached the mantle-crust boundary, in agreement with the reverse type of the focal mech-

anism. This increased overpressure, affected the entire volcano edifice, promoting tectonic

seismicity while increasing in volume by the tensile emplacement of additional melt mater-

ial. During the reverse faulting period (27 September to 3 October) volcanic stresses likely

dominated, being the source of this fracturing clearly below the crust base. Therefore, this

stage could suggest a propensity for the formation of a fluid-crack and then dyke migration

at the end of this process. Change in focal mechanism and the GPS oscillations pattern re-

gistered around 3 October suggest that an important change (geometry, media) occurred on

that date. Fluid-crack intrusions are usually characterized by deflation-inflation sequences

in the magma source and by associated subsidence-uplift cycles above, as well as by the

lateral migration of earthquake swarms, as the magma moves from its source and into the

dyke (Brandsdóttir & Einarsson 1979, Einarsson 1991, Moore & Krivoy 1964, Rubin et al.

1998, Toda et al. 2002), so likely on this date occurred the propagation of a dyke from the

magma reservoir, allowing the decreasing of the magma pressure below the crust (change

on focal mechanism from thrust to strike-slip).

The strike-slip seismicity registered during 3-8 October could be the consequence of the

increased Coulomb stress transfer on pre-existent regional faults in the crust since strike-

slip event planes coincided with regional NW-SE maximum compression (Geyer et al.
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2016). The rapid variations in VP /VS recorded in this period would reflect the abrupt

changes in the stress and deformation states, which cause fracturing, and the active trans-

port of fluids (melt), these fluids driving more fracturing in a positive feedback system that

ultimately leads to eruption (Koulakov et al. 2013). During the seismic gap registered after

the occurrence of the 8 October 4MW event an intermediate scenario could have occurred,

where an increasing volcanic stress balanced with the regional stress. Under this hypo-

thesis, the aseismic area between the previous seismicity at 10-12 km deep and the surface

seismicity at 3 km depth could draw the shadow around the propagating dyke.

Concerning the Coulomb static stress changes associated with the modeled Mogi’s

sources, both triggered seismicity and stress shadow have been observed previously asso-

ciated with the evolving static stress changes during dyke propagation in active volcanoes

(e.g. Green et al. 2015). The Coulomb stress change modeled with the 3-9 October source

pressure in the site of the 8 October event is ∼5 bar. The focal mechanism of this event

was modeled 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 magma intrusion. Modeling a circular fault model (Brune 1970). Del Fresno et al.

(2012) calculated 0.9 km2 for the rupture area and 20-30 bar for the stress drop. This stress

drop is higher than the 5 bar (0.5 MPa) of positive change in Coulomb stress, but in pre-

existent faults similar variations promoted failure encouraging an earthquake (Chouet et al.

2013, Walter & Amelung 2007). So, a positive stress transfer by itself could have triggered

the 8 October 4.0 MW earthquake on a pre-existent fault, as well as the lower magnitude

seismicity as suggested by the good fit of the 3-8 October spatial location distribution and

the area covered with highest stress (Figure 2.14).

A bias in the GPS coordinates on those days due to atmospheric instabilities recorded

by the meteorological stations in the island should not be ruled out. As described in Larson

et al. (2010) path delays caused by the troposphere are one of the most important sources

of error in GPS precision. In addition, based on Tregoning & Herring (2006), poor Zenith

Hydrostatic Delay values are able to corrupt the station coordinates and the Zenith Total

Delay estimates but this effect is more important in the vertical component than in the hori-

zontal ones. Thus, although the inflation/deflation cycle coincides with days of atmospheric

instabilities, it makes us think the deformation could be real, and not a bias, due to the fact

that it is greater in the horizontal components than in the vertical components and, also,

because there are changes in the volcanic system detected by other techniques. However,
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the magnitude of the deformations these days could be influenced by tropospheric effects.

3.1.4 8-15 October, 2011
7 15

tensile dyking

8 10

8

4 Mw event

10

tremor onset

15

hot solid volcanic products

fracture propagation

10 12

decoloured sea water

12 15

Activity. On 8 October, after the occurrence of the 4.0 MW earthquake, the seismic

rate, the seismic strain and the released seismic energy felt drastically. From this day, the

seismic strain reflected a smaller but persistent permanent deformation with a maximum

rate of 0.3x10−6 strain h−1, which was maintained until the appearance of the tremor signal

in all the seismic stations on 10 October (Figure 2.20). The tremor signal progressively

grew from its onset until 11 October at about 6:00 UTC, with an energetic high-frequency

release (0.3-15) Hz, with a maximum frequency of 0.75 Hz (Figure 2.19). FD analysis

showed a continuous decrease to shorter dimensions (Figure 2.18). Up to 8 October, FD

suggests that there were cyclic variations with a dominant value of FD ∼ 1.5 during

the most intensive seismic swarms suggesting the predominance of seismic activity in the

signal despite the scarcity of events.

On 10 October a decrease to a shorter dimension began (Figure 2.18), which reached

minimum values of FD ∼ 1 in almost all stations by the end of 11 October. During 10

October, the only indirect evidence of the on-going eruption process was the appearance on

the sea surface of many dead fish characteristic of deep zones. From 10 October (06:00)–12

October (14:30), the volcanic tremor reached its maximum energy on a broad frequency-

band rich in high frequencies (Figure 2.19), with an upper spectral bound of 15Hz at the

seismic station located nearest the eruption coordinates. The tremor-dominant amplitude

corresponded to 0.9 Hz, higher than that of the previous phase. On 12 October 14:30h and

thereafter, a sudden decrease in the tremor amplitude was recorded at all stations and a

shifting of the frequency band to smaller values.
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The appearance of clear eruptive signals on the sea surface (stained water and small

pieces of fragmented lava) this day and time provided a good indication of the volcanic

activity occurring at the submarine vent. The dominant frequency of the tremor was lower

than during the previous days and reached 0.4 Hz on 15 October, the day on which abund-

ant emission of xenopumitic fragments was observed.

Discussion in terms of volcanic activity. During the occurrence of the 4.0 MW event,

the corresponding effective pressure, σf , at the seismic fracture surface, reached a critical

minimum of 5 MPa (Figure 2.20). We believe that this event could have surpassed the

strain-rate threshold necessary to initiate such a catastrophic fracture and thus opened a

path through the crust to the surface. The occurrence of the seismic event altered the

shear and normal stresses and generated high local stress and local strain magnification,

which increased the tendency for brittle fracturing. The ‘deep’ and ‘shallow’ seismicity

registered from this event to 10 October, could represent the depths of the bottom and top

edges of the strained volume. In fact FD analysis suggests the predominance of seismic

activity in the signal despite the scarcity of events. The possibility exists that the persistent

lower magnitude seismicity was recorded because the event signals were obscured below

the background seismic noise level of the recording stations. Cornet (1992) suggested that

earthquakes generated by the tensile propagation of a dyke tip are likely to be too small

in magnitude to be identified by standard seismic networks.According to the observational

data presented here, we conclude that at the end of this stage the over-pressurization of

the system reached a critical point due to magma accumulation in the south (regardless of

whether it was under or in the lower crust). This idea is also supported by the observation

of high 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 location area) prior to the onset of

the eruption (Peréz et al. 2012).

When the Theory of Rock Fracture Mechanics is applied to El Hierro, results showed

that the requirement for induced vertical-plane tensile faults is fulfilled at shallow depths

(less than 3 km), and tensile openings are possible on fractures oriented within 22.5◦from

the vertical. At any other depths in the crust and at other orientations, new fractures will

be shear or tensile in nature but will occur in pre-existing fractures. As the differential

stress increases with depth and pore pressure, leading to smaller real differential stresses

and a greater probability of a crack opening in over-pressurized formations (Fischer &
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Guest 2011), we cannot rule out the possibility that tensile opening could occur near the

magma reservoir or the dyke. One noticeable result is the influence of Poisson’s ratio on

the available faults planes that the over-pressurized magma uses to travel from depth to

the surface. Whatever the case, at depths of less than 6–7 km, positive buoyant magma

will open all pre-existent faults at any dip angle. Therefore, once the magma crossed the

Moho south El Hierro, dyke stress would unclamp the pre-existing faults, thereby allowing

the aperture of a magma path to the surface in a combined process of tensile and shear

fracturing. During its migration, the geometry and orientation of the dyke changed to take

advantage of new available fault planes, which gave rise to apparently aseismic migration

close to the surface on 8–10 October, probably due to high-aperture tensile fracturing.

The analysis of the lava fragments collected on the sea surface near the vent area (Martı́

et al. 2013, Meletlidis et al. 2012, Sigmarsson et al. 2012, Troll et al. 2011) suggests that

local and rapid crustal assimilation occurred at the base of the volcanic edifice when the

first magma passed through that zone. Despite the different interpretations that have been

proposed to explain the exact nature of these xenopumices (Meletlidis et al. 2012, Sig-

marsson et al. 2012, Troll et al. 2011), all authors coincided in the fact that the assimilation

of pre-existing rocks, located either at the sedimentary basement of the volcanic edifice or

inside it, had occurred. The products of that crustal assimilation episode appeared after

only a few hours in the form of lava fragments with a black vesicular outer crust with bulk

basanite composition, surrounding a centre with a grey-white pumiceous xenolithic core

(xenopumices). Even so, the decrease in the registered seismicity and in the strain rate

indicate that an important change in the intrusion conditions occurred, probably reflected

in this magmatic assimilation episode.

The tremor signal started on 10 October at 04:10 UTC. Right from its beginning, the

tremor signal underwent important changes in its amplitude and frequency, an indication of

the complexity of the phenomenon that is also reflected in the lack of identifiable persist-

ent frequencies of source resonance. Increasing tremor amplitudes have commonly been

observed on other volcanoes and are thought to occur when ascending magma massively

vesiculates due to decompression or when it interacts with external water (groundwater or

surface water) (McNutt 1996, Patanè et al. 2008). Based on bathymetric evidence of the

deposition of juvenile material on the seafloor during the first days of the eruption, Martı́

et al. (2013) suggested that the eruption site migrated north for almost 3 km along a sur-

face fracture of the southern rift, from a depth of 1000 m to 300 m. This migration was
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halted by the intersection with a NE-SW-oriented normal regional fault, which facilitated

the establishment of a central conduit and a vent, giving rise to the construction of a vol-

canic cone. During this phase, the tremor signal could be mostly caused by gas-rich fluids

exsolved from the ascending magma in the final 1-4 km before the surface, which escaped

massively through a complex feeding system as it changed its geometry to the smaller di-

mension of a central conduit. On 12 October, FD ∼ 1 at almost all stations, suggested that

the minimum dimension conduit geometry was maintained.

3.2 Conceptual Model
The results presented evidence that the renewed magmatic activity on El Hierro was pre-

ceded by years of deformation and increased seismicity. The generation and eruption of

magma corresponds to a punctual geodynamic episode in which tectonism is earlier mani-

fested than magmatism, but which would be compatible with a mantle upwelling being the

cause of the observed tectonic activity. Thus, the observed anomalous tectonic activity (e.g:

seismicity and deformation) can be considered as a precursor to the El Hierro eruption, be-

ing this a sequence of events that may repeat in the future. In this framework, it is also

important to remark the role of tectonics in controlling magma migration. In the particular

case of El Hierro it seems clear that the eruption occurred when tectonics facilitated the

opening of the path that magma used to reach the surface, not being able the magma by

itself to create that path.

Figure 3.1 summarizes via successive vertical cross-sections the proposed main phases

that occurred in the period (15 years) before the eruption on 10 October 2011.

(a) First phase depicts the situation of background activity, considering the data re-

gistered by the seismic and GPS monitoring networks from 1996 to 2002. During

this period, regional deformation followed the direction of the regional stress field,

with absence of anomalous activity. A mantle upwelling beneath the Atlantic off the

northwest African continental lithosphere rises from the lower mantle and spreads

above 410 km in distinct sub-lithospheric upwellings beneath the Canaries, the Atlas

(Morocco) and the South of Spain. Below the Canaries, a hot spot rises from the 410

km discontinuity to the LAB (lithosphere-asthenosphere boundary).

(b) During a second phase, from 2003 to 2011, mantle upwelling promoted regional seis-

micity, extension and uplift in the southern Iberian Peninsula, NW Africa, and the
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Figure 3.1: Sketch showing the vertical cross-section sequence during different phases of the
process leading up to the eruption on El Hierro, on a local scale (the Canaries, upper panels)
and regional scale (from the Canaries to the Alboran Sea, lower panels). The interpretative
depiction of the upper mantle (lower panels) was taken from Miller et al. (2015). Black dashed
line crosses from The Canaries (A) through the Atlas (B) to the Alboran Sea (C). In the upper
panels, different islands from the Canaries: El Hierro (EH), La Palma (LA), Tenerife (TEN),
Fuerteventura (FV) and Lanzarote (LAN)

Canary Islands and facilitated partial melting and magma ascent below the Canary

Islands. This allowed that, below the LAB in the Canaries, different small pockets

of magma migrated towards the base of the crust. From ∼ January 2011, the exten-

sional stress regime induced by the mantle upwelling and the magma excess pressure

facilitated the opening of fractures above the LAB boundary bellow the Canary Is-

lands. The existence of a lateral strong stress gradient in the upper lithosphere close

to El Hierro could have facilitated the movement of new magma in dykes and its

migration from mantle to crust in this particular area.

(c) At local scale in El Hierro, ones the new magma injection reached the crust discon-

tinuity, it start to over-pressurize the entire edifice. Magma injection overpressures

the existing magma reservoir below the crust, promoting stress diffusion and hy-
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3.2 Conceptual Model

draulic fracturing of pre-existing and new cracks in the lower crust with gas-enriched

fluids. Increased overpressure promotes tectonic seismicity, while the reservoir in-

creases in volume due to the tensile emplacement of additional melt material. Dyke

propagation caused a fall in the magma pressure below the crust and the increase in

the stress in the crust. The positive stress transfer in the crust could have triggered

seismicity along a pre-existent fault on 3–8 October. An increasing volcanic stress

balance with the regional stress field enabled the propagating dykes to use and main-

tain open the network of pre-existing faults from the crust base to the surface. In the

upward migration, the magma starts by using vertical pre-existing faults and opens

closer to the surface pre-existing faults of any dip angle, thereby promoting during

the final kilometers horizontal (lateral E-W oriented) migration that reached the sur-

face far from the area in which the previous seismicity had been located.

In the further magma injection episodes that occurred between 2012 and 2014 magma

did no erupt, remaining stored at depths between 25 to 15 km, thus suggesting that tectonic

activity did not help magma to migrate to sallower levels. This is in good agreement with

the petrological imaging of the magmatic feeding systems below El Hierro and La Palma

that suggest the presence of isolated magma pockets at a depth of 15–26 km, as occurs on

other oceanic volcanic islands fed by plumes with relatively low fluxes (Klügel et al. 2005,

Stroncik et al. 2009).
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Knowledge is an unending adventure at
the edge of uncertainty.

Jacob Bronowski

CHAPTER

4
Conclusion

The main goal of this Thesis is to improve knowledge about the magmatic proces in-

volved in a volcanic eruption, including the preparatory pre-eruptive unrest phase. For that

purpose, El Hierro eruption is studied, from the early signs of volcanic unrest associated

with the accumulation of new magma in the region, to the evidence of magma migration

towards the Earth surface. Classical and novel methods area applied to the geophysical data

provided by the monitoring services (mostly from the Volcano Monitoring Department of

the Instituto Geográfico Nacional, IGN). Further, knowledge about fracture mechanics and

detailed information about the Geodynamics of the region and the upper-mantle and crust

structure in El Hierro is included. Gain knowledge could be relevant not only to the under-

standing of the causes governing the initiation of the eruption on El Hierro but also to the

understanding of volcanic unrest in general and the forecasting of the initiation of volcanic

eruptions.
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4.1 Conclusion
In relation to El Hierro eruption, and despite the fact that data used was limited, that

the methods applied were merely an approximation of the physics involved in an erupt-

ive event, and that the results include numerous uncertainties rather than simple solutions,

the consistence provided by comparable results allows to hypothesize how the eruption on

El Hierro took place. Following, the main conclusions about El Hierro eruption mechanism

are drawn. Some general comments are also included.

(i) Even the role of regional tectonics in mantle upwelling cannot be deciphered with

the results obtained, it seems evident that regional and local tectonic structures have

also played a significant control on El Hierro eruption. The exact interplay between

regional tectonics and mantle dynamics is a key question to understand the origin

of the Canarian volcanism. As indicated before, this is a question still under debate

and it is not the aim of this study to go further on this particular subject. As early

signs, we consider that the increase in tectonic activity since 2003 can be consider

as precursor of the magmatic and volcanic activity occurred on El Hierro, being this

anomalous tectonic activity induced by the ponding of the Canarian mantle plume,

which involved the drifting E-W extensional and uplift deformations observed in the

Canary Islands but that also affected the south of the Iberian Peninsula and northw-

est Africa. We propose that the long-term monitoring of the tectonic activity (e.g:

seismicity and deformation) in a broader area (from Azores to Morocco) can be con-

sidered a useful tool for the volcano hazard assessment of future eruptive events in

the Canaries.

(ii) As signs of local volcanic unrest on El Hierro during 19 July-10 October, 2011, local

fracturing and deformation analysis results showed evidence of magma injection be-

low the local crust, hydraulic fracturing with gas-enriched fluids, migration of the

stress perturbation to the south, crossing of the Moho discontinuity, triggering tec-

tonic seismicity in pre-existing faults, and tensile upwards migration of melt to the

earth’s surface on El Hierro. Stress modeling highlights the very importance role

played by the pre-existing faults in El Hierro eruption. It is also worth noting that

we have reliable evidence of important changes in the crust state parameters (e.g.

Poisson’s ration, compressional and shear velocity) during a magmatic intrusion,

therefore, all the modeling performed constant state values may bias results.
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4.1 Conclusion

(iii) Results stressed the importance the precise knowledge of magma, structure and

mechanics of the host rock has for a proper interpretation of the observational data.

The characteristics of the system (magma + host rock structure) and, consequently,

of the forces acting upon it may change during the course of the process and may

delay, accelerate or halt the onset of the eruption. The interpretation of the obser-

vational data in isolation can be misleading and be misunderstood if the state of the

crust is not previously known – or at least taken into account as an important con-

ditioner. Stress and strain rates can be characteristic for an area and their thresholds

can be considered to be a potential tool in short-term forecasts in conjunction with

other forecasting methods; we believe that the implementation of real-time analysis

procedures that reflect a more comprehensive stress and strain states occurring in the

crust and its continuous short- and long-term changes; this will provide us with an

excellent tool for the correct identification and interpretation of eruption precursors.

(iv) Even previous studies have employed some of the techniques used in this work (e.g.

b-value analyses, Mogi’s point source modeling), some of the methodologies used

are new: e.g. the complete calculation of the whole evolution of the seismic strain

and the Coulomb modeling of the stress field changes. In a similar way, no V p/V s

temporal evolution study or Es/Ep characterization of the tensile/shear fracturing,

or error analyses of the deformation Mogi’s modeled sources, has been performed

using the dataset from the unrest on El Hierro. Some of the evidence found is novel

(e.g. occurrence of high-magnitude triggered seismicity, hydro-fracturing by gas-

enriched fluids, evidence of the crossing of the mantle/crust boundary), as is the in-

terpretation of the overall evidence in light of the detailed knowledge of the structure

of El Hierro.

(v) Some of the new approaches, like the Time Varying FD analysis provided a valuable

information for the characterization of different seismic volcanic sources and the

geometry of a radiated seismic-wave field. This analysis could be valuable in real-

time volcano monitoring activity. Likewise, knowledge of stress and strain states and

their rates in the crust have proved essential for the monitoring and understanding of

pre-eruptive processes during episodes of unrest.

65



4. CONCLUSION

(vi) It is also worth noting that when the seismic activity included in a seismic catalog

does not include very low-magnitude seismicity (tensile fracturing), or when its per-

formance is dependent on the seismic rate, only a very approximate (in the best of

cases) path along which the magma is rising or accumulating can be drawn. High-

magnitude activity can be partially related to the opening of the pre-existing network

of fractures of the volcano edifice and some of the high magnitude events are caused

by stress triggering.

(vii) Likewise, it is essential to have a dense GPS network for precise modeling of the

magma intrusion and the changes in its geometry as it crosses the lithosphere. Oth-

erwise, it is only possible to derive simple and probably biased models. Therefore,

we stress the crucial importance of setting up a high-quality (i.e. dense, low-noise,

well-distributed) network of instruments and developing new tools for comprehens-

ive monitoring of volcanic activity and the correct interpretation of the observational

data acquired.
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l Hierro eruption

a  b  s  t  r  a  c  t

The  potential  relation  between  mantle  plume  dynamics,  regional  tectonics  and  eruptive  activity  in  the
Canary  Islands  has  not  been  studied  yet  through  the  analysis  of  long-time  series  of geophysical  observa-
tional  data.  The  existence  of highly  reliable  seismic  and  geodetic  data  has  enabled  us to  study  from  1996  to
2014  the  geodynamic  evolution  of  the North  Atlantic  Azores-Gibraltar  region  (including  the  NW  African
margin)  and  its relationship  with  recent  volcanic  activity  in  El  Hierro  (Canary  Islands).  We compiled  a
new  and  unified  regional  seismic  catalog  and  used  long  time-series  of  digital  3D  surface  displacements
recorded  by  permanent  GPS  stations  in  the region.  A  joint  regional-  and  local-scale  analysis  based  on
these  data  enabled  us to identify  signs  of anomalous  tectonic  activity  from  2003  onwards,  whose  inten-
sity  increased  in  2007  and  finally  accelerated  three  months  before  the onset  of the  volcanic  eruption  on
El  Hierro  in  October  2011.  Activity  included  the  occurrence  of  regional  extension  and  an  uplift  process
anary Islands affecting  the  southern  Iberian  Peninsula,  NW  Africa,  and the Canary  Islands.  We  interpret  these  obser-
vations  as early  signs  of the geodynamic  activity,  which  led to El Hierro  eruption  and  the subsequent
episodes  of  magma  intrusion.  Results  point  to  the  significant  contribution  of the mantle  plume  dynamics
(i.e.  external  forces)  in  this  renewed  volcanic  activity  in the  Canary  Islands  and  emphasize  the role of
mantle  dynamics  in  controlling  regional  tectonics.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

The relationship between tectonism and magmatism has been
roven on many occasions and, in terms of global geodynamics, are
learly associated at plate boundary sites (McKenzie and Bickle,
988; White and McKenzie, 1989; Thomson and Connolly, 1995;
oulger, 2010). Less obvious but still concurrent is the relationship
etween these processes in intraplate volcanic areas located far
rom active plate margins. In such environments, magmatism and
ectonism seem to be associated with mantle plumes. Some geody-
amic models propose that intraplate tectonics is driven by these
sthenospheric upwellings, since mantle plumes potentially exert
n important control on mantle dynamics and magmatic pulses

e.g. Zhao et al., 2006). By contrast, some authors claim that man-
le dynamics in these areas respond to plate boundary processes or
ithospheric thinning that create lithospheric instabilities and favor

∗ Corresponding author.
E-mail address: clmoreno@fomento.es (C. López).

ttp://dx.doi.org/10.1016/j.jog.2016.12.005
264-3707/© 2016 Elsevier Ltd. All rights reserved.
asthenospheric upwelling (e.g. Fourel et al., 2013); in these cases,
the mantle reacts ‘passively’ to the pulses of regional tectonics

Nevertheless, a closer look at the relationship between tecton-
ics and volcanism reveals increasing evidence in intraplate volcanic
systems of the fundamental role played by stress variations in ini-
tiating volcanic unrest (i.e. a deviation from the background or
baseline behavior of a volcano, Phillipson et al., 2013) and erup-
tion (Linde and Sacks, 1998; Hill et al., 2002; Marzocchi et al., 2002;
Manga and Brodsky, 2006; Walter and Amelung, 2007; Bebbington
and Marzocchi, 2011; Lara et al., 2004; Eggert and Walter, 2009;
Bonali et al., 2013; Lupi and Miller, 2014). Despite a number of
examples (e.g. Cembrano and Lara, 2009; Legrand et al., 2011), it
is much less clear how this potential relationship works in mono-
genetic volcanic systems.

The Canary Islands offer a good example of intraplate magma-
tism in which it is still a matter of controversy whether a mantle

plume or regional tectonics (or a combination of both) are the
main cause of magma  generation and, consequently, of volcan-
ism (Le Pichon and Fox, 1971; Anguita and Hernán, 1975, 2000;
Schmincke, 1982; Araña and Ortiz, 1991; Hoernle and Schmincke,

dx.doi.org/10.1016/j.jog.2016.12.005
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jog.2016.12.005&domain=pdf
mailto:clmoreno@fomento.es
dx.doi.org/10.1016/j.jog.2016.12.005
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993; Carracedo et al., 1998). Evidence for the existence of a man-
le plume below the Canary Islands has been provided by several
uthors (Hollik et al., 1991; Hoernle et al., 1995; Geldmacher
t al., 2001; Duggen et al., 2009; Mériaux et al., 2015; French
nd Romanowicz, 2015). Likewise, signs of tectonic activity in the
anary Islands and the vicinity have clearly been identified in
he geological record and in present-day seismicity (Hernández-
acheco and Ibarrola, 1973; Emery and Uchupi, 1984; Dañobeitia
nd Collette, 1989; Anguita et al., 1991; Mezcua et al., 1992;
arinoni and Pasquarè, 1994; Piqué et al., 1998; Dañobeitia and

anales, 2000; Mantovani et al., 2007; Domínguez-Cerdeña et al.,
012). However, the potential relation between these two geo-
ynamic processes has never been established, probably in part
ecause the eruption frequency in these islands is relatively low
16 eruptions in the past 600 years) and the fact that data from
nstrumental monitoring data has only been available for the last
ears.

The 2011–2012 El Hierro eruption and subsequent episodes of
agmatic intrusion occurred in that island may  shed new light on

his issue. This latest eruption occurred 40 years after the erup-
ion of Teneguia on La Palma in 1971 and is the only event in the
anaries that has ever been fully recorded by a local monitoring
etwork (López et al., 2012). During the pre-eruptive unrest (19

uly–10 October, 2011), a batch of deep magma  that had accumu-
ated at a shallow depth below El Hierro Island, migrated laterally
rom north to south below the crust for over 20 km before erupt-
ng (Martí et al., 2013). The resulting eruption was submarine and
asted until early March 2012. It was followed (2012–2014) by sev-
ral further episodes of volcanic unrest that, although in some cases
ore intense than the pre-eruptive unrest, did not culminate in

urther eruptions (Telesca et al., 2016).
The purpose of this paper is to analyze quantitatively whether

he El Hierro eruption was preceded by any precursory tectonic
ctivity and which driving forces acting in the area could have
ontributed in this renewed volcanism in the Canary Islands.

. Geodynamic context

The Canary Archipelago consists of seven main volcanic islands
nd several islets lying in a chain extending for ∼500 km across
he eastern Atlantic, whose eastern edge is only 100 km from the
orthwest coast of Africa. The origin of its magmatism is still
ontroversial and several hypotheses, including a mantle plume
otspot (Hollik et al., 1991; Hoernle and Schminke, 1993; Carracedo
t al., 1998), a local extensional ridge model (Fuster, 1975), and an
plifted tectonic block model (Araña and Ortiz, 1991), have been
ooted to explain its geological features. Additional petrological,

eophysical, and geochemical evidence from its sub-lithospheric
antle have even provided evidence for other possible explana-

ions including those reported by Anguita and Hernán (2000), who
nify in a single model thermal mantle anomaly features and the
ritical role of regional fractures and tectonic forces at the onset of
agmatic activity.

This volcanic archipelago is constructed on the passive conti-
ental margin of the African Plate on Jurassic oceanic lithosphere
e.g. Carracedo et al., 2002) in a tectonic region that is, nevertheless,
ounded by very active plate boundaries (Fig. 1). Those boundaries

nclude the oceanic Mid-Atlantic Ridge to the west and the tran-
ition to the north from an oceanic (the Azores, the Gloria Fault,
nd the Gorringe Bank) to a continental boundary where Iberia
nd Africa meet. Its boundaries are clearly defined in its oceanic

art and stretch from the Azores along the Azores-Gibraltar fault to
pproximately 11◦W (west of the Strait of Gibraltar). The boundary
rom 11◦W to 3.5◦E, including the Strait of Gibraltar, the Alboran
ea, northern Morocco, and western Algeria, is more diffuse and
namics 104 (2017) 1–14

forms a broader area of deformation. To the southeast, the region
also includes the Atlas sub-plate (Morocco) consisting of conti-
nental lithosphere that is likewise subject to active deformation
(Serpelloni et al., 2007; Mantovani et al., 2007; Bezzeghoud et al.,
2014; Geyer et al., 2016).

Following the classification used by several authors (e.g.
Bezzeghoud et al., 2014), the whole area can be divided into
seven regions (Fig. 1), each characterized by coherent seismic and
kinematic properties. From west-to-east and north-to-south these
regions are as follows: the Mid-Atlantic Ridge including the Azores
Triple Junction (MAR-ATJ); the Azores Islands from Faial-Terceira to
the island of San Miguel (ATSM); the Gloria Fault (GF); the Gorringe
Bank as far as Cadiz (GB); the Betic Mountains, the Rif Cordilleras,
and the Alboran Sea (BALB); the Atlas Mountains (ATL); and the
Canary Islands (CAN).

Crustal seismicity and GPS deformation studies (Jiménez-Munt
et al., 2001; Jiménez-Munt and Negredo, 2003; Serpelloni et al.,
2007; Jiménez-Munt et al., 2011; Cunha et al., 2012; Bezzeghoud
et al., 2014) have been used to identify the kinematic behavior of
each region. From west-to-east, there is a quite simple deforma-
tion field characterized by an extension running perpendicular to
the Mid-Atlantic and Terceira Ridges. As well, there is a right-lateral
strike-slip motion along the Gloria transform faults, which becomes
the dominant compressive regime running eastwards from the
Gorringe Bank area to Algeria, where the continental lithosphere
becomes involved. The border running from the Azores to Algeria
has recently been the site of major earthquakes (moment mag-
nitude MW ≥ 7.0). Major seismic activity includes events on the
Azores-Gibraltar fracture zone (1931 7.0 MW , Ribeiro et al., 1996;
1975 7.9 MW , Lynnes and Ruff, 1985), Santa María (1939 7.0 MW ,
Moreira, 1985), the Gloria Fault (1941 8.4 MW , Moreira, 1985), the
Atlantic Ocean (1969 7.8 MW , Grimison and Chen, 1986) and El
Asnam in North Africa (1980 7.2 MW , Kanamori and Given, 1982).
Deformation rates range from 5 mm/year in the Mid-Atlantic region
but decrease eastward to values of 2.7–3.9 mm/year in Algeria in a
NW-SE direction.

The other main active volcanic regions in this area are the Azores
Archipelago, located at the intersection of the Mid-Atlantic Ridge
and the North American, Eurasian, and African Plates, and the Cape
Verde Archipelago, located to the south, 450–600 km off the west
coast of Africa. Table 1 is a compilation of all known volcanic activity
(eruptive and unrest episodes) that has taken place in the Azores,
Canary, and Cape Verde archipelagos since 1900.

3. Data

The existence of highly reliable regional and global databases
of recent seismic and geodetic data from the Atlantic Ridge, the
Azores, and the Ibero-Maghrebian region enabled us to compile
a new, unified (using the same magnitude scale and not includ-
ing duplicated event solutions) seismic catalog and to analyze long
GPS 3D time-series of data. Despite the progressive installation
since the 1990s of many permanent seismic and GPS stations, and
the subsequent improvement in data availability, until 1996 seis-
mic  and GPS networks did not contain enough stations to ensure
robust and reliable medium-magnitude earthquakes location and
GPS positioning. Therefore, in order to ensure the homogeneity and
accuracy of the observational data we selected 1996 as the starting
date for our comparative analysis, which ended after the El Hierro
eruption on 2012.
3.1. Seismic data

The first step was to compile a unified seismic catalog by search-
ing for global and regional agencies that could provide seismic
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Fig. 1. MW > 3.0 earthquake distribution in 1996–2014 (4262 events). Symbol size reflects event magnitude, with colors ranging from yellow to blue depending on the event
depth.  Bathymetry and topography from the National Geophysical Data Centre (NOAA). Dashed rectangles mark the boundaries of the regions considered in this study. (For
i  to th

l
c
s

1

2

3

4

5

6

o
h
t
b
n
t
s
m

nterpretation of the references to colour in this figure legend, the reader is referred

ocations. We  needed to compile data from different sources to
over the entire area and the full time period. We  used the following
ix sources:

. IGN, Instituto Geográfico Nacional, Spain. On-line bulletin, http://
www.ign.es. The IGN provides preliminary and final seismic
locations for the whole Ibero-Maghrebian region (26◦N–45◦N,
20◦W–6◦E).

. ISC, International Seismological Centre.  On-line bulletin, http://
www.isc.ac.uk (United Kingdom, 2014). This center collates and
recalculates earthquake locations from national and local agen-
cies, and provides solutions for the region. When available, we
used the ISC-GEM Catalog.

. The North Moroccan Earthquake Catalog of seismic hazard assess-
ment (Peláez et al., 2007) consists of records of seismicity
occurring in northern Morocco (27◦N–37◦N, 15◦W–1◦E) in the
period 1045–2006.

. The on-line database of Earthquake Mechanism for European Area
(EMMA) (Vannucci and Gasperini, 2004), a complete compila-
tion of reliable solutions available in the literature for all events
occurred before 2004.

. GCMT, Global Centroid Moment Tensor Database (formerly, Har-
vard CMT), USA. This website provides moment tensors for
earthquakes of a magnitude M > 5 from throughout the world.

. A revision of the IGN Seismic Catalog by Cabañas et al. (2015)
as part of a hazard assessment in the Iberian Peninsula, which
includes empirical relationships for different magnitude formu-
las with MW .

The search of these seismic catalogs generated a huge dataset
f earthquakes, with many duplicated entries for origin time and
ypocentral location, as well as several different scales for magni-
ude values (moment magnitude-MW , surface wave magnitude-MS ,
ody wave magnitude-mb, duration magnitude-MD, and local mag-

itudes ML and mbLg). The final solutions were selected according
o a prioritization based on the reliability and the level of revi-
ion of the sources. A special effort was made to homogenize
agnitudes. The most reliable mb, MS , MW , or MD from global
e web version of this article.)

agencies and ML , mbLg, MW , mb, or MD from local observatories
were selected. We assumed (Mb,MS,MW )NEIC ≈ (Mb,MS,MW )ISC , and
MW,HARVARD/GCMT ≈ MW,NEIC , with only a little deviation, as shown
by Scordilis (2006). We also assumed ML = MW (ML < 6.5), following
the criteria used by Heaton et al. (1986). In the case of the IGN cat-
alog, we used the empirical relationships established by Cabañas
et al. (2015) between the successive IGN magnitude (mbLg, mb)
formulas with MW . For other agencies, we  computed logMo using
the relationships established by Johnston (1996) between seismic
moments, Mo, and different magnitudes:

logMo = 24.66 − 1.883 ∗ MS + 0.192 ∗ MS
2(3.5 < MS< 7.5); (1)

logMo = 18.28 + 0.679 ∗ mb + 0.077 ∗ mb
2(3.5 < mb< 6.5); (2)

logMo = 17.76 + 0.360 ∗ mbLg + 0.140 ∗ mbLg2

(3.5 < mbLg < 6.0); (3)

MW = 2/3 ∗ logMo − 10.7; (4)

where MD was  the reported magnitude and mbLg the initially com-
puted magnitude using the empirical relationship established by
Mouayn et al. (2004).

MD = 0.91 ∗ mbLg + 0.32(2.5 < mbLg < 5.5); (5)

Fig. 1 shows the geographical distribution of the selected
seismic events (MW > 3.0, from 1996 to 2014) in the dataset.
We  recognized the shallow character of the seismic activity
(depth < 40 km)  in MAR-ATJ and ATSM and the intermediate char-
acter (40 km < depth < 70 km)  of the seismicity located in GB, BALB
and ATL. Cunha et al. (2012) interpreted this intermediate seis-
micity between Gloria Fault and North Algeria as related to the
shortening and wrenching between northern Algeria–Morocco and

southern Spain, and between NW Morocco and SW Iberia. This
convergence would be accommodated along NNE–SSW to NE–SW
and ENE–WSW thrust faults and WNW–ESE right-lateral strike-slip
faults releasing intermediate earthquakes (Terrinha et al., 2009;

http://www.ign.es
http://www.ign.es
http://www.ign.es
http://www.ign.es
http://www.isc.ac.uk
http://www.isc.ac.uk
http://www.isc.ac.uk
http://www.isc.ac.uk
http://www.isc.ac.uk
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Table  1
Volcanic activity in the Azores, Canary, and Cape Verde Islands since 1990. Smithsonian refers to the Global Volcanism Program (http://www.volcano.si.edu/).

Start date End date Eruption
certainty

VEI Evidence Azores lat◦N lon◦W Source

1902/05/07 1902/05/08 Confirmed 0 Historical
observations

Submarine
vent 20 km SW
of Terceira

38.65◦ 28.08◦ Smithsonian

1907/04/01 Unknown Confirmed 0 Historical
observations

Monaco Bank 37.6◦ 25.88◦ Smithsonian

1907  Unknown Confirmed 0 Historical
observations

San Jorge 38.65◦ 28.08◦ Smithsonian

1911/03/07 Unknown Confirmed 1 Historical
observations

Monaco Bank 37.6◦ 25.88◦ Smithsonian

1957/09/27 1958/10/24 Confirmed 2 Historical
Observations

West flank
(Capelinhos)
and summit

38.6◦ 28.73◦ Smithsonian

1988/05/? 1989/01/? Seismic unrest Volcanic unrest
Agua de Pau
Volcano,
San Miguel

Additional
Report for
Azores-
Gibraltar
Fracture Zone

1998/11/25? 2000/03/? Confirmed 0 Historical
observations

Submarine
vent W of
Terceira,
Serreta Ridge

38.73◦ 27.32◦ Smithsonian

2003/04/26 2007/01/01 Seismic unrest Volcanic unrest
San Miguel

Wallenstein
et al. (2009)
Silva et al.
(2015)

2011/09/15 2012 Seismic and
deformation
unrest

Volcanic unrest
Fogo, San
Miguel

Okada et al.
(2015)

Start date End date Eruption
certainty

VEI Evidence Canary Islands lat◦N lon◦W Source

1909/11/18 1909/11/27 Confirmed 2 Historical
observations

NW rift zone
(Chinyero),Tenerife

28.27◦ 16.64◦ Smithsonian

1949/06/24 1949/07/30 Confirmed 2 Historical
observations

San Juan, Llano
del Banco,
Hoyo Negro,
La Palma

28.57◦ 17.83◦ Smithsonian

1971/10/26 1971/11/18 Confirmed 2 Historical
observations

Teneguia
La Palma

28.57◦ 17.83◦ Smithsonian

1989/05/09 Seismic unrest Volcanic unrest
Tenerife

Vinciguerra
and Day,
(2013)

2004/05/12 2005/05/18 Seismic unrest Volcanic unrest
Tenerife

Domínguez-
Cerdeña et al.
(2012)

2011/10/10 2012/03/05 Confirmed 2 Seismic and
deformation
unrest

Submarine S
flank
El Hierro

27.73◦ 18.03◦ Smithsonian

Start  date End date Eruption
certainty

VEI Evidence Cape Verde lat◦N lon◦W Source

1909 Unknown Confirmed Historical
Observations

Fogo 14.95◦ 24.35◦ Smithsonian

1951/06/12 1951/08/21 Confirmed 2 Historical
Observations

Northwest and
south caldera
floor
Fogo

14.95◦ 24.35◦ Smithsonian

1995/04/02 1995/05/26 Confirmed 2 Historical
Observations

WSW flank of
Pico
Fogo

14.95◦ 24.35◦ Smithsonian

2014/11/23 2015/02/08 Confirmed Northwest and 14.95◦ 24.35◦ Smithsonian

C
s
m
t
m
m

unha et al., 2012; Rosas et al., 2012). Besides the intermediate
eismic activity at the Nubia-Eurasia Plate boundary, we  found seis-

icity located deeper than 40 km in the Canaries. We  calculated

he Gutenberg-Richter b parameter (the relationship between the
agnitude and the total number of earthquakes of at least that
agnitude in a specific region and time period) corresponding to
south caldera
floor
Fogo

the entire catalog, and the spatial distribution of the magnitude
of completeness MC (ZMAP Analysis Tool software, Wiemer, 2001).

For the period 1996–2014, the catalog gave MC = 2.8 Mw,  and b = 0.9
as a maximum likelihood solution (Fig. 2).

http://www.volcano.si.edu/
http://www.volcano.si.edu/
http://www.volcano.si.edu/
http://www.volcano.si.edu/
http://www.volcano.si.edu/
http://www.volcano.si.edu/
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Fig. 2. Left-hand panel: completeness magnitude distribution (using ZMAP software, the maximum curvature method, a constant radius of 100 km and a minimum number
of  40 events above Mc)  in a 0.5◦ × 0.5◦ grid covering the study area. Seismicity locations marked with black dots. Right-hand panel: frequency-magnitude distribution, b-value,
and  MC for the whole seismic catalog.
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ig. 3. Residuals of the PDEL, LPAL, MAS1, CASC, RABT, and SFER GPS weekly coord
ertical  lines (purple: both antenna and receiver changed; red: only antenna change
cale  is double for the PDEL and SFER stations.

.2. Deformation data

We  used data from the permanent GPS stations in the region
hat had the longest continuous datasets. The selected sites ranged
rom the Azores in the west (PDEL on San Miguel), the Iberian

eninsula (CASC in Cascaes, Portugal, VILL in Villafranca, and SFER

n San Fernando, Spain) in the north, Morocco (RABT in Rabat) in
he east, and the Canary Islands (LPAL on La Palma and MAS1 on
series in relation to the VILL station (after the removal of the offsets) marked with
e: only receiver changed; green: reference system changed). Note that the vertical

Gran Canaria) in the south. This network is somewhat sparse but
its coverage is uniform. In order to obtain the most homogeneous
coordinate time-series, we  used the results obtained from the first
reprocessing computed by EPN (EUREF Permanent Network, where
EUREF stands for International Association of Geodesy Reference

Frame Sub-Commission for Europe), that is called EPN-Repro 1
(http://epn-repro.bek.badw.de/) and covers the period from 1996
to the end of 2006. From January 2007 onwards, EPN routine solu-

http://epn-repro.bek.badw.de/
http://epn-repro.bek.badw.de/
http://epn-repro.bek.badw.de/
http://epn-repro.bek.badw.de/
http://epn-repro.bek.badw.de/
http://epn-repro.bek.badw.de/
http://epn-repro.bek.badw.de/
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ions were used. These solutions are in two different realizations
f the International Terrestrial Reference Frame (ITRF): ITRF2000
Altamimi et al., 2002) until April 2011, when the reference frame
as changed to ITRF2008 (Altamimi et al., 2011) in use up to the

nd of 2014. We used weekly time series for the selected sites and
emoved offsets that might affect the results and their interpreta-
ion. We  computed and corrected the magnitude of these offsets
n case of known origin (e.g. equipment and frame changes). Fig. 3
hows the 3D (north, east, vertical) time series from the PDEL, LPAL,
AS1, CASC, RABT, and SFER stations in relation to the VILL sta-

ion. The errors in the time series correspond to the formal errors
omputed during the data processing, which underestimated the
rue uncertainty given that a large number of systematic errors and

is-modeled parameters were not included. They have been rep-
esented as error bars; sometimes, due to their small value, bars
re hidden by the coordinates. Nevertheless, errors are useful in a
elative way and were used as weights in the computation of the
elocities for each site.

. Data analysis

The following is an analysis of the observed seismic and defor-
ation data at regional (i.e. the whole area) and local (i.e. the Canary

slands) scales.

.1. Regional analysis

We  performed a comparative regional analysis of the evolution
f the seismicity and the deformation. Fig. 4 summarizes through
ifferent plots the time evolution of the released seismic energy.
ach curve in Fig. 4A and B depicts the accumulated elastic energy,
S , released by earthquakes with MW ≥ MC (Appendix A). ES was
omputed using an empirical regression and the scalar seismic
oment, M0 (Choy and Boatwright, 1995), of ES = 1.6 × 10−5 M0 (J).

ig. 4A shows the accumulated seismic energy for the seven regions
nd Fig. 4C shows the time evolution of their seismicity (excepting
AR-ATJ) in a longitudinal E-W projection. Fig. 4 B shows a detailed

omparison of the seismic energy released in the Canaries (CAN),
tlas (ATL), Gloria Fault (GF) and Gorringe Bank (GB) and Fig. 4D
hows the evolution of the earthquake occurrence from West to
ast through the different islands of the Canarian Archipelago to
he Atlas Mountains in Morocco. The lower panel on Fig. 4D consists
f a histogram of the local seismicity detected by the CHIE seismic
tation on El Hierro (Canary Islands) that represents the longest
ecord of local seismic activity from that island. Tectonics seems to
e dominated by the occurrence of strongest tectonic events, being
AR-ATJ the area that released the maximum of seismic energy

n this time period, and with a fairly regular pattern. Besides the
nown and expected seismic activity, in Fig. 4 it can be recognized
ome changes in the trend and in the rate of the seismicity. ATSM
drawn in clear grey dots on Fig. 4C) shows in 1998 an increased
eismicity associated with the Serreta (Azores) submarine eruption
Table.1). A fairly general (excepting MAR-ATJ) increase in the activ-
ty can be recognized in ATSM, BALB, CAN, ATL, GF and GB series
rom 2003 onwards. Seismic activity on the Canary Islands and in
he Atlas Mountain increased from 2003 (Fig. 4B and D) and was fol-
owed by a further increase around 2007. Activity in the Canaries
xperienced a further acceleration at the beginning of 2011, which
asted until the onset of the submarine El Hierro volcanic eruption
n October 2011. Most of the series (BALB, ATSM and GB) expe-
ienced increments in 2003–2004 or 2007–2008, as result of the

ccurrence of tectonic earthquakes.

Fig. 5 reflects the deformation history of the area and the veloc-
ty evolution (horizontal and vertical vectors) calculated at the GPS
tations, with the VILL station (European Plate) on the left and the
namics 104 (2017) 1–14

RABT station (African Plate) on the right as the reference stations.
Some GPS stations are located either on the Eurasian or African
Plates, but others do not belong clearly to any of the two plates (e.g.
SFER, Fernandes et al., 2007), so we  computed all the time series
relative to a reference station in each one of the plates, in order
to isolate the local deformations. Each vector represents the esti-
mated velocity at each station for every three years, computed from
the weekly coordinate time-series using CATS software (Williams,
2008) and taking into account annual and semi-annual periodic
variations. The last vector (in red) begins on the same day as the
onset of the submarine eruption on El Hierro on 10 October 2011.
The data error is proportional to the size of the error ellipse and
is plotted at the same scale as the deformation vector (see leg-
end). During the period 10 October 2002–09 October 2005 the
horizontal deformation showed (referenced to the VILL station) a
counterclockwise rotation over a wide area (LPAL, drift = 53◦SW;
MAS1, drift = 54◦SW;  RABT, drift = 25◦SW,  yellow vector in Fig. 5A),
coinciding with the abrupt westwards jump recorded at the SFER
station. SFER station shows several changes in the magnitude of the
horizontal components but not any rotation. Thereafter, the stress
field gradually reverted to steady compressive NW-SE behavior (see
A and B), while the vertical deformation component continued to
increase, firstly at the RABT station and subsequently at the LPAL
and MAS1 stations, until the onset of the eruption (see C and D).
PDEL station (Azores) did not present any change in horizontal or
vertical components.

4.2. Local analysis

In order to study the time evolution of the seismicity and the
deformations on a local scale, we selected the permanent seismic
stations (CHIE on El Hierro and CCAN on Tenerife, both equipped
with short-period, vertical component seismometers) and GPS sta-
tions (LPAL on La Palma and MAS1 on Gran Canaria) on the Canary
Islands with the longest continuous (>10 years) data series. Then,
we applied time-varying fractal dimension analysis (FD) to the seis-
mic  traces and calculated 3D differential coordinates time-series
(LPAL minus MAS1) for the GPS stations. Time-varying FD analysis
has been conducted during eruptive episodes on active volcanoes
such as Mt.  Etna (Vinciguerra et al., 2001; Vinciguerra, 2002), Mt.
Vesuvius (Luongo et al., 1996), Mt.  St. Helens (Caruso et al., 2006),
the 1996 eruption on Vatnajokull (Maryanto et al., 2011), and the
eruption on El Hierro in 2011–2012 (López et al., 2014) as a means of
studying their fracture dynamics. Application of time varying frac-
tal analysis to the seismic data on El Hierro allowed studying the
evolution of the radiated seismic wave field, to identify the different
stages in the seismic source mechanism and to infer the geometry
of the path used by the magma  and associated fluids to reach the
Earth’s surface (López et al., 2014).

Fig. 6A shows the FD time evolution while Fig. 6B shows the
3D time evolution of the deformations. We spammed the end time
of the studied period in order to show the registered local activity
associated with the post-eruption phase in El Hierro. FD evolution
was estimated using the Higuchi (1988) algorithm (Appendix B)
on the vertical component of CHIE (El Hierro) and CCAN (Tenerife)
seismic stations. Each FD point corresponds to a 12 h window of
the ground-motion seismic signal with no window overlap. Seis-
mic  data was pre-processed in order to remove bad-quality data
segments and the ground-motion was  retrieved correcting by the
corresponding instrument response. The following input parame-
ters, Kmax = 5; window size, N = 12*60*60*sampling-rate (being the
sampling rate sps = 100 for CCAN station and sps = 50 for CHIE sta-

tion) were used in Eq. (8). At the lower panel on Fig. 6B, the
histogram of the local seismicity detected by the CHIE station shows
the evolution of the local activity on El Hierro (Canary Islands).
Before 2003, the FD showed cyclic variations with a mean value
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Fig. 4. Comparative analysis of the accumulated seismic energy released for events with MW ≥ MC in each area (MAR-ATJ, MW ≥ 4; ATSM, MW ≥ 2.7; GF, MW ≥ 3; GB,  MW ≥ 2.9;
BALB,  MW ≥ 2.9; ATL, MW ≥ 2.6; and CAN, MW ≥ 2.7) between the seven areas (A) and the Canary Islands, Atlas, Gloria Fault and Borringe Bank areas (B). Longitudinal seismicity
plots  for the seismic activity located from Azores to the Alboran Sea (C) and the Canary Islands and the Atlas (D). At lower panel on D, monthly event histogram (red bars)
registered at the CHIE seismic station on El Hierro (EH). Black bars indicate the availability of the station data. (For interpretation of the references to colour in this figure
legend,  the reader is referred to the web version of this article.)
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ig. 5. Left: GPS velocity field (horizontal and vertical vectors) in relation to the VILL
late).  For the period 10 October 1996–09 October 1999, the vertical velocity vecto
eries  (see Fig. 3).

f ≥1.4 for both stations and no predominant notable trends. From
004 onwards, however, the FD decreased to values ≈1.1–1.2 and

he deformation shortened in a northerly direction and lengthened
estwards. The FD decreased more from January 2011 to the end

n the unrest phase. During the eruption on El Hierro (October
n (European Plate); right: GPS velocity field in relation to the RABT station (African
xcluded for the MAS1 station due to the high scattering of the vertical MAS1 time

2011–March 2012), the FD reached its lowest values of ≈1 at the
CHIE station, which was interpreted as corresponding to the estab-

lishment of a minimum dimension conduit geometry used by the
magma  to reach the surface (López et al., 2014). It is noteworthy
that the local activity (seismicity and surface deformation) is occur-
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Fig. 6. (A) Time-varying evolution of fractal dimensions at the stations on CHIE (El Hierro) and CCAN (Tenerife). Each point corresponds to the FD of 12 h with no overlapping
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he  reader is referred to the web  version of this article.)

ing not only in El Hierro but also in Tenerife, La Palma and Gran
anaria Islands.

The deformation showed a tendency to shorten northwards,
uggesting that the stations are moving closer in the N-S direc-
ion, and lengthen westwards, showing an extension between the
tations in the E-W direction, from 2003 onwards; as well, there
as a positive northward deformation episode starting in January

011, observed more clearly from July 2011 onwards that coin-
ided with the beginning of the pre-eruptive unrest on El Hierro
Fig. 6B). With the onset of the submarine eruption in October 2011,
he northward deformation was quickly inverted (see also Fig. 5A
nd B). From January 2012 onwards, the deformations showed no
lear trends, even during the six main episodes of volcanic unrest
egistered on El Hierro after the end of the eruption (Fig. 6B).

. Discussion

Despite the relatively short time series for the available data,
he activity registered in the Canaries from 1996 to 2002 may  be
onsidered as the background level. During this period the seismic
ctivity was rather low and steady (see Fig. 4D) and the deforma-
ions (horizontal components) followed the regional stress field
irection. Comparing to this period, the early signs of anomalous
ectonic activity occurred from 2003 onwards, including a signif-
cant increase in 2007, well before the onset of the 2011–2012
ruption on El Hierro (Fig. 6).

At regional scale this anomalous activity was characterized by a
eneral increase in the whole area, excepting MAR-ATJ (Fig. 4A), a
oincident increments in the seismic energy released in 2003–2004

nd/or around 2007 in CAN, ATL, GF and GB (Fig. 4B), and an E-

 drift and uplift deformations that affected the southern Iberian
eninsula, northwest Africa, and the Canary Islands (Fig. 5). At local
cale, activity affected different Canarian Islands, showing common
ard) LPAL-MAS1 deformation. Lower panel: monthly event histogram (red bars)
ion availability. (For interpretation of the references to colour in this figure legend,

seismic patterns (similar FD evolution and an increase in seismicity)
at El Hierro (more intensely) and Tenerife Islands and a concur-
rent stress-shift episode measured by GPS stations on La Palma
and on Gran Canaria Islands (Figs. 5 and 6). Other authors have also
reported increased activity in these periods, marked by an increase
in seismicity and anomalous 222Rn and 220Rn subsurface degassing
from 2003 to 2005 in Tenerife and an increased trend of diffuse CO2
emission from Teide Volcano (Tenerife Island) in 2007 (Almendros
et al., 2007; Pérez et al., 2007, 2010; Domínguez-Cerdeña et al.,
2012). These increases in activity were interpreted as caused by
the presence of new magma  below the Canaries and the subsequent
changes in the stress field.

Anomalous tectonics and generation and emplacement of new
magma  in this environment may  be explained either by stress
changes generated at the plates boundaries or by a mantle plume
upwelling (Legendre et al., 2012; Bonnin et al., 2014; Fullea et al.,
2015; Saki et al., 2015; Miller et al., 2015; Geyer et al., 2016). The
observed deformations (regional and local) agreed with the exis-
tence of an active mantle upwelling beneath the Atlantic off the
northwest African continental lithosphere (Legendre et al., 2012;
Fullea et al., 2015; Saki et al., 2015). Saki et al. (2015) found evi-
dences about a locally depressed 410 km discontinuity beneath the
hotspots in Azores and Canaries, and a regionally elevated 660 km
discontinuity in the Central Atlantic, leading to a scenario where a
large hot spot may  reach the transition zone but not extend through
it. This mantle upwelling penetrates through the top of the transi-
tion zone (between the lower mantle and the upper mantle) as
different plume branches that appear on the surface in the Azores,
the Canary Islands, and in Cape Verde. One important difference

between the hotspots detected in Azores and in Canary Islands is
that the Canary hotspot seems to be rooted from the base of the
mantle while the Azores hotspot appears only in the upper mantle
(French and Romanowicz, 2015). A recent study (Miller et al., 2015)
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as proposed the existence of a considerable amount of multiple
ub-lithospheric, low-velocity material flowing sub-horizontally
ortheastward from the Canary hotspot to southern Spain, that is,
eneath the Atlas and the Alboran Sea and from the 410-km dis-
ontinuity to the lithosphere-asthenosphere boundary. Miller et al.
2015) proposed a slab-plume lithosphere interaction where the
anary plume is deflected eastwards by mantle flow, giving rise to
mall-scale upwellings such the Atlas upwelling (Sun et al., 2014).

A reactivation of this sub-lithospheric material below the litho-
phere of Canaries, Morocco and southern Spain would explain the
bserved seismicity, the regional extension and uplift affecting the
outhern Iberian Peninsula, NW Africa, and the Canary Islands and
ould have facilitated partial melting and accumulation of mag-
as  at different depths in the mantle below the Canary Islands.

he time encompassed between the beginning of the deformation
nd the eruption and subsequent unrest episodes at El Hierro sug-
est a certain delay between mantle upwelling and melting. The
act that the Azores hotspot is different from the Canary Islands
otspot above 660 km (Saki et al., 2015) would explain the decou-
led evolution of the process in Canary Islands (eruption) and in
he Azores (no eruption), despite sharing an increased seismicity.

The role of regional tectonics in mantle upwelling cannot be
eciphered with the data obtained. However, it seems evident that
egional and local tectonic structures have also played a significant
ontrol on El Hierro eruption. The only description of the structure
f the upper lithosphere in the Canary Islands is provided by Carbó
t al. (2003) and Llanes (2006), whose detailed gravimetric survey
f the archipelago reports the existence of a main negative anoma-

ies to the west with two strong linear gradients, the first trending
-S from La Palma and extending across El Hierro, and the second

rossing Tenerife in a NNE-SSW direction (Carbó et al., 2003). These
uthors have modelled the negative anomaly as a mantle mass-
eficit beneath La Palma, El Hierro, and La Gomera, which would
gree with a local extension in the lithosphere. The location and
irection marked by the N-S alignment on El Hierro coincides with
he path defined by the location of the seismic swarm in its N-S

igration under the Moho discontinuity during the pre-eruptive
nrest phase (Martí et al., 2013). Pinel and Jaupart (2004) have
hown that gradients in the stress field control the storage and/or
he lateral/vertical propagation of magma. The existence of a lateral
trong stress gradient in the upper lithosphere close to El Hierro
ould have facilitated the movement of magma  in dykes and its
igration from mantle to crust in this particular area.

The exact interplay between regional tectonics and mantle
ynamics is a key question to understand the origin of Canarian vol-
anism. As indicated before, this is a question still under debate and
t is not the aim of this study to go further on this particular subject.
owever, the data presented evidence that the renewed magmatic
ctivity at El Hierro was preceded by years of deformation and
ncreased seismicity. The generation and eruption of magma  cor-
esponds to a punctual geodynamic episode in which tectonism
s earlier manifested than magmatism, but which would be com-
atible with a mantle upwelling being the cause of the observed
ectonic activity. Thus, the observed anomalous tectonic activity
e.g: seismicity and deformation) can be considered as a precur-
or to the El Hierro eruption, being this a sequence of events that
ay  repeat in the future. In this framework, it is also important

o remark the role of tectonics in controlling magma  migration.
n the particular case of El Hierro it seems clear that the erup-
ion occurred when tectonics facilitated the opening of the path
hat magma  used to reach the surface (Del Fresno et al., 2015;
elesca et al., 2016), not being able the magma  by itself to create

hat path. In the further magma  injection episodes that occurred
etween 2012 and 2014 magma  did no erupt, remaining stored at
epths between 25–15 km,  thus suggesting that tectonic activity
id not help magma  to migrate to sallower levels. This is in good
namics 104 (2017) 1–14 9

agreement with the petrological imaging of the magmatic feeding
systems below El Hierro and La Palma that suggest the presence of
isolated magma  pockets at a depth of 15–26 km,  as occurs on other
oceanic volcanic islands fed by plumes with relatively low fluxes
(Klügel et al., 2005; Stroncik et al., 2009).

Fig. 7 summarizes via successive vertical cross-sections the pro-
posed three main phases that occurred in the period (15 years)
before the eruption. First phase (Fig. 7a) depicts the situation of
background activity, considering the data registered by the seis-
mic  and GPS monitoring networks from 1996 to 2002. During this
period, regional deformation followed the direction of the regional
stress field, with absence of anomalous activity. A mantle upwelling
beneath the Atlantic off the northwest African continental litho-
sphere rises from the lower mantle and spreads above 410 km
in distinct sub-lithospheric upwellings beneath the Canaries, the
Atlas (Morocco) and the South of Spain. Below the Canaries, a hot
spot rises from the 410 km discontinuity to the LAB (lithosphere-
asthenosphere boundary). During a second phase (Fig. 7b), from
2003 to 2011, mantle upwelling promoted regional seismicity,
extension and uplift in the southern Iberian Peninsula, NW Africa,
and the Canary Islands and facilitated partial melting and magma
ascent below the Canary Islands. This allowed that, below the
LAB in the Canaries, different small pockets of magma migrated
towards the base of the crust. From 2011 (Fig. 7c) onwards, the
extensional stress regime induced by the mantle upwelling and the
magma  excess pressure facilitated the opening of fractures above
the LAB boundary bellow the Canary Islands. Magma injection
and its migration towards the surface, triggered local seismicity
and local crustal deformations that were observed during the pre-
eruptive unrest (July-10 October 2011), prior to the beginning of
the volcanic eruption in El Hierro Island and continued shortly
afterwards with new magma  injection episodes that did not end
in eruption.

6. Conclusions

The Canary Islands experienced an increase in tectonic activity
since 2003 that we  consider as precursor of the recent magmatic
and volcanic activity occurred at El Hierro Island. The analysis of the
seismicity and deformation patterns occurred during this period
suggest that this anomalous tectonic activity was  induced by the
ponding of the Canarian mantle plume, which involved the drifting
E-W extensional and uplift deformations observed in the Canary
Islands but that also affected the south of the Iberian Peninsula
and northwest Africa. The pushing action of the ascending mantle
plume and its interaction with the oceanic lithosphere gave rise
to the observed seismicity, the extensional regime and the vertical
transport of new magmas towards the crust. The direction of the
extensive field since 2003 is compatible with the known N-S litho-
spheric anomalies under El Hierro, which had a significant role in
controlling horizontal magma  migration during the pre-eruptive
unrest episode (July–October 2011).

In January 2011, a local deformation process in the Canary
Islands (Fig. 6) overlapped the regional processes and then became
more intense from July onwards, giving rise to three months of
recorded volcanic unrest in El Hierro Island. This local deforma-
tion corresponds to the intrusion of magma through the crust
in the vicinity of El Hierro, a process that culminated in a vol-
canic eruption in October 2011, lasting for nearly five months. The
absence of additional deformation episodes in the Canary Islands
since the eruption ended in March 2012 suggests that none of the

unrest episodes registered on El Hierro in 2012–2014–some in fact
more energetic that the actual pre-eruptive event − penetrated the
island’s crust and therefore did not represent any potential eruption
risk.
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Fig. 7. Sketch showing the vertical cross-section sequence during different phases of the process leading up to the eruption on El Hierro, on a local scale (the Canaries, upper
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2015). Black dashed line crosses from The Canaries (A) through the Atlas (B) to the

 code assigned in Fig. 4D (see text for more explanation).

This work presents evidence that the renewed magmatic activ-
ty at El Hierro was preceded by years of anomalous seismicity and
eformation at different temporal and spatial scales. We  propose
hat the long-term monitoring of the tectonic activity (e.g: seismic-
ty and deformation) in a broader area (from Azores to Morocco)
an be considered a useful tool for the volcano hazard assessment
f future eruptive events in the Canaries.
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ppendix A.

We  computed from 1996 to 2014 the evolution of the magni-
ude of completeness, Mc,  in each one of the seven studied regions
Fig. 8).

In the case of MAR-ATJ region, that includes both the Mid-
tlantic Ridge and the Triple Junction (Azores western Islands)
e selected the upper bound for the Mc  curve. The seismicity of

he Mid-Atlantic Ridge is always located at tele-seismic distances,
eing Mc  lower than the corresponding Mc  parameter of the Azores

where local seismic stations at land allow the location of local seis-

icity). Therefore, we selected Mc  = 4, in order to correctly monitor
he Mid-Atlantic Ridge energy release evolution. The lower levels
f Mc  from 1999 onwards are the result of the increase of the Azores
pretative depiction of the upper mantle (lower panels) was taken from Miller et al.
an Sea (C). In the upper panels, different islands from the Canaries, area denoted by

seismic network performance, which made the location of smaller
events at local distances possible.

In the case of ATSM, we  observed a jump in magnitude from
2007, in coincidence with a change in the magnitude scale type.
We guess magnitude values from 2007 onwards are more reliable
that the previous ones for the seismicity in this region. Therefore,
we selected the mean Mc for that time interval (2007–2014).

In the case of the Canary Island region, selected Mc  is over or in
the range of Mc ± dMc, assuring that the increase of activity in 2003
and 2007 is not an artifact due to the improvement in the network
coverage.

Therefore, even it is true that the network coverage increased
with time in almost all the regions, the careful data selection anal-
ysis performed in this paper allows us to suggest that the increase
in seismic activity in 2003 and 2007 is well founded and not due to
artefact.

Appendix B.

Higuchi (1988) shows that a curve with a single power-law spec-
trum is self-similar and that the index, �, of the power spectral
density (PSD) has a power-law spectrum dependence on frequency

P(f) ∼f −�; (6),
that is simply related to the fractal dimension, D, by the equa-

tion D = (5-�)/2 (for a self-affine fractal, 1 < D < 2). Higuchi (1988)
presents a stable numerical computation algorithm for the estima-
tion of D using a low number of timed sequential data. Higuchi’s
algorithm generates multiple time series from N equi-spaced sam-
ples (x(i), i = 1,. . .,N) that creates a new time series xm

k
as follows:

xm
k ; x(m) , x(m + k), x(m + 2k),  ...., x(m + [

N − m
k

]. k)

(m = 1, 2, ...., k); (7)
with m and k integers and [a] denoting the integer part of a.
For each time series, the absolute differences between each two
successive data points are summed to calculate the vertical length
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Fig. 8. Time evolution of Mc  in each one of the seven studied regions (from top to bottom, MAR-ATJ, ATSM, GF, GB, BALB, ATL and CAN). We highlight the selected Mc  value
with  a red dashed line. Each curve was computed using the ZMAP software package (Wiemer, 2001) with the following parameters: maximum curvature method, sample
window of 100 events with a minimum number of 40 events. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this  article.)
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f the signal with the scale size k as follows:

m (k) =

⎧⎨
⎩

⎛
⎝

[(N−m)/k]∑
i=1

|x (m + ik) − x (m + (i − 1) k) |

⎞
⎠ N − 1[

N−m
k

]
.k

⎫⎬
⎭ ;

(8)

The length of the series segment L(k) is the mean of the Lm(k)
alues,

(k) =
∑k

m=1Lm (k)
k

for m = 1, ...., k; (9)

If L(k) is proportional to k −D, then the signal is fractal-like and
as the FD D.
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Abstract 

In order to improve knowledge of the mechanisms operating during volcanic unrest and their 

quantification when only limited data is available, we reanalyzed the seismic and deformation data 

corresponding to the pre-eruptive unrest on El Hierro (Canary Islands) in 2011. We applied novel 

methods and took into account new information about the internal structure of the island. We 

corrected the hitherto-incomplete seismic catalogue to estimate the full evolution of the released 

seismic energy and demonstrate the importance of non-located earthquakes. Using seismic data 

and GPS displacements, we characterized the shear-tensile type of the predominant fracturing and 

modelled the strain and stress fields for different time periods. This enabled us to identify a 

prolonged first phase characterized by hydraulic tensile fracturing, which we interpret as being 

related to the beginning of the emplacement of new magma below the volcanic edifice on El 

Hierro. This was followed by post-injection unidirectional migration, probably controlled by the 

stress field and the distribution of the structural discontinuities. We identified the effects of 

energetic magmatic pulses occurring a few days before the eruption that induced shear seismicity 

on pre-existent faults within the volcano and raised the Coulomb stress over the whole crust. We 

suggest that these magmatic pulses reflect the crossing of the Moho discontinuity, as well as 

changes in the path geometry of the dyke migration towards the surface. The final phase involved 

magma ascent through a pre-fractured crust. These results will facilitate interpretations of eruption 

precursors registered by monitoring networks during volcanic unrest.     

1 Introduction 

The occurrence of seismic swarms, surface deformation and thermal and geochemical 

anomalies constitute the main evidence for the reactivation of a volcanic system [e.g. Phillipson 

et al., 2013], and the study of the spatial and temporal variations constitute the most robust tool 

for forecasting the future behaviour of volcanic unrest [Sparks, 2003].  

During the final stages of pre-eruptive volcanic unrest, certain geophysical and geodetical 

features are usually observed: an overall acceleration in seismicity and ground deformation [e.g. 

Bell and Kilburn, 2011], shallower seismicity [e.g. Battaglia et al., 2005], seismic migration [e.g. 

Caudron et al., 2015] and an apparent lack of activity (hours to minutes) before the reinforcement 

or the onset of the eruption [e.g. Roman et al., 2016]. Several well-documented eruptions show 

some, if not all, of these precursory features [e.g. Vinciguerra, 2002; Battaglia et al., 2005; Bell 

and  Kilburn, 2011, López et al., 2012; Sigmundsson et al., 2015; Caudron et al., 2015], which 

suggests that similar fundamental processes occur within these volcanoes. Whether this 

reactivation gives rise to an eruption or only represents a departure from the normal state of activity 

of the volcano will depend on the type of processes that have caused the reactivation (e.g. 

magmatic, hydrothermal and/or tectonic). However, the processes preceding a new eruption are 

complex and poorly known, and there are still many unanswered questions regarding the 

requirements for an irreversible failure of the Earth’s crust and non-stop magma migration from 

deeper levels to the surface. It is also difficult to correctly interpret the precursory signals recorded 

by monitoring networks and to understand the nature and extent of the physical processes that 

cause them. Some of the difficulties arise from the incompleteness of monitoring data and the lack 

of previous knowledge of the volcanic systems (e.g. type of magma, internal structure, local and 

regional stresses). In particular, instrumental monitoring data about unrest preceding monogenetic 

eruptions are sparse and the available information is mainly based on historical records (Albert et 

al., 2016). 
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The observational data collected during the volcanic eruption on El Hierro in 2011–2012 

provides an opportunity to address this topic. During the unrest (19 July–10 October 2011), the 

Instituto Geográfico Nacional’s (IGN, Spain) monitoring network recorded intense seismicity and 

surface deformation, thereby suggesting magma accumulation and migration near the base of the 

crust below the island [see López et al., 2012]. Despite all the scientific work devoted to this 

eruption [e.g. López et al., 2012, 2014; Martí et al., 2013, 2017; Tárraga et al., 2014; González et 

al., 2013; Klügel et al., 2015; Sainz-Maza et al., 2014; García-Yeguas et al., 2014; Meletlidis et 

al., 2015; Telesca et al., 2014, 2015; Díaz-Moreno et al., 2015], there are still a number of 

unresolved questions regarding the unrest process. Did the seismicity truly define the path 

followed by the magma during the pre-eruptive unrest process? When was the new magma 

emplaced below the island? Which processes controlled the aseismic upward migration of the 

magma to the surface and why was it aseismic?  

Magma migration through the brittle part of the lithosphere causes fracturing and dike 

propagation, which is driven by magma overpressure, the physical properties of the magma and 

crust, and the local and regional stress fields [e.g. Pinel and Jaupart, 2004; Maccaferri et al., 

2011]. In light of new published information about the internal structure below El Hierro [García-

Yeguas et al., 2014; Martí et al., 2017], we reanalyzed the seismic and geodetic data recorded 

during El Hierro volcanic unrest to gain deeper understanding of the nature of the precursory 

signals and how to correctly interpret them when only limited data is available. We applied novel 

methods for retrieving the maximum amount of information from the data and were able to obtain 

new details regarding the eruptive mechanism. The results will not only be useful for 

understanding the eruption on El Hierro and its unrest process but also for comprehending the 

dynamics of other volcanoes in active monogenetic fields.  

 

1.2 El Hierro overview 

El Hierro is the smallest and youngest of the group of seven volcanic islands that form the 

Canarian Archipelago located off the northwest coast of Africa [Carracedo et al., 2002] (Figure 

1a). In July 2011, after more than 200 years of quiescence, a period of volcanic unrest began that 

culminated in a submarine eruption on 10 October 2011, less than 2 km off the island’s southern 

coast. The eruption lasted for four months and generated serious bubbling and the emission of ash 

and scoriaceous fragments onto the surface of the sea [e.g. Meletlidis et al., 2015]. 

Structural studies carried out on El Hierro before the eruption reveal clear lithospheric 

anomalies below the island. Carbó et al. [2003] and Llanes [2006] performed a 3D-lithospheric 

gravimetric inversion over a wide area around the Canary Islands (Figure 1b). These authors found 

a main regional N-S oriented Bouguer gradient to the west of the island of La Palma that passes 

through El Hierro, which is associated with a Bouguer wavelength of 40 km (corresponding to a 

depth of 48–128 km). They also identified two shallow gravity minima to the NE and SW of El 

Hierro, with Bouguer wavelengths of 12-40 km (corresponding to a depth of 12–48 km) (Figure 

1c). In the same area that these two authors (Carbó et al. [2003] and Llanes [2006]) found a gravity 

minimum to the SW of El Hierro, Montesinos et al. [2006] used a 3D gravity inversion to model 

a negative density anomaly at a depth of 10km.  

In a field survey carried out prior to the 2011 unrest, Gorbatikov et al. [2013] studied the 

deep structure of El Hierro using microseismic sounding techniques. These authors found a 

central-eastern intrusive high velocity body in the crust that they interpreted as being related to the 

early stage of the formation of the island, as well as a western intrusive body below the crust at a 

depth of >15 km that was interpreted as a recent magmatic reservoir (Figure 1d). This is consistent  
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with the depth range of 19–26 km (in the upper-mantle) reported by Stroncik et al. [2009] for the 

magma plumbing and storage system below El Hierro.  

 

 
Figure 1. El Hierro location and its internal structure. a) Geographical location of the Canary 

Archipelago. b) Distribution of the islands over the Bouguer anomaly map [modified from Carbó 

et al., 2003; Llanes 2006] and c) zoom of the local structures around El Hierro (colour scale, in 

mGal, is the same in b)). d) S-wave velocity distribution at 10 and 15 km depth [modified from 

Gorvatikov et al., 2013]. e) P-wave 3-D tomography of the structure of El Hierro, and its horizontal 

projection at 17.2-18 km depth [modified from Martí et al., 2017]. 

After the 2011–2012 El Hierro eruption, P- and S-wave 3D tomography was performed 

with the 13,000 local earthquakes registered from July 2011 to September 2012 [García-Yeguas 

et al., 2014]. It revealed a high-velocity crust to a depth of 10–12 km and a low-velocity anomaly 

below the base of the crust, interpreted as a batch of magma rising as a small plume from the 

mantle located beneath El Hierro. Furthermore, recent P-wave 3D tomography [Martí et al., 2017] 

performed with 20,000 local earthquakes registered in September 2011–March 2014, revealed 

additional and valuable features. Martí et al. [2017] were able to model the structural complexity 

of the interior of El Hierro, including the identification of a number of stress barriers corresponding 

to regional tectonic structures and blocked pathways from previous eruptions, which reduces the 
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options for fresh magma for finding a suitable pathway to the surface and for erupting (Figure 1e). 

These authors also propose the existence of a magma reservoir in the upper-mantle, situated in the 

central area of the island. 

The unrest on El Hierro began on 19 July 2011 with the observation of low magnitude 

seismicity located first in the central part of the island and subsequently migrating to the south at 

a depth of ~9–16 km [López et al., 2012; Domínguez Cerdeña et al., 2014]. A simultaneous surface 

deformation reflected a correlated southwards migration of the source of pressure [Meletlidis et 

al., 2015]. Two weeks before the eruption a clear acceleration in this process was registered in the 

form of an increase in the rate of deformations and in the scale of the seismicity. Previous 

geophysical interpretations [e.g. González et al., 2013; Lopez et al., 2014; Sainz-Maza et al., 2014; 

Meletlidis et al., 2015] suggest that the final magma migration from depth to the surface could 

have started some days before the beginning of the eruption; however, the mechanism involved is 

unknown. On 8 October 2011, a Mw 4.0 earthquake, occurred 1.5 km off the southwest coast of 

the island. From this event to the beginning of a volcanic tremor signal on 10 October 2011 (04:10 

UTC), the only recorded activity consisted of a few shallow (1–3 km depth) and low magnitude 

(< 2 Mw) earthquakes occurring 5-km south of the island [López et al., 2014].  

Figure 2 shows the seismicity located by the IGN monitoring network (Figure 2a), the 

evolution of the located hypocentres (Figure 2b) and the double-couple focal mechanism solutions 

of the MW≥3.5 events located during the unrest, all registered during 27 September–9 October [del 

Fresno et al., 2016] (Figure 2c).   

 
 

Figure 2. Seismicity located on El Hierro during the unrest. a) Distribution for different time 

periods; b) evolution of hypocentre coordinates. Scale bar (purple: 19 July–22 August, green: 23 

August–8 September, yellow: 9–26 September, pink: 27 September–3 October, red: 4–10 

October). c) Double-couple focal mechanism solutions of the MW≥3.5 events in the period 27 

September–9 October. Seismic stations are represented by white triangles and GPS stations by 

black ones. 
 

From 19 July to 8 September 2011, activity consisted of low magnitude earthquakes 

located in clusters, as highlighted by a precise double-difference relocation study that used data 
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from 3,500 (out of a total of 10,000 events) local earthquakes registered during the unrest 

[Domínguez Cerdeña et al., 2014]. We distinguish two periods (9–26 September and 27 

September–3 October) during which the seismicity of increasing magnitude was located to the 

south of the previous activity. Finally, high-magnitude sparse seismicity occurred on 3–10 October 

(including the 8 October 4.0 Mw earthquake).    

2 Methodology and analyses 

We performed seismic and deformation characterization based on 1) temporal variations 

in the b-value of the Gutenberg-Richter distribution and the Vp/Vs ratio; 2) the evolution of the 

accumulated seismic strain and seismic volume; 3) the characterization of the different seismo-

volcanic signals and the tensile-shear type of the fracturing; and 4) the modelling of the geodetic 

pressure sources for different time periods.  

The seismic data was provided by the IGN catalogue (www.ign.es) and includes the 

activity registered by the permanent seismic stations installed on El Hierro: one three-component 

(3CC) broad-band station and eight short- and medium-period 3CC stations (Figure 2a). Despite 

its low density, this network was well distributed and had a mean error of 3 km for epicentre 

location and 5 km for depth estimation [López et al., 2012]. The local GPS network during the 

unrest episode had up to six stations, which allow daily coordinate solutions to be calculated. 

Although they registered data for almost the whole of the unrest episode, the distribution of these 

stations was uneven and only covered properly the north and central parts of the island (Figure 

2a). 

 

2.1 Seismic b-value and Vp/Vs ratio temporal evolution 

We calculated the variations in the b-value of the Gutenberg-Richter law (see Annex.1) to 

identify different time periods in which tectonic (driven mainly by tectonic plate activity) or 

volcano-tectonic (driven by the volcanic activity) seismicity predominated. We adjusted the 

unknowns, a and b, using the maximum curvature method [Aki, 1965] in overlapping moving 

windows with 200 earthquakes. We then computed the completeness magnitude (above this 

magnitude the catalogue should include all the events recorded by the seismic network), MwC, and 

the maxima magnitude reached, Mwmax, in each time period window [ZMAP program; Wiemer, 

2001]. 

In addition, we analyzed the temporal variations in the P- (compressional) and S- (shear) 

wave travel-time velocities (Vp/Vs) of the local earthquakes on El Hierro. In volcanic areas, the 

Vp/Vs ratio aids the study of the properties of the medium, the existence of fluids and/or 

increasing/changing crack distribution, thereby identifying the volcano state and its evolution [e.g. 

Lin and Shearer, 2009, Hong et al., 2014]. We calculated the Vp/Vs ratio and Poisson’s ratio, ν, 

using the phase information (P- and S-wave arrival times) of the located and a robust multilinear 

regression for those Mw>1.7 events in non-overlapping windows with 300 earthquakes (see 

Annex.1). 

 

2.2 Seismic strain and volume 

By applying the formulations in Kostrov [1974], Jackson and McKenzie [1988] and Stich 

et al. [2006] (see Annex.2), we calculated the permanent seismic strain (static seismic deformation 

in response to stress forces) from the seismic moment (which measures the size of the earthquake, 

and is proportional to the product of the rock strength, the fault area and the amount of slip) for 

different ranges of time and magnitude. We summed the contributions to the strain of the located 
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seismicity (included in the seismic catalogue) with magnitudes above MwC to the contribution of 

the seismicity with magnitudes below MwC (most of them not included in the seismic catalogue) 

inferred from the b-value regression of the Gutenberg-Richter distribution. This non-catalogued 

seismicity is relevant when large earthquakes do not dominate the deformation (b > 1.5). We used 

the relationship established by Hanks and Kanamori [1979] between the scalar seismic moment, 

Mo, and Mw, 𝑀𝑜 = 101.5𝑀𝑤+9.05, and the a, b, Mwmax and MwC values obtained in 2.1, with Mwmin = 

1.0, the seismic consistency Cs = 1 and the shear modulus μ=4×1010Pa [Watts, 1994; Watts et al., 

1997]. 

We estimated the contribution of the permanent seismic deformation (static deformation) 

to the variations in the volume from Mo using the approximation ∆𝑉 =
∑𝑀𝑜

𝜇
   [Aki and Richards, 

1980; Hill et al., 2003]. With this equation, ∑𝑀𝑜 becomes proportional to the volume of the active 

fractures associated with the magmatic activity. In fact, for hydraulic fracturing or geothermal 

exploration projects this parameter allows operators to assess the extent of the stimulated rock 

volume and the efficiency of the injection activities [Maxwell et al., 2006; Shapiro et al., 2011].  

 

2.3 Type of seismic signals and tensile-shear fracturing   

 The continuous raw waveform includes a wide variety of seismic signals: transient 

signals such as volcano-tectonic events and low frequency events and continuous signals such as 

micro-seismicity, volcanic tremors and swarms of volcano-tectonic events. To study the different 

contribution of these seismic sources to the seismic data acquired, and to discriminate weak 

seismic signals from noise, we performed a Real-time Seismic Amplitude Measurement (RSAM) 

analysis. The RSAM analysis is a robust tool for monitoring volcanic activity because it provides 

a simple indicator of the level of seismic energy released [Endo and Murray, 1991]. 

 We calculated the RSAM (see Annex.3) on the broadband CTIG seismic station (the CTIG 

was the only station with a flat instrumental response in the whole frequency spectra that recorded 

the seismic activity from the beginning to the end of the unrest). We separated the different seismic 

sources by applying bands filters to the continuous data: 1–3 Hz for tremors, low frequency events 

(LF), hybrids and medium magnitude volcano-tectonic events (VT); 3–15 Hz small VT; and 15–

30 and 30–50 Hz for very small and micro-seismic events, as per the classification in Wassermann 

[2012]. We corrected for instrument response and for attenuation, Q, (which is frequency-

dependent). We adopted for the local S-wave attenuation (Qs = 90* f 0.5) the average of the values 

calculated by Núñez [2017] for El Hierro crust. The P-wave attenuation, QP, was calculated using 

the Knopoff [1971] approximation, QP ≈ 2.25*QS. We also corrected data for geometrical spreading 

using a (1/r) dependence of amplitude with the source-receiver distance, r. The P-wave RSAM 

was computed using the vertical component and the S-wave RSAM using the average sum of the 

NS and EW components. 

 After performing the RSAM on the S- and P-waves, the computation of the ratio between 

the energy in the S- and P- radiated fields, ES/EP, was straightforward, and provided valuable 

information about the dominant fracturing type associated with the emplacement and migration of 

the magma.  

 

2.4 Modelling of the geodetic pressure sources and the strain and stress fields 

The GPS data was processed using Bernese software [Dach et al., 2015] in the ITRF2008 

reference frame and a network of more than 30 GPS stations located in the Canary Islands, Azores, 

North Africa and southern Spain. Precise satellite orbits and absolute antenna-phase centre models 

from the IGS, along with ocean-loading model FES2004, were applied [Benito-Saz et al., 2017]. 
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 Three-dimensional displacements and their associated errors were calculated for each 

selected time period and inverted using the dMODELS software package [Battaglia et al., 2013], 

which uses a nonlinear inversion algorithm to determine the best-fit parameters (i.e. location, depth 

and volume change) for the deformation source. We used the spherical point pressure source model 

within an elastic, isotropic and homogeneous half-space [Mogi, 1958] with ν = 0.25 and μ= 40 

GPa [Watts, 1994; Watts et al., 1997]. To assess the uncertainty of the source model parameters, 

an empirical bootstrap method was applied 1,000 times to estimate the 95% confidence intervals 

[Efron and Tibshirani, 1986]. Despite the simplicity these models provide a first-order analysis of 

the deformation sources and their evolution over time. As well, we calculated the static stress 

changes caused by the static displacement associated with the point pressure sources, following 

Okada’s [1992] formulation [Coulomb 3.3 software, by Lin et al., 2004; Toda et al., 2005]. We 

modelled the static stress changes (see Annex.4) using Young modulus E = 100 GPa and ν = 0.25.  

3 Results 

The characterization analysis of the located seismicity showed significant variations of the 

Catalog performance. Figure 3 shows the time evolution of the b-value, Mwmax and MwC 

parameters (Figure 3a), the time evolution of the earthquake location on a N-S projection (Figure 

3b), the time fluctuations of the Vp/Vs ratio (Figure 3c) and the Poisson’s ratio curve (Figure 3d). 

Variation in MwC with time is immediately obvious (Figure 3a), especially during the intense 

seismic swarm episodes registered during the two weeks before the onset of the eruption. During 

seismic swarms most of the seismic waveforms were partially overlapping, thereby making the 

phase detection and separation of the earthquakes difficult or even impossible. The incompleteness 

of the IGN catalogue motivated us to use an approximate method for quantifying the contribution 

of the non-located seismicity that was not included in the seismic catalogue (section 2.2).   
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Figure 3. Main features of the located seismicity on El Hierro Island during the 2011 unrest. a) 

Time evolution of the Mwmax, MwC and b-value parameters. b) N-S growth distance from 19/08 to 

10/10 (82 days), c) Vp/Vs ratio evolution and error bounds, d) Poisson’s ratio evolution. Scale bar 

intervals as in previous figure. 
 

Figure 4a shows the seismic strain time evolution corresponding to the located (above 

MwC) and non-located seismic events, the accumulated seismic volume (Figure 4b), and the daily 

Mw≥2.5 seismic events located by the IGN (Figure 4c).  
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Figure 4. Strain analysis on El Hierro Island during the 2011 unrest. a) Seismic strain of the located 

earthquakes above MwC (blue curve), below MwC (in red), the sum of both (in black) and rate of 

located strain to total strain (in purple). b) Contribution to the volume of the earthquakes above 

MwC (in blue), total contribution from located and no located (in black) and horizontal (NS and 

EW) daily series from the FRON GPS station. c) Number of Mw ≥2.5 events per day. Scale bar 

intervals are as in previous figure. 

 

In addition, given that the seismic catalogue only includes volcano-tectonic seismicity 

above the MwC, we studied the continuous seismic waveform to try to extract additional 

information regarding the fracturing mechanism. Figure 5a shows the time evolution of ES/EP. P-

wave RSAM curves for different frequency bands are shown in Figure 5b and 5c.  
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Figure 5. RSAM and tensile/shear type of fracturing analyses. a) ES/EP time evolution. RSAM 

plots in P-wave amplitude of the CTIG station for different frequency bands: b) 0.5–1, 1–3 and 3–

15 Hz and c) and 15–30, 30–50 Hz. Scale bar intervals as in previous figure. 

 

We also analyzed and modelled the ground surface deformation recorded by the GPS 

network. Figure 6 shows the point pressure source solutions corresponding to the following time 

periods: 31 July–8 September (Figure 6a), 9–21 September (Figure 6b) and 22 September–9 

October (Figure 6c), with in this final period an additional inversion for 3–9 October (Figure 6d). 

We selected these time periods to ensure that the resolution on the displacement measurements 

was sufficient, to minimize inversion errors, and to replicate as closely as possible the periods used 

in the seismic analyses. As only four-to-six GPS stations were operating during these time periods, 

and given that most were located in the northern part of El Hierro, we performed the most basic 

and simplest deformation source model (Mogi’s point source). Therefore, we should consider the 

results simply as a first approximation of the deformation source, useful only for tracking and 

evaluating the evolution of the magma (volume change and position) during the unrest. However, 

other source geometries, heterogeneities of the crust or topography of the island should also be 

taken into account if more accurate results are required [e.g. Masterlark, 2007]. The results are 

summarized in Table 1, and include the location, depth, volume change and chi square per degrees 

of freedom (χ2v) for each of the point pressure sources, together with the lower and upper limits 

of the 95% confidence intervals obtained by bootstrapping techniques.  
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Time periods Longitude (°) Latitude (°) Depth (km) ΔV (km3) Χ2v 

2011-07-31 / 2011-09-08 −18.053−18.140
−18.012 27.71327.629

27.730 4.92.3
14.0 0.0040.001

0.030 4.7 

2011-09-08 / 2011-09-21 −18.065−18.136
−17.990  27.69027.518

27.701 5.44.1
21.6 0.0080.004

0.091 5.4 

2011-09-21 / 2011-10-09 −18.064−18.092
−18.043 27.59527.504

27.599 5.14.2
11.6 0.0260.023

0.060 6.0 

2011-10-03 / 2011-10-09 −18.047−18.139
−17.971 27.62027.506

27.668 12.63.0
22.9 0.0270.009

0.085 4.8 

 

Table 1. Optimal point pressure source model parameters with 95% confidence intervals. 

 

 

Figure 6.e shows the Coulomb static stress changes (modelled with the 3–10 October 

Mogi’s source) (Table 1) on the specific faults corresponding to the 4.0 Mw, 8 October plane 

solution (295º strike; 40º dip; 164º rake) [del Fresno et al., 2015].  

 

 
Figure 6. Location and depth of the sphere point pressure deformation sources for the selected 

time periods. GPS displacements are represented with blue arrows. a) 31 July–8 September. b) 9–

21 September. c) 22 September–9 October. d) 3–9 October. e) 3-9 October, Coulomb stress change 

(bar) distribution on (295º strike, 40º dip, 164º rake) faults at a depth of 12 km, and focal 

mechanism solution of the 4.0 Mw 8 October event (pink star).   

 

 We noticed that the modelled pressure centres were always shallower than the seismicity 

and lay slightly further to the south in the direction of the seismic migration. This bias could be 
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partially caused by intrinsic errors due to model simplification and the sparse GPS data used for 

the inversion. Another possible reason for these differences [Traversa et al. 2010] is that the 

seismicity accompanying dyke propagation in basaltic volcanoes represents events located 

backwards with respect to the dyke tip position. In this case, the seismicity is not only related to 

the magma propagation but also to the response of the edifice itself to the volumetric deformation 

[Traversa et al., 2010].   

 

4 Discussion 

Based on the results obtained here we discuss the emplacement and migration mechanism 

used by the magma on El Hierro to fracture and travel through the crust from its base to the Earth’s 

surface. Thus, we provide the most likely interpretation of the activity registered during the 2011 

unrest.  

 

4.1 Magma emplacement  

To discuss this issue, we applied hydraulic fracture theory – which offers challenging 

interpretations of what occurs when a fluid (including magma) opens and fractures rock – to our 

results. When an over-pressurised fluid is injected into a volume of rock, the pressure migrates 

through the pores (pore pressure pulses) and stress variations in the rock occur (due to the opening 

and fracturing of fluid-filled cracks) [e.g. Shapiro et al., 1997; Miller et al., 2004; Toda et al., 

2002; Dahm et al., 2010]. In the fluid-filled crack opening and fracturing model [e.g. Dahm et al., 

2010] cracks grow bi-directionally during the fluid injection process. This bidirectional growth 

continues for some time (post-injection) due to decompression by the remaining driving pressures, 

and then subsequently initiates unidirectional growth that is maintained depending on the stress 

gradients and the injection fluid pressure.  

High b-values (in some cases up to 2 or even 3) in volcanoes have been interpreted as being 

caused by the fracturing produced by fluid/magma intrusion in the mapping areas surrounding 

magma bodies [e.g. Wiemer and Wyss, 2002; McNutt, 2005; Bridges and Gao, 2006, Murru et al., 

2007; Díaz-Moreno et al., 2015]. Additionally, several studies have highlighted how fluids, crack 

density and pore pressure influence the Vp/Vs ratio. Laboratory measurements [Dvorkin et al., 

1999] have shown that crack opening in rock samples induced by increasing pressure in gas-

enriched pores leads to decreasing Vp/Vs ratios. Anomalous Vp/Vs ratios have also been registered 

in many volcanoes and low ratios are interpreted as an increase in the presence of gas in fractures 

[e.g. Kilauea, Johnson and Poland, 2013; Mount Etna, Patanè et al., 2006; Campi Flegrei Caldera, 

Chiarabba and Moretti, 2006; Aso Caldera, Unglert et al., 2011]. These authors suggest that 

increasing crack density should lead to higher S-wave delay times and to lower Vp/Vs ratio values 

— if the cracks fill with gas.  

The activity registered on El Hierro from the beginning of the unrest to when the seismic 

migration to the south at a constant depth started (19 July to ~21 August) presented clustered 

swarm activity, low Mwmax, b ≥ 1.5, tensile fracturing (low ES/EP ratio), low Vp/Vs ratio (low 

Poisson’s ratio) and micro-seismicity. Based on hydro-fracturing models, a fluid injection close to 

the crust-mantle discontinuity would explain the bi-directional seismicity growth, the b-values, the 

clustered seismicity and the existence of seismic back- and fore-fronts. The high b >1.5 values and 

decreasing Vp/Vs ratio values would reflect the existence of crack opening and fluid-filled activity 

(gas-enriched). Nevertheless, variations in the Vp/Vs ratio cannot be attributed to any variation in 

depth in the fracturing since the seismicity depth range remained stable, thereby supporting the 
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hydro-fracturing (mainly tensile) origin of the seismicity registered from 19 July to ~21 August. 

This fluid intrusion could not ascend through the crust due to the high velocity crust in the area, as 

revealed by the two P- and S-wave tomography results [Gorvatikov et al., 2013; Martí et al., 2017] 

(Figure 1); instead, it over-pressurized the entire island and promoted extension and tensile 

fracturing of pre-existing faults. The injection of magma into a pre-existing mantle reservoir is 

supported by petrological data (Longpre et al., 2014). The observation of a spatial CO2 positive 

flux anomaly in a faulted area in the north of El Hierro on 22 July–14 August [López et al., 2012] 

could be congruent with this described state.  

The seismic migration pattern observed from 21 August to ~ 27 August suggests 

unidirectional growth in the fluid injection, with the growth being driven by structural or regional 

stress gradients. In this sense, the exact coincidence between the unidirectional growth path and 

the lateral heterogeneity at 10–15 km below the Moho discontinuity is notable [Gorbatikov et al., 

2013] on El Hierro (Figure 1). Díaz et al. [2015] also suggest the existence of stress diffusion and 

hydraulic fracturing in the seismic activity in their analysis of the temporal and spatial distribution 

of the seismic activity occurring on El Hierro in 2011–2013.  

 

4.2 Evidence of increasing magma pressurization   

On 21 and, more clearly, on 27 September, the activity changed drastically and from this 

date onwards features appeared that had never been observed before: deeper earthquakes, very 

intense swarms of VT events, alternation of b-values minima close to 1 with maxima of b~1.5, 

alternation of shear and tensile behaviour, maximum Poisson’s ratio values, maximum seismic 

strain release, and the greatest deformation, as reflected by the higher modelled Mogi’s source 

volume. This activity occurred in two pulses (27–30 September and 2–5 October) and was 

registered by the seismic and the GPS network. Figure 7 shows the time series of the GPS, the 

seismic strain and the evolution of Poisson’s ratio. Of note are the coincidence between the 

coherent oscillation in the NS component and the seismic strain pulse (2–5 October) with 

maximum on 3 October, and the change in the focal mechanism from thrust fracturing to strike-

slip that occurred on that date (upper panel on Figure).  
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Figure 7. Comparison of the evolution of the seismic strain, the geodetic strain (time series of GPS 

deformation) and the Poisson’s ratio during the 2011 El Hierro unrest. a) GPS NS component and 

the seismic strain, b) GPS EW components and seismic strain, c) GPS vertical components and 

seismic strain, d) Poisson’s ratio time evolution. 
 

The variations in the Vp/Vs ratio from 27 September onwards cannot be attributed clearly 

to any variation in the depth of the fracturing since the seismicity depth range remained stable (at 

least the seismicity located and included in the seismic catalogue). Furthermore, at the maxima of 

these two pulses, the ES/EP values show shear fracturing and b-values over 1.5, while at the 

minima, the ES/EP values show tensile fracturing and b~1. Rapid variations in the deformation 

(inflation/deflation cycles) have been related to dyke propagation that allows the movement of 

magma and temporal changes in the local stress and strain fields [e.g. Heimisson et al., 2015].  

We cannot rule out a bias in the GPS coordinates during (3-5 September) due to 

atmospheric instabilities recorded by the meteorological stations on the island. As described in 

Larson et al. [2010], path delays caused by the troposphere are one of the most important sources 
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of error in GPS precision. In addition, based on Tregoning and Herring [2006], poor Zenith 

Hydrostatic Delay values are able to corrupt the station coordinates and the Zenith Total Delay 

estimates; nevertheless, this effect is more significant in the vertical component than in the 

horizontal ones. Thus, we believe that the deformation was real and not biased given that it was 

greater in its horizontal components than in its vertical ones (Figure 7) and that there were changes 

in the volcanic system detected by other techniques. However, the magnitude of the deformations 

on those days could have been influence by tropospheric effects. 

When discussing the relationship that exists between tectonic stress fields and the 

earthquakes triggered by magma overpressure, Roman et al. [2007] propose different faulting 

scenarios that vary in terms of the strength of the regional tectonic stress compared to the volcanic 

stress. Faults slip in the direction of the regional maximum compression if regional stresses 

dominate; there is no faulting and shadow zones are created around the inflating dyke if regional 

stresses balance volcanic stresses; and reverse faulting occurs if volcanic stresses dominate 

[Roman et al., 2007].  

In regard to the Coulomb static stress changes associated with the modelled sphere pressure 

sources, both triggered seismicity and stress shadow have been observed in association with 

evolving static stress changes during propagating dyke mechanisms in active volcanoes [e.g. 

Green et al., 2015]. The Coulomb stress at the site of the 8 October event (Figure 6.e) was ~ 5 bar. 

The focal mechanism of this event was modelled by del Fresno et al. [2015], who obtained a pure 

double-couple mechanism with a null isotropic (dilatational) component, which rules out any 

volume changes in the source due to magma intrusion. By modelling a circular fault model [Brune, 

1970], del Fresno et al. [2012] calculated a rupture area of 0.9 km2 and 20–30 bar for the stress 

drop. This stress drop is higher than the 5 bar (0.5 MPa) of positive change in the Coulomb stress; 

in pre-existing faults similar variations provoke faulting, thereby provoking an earthquake [Walter 

and Amelung, 2006, Chouet et al., 2013]. Thus, a positive stress transfer by itself could have 

triggered the 8 October 4.0 Mw earthquake along a pre-existent fault, as well as other lower 

magnitude seismicity, as suggested by the close coincidence between the 3–8 October spatial 

location distribution and the area with greatest stress (in red) (Figure 6.e). 

Based on these observations, we suggest that from 27 September onwards, an increase in 

over-pressurized melt, reached the mantle-crust boundary, in accordance with the reverse type of 

the focal mechanism. This increased overpressure promoted tectonic seismicity while increasing 

in volume due to the tensile emplacement of additional melt material. During the reverse faulting 

period (27 September–3 October), volcanic stresses probably dominated, the source of this 

fracturing being clearly located below the crust base. The change in focal mechanism and the GPS 

oscillation patterns registered around 3 October suggest that an important change occurred, 

probably due to the propagation of a dyke from the magma reservoir that caused a fall in the magma 

pressure below the crust. The strike-slip seismicity registered on 3–8 October could have been the 

consequence of increased Coulomb stress transfer on pre-existing regional faults in the crust since 

strike-slip event planes coincided with the maximum regional NW-SE compression [Geyer et al., 

2016]. The rapid variations in the Vp/Vs recorded in this period probably reflect the abrupt changes 

in the stress and deformation states, which cause fracturing, and the active transport of fluids (melt) 

driving more fracturing in a positive feedback system that ultimately leads to the eruption 

[Koulakov et al., 2012]. During the seismic gap registered after the occurrence of the 8 October 4 

Mw event, an intermediate scenario could have occurred, whereby increasing volcanic stress 

balanced out the regional stress.  
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4.3 Geometry of the upwards magma migration   

Martí et al. [2013] proposed a mechanistic model for the eruption on El Hierro by 

modelling numerically the stress and the strain fields in an elastic lithosphere, and including the 

effects of flexure, edifice load and the water layer. Their results explain some of the aspects and 

features observed during the unrest, including the lateral sill propagation of the magma below the 

crust and the lateral ascent towards the surface away from the edifice centre. These authors suggest 

the presence of an intrusive complex characterized by different rheology that would explain the 

halt in the vertical progression of the magma when it reached the bottom of the crustal boundary.  

Here, we complement the mechanism by applying the conditions for tensile and shear 

fracturing in monogenetic volcanism [e.g. Martí et al., 2016] (see Annex.5). For the crust failure, 

the magma pressure needs to reach values over 10-200+σn to create new fractures under the normal 

stress (σn) or greater than 1+σn bar to open a pre-existing fault. In the case of tensile faulting (σn<0), 

the pressure required will be lower [e.g. Gudmundsson, 2012; Martí et al., 2016]. Therefore, it is 

evident that, in the event of low-pressure conditions, the most probable scenario is the 

emplacement of magma into previously faulted areas of the crust as a result of tensile opening. As 

the stress drop after a tensile earthquake is smaller than in the case of shear failure volcanic 

earthquakes associated with tensile failure will have small magnitudes and the radiated seismic 

waves will have more energy at higher frequencies. This was probably the case of the high-

frequency micro-seismicity registered during the El Hierro unrest in the periods in which tensile 

behaviour was dominant (Figure 5c).     

Figure 8 represents the results of the bi-axial modelling [Zang and Stephansson, 2010] of 

the differential stress field and the magma pressure (ascending from a 3MPa over-pressurized 

source located at a depth of 20 km). The overpressure in the fracture, Pnet = (P – σn), is calculated 

for different dip angles (see Annex.5). We located the roof of the magma chamber at a depth of 20 

km, in accordance with the modelled anomalous body found at that depth by Marti et al. [2017]. 

We used the same values for magma and crust densities as used by Becerril et al. [2013] in their 

numerical modelling of the feeder dykes on El Hierro: ρm = 2.65x103 kg m-3 for the basaltic magma 

density and ρr =2.75x103 kg m-3 for the host crust. We used ν=0.27 (Figure 8a) and ν=0.24 (Figure 

8b) that bound the Poisson’s ratio values obtained from the seismic catalogue analysis. Our 

modelling shows that the requirement for induced vertical-plane tensile faults, (σV – σH) < 560 bar, 

is fulfilled at shallow depths (less than 3 km), and tensile openings are possible on fractures 

oriented within 22.5º from σV (Figure 8 a, b). At any other depths in the crust and at other 

orientations, new fractures will be shear or tensile in nature but will occur in pre-existing fractures. 

As the differential stress increases with depth and pore pressure, leading to smaller real differential 

stresses and a greater probability of a crack opening in over-pressurized formations [Fischer and 

Guest, 2011], we cannot rule out the possibility that tensile opening could occur near the magma 

reservoir or the dyke. One noticeable result is the influence of Poisson’s ratio on the available 

faults planes that the over-pressurized magma uses to travel from depth to the surface. Whatever 

the case, at depths of less than 6–7 km, positive buoyant magma will open all pre-existent faults 

at any dip angle.  
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Figure 8. Magma overpressure in the fracture Pnet = (P – σn) for different dip angles, superimposing 

the maximum differential stress curve for the occurrence of tensile faulting (560 bar) for a) ν=0.27 

and b) ν=0.24.  

 

Stress modelling highlights the importance of the pre-existing faults on El Hierro. The 

lithosphere in the south of El Hierro could be faulted and coincide with the known low-density 

and gravity anomaly [Carbó et al., 2003; Gorvatikov et al., 2013]. Once the magma crossed the 

Moho south El Hierro, dyke stress would unclamp the pre-existing faults, thereby allowing the 

aperture of a magma path to the surface in a combined process of tensile and shear fracturing. 

During its migration, the geometry and orientation of the dyke changed to take advantage of new 

available fault planes (Figure 8), which gave rise to apparently aseismic migration close to the 

surface on 8–10 October, probably due to high-aperture tensile fracturing. This stagnation of the 

magma in the lower crust and the lateral propagation have been also described in previous 

petrological studies focusing on the olivine crystals (e.g. Longpre et al., 2014). 

 

4.4 Conceptual model 

Finally, we provide a conceptual model (Figure 9) for the unrest mechanism in which three 

main stages can be distinguished: 

Stage 1: Magma injection overpressures the existing magma reservoir below the crust, promoting 

stress diffusion and hydraulic fracturing of pre-existing and new cracks in the lower crust with 

gas-enriched fluids. Regional fields control the migration of the stress perturbation involved in the 

fracturing to the south.  

Stage 2: Over-pressurized magma pulses reach the crust base by migrating to below the Moho 

discontinuity. Increased overpressure promotes tectonic seismicity, while the reservoir increases 

in volume due to the tensile emplacement of additional melt material. During the reverse faulting 
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period (27 September–3 October) volcanic stresses were probably dominant, the source of this 

fracturing clearly being below the crust base. The high-velocity crust base blocked upwards dyke 

propagation. This stage finished with the crossing of the mantle-crust boundary in a faulted crust 

region south El Hierro. 

Stage 3. On 3–8 October, an increase in the transport of magmatic fluids in fractures led to greater 

fracturing of the lower crust in a positive feedback system. Dyke propagation caused a fall in the 

magma pressure below the crust and the increase in the stress in the crust. The positive stress 

transfer in the crust could have triggered seismicity along a pre-existent fault on 3–8 October. An 

increasing volcanic stress balance with the regional stress field enabled the propagating dykes to 

use and maintain open the network of pre-existing faults from the crust base to the surface. In the 

upward migration, the magma starts by using vertical pre-existing faults and opens closer to the 

surface pre-existing faults of any dip angle, thereby promoting during the final kilometres 

horizontal (lateral E-W oriented) migration that reached the surface far from the area in which the 

previous seismicity had been located.  

 

 

 

Figure 9. Conceptual model for the El Hierro volcanic unrest mechanism. Stage 1 (19 July–27 

September), Stage 2 (27 September–3 October), Stage 3 (3–10 October). Vertical cross-sections 

drawn over a modified version of the P-wave tomography results [Martí et al., 2017]. 
 

 

5. Conclusions  
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Despite the fact that data used was limited, that the methods applied were merely an 

approximation of the physics involved in an eruptive event, and that the results include numerous 

uncertainties rather than simple solutions, the consistence provided by comparable results allows 

us to hypothesize how and why the eruption on El Hierro took place. Additionally, compared to 

previous studies that have employed some of the techniques used in this work (e.g. b-value 

analyses, Mogi’s point source modelling), we have been able to provide a complete calculation of 

the whole evolution of the seismic strain and the Coulomb modelling of the stress field changes. 

In a similar way, no Vp/Vs temporal evolution study or ES/EP characterization of the tensile/shear 

fracturing, or error analyses of the deformation Mogi’s modelled sources, has ever been performed 

using the dataset from El Hierro. Some of the evidence found is novel (e.g. occurrence of high-

magnitude triggered seismicity, hydro-fracturing by gas-enriched fluids, evidence of the crossing 

of the mantle/crust boundary), as is the interpretation of the overall evidence in light of the detailed 

knowledge of the structure of El Hierro. 

It is also worth noting that when the seismic activity included in a seismic catalogue does 

not include very low-magnitude seismicity (tensile fracturing), or when its performance is 

dependent on the seismic rate, only a very approximate (in the best of cases) path along which the 

magma is rising or accumulating can be drawn. High-magnitude activity can be partially related 

to the opening of the pre-existing network of fractures of the volcano edifice and some of the high 

magnitude events are caused by stress triggering. Likewise, it is essential to have a dense GPS 

network for precise modelling of the magma intrusion and the changes in its geometry as it crosses 

the lithosphere. Otherwise, it is only possible to derive simple and probably biased models.  

Therefore, we stress the crucial importance of setting up a high-quality (i.e. dense, low-noise, well-

distributed) network of instruments and developing new tools for comprehensive monitoring of 

volcanic activity and the correct interpretation of the observational data acquired. 
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Annex   

 

1. Seismic b-value and Vp/Vs ratio temporal evolution 

The Gutenberg-Richter (G-R) distribution power law states that,  

 

𝑙𝑜𝑔10𝑛(𝑀) = 𝑎 − 𝑏𝑀   (1), 

 

where n(M) is the cumulative number of earthquakes of magnitude larger than M, a represents the 

earthquake productivity, and b describes their size distribution [Gutenberg and Richter, 1944].  

The Vp/Vs ratio can be estimated by using a modified Wadati analysis [Wadati, 1933; Jo and Hong, 

2013]: 
𝑉𝑝

𝑉𝑠
− 1 =

(𝑇𝑠−𝑇𝑝)

𝑇𝑝
 (2), 

where TP and TS are the observer P- and S-waves phase readings.  

From Vp/Vs, the Poisson’s ratio ν (the ratio of transverse contraction strain to longitudinal 

extension strain in the direction of stretching force) can be calculated using: 

 

𝜈 =
1

2
[1 −

1

(𝑉𝑝 𝑉𝑠⁄ )2−1
]  (3) 

2. Seismic strain  

Kostrov’s [1974] theorem states that the average seismic strain tensor can be defined by 

 

𝜀𝑖𝑗 =
1

2𝜇𝑉
∑ 𝑀𝑁
𝑛=1 𝑖𝑗

𝑛
 (4), 

where 𝑀𝑖𝑗
𝑛  is the component ij of the seismic moment tensor Mn of the earthquake nth that occurred 

in the crustal volume V, (that contains the active faults), whose average elastic shear modulus is μ.  

If the moment tensor solution is not available, the approximation of Frohlich and Apperson [1992] 

can be applied, which calculates the contribution of the scalar seismic moment of each individual 

earthquake, Mo, by 

|𝜀| =
1

2𝜇𝑉
𝐶𝑆 ∑ 𝑀𝑁

𝑛=1 𝑜

𝑛
  (5), 

where CS is the seismic consistency and has a value CS ≤ 1. ε represents the amount of final 

permanent deformation accommodated within the considered crustal volume. If we compute ε for 

the seismicity occurred over a period of time, Δt, we can refer to the result as𝜀
˙
= ε/Δt, the average 

seismic strain rate. We can compute the average strain between a range of magnitudes Mw1 and 

Mw2 by 

 

∫
𝑑|𝜀|

𝑑𝑀𝑊

𝑀𝑊2

𝑀𝑊1
= ∫

𝐶𝑆

2𝑉𝜇

𝑀𝑊2

𝑀𝑊1
𝑛(𝑀𝑊)𝑀0𝑑𝑀𝑊 (6). 

 

This equation allows us to compute the contribution of the located seismic events from the 

completeness moment magnitude Mw1 = MwC to the maximum moment magnitude of the 

catalogue Mw2= Mwmax. The ratio of the integration of (6) for adjacent magnitude intervals is 

 
|𝜀|𝑀𝑊0−𝑀𝑊1

|𝜀|𝑀𝑊1−𝑀𝑊2

=
10(1.5−𝑏)𝑀𝑊1−10(1.5−𝑏)𝑀𝑤0

10(1.5−𝑏)𝑀𝑊2−10(1.5−𝑏)𝑀𝑊1
  (7). 

 

This equation allows us to compute the contribution of the non-located earthquakes, from an a 

priori minimum moment magnitude Mw0 = Mwmin to Mw1 = MwC. 
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3. RSAM analysis  

 The RSAM analysis [Endo and Murray, 1991] is defined by  

 

𝑅𝑆𝐴𝑀 =
∑ |𝐴𝑖−𝐴

¯
|𝑛

𝑖=1

𝑛
  (8), 

where Ai, is the signal amplitude corrected by the instrument response and the geometric and 

anaelastic attenuation occurred from the hypocentre to the station; 𝐴
¯

 is the mean amplitude in the 

calculation window and n is the number of samples in the window.  

The RSAM analysis is an approximated method for computing the continuous scalar seismic 

moment, Mo, and allows us to study the fracturing mechanism associated with the magmatic 

activity in the case of continuous or overlapping seismic signals. This approximation is more 

rewarding when the magnitude of the earthquakes decreases – thereby hindering their detection 

and location – during dense earthquake swarms, or when the magnitude of completeness is high. 

Following the description of the source radiation function of Aki and Richards [2002], Mo can be 

estimated from the far-field seismic P- and S-waves displacement recording, u (x,t). In a 

homogeneous whole space 

𝑢(𝑥, 𝑡) =
𝑅𝑃,𝑆

4𝜋𝜌𝑉3𝑟
𝑀𝑜
˙

(𝑡 −
𝑟

𝑉
) (9) 

𝑀𝑜 =
4𝜋𝜌𝑉3𝑟 ∫ 𝑢(𝑡)

𝑡2
𝑡1

𝑅𝑃,𝑆
 (10), 

 

where ρ is the rock density, V is the P- or S-wave velocity, r is the source–receiver distance, 𝑀𝑜
˙

 

the seismic moment rate, and RP,S is the P- and S- wave radiation patterns. If no focal mechanism 

solution is available, the average radiation pattern correction, 0.44 for P-waves and 0.60 for S-

waves, can be used [Boore and Boatwright, 1984]. The approximated mean scalar seismic 

moment, Mo, can then be estimated from (9) and (10) in the (n samples) t1-t2 window using the 

equation  

𝑛𝑅𝑆𝐴𝑀 = ∫ 𝑢(𝑡)
𝑡2

𝑡1
 (11). 

 

4. Coulomb stress calculations 

The Coulomb failure criterion hypothesises that failure is promoted when the Coulomb 

stress change is positive 

 

Δσf= Δτs+ μ’*Δσn  (12), 

 

where Δσf is the change in failure stress on the receiver fault, Δτs is the change in shear stress 

(positive when sheared in the direction of fault slip), Δσn is the change in normal stress (positive if 

the fault is unclamped), and μ is the effective coefficient of friction on the fault. The strain and the 

shear and normal components of the Coulomb stress change can be calculated in an elastic half-

space in specific faults (receiver fault planes) or on a 3D grid [Okada, 1992; Lin et al., 2004; Toda 

et al., 2005]. 
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5. Failure criteria and magma pressure on a propagating dyke 

The 2D Mohr-Coulomb failure criteria states that new tensile opening will occur along 

fractures oriented within 22.5º from σ1 (greater stress component) if the differential stress(𝜎1 −

𝜎3) < 2√2𝑆0, where σ3 is the smallest stress component and S0 the rock cohesion. If both conditions 

are fulfilled the rock will fail in tensile mode or if not, in a shear or hybrid mode. For a typical 

rock cohesion of S0=200 bar, the maximum differential stress for the occurrence of tensile faulting 

is ~560 bar, although this value can be much smaller if there are pre-existing fractures with 

significantly smaller cohesion [Fischer and Guest, 2011].  

In a bi-axial modelling [Zang and Stephansson, 2010] σ1 is vertical and equals σV  

(lithostatic load) and σ3 is horizontal. In a first approximation σV =250 bars/km, while the 

horizontal or lateral stress is proportional to the vertical load depending on the material properties 

of the lithosphere [e.g. Zang and Stephansson, 2010; Cañón Tapia, 2013]  

 

σH = k* σv = ( ν / ( 1-ν ) )* σv (13),   

 

with ν, the Poisson’s ratio. This increasing stress is appropriate for describing the brittle oceanic 

lithosphere in general form, characterized by a single strength maximum. The normal stress along 

a fault, σn, for different fault dip angles, α, is defined by the equation 𝜎𝑛 = 𝜎𝑉𝑐𝑜𝑠
2𝛼 + 𝜎𝐻𝑠𝑖𝑛

2𝛼. 

When a dyke approximates to a pre-existing fault, the magma will open a pre-existing fault that 

was closed by a normal stress, if the magma pressure 𝑃𝑜 ≥ 𝜎𝑛. The overpressure in the new fracture 

Pnet = (Po – σn) will be equal to the tensile rock strength, which in the laboratory assumes values 

from 10 to 200 bar for intact rock and <<10 bar if there are pre-existing fractures [Fischer and 

Guest, 2011]. The magma overpressure in a dyke,  𝑃0, can be calculated using the equation [e.g. 

Gudmundsson, 2012; Martí et al., 2016] 

 

𝑃0 = 𝑝𝑒 + (𝜌𝑟 − 𝜌𝑚)𝑔ℎ + 𝜎𝑑   (14),  

 

where 𝑝𝑒 is the excess pressure in the magma reservoir, 𝜎𝑑 the differential stress at the level of the 

dyke (𝜎𝑑 = 𝜎𝑉 − 𝜎𝐻),  ℎ the height of dyke above chamber, 𝜌𝑟  and 𝜌𝑚  the rock and magma 

densities and 𝑔 the gravity acceleration.  

 

 

 

 

Acknowledgments 

This research was partially supported by the Instituto Geográfico Nacional (IGN) and the Spanish 

MINECO project CGL2014-58821-C2-1-R. We would like to thank wholeheartedly all our 

colleagues from IGN who participated in the monitoring of the volcanic crisis on El Hierro and 

who furnished the observational data used in this study. We are also grateful for the valuable 

suggestions made by Victor Villasante (IGN), Adelina Geyer and Antonio Villaseñor (CSIC) that 

substantially improved this paper. The English text was reviewed and corrected by Michael 

Lockwood.  
 

 



Confidential manuscript submitted to G3 

 

References 

Aki, K. (1965), Maximum likelihood estimate of b in the formula logN=a−bM and its confidence 

level, Bul. Earthq. Res. Inst., 43, 237–239. 

Aki, K., and P.G. Richards (1980), Quantitative Seismology: Theory and Methods, Freeman and 

Co., San Francisco, Vol. 1, 557 pp.  

Albert, H., Costa, F. and Martí, J (2016), Years to weeks of seismic unrest and magmatic 

intrusions precede monogenetic eruptions, Geology, 44(3), 211-214. 

Battaglia, M., P.F. Cervelli, and J.R. Murray (2013), dMODELS: A MATLAB software package 

for modeling crustal deformation near active faults and volcanic centers., J. Volcanol. 

Geotherm. Res., 254, 1–4. 

Battaglia, J., V. Ferrazzini, T. Staudacher, K. Aki, J.L. Cheminée (2005), Pre-eruptive migration 

of earthquakes at the Piton de la Fournaise volcano (Réunion Island), Geophysical 

Journal, Volume 161, Issue 2, pp. 549-558.   

Becerril, L., I. Galindo, A. Gudmundsson, J.M. Morales (2013), Depth of origin of magma in 

eruptions, Sci. Reports. (Nature Publishing), 3, 2762, doi: 10.1038/srep02762. 

Bell, A.F., and C.R.J. Kilburn (2011), Precursors to dyke-fed eruptions at basaltic volcanoes: 

Insights from patterns of volcano-tectonic seismicity at Kilauea volcano, Hawaii. Bull. 

Volcanol., doi:10.1007/s00445-011-0519-3 

Benito-Saz, M.A., M.M. Parks, F. Sigmundsson, A. Hooper, L. García-Cañada (2017), Repeated 

magmatic intrusions at El Hierro Island following the 2011–2012 submarine eruption, J. 

Volcanol. Geotherm. Res., doi: 10.1016/j.jvolgeores.2017.01.020. 

Boore, D.M., and J. Boatwright (1984), Average body-wave radiation coefficients, Bull. Seism. 

Soc. Am., 74, 1615-1621. 

Bridges, D.L, and S. Gao (2006), Spatial variation of seismic b-values beneath Makushin 

Volcano, Unalaska Island, Alaska, Earth Planet Sci. Lett., 245, 408–415. 

Brune, J. (1970), Tectonic stress and the spectra of seismic shear waves from earthquakes, J. 

Volcanol. Geotherm. Res., 75, 4997-5009, http://dx.doi.org/10.1029/JB075i026p04997. 

Caudron, C., B. Taisne, Y. Kugaenko, V. Saltykov (2015), Magma migration at the onset of the 

2012–13 Tolbachik eruption revealed by Seismic Amplitude Ratio Analysis, J .Volcanol. 

Geotherm. Res., 307, 1 60-67, ISSN 0377-0273, 

http://doi.org/10.1016/j.jvolgeores.2015.09.010. 

Carbó, A., A. Muñoz-Martín, P. Llanes, J. Alvarez, and EEZ Working Group, (2003), Gravity 

analysis offshore the Canary Islands from a systematic survey, Marine Geophys. Res., 24, 

113–127. 

Carracedo, J.C., F.J. Pérez, E. Ancochea, J. Meco, F. Hernán, C.R. Cubas, R. Casillas, E. 

Rodriguez and A. Ahijado (2002), Cenozoic volcanism II: The Canary Islands, In: The 

Geology of Spain, Ed. Gibbons, W. and Moreno, T., Geological Society of London, 439-

472. 



Confidential manuscript submitted to G3 

 

Cañón Tapia, E. (2013). Analytical models of magma chamber stability: An abridged critical 

review of key concepts, J. Volcanol. Geotherm. Res., 249, 174-196. 

http://doi.org/10.1016/j.jvolgeores.2012.10.003. 

Chiarabba, C., and M. Moretti (2006), An insight into the unrest phenomena at the Campi Flegrei 

caldera from Vp and Vp/Vs tomography, Terra Nova, 18: 373–379, doi:10.1111/j.1365-

3121.2006.00701.x 

Chouet, B.A., and R.S. Matoza (2013), A multi-decadal view of seismic methods for detecting 

precursors of magma movement and eruption, J. Volcanol. Geotherm. Res., 252, 108-

175, http://doi.org/10.1016/j.jvolgeores.2012.11.013. 

Dahm, T., S, Hainzl, and T, Fischer (2010), Bidirectional and unidirectional fracture growth 

during hydrofracturing: Role of driving stress gradients. J. Geophys. Res., 115, B12322. 

doi:10.1029/2009JB006817. 

Dach, R., S. Lutz, P. Walser, P. Fridez (Eds) (2015), Bernese GNSS Software Version 5.2. User 

manual, Astronomical Institute, Universtiy of Bern, Bern Open Publishing, doi: 

10.7892/boris.72297; ISBN: 978-3-906813-05-9. 

Del Fresno, C., I. Domínguez Cerdeña, S. Cesca, and E. Buforn (2015), The 8 Octover 2011 

Earthquake at El Hierro (Mw 4.0): Focal Mechanisms of the Mainshock and Its 

Foreshocks, Bull. Seism. Soc. Am., 105 (1), 330-340, doi:10.1785/0120140151. 

Del Fresno, C., I. Domínguez Cerdeña, E. Buforn, and C. López (2012), Source Time Function 

(STF) of the earthquake of the 8th October 2011 at El Hierro (Canary Islands), 7ª 

Asamblea Hispano-Portuguesa de Geodesia y Geofísica. San Sebastian 2012. ISBN 978-

84-941323-1-5, 820 pp. 

Del Fresno, C. (2016), Determinación de la Fuente Sísmica a Distancias Regionales: Aplicación 

a la serie de El Hierro 2011, PhD Thesis. Universidad Complutense de Madrid (Spain), 

228pp. 

Díaz-Moreno, A., J.M. Ibáñez, S. DeAngelis, A. García-Yeguas, J. Prudencio, J. Morales, T. 

Tuvè, and L. García (2015), Seismic hydraulic fracture migration originated by 

successive deep magma pulses: The 2011–2013 seismic series associated to the volcanic 

activity of El Hierro Island, J. Geophys Res. Solid Earth, 120, 7749–7770, 

doi:10.1002/2015JB012249. 

Domínguez Cerdeña I., C. del Fresno, and A. Gomis Moreno (2014), Seismicity patterns prior to 

the 2011 El Hierro Eruption, Bull. Seism. Soc. Am. 104, Vol 1, doi: 

10.1785/0120130200. 

Dvorkin, J., G. Mavko, and A. Nur (1999), Overpressure detection from compressional-and 

shear-wave data, Geophys. Res. Lett., 26, 3417–3420. 

Efron, B., and R. Tibshirani (1986), Bootstrap Methods for Standard Errors, Confidence 

Intervals, and Other Measures of Statistical Accuracy, Statist. Sci., 1, 1, 54-75, 

doi:10.1214/ss/1177013815. http://projecteuclid.org/euclid.ss/1177013815. 

Endo, E.T., and T. Murray (1991), Real-time seismic amplitude measurement (RSAM): A 

volcano monitoring tool. Bulletin of Volcanology, v. 53, p. 533-545. 



Confidential manuscript submitted to G3 

 

Fischer, T., and A. Guest (2011), Shear and tensile earthquakes caused by fluid injection, 

Geophys. Res. Lett., 38. L05 307, doi:10.1029/2010GL045447. 

Frohlich, C., and K.D. Apperson (1992), Earthquake focal mechanisms, moment tensors, and the 

consistency of seismic activity near plate boundaries, Tectonics, 11(2), 279–296. 

doi:10.1029/91TC02888. 

García-Yeguas, A., J.M. Ibáñez, I. Koulakov, A. Jakovlev, M.C. Romero-Ruis, J. Prudencia  

(2014), Seismic tomography model reveals mantle magma sources of recent volcanic 

activity at El Hierro Island (Canary Islands, Spain), Geophys. J. Int., 199, 3, 1739-1750, 

doi: 10.1093/gji/ggu339. 

Geyer, A., J. Martí, and A. Villaseñor (2016), First-order estimate of the Canary Islands plate-

scale stress field: Implications for volcanic hazard assessment, Tectonophysics, 679: 125-

139, http://dx.doi.org/10.1016/j.tecto.2016.04.010. 

González, P.J., S.V. Samsonov, S. Pepe, K.F. Tiampo, P. Tizzani, F. Casu, J. Fernández, A.G. 

Camacho, and E. Sansosti (2013), Magma storage and migration associated with the 

2011–2012 El Hierro eruption: Implications for crustal magmatic systems at oceanic 

island volcanoes, J. Geophys. Res. Solid Earth, 118, 4361–4377, doi:10.1002/jgrb.50289. 

Gorbatikov, A.V., F.G. Montesinos, J. Arnoso, M.Y. Stepanova, M. Benavent and A.A. 

Tsukanov (2013), New features in the subsurface structure model of El Hierro Island 

(Canaries) from low-frequency microseismic sounding: An insight into the 2011 seismo-

volcanic crisis, Surv. Geophys., 3 4 (4), 463–489, doi:10.1007/s10712-013-9240-4. 

Green, R.G., T. Greenfield, R.S. White (2015), Triggered earthquakes suppressed by an evolving 

stress shadow from a propagating dyke, Nat. Geosci., 8 (8), pp. 629–632, 

http://dx.doi.org/10.1038/ngeo2491 

Gudmundsson, A. (2012), Magma chambers: Formation, local stresses, excess pressures, and 

compartments, J. Volcanol. Geotherm. Res., v. 237–238, 19–41,  doi: 10 .1016 /j 

.jvolgeores .2012 .05 .015. 

Gutenberg, B., and C.F. Richter (1944), Frequency of the earthquakes in California, Bull.. Seism 

Soc. A., 34, 185-188. 

Hanks, T.C., and H. Kanamori (1979), A moment magnitude scale, J. Geophys. Res., 84, 2348-

2350, doi:10.1029/JB084iB05p02348. 

Heimisson, E.R., P. Einarsson, F. Sigmundsson, and B. Brandsdottir (2015), Kilometer scale 

Kaiser-effect identified in Krafla volcano, Iceland, Geophys. Res. Lett., 42, 

doi:10.1002/2015GL065680. 

Hill, D.P., J.O. Langbein, and S. Prejean (2003). Relations between seismicity and deformation 

during unrest in Long Valley Caldera, California, from 1995 through 1999. J Volcanol 

Geotherm Res, 127 (2003) 175-193. 

Hong TK., Houng SE and Jo E (2014), Temporal changes of medium properties during explosive 

volcanic eruption. Geophys Res Lett, 41, 1944–1950, doi:10.1002/2014GL059408. 

Jackson J and McKenzie D (1988), The relationship between plate motions and seismic moment 

tensors, and the rates of active deformation in the Mediterranean and Middle East, 

Geophys J Int, 93, 45-73 . 



Confidential manuscript submitted to G3 

 

Jo, E., and T.K. Hong (2013),VP/VS ratios in the upper crust of the southern Korean Peninsula 

and their correlations with seismic and geophysical properties, J. of Asian Earth Sciences, 

66, 204-214. 

Johnson, J.H., and M.P. Poland (2013), Seismic detection of increased degassing prior to 

Kīlauea's 2008 summit explosion, Nature Communications, 4, article 1668, 

doi:10.1038/ncomms2703. 

Klügel, A., Longpré, M-A., García-Cañada, L., Stix, J., (2015),Deep intrusions, lateral magma 

transport and related uplift at ocean island volcanoes, Earth and Planetary Science 

Letters, 431,140-149, ISSN 0012-821X, https://doi.org/10.1016/j.epsl.2015.09.031. 

Knopoff, L. (1971), Attenuation, in Mantle and Core. Planetary Physics, edited by J Coulomb, 

and M Caputo, pp. 146–156, Elsevier, New York. 

Koulakov, I., et al., (2012), Rapid changes in magma storage beneath the Klyuchevskoy group of 

volcanoes inferred from time-dependent seismic tomography, J. Volcanol. Geotherm. 

Res., http://dx.doi.org/10.1016/j.jvolgeores.2012.10.014. 

Kostrov V (1974), Seismic moment and energy of earthquakes, and seismic flow of rock, Izv 

Acad Sci USSR Phys Solid Earth, 1, 23-44. 

Larson, K.M., M. Poland, and A. Miklius (2010), Volcano monitoring using GPS: Developing 

data analysis strategies based on the June 2007 Kīlauea Volcano intrusion and eruption, J. 

Geophys. Res., 115, B07406, doi:10.1029/2009JB007022. 

Lin, J., and R.S. Stein (2004), Stress triggering  in  thrust  and  subduction earthquakes,  and  

stress interaction between the southern San Andreas and nearby thrust and strike-slip 

faults, J. Geophys. Res., 109, B02303, doi:10.1029/2003JB002607. 

Lin, G., and P.M. Shearer (2009), Evidence for water-filled cracks in earthquake source regions, 

Geophys. Res. Lett., 36, L17315, doi:10.1029/2009GL039098. 

Longpré, M. A., Klügel, A., Diehl, A., & Stix, J. (2014). Mixing in mantle magma reservoirs 

prior to and during the 2011–2012 eruption at El Hierro, Canary Islands. Geology, 42(4), 

315-318. 

López, C., M.J. Blanco, R. Abella, B. Brenes, V.M. Cabrera-Rodríguez, B. Casas, I. Domínguez-

Cerdeña, A. Felpeto, M. Fernández de Villalta, C. del Fresno, M.J. García-Arias, L. 

García-Cañada, A. Gomis-Moreno, E. González-Alonso, J. Guzmán-Pérez, I. Iribarren, 

R. López-Díaz, N. Luengo-Oroz, S. Meletlidis, M. Moreno, D. Moure, J. Pereda de 

Pablo, C. Rodero, E. Romero, S. Sainz-Maza, M.A. Sentre-Domingo, P.A. Torres, P. 

Trigo, V. Villasante-Marcos (2012), Monitoring the volcanic unrest of El Hierro (Canary 

Islands) before the onset of the 2011–2012 submarine eruption, Geophys. Res. Lett., 39 

LI3303, doi:10.1029/2012GL051846. 

López, C., J. Martí, R. Abella, and M. Tárraga (2014), Applying fractal dimensions and energy-

budget analysis to characterize fracturing processes during magma migration and 

eruption: 2011-2012 El Hierro (Canary Islands) submarine eruption. Surv. in Geophys., 

DOI : 10.1007/s10712-014-9290-2. 



Confidential manuscript submitted to G3 

 

Llanes, M.P. (2006), Estructura de la Litosfera en el Entorno de las Islas Canarias a partir del 

Análisis Gravimétrico e Isostático: Implicaciones Geodinámicas, Doctoral Thesis, U. 

Complutense de Madrid, Spain, 1-189. 

Maccaferri, F., M. Bonafede, and E. Rivalta (2011), A quantitative study of the mechanisms 

governing dike propagation, dyke arrest and sill formation. J. Volcanol. Geotherm. Res., 

208, 39 –50. 

Martí, J., V. Pinel, C. López, A. Geyer, R. Abella, M. Tárraga, M.J. Blanco, A. Castro, C. 

Rodríguez (2013), Causes and mechanisms of the 2011–2012 El Hierro (Canary Islands) 

submarine eruption, J. Geophys. Res. Solid Earth, 118,1-17, doi:10.1002/jgrb.50087.                                                    

Marti, J., C. López, S. Bartolini, L. Becerril and A. Geyer (2016), Stress controls of monogenetic 

volcanism: a review, Frontiers in Earth Science, 4(106), doi: 10.3389/feart.2016.00106. 

Martí, J., A. Villaseñor, A. Geyer, C. López, and A. Tryggvason (2017), Stress barriers 

controlling lateral migration of magma revealed by seismic tomography, Scientific 

Reports, 7, 40757, doi: 10.1038/srep40757. 

Masterlark, T. (2007), Magma intrusion and deformation predictions: Sensitivities to the Mogi 

assumptions, J. Geophys. Res., 112, B06419, doi:10.1029/2006JB004860. 

Maxwell, S.C., C.K. Waltman, N.R. Warpinski, M.J. Mayerhofer, and N. Boroumand (2006), 

Imaging seismic deformation induced by hydraulic fracture complexity, SPE paper 

102801. 

Meletlidis, S., A. Di Roberto, I. Domínguez Cerdeña, M. Pompilio, L. García-Cañada, A. 

Bertagnini, M.A. Benito-Saz, P. Del Carlo, S. Sainz-Maza Aparicio (2015), New insight 

into the 2011-2012 unrest and eruption of El Hierro Island (Canary Islands) based on 

integrated geophysical, geodetical and petrological data. Annals of Geophysics, Vol 58, 

No5, DOI: 10.4401/ag-6754. 

McNutt, S. (2005), Volcanic seismology, Annu. Rev. Earth Planet Sci., 32, 461–491. 

Miller, S.A., C. Collettini, L. Chiaraluce, M. Cocco, M.R. Barchi, and B. Kaus (2004), 

Aftershocks driven by a high pressure CO2 source at depth. Nature, 427, 724–727. 

Mogi, K. (1958), Relations between the eruptions of various volcanoes and the deformations of 

the ground surface around them. Bull. Earthquake Res. Inst. Univ. Tokyo, 36, 99–134. 

Montesinos, F.G., J. Arnoso, M. Benavent, and R. Vieira (2006), The crustal structure of El 

Hierro (Canary Islands) from 3-D gravity inversion, J. Volcanol. Geotherm. Res., 150 (1–

3), 283-299, doi:10.1016/j.jvolgeores.2005.07.018. 

Murru,  M., R. Console, G. Falcone, C. Montuori, and T. Sgroi (2007), Spatial mapping of the b-

value at Mount Etna, Italy, using earthquake data  recorded  from  1999  to  2005, J.  

Geophys.  Res., 112, B12303, doi:10.1029/2006JB004791. 

Núñez, A. (2017), Simulación de escenarios sísmicos mediante un Sistema de Información 

Geográfica para la Península Ibérica, las Islas Baleares y las Islas Canarias, considerando 

el efecto de sitio y las dimensiones y características de la fuente sísmica, Doctoral Tesis, 

Universidad Politécnica de Madrid, 455.  



Confidential manuscript submitted to G3 

 

Okada, Y. (1992), Internal deformation due to shear and tensile faults in a half-space, Bull. 

Seismol. Soc. Am., 82 (2), 1018–1040. 

Patanè, D., G. Barberi, O. Cocina, P. De Gori, and C. Chiarabba (2006), Time resolved seismic 

tomography detects magma intrusions at Mount Etna, Science, 313, 821–823, 

doi:10.1126/science.1127724. 

Phillipson, G., R. Sobradelo, and J. Gottsmann (2013), Global volcanic unrest in the 21st 

century: An analysis of the first decade, J. Volcanol. Geotherm. Res., 264, 183-196, ISSN 

0377-0273. http://doi.org/10.1016/j.jvolgeores.2013.08.004. 

Pinel, V., and C. Jaupart (2004), Magma storage and horizontal dyke injection beneath a 

volcanic edifice, Earth and Planet Sci. Lett., 221, 245 –262. 

Roman D.C. and P. Heron (2007), Effect of regional tectonic setting on local fault response to 

episodes of volcanic activity, Geophys. Res. Lett., 34, L13310, 

doi:10.1029/2007GL030222. 

Roman, D.C.,  Rodgers, M., Geirsson, H., LaFemina, P.C., V. Tenorio (2016), Assessing the 

likelihood and magnitude of volcanic explosions based on seismic quiescence, Earth and 

Planetary Science Letters, 450, 20-28, https://doi.org/10.1016/j.epsl.2016.06.020. 

Sainz-Maza, S., J. Arnoso, F.G. Montesinos, J. Martí (2014), Volcanic signatures in time gravity 

variations during the volcanic unrest on El Hierro (Canary Islands), J. Geophys. Res. 

Solid Earth, 119, DOI: 10.1002/2013JB010795. 

Shapiro, S.A., E. Huenges, and G. Borm (1997), Estimating the crust permeability from fluid-

injection-induced seismic emission at the KTB site, Geophys. J. Int., 131, F15–F18, 

doi:10.1111/j.1365-246X.1997.tb01215.x. 

Shapiro, S.A., O.S. Krueger, C. Dinske, and C. Langenbruch (2011), Magnitudes of induced 

earthquakes and geometric scales of fluid stimulated rock volumes, Geophysics 76, 

WC55–WC63. 

Sigmundsson, F., A. Hooper, S .Hreinsdottir, K.S. Vogfjod, B.G. Ofeigsson, E.R. Heimisson, S. 

Dumont, M. Parks, K. Spaans, G.B. Gudmundsson, and V. Drouin (2015), Segmented 

lateral dyke growth in a rifting event at Bardarbunga volcanic system, Iceland. Nature, 

517(7533), 191-195 

Stich D, Serpelloni E, Mancilla F and Morales J (2006), Kinematics of the Iberia–Maghreb plate 

contact from seismic moment tensors and GPS observations, Tectonophysics, 426 (3-4), 

295-317, doi:10.1016/j.tecto.2006.08.004. 

Sparks, R, (2003), Forecasting volcanic eruptions, Earth Planet. Lett., 2010(1-2), pp. 1–15, 

doi:10.1016/S0012821X(03)001249. 

Stroncik, N.A., A. Klügel, and T.H. Hansteen (2009), The magmatic plumbing system beneath 

El Hierro (Canary Islands): constraints from phenocrysts and naturally quenched basaltic 

glasses in submarine rocks, Contributions to Mineralogy and Petrology 157, 593-607, 

doi:10.1007/s00410-008-0354-5. 

Tárraga, M., J. Martí, R. Abella, R. Carniel, and C. López (2014), Volcanic tremors: good 

indicators of change in plumbing systems during volcanic eruptions, J. Volcanol. 

Geotherm. Res., Vol., 273, 33–40. 



Confidential manuscript submitted to G3 

 

Traversa, P., V. Pinel, and J.A. Grasso (2010), Constant influx model for dike propagation: 

implications for magma reservoir dynamics, J. Geophys. Res., vol. 115 B1 pg. B01201, 

doi:10.1029/2009JB006559. 

Telesca, L., M. Lovallo, J. Martì, C. López, and R. Abella (2014), Using the Fisher–Shannon 

method to characterize continuous seismic signal during volcanic eruptions: application 

to 2011–2012 El Hierro (Canary Islands) eruption, Terra Nova, 0, 1-5, DOI: 

10.1111/ter.12114. 

Telesca, L., M. Lovallo, J. Martì, C. López, and R. Abella (2015), Multifractal investigation of 

continuous seismic signal recorded at El Hierro volcano (Canary Islands) during the 

2011–2012 pre- and eruptive phases, Tectonophysics, Vol 642, 71-77, DOI: 

10.1016/j.tecto.2014.12.019.  

Toda, S., R. Stein, and T. Sagiya (2002), Evidence from the AD 2000 Izu islands earthquake 

swarm that stressing rate governs seismicity, Nature, 419, 58–61. 

Toda, S., R.S. Stein, K. Richards-Dinger, and S. Bozkurt (2005),  Forecasting  the  evolution  of 

seismicity  in  southern  California:  Animations  built  on  earthquake  stress  transfer, J. 

Geophys. Res., v. 110, B05S16, doi:10.1029/2004JB003415. 

Tregoning, P., and T.A. Herring (2006), Impact of a priori zenith hydrostatic delay errors on 

GPS estimates of station heights and zenith total delays, Geophys. Res. Lett., 33, L23303, 

doi:10.1029/2006GL027706. 

Unglert, K., M.K. Savage, N. Fournier, T. Ohkura, and Y. Abe (2011), Shear wave splitting, 

VP/VS, and GPS during a time of enhanced activity at Aso caldera, Kyushu, J. Geophys. 

Res., 116, B11203, doi:10.1029/2011JB008520. 

Vanorio, T., J. Virieux, P. Capuano, and G. Russo (2005), Three-dimensional seismic 

tomography from P wave and S wave microearthquake travel times and rock physics 

characterization of the Campi Flegrei Caldera, J. Geophy. Res., 110, B03201, 

doi:10.1029/2004JB003102 

Vinciguerra, S. (2002), Damage mechanics preceding the September-October 1989 flank 

eruption at Mount Etna volcano inferred by seismic scaling exponents. J. Volcanol. 

Geotherm. Res., 113, 391–397. 

Wadati, K. (1933), On the travel time of earthquake waves, II, Geophysical Magazine, 7, 101-

111. 

Walter, T.R., and F. Amelung (2007), Volcanic eruptions following M≥9 megathrust 

earthquakes: Implications for the Sumatra-Andaman volcanoes, Geology 35, 539-542, 

doi: 10.1130/G23429A.1. 

Wassermann, J. (2012), Volcano Seismology, In: Bormann, P. (Ed.), New Manual of 

Seismological Observatory Practice 2 (NMSOP-2), Potsdam, Deutsches. 

Watts, A.B. (1994), Crustal structure, gravity-anomalies and flexure of the lithosphere in the 

vicinity of the Canary-Islands. Geophys. J. Int., 119(2):648–666, doi:10.1111/j.1365-

246X.1994.tb00147.x.  

Watts A.B., C. Peirce, J. Collie, R. Dalwood, J.P. Canales, T.J. Henstock (1997), A seismic study 

of lithospheric flexure at Tenerife, Canary Islands. Earth Planet Sci. Lett., 146:431–448 



Confidential manuscript submitted to G3 

 

Wiemer, S. (2001), A software package to analyze seismicity: ZMAP.  Seism. Res. Lett., 72, 

373–382. 

Wiemer, S. and M. Wyss (2002), Mapping spatial variability of the  frequency-magnitude 

distribution of earthquakes. Advances in Geophysics, 45, 259-302. 

Zang, A. and O. Stephansson (2010), Stress field of the Earth’s crust. Dordrecht: Springer. 

 



APPENDIX

C
Short-term eruptive signs
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Abstract The impossibility of observing magma migration inside the crust obliges us to

rely on geophysical data and mathematical modelling to interpret precursors and to forecast

volcanic eruptions. Of the geophysical signals that may be recorded before and during an

eruption, deformation and seismicity are two of the most relevant as they are directly

related to its dynamic. The final phase of the unrest episode that preceded the 2011–2012

eruption on El Hierro (Canary Islands) was characterized by local and accelerated defor-

mation and seismic energy release indicating an increasing fracturing and a migration of

the magma. Application of time varying fractal analysis to the seismic data and the

characterization of the seismicity pattern and the strain and the stress rates allow us to

identify different stages in the source mechanism and to infer the geometry of the path used

by the magma and associated fluids to reach the Earth’s surface. The results obtained

illustrate the relevance of such studies to understanding volcanic unrest and the causes that

govern the initiation of volcanic eruptions.

Keywords Volcano unrest � Eruption forecast � Fractal analysis � Fracture

mechanisms � Feeding system � El Hierro

1 Introduction

For an eruption to occur in a monogenetic volcano, a magma body must promote a network

of fractures that stretch towards the surface and then develop a mechanism to exceed the

C. López (&) � R. Abella
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failure threshold in the crust volume (Valentine and Hirano 2010). The transport of magma

from the reservoir to the surface is described as occurring through magma-filled dikes

(Gudmundsson 1990, 2006; Menand and Tait 2002; Valentine and Hirano 2010; Menand

2011) and is driven by buoyancy, the surrounding local elastic stress and magma over-

pressure (Anderson 1951; Menand and Tait 2002; Roman 2005; Macaferri et al. 2011;

Taisne et al. 2011). Pre-existing crustal fractures can also promote the propagation of dikes

and influence their geometry and dynamics, as has been pointed out by, among others, Le

Corvec et al. (2013). Therefore, the study of the fracturing surrounding the volcanic edifice

provides a means of understanding the magma ascent mechanism (Kilburn 2003; Kilburn

and Sammonds 2005).

The 2011–2012 submarine eruption on El Hierro (Canary Islands, Spain) is a clear

example of a monogenetic eruption in which a batch of deep magma accumulated at a

shallow depth for a certain time period before migrating laterally as a propagating sill for

over 15 km and then finally erupting to the surface through a fissure that transported all of

the magma (Martı́ et al. 2013a, b). The unrest episode that preceded this eruption lasted for

3 months, and its final phases were characterized by local and accelerated strain rates and

seismic energy releases (López et al. 2012), indicating increasing fracturing and a strained

focal volume from a depth of between 10 and 12 km and the surface.

This eruption had been long-awaited and, from its beginning, the curiosity of the

scientific community was clear and gave rise to a quick response (Carracedo et al. 2012;

Pérez-Torrado et al. 2012) even before it had ended. Subsequently, further studies have

been able to use a complete set of observational data acquired by the monitoring networks

and the geochemical and petrologic analysis of the erupted products (Troll et al. 2011;

López et al. 2012; Sigmarsson et al. 2012; Meletlidis et al. 2012; Pérez et al. 2012; Ibáñez

et al. 2012; Martı́ et al. 2013a, b; Prates et al. 2013; González et al. 2013; Domı́nguez

Cerdeña et al. 2013). Together, these contributions help explain the general processes

involved in this eruption. However, the triggering mechanisms of the eruption are still not

known, and our goal here is to discuss them in the light of the results obtained in this study.

First of all, we review the applicability of time varying fractal and energy-budget

analysis to the study of seismic series in active volcanoes that aim to determine the

characteristics of fracturing processes during magma movement, and then we apply these

techniques to the geophysical data recorded by the volcano monitoring networks of the

Instituto Geográfico National (IGN, Spain) during the final pre-eruptive and first eruptive

phases of the eruption on El Hierro (López et al. 2012). These data provide one of the most

powerful approaches for studying the fracturing state of the host rock given that

they register the elastic seismic wave field and the surface deformation (reversible and

irreversible) associated with the magmatic system, thereby reflecting its dynamics over

time. It also provides a potential tool for short- to medium-term forecast.

2 A Brief Summary of the Submarine Eruption on El Hierro

After a long period of quiescence on El Hierro, a persistent increment in seismic activity

was observed on 19 July 2011. From that date onwards, volcanic unrest was linked to

almost 10,000 earthquakes and more than 5 cm of vertical and horizontal surface defor-

mations up to 10 October 2011, the day on which a submarine volcanic eruption occurring

2 km south of the island culminated this process (López et al. 2012). A comprehensive

record of the seismic activity was obtained from the high-quality seismic network deployed

by the IGN all over the island, composed of one three component (3CC) broadband station

1024 Surv Geophys (2014) 35:1023–1044
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(CTIG) and eight short- and medium-period (natural periods of 1 and 5 s) 3CC stations

(Fig. 1). The IGN seismic catalogue for this period (www.ign.es) includes the hypocentre

and size of the located events and provides insights into the available energy during the

fracturing process. The three-dimensional surface deformation history was recorded by the

IGN’s geodetic network of four GPS stations located in the north of El Hierro, which

provided daily displacements as a function of time (López et al. 2012). The subsequent, but

delayed, installation of GPS stations in the south of the island near the point of the eruption

was unable to record the comprehensive deformation history closer to the eruption site.

Distinct pre-eruptive phases were distinguished by significant changes in the evolution

of the geophysical signals: (1) a north-to-south migration of magma at a depth of

12–15 km at the Mohorovicic discontinuity in the area (Watts 1994; Ranero et al. 1995);

(2) a simultaneous surface deformation pattern that also reflected a correlated migration of

the pressure source towards the south; (3) a clear acceleration in the process during the

final days of unrest in the form of an increment in the released seismic energy and a sudden

deflation–reinflation observed on the N–S component at all GPS stations (1–5 October

2011); and, finally, (4) the occurrence on 8 October 2011 of a 4.3 Mb (body wave mag-

nitude) earthquake at a depth of 12 km in the same area where the seismicity was occurring

which represented a point of inflection in the system behaviour (López et al. 2012; Martı́

et al. 2013a). On 10 October at 04:10 UTC, a clear emergent tremor signal was registered

by all the seismic stations, indicating the onset of the eruptive activity, which lasted for

more than 4 months (until the end of February 2012).

From the beginning of the seismic tremor signal, a number of relevant sea surface

phenomena (e.g., dead fish, lava fragments and pyroclasts, stains and bubbles) associated

with the initiation and development of the eruption were observed in the area around the

eruption site. From the onset of the tremor signal to 12 October, many dead fish (char-

acteristic of deep zones, Gobierno de Canarias 2011) appeared on the sea surface in an area

around 2.5 nautical miles (NM) off the island’s southern coast. On 12 October at about

17:00 UTC, small fragments of solid lava began to appear 2.5 NM offshore and a light-

green stain, probably related to a massive escape of volcanic gases, was observed on the

surface 2 NM from the coast. On 15 October at about 11.30 h UTC, an abundant steamy

lava emission in an intensely discoloured area of sea was observed, thus proving that a

submarine eruption was occurring 2 km (1.1 NM) off the village of La Restinga at a depth

of 365 m (27�37.180N: 17�59.580W) (Salvamar Adhara Vessel’s Navigation Journal,

Spanish Government Maritime Rescue, personal communication 2011; Meletlidis et al.

2012).

3 Fractal Dimension and Energy-Budget Analysis in Fracturing Processes

During an intrusive process, a wide variety of seismic signals are originated by the

transport of magma and related hydrothermal fluids and their interaction, including frac-

turing, with solid rock, showing differences in their source spectra (e.g., Chouet and

Matoza 2013). Low-frequency events and tremors are associated with the movement and

resulting deformation of pressurized fluids such as gas and magma in a confined space.

High-frequency events, named volcano tectonic (VT) can be produced by brittle shear or

tensile failure on faults, or by the shear failure of magma in the conduit (Chouet and

Matoza 2013). Thus, source characterization of volcanic signals during unrest could be an

efficient way of studying the dynamics of an intrusive process. What follows in this section
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summarizes some of the most relevant tools for this purpose, from the fractal dimension

(FD) analysis to other classical approaches.

Since Mandelbrot (1967) introduced the concept of fractals and the term FD to deter-

mine the length of the west coast of Great Britain, fractals and self-organized criticality

have been widely used to study the level of complexity of many geological and geo-

physical phenomena (e.g., Turcotte 1997). Mathematically, a fractal follows the relation:

Ni ¼
C

rD
i

ð1Þ

where Ni is the number of objects with a characteristic linear dimension ri, C is a constant

of proportionality, and D is the FD.

If the FD is an integer, it is equivalent to the Euclidean dimension. The Euclidian

dimension of a point is zero, of a line segment one, of a square two and of a cube three

(e.g., Turcotte 1997).

Time-varying fractal analysis complements the traditional Fourier analysis in the study

of the complexity of waveform sample signals and shows that this technique can also be

applied to observational phenomena that present self-similarity across a characteristic

timescale (Higuchi 1988). This author shows that a curve with a single power-law spec-

trum is self-similar and the index, a, of the power spectral density (PSD) has a power-law

spectrum dependence on frequency:

P fð Þ� f�a; ð2Þ

that is simply related to the FD D by the equation D = (5 - a)/2 (for a self-affine fractal

1 \ D \ 2). Higuchi (1988) presents a stable numerical computation algorithm for the

Fig. 1 Location of El Hierro and of the epicentres of the seismic events (circles) recorded during the unrest
episode that preceded the 2011–2012 submarine eruption (colour ranging from 19 July to the beginning of
the tremor signal on 10 October 2011). Seismic stations are represented by white triangles. The pink
diamond shows the location of the 4.3 Mb event registered on 8 October 2011. The final location of the
volcano vent is represented by a red triangle (modified from Fig. 2; López et al. 2012)
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estimation of D using a low number of timed sequential data. Higuchi’s algorithm gen-

erates multiple time series from N equi-spaced samples xðiÞ; i ¼ 1; . . .;Nð Þ that creates a

new time series xm
k as follows:

xm
k ; x mð Þ; x mþ kð Þ; x mþ 2kð Þ; . . .; x mþ N � m

k

� �
:k

� �
m ¼ 1; 2; . . .; kð Þ; ð3Þ

with m and k integers and [a] denoting the integer part of a.

For each time series, the absolute differences between each two successive data points

are summed to calculate the vertical length of the signal with the scale size k as follows:

LmðkÞ ¼
X½ðN�mÞ=k�

i¼1

jx mþ ikð Þ � xðmþ i� 1ð ÞkÞj
 !

N � 1
N�m

k

� �
:k

( )
ð4Þ

The length of the series segment L(k) is the mean of the Lm(k) values,

LðkÞ ¼
Pk

m¼1 LmðkÞ
k

; form ¼ 1; . . .; k: ð5Þ

If L(k) is proportional to k�D, then the signal is fractal-like and has the FD D.

Fractal distributions have been identified in natural phenomena, and an extensive lit-

erature exists in the fields of seismology and volcanology. The Earth’s crust and the

seismicity produced by tectonic stresses have been modelled as a critical self-organized

process, and FD analysis has been applied to the distributions of fractures and earthquake

epicentres, as well as to seismic-recurrence time studies (e.g., Chen et al. 1991; Crampin

1994; Leary and Abercrombie 1994; Barriere and Turcotte 1994; Bonnet et al. 2001;

Saichev and Sornette 2007). Focusing on volcano seismicity, spatial and temporal FD

studies of the seismicity and the fracture dynamics associated with eruptive episodes that

analyse the variations in their FDs as a response to changes in the stress conditions have

been conducted on Mt. Etna (Vinciguerra et al. 2001; Vinciguerra 2002), Mt. Vesuvius

(Luongo et al. 1996) and Mt. St. Helens (Caruso et al. 2006). Fractal analysis of continuous

seismic tremor recordings has correlated the evolution of temporal FDs with the com-

plexity of the source mechanism. Konstantinou (2002) determined the fractal upper bounds

of the seismic tremor attractor dimension using the continuous seismograms traces of the

1996 Vatnajokull eruption. Maryanto et al. (2011) analysed the Semeru volcano harmonic

tremor seismograms that related higher FDs with the explosion and its gradual decrease

during the recording of the harmonic tremor.

Given that the FD reflects the spectral dependence of time series, it offers a useful tool

for the characterization of the seismic sources (e.g., VT and tremor) recorded during an

eruptive process due to their source spectral model patterns.

VT amplitude seismic source spectra can be modelled in the far field following a simple

circular finite-fault fracture, using the source model proposed by Brune (1970):

Aðf Þ ¼ X0

1þ f
fc

� 	2
� � ð6Þ

where X0 is the low-frequency spectral level, f is the frequency and fc is the corner

frequency of the seismic wave. For f\fc, the spectra is flat (f�0). For f [ fc, f�2 marks the

high-frequency fall-off rate (on a log–log plot) in the spectra. Other more complex seismic
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fault models give equivalent results for the seismic source spectra (Aki 1967; Brune 1970;

Hanks 1979; Walter and Brune 1993; Walter et al. 2013).

Some mathematical expressions for the tremor amplitude source spectra can also be

found in the literature. Ripepe and Gordeev (1999) modelled the tremor source in the far

field as pressure variations induced by the growth of magma–gas bubbles under forced

coalescence, expressing the source spectra in the frequency domain as:

Aðf Þ ¼ Ph

2w2

bðb�2 þ w2Þ2
ð7Þ

where w = 2 pf ; Ph is the maximum pressure change induced in the magma–gas medium

by gas bubble forced coalescence and b is a constant dependent on the relaxation time. For

high- and low-frequency ranges, Ripepe and Gordeev (1999) modelled spectra amplitude

decays as af�2, the maxima amplitude corresponding to a corner frequency, fc, which

reflects the different magma parameters and bubble growth rate. This asymptotic behaviour

of the ground displacement spectra has been found for the seismic tremors recorded from

volcanoes with different types of magmatism (Ripepe and Gordeev 1999). Chouet (1985)

proposed the excitation of a buried magmatic pipe as a seismic source model for the

volcanic tremor. The synthetic spectral ground-motion displacement signature also has

asymptotic roll-offs for high frequencies with a frequency slope af�ð1:33;1:67Þ on the log-

arithmic scale. Similarly, higher-degree frequency decays for the amplitude tremor source,

proportional to f�3, can be found in the model proposed by Garces and McNutt (1997) for

a gas–magma mixture triggering explosive sources inside magma conduits due to sudden

changes in the confining pressure. Horton et al. (2008) analysed temporal frequency slope

differences in seismic source spectra recorded during the Mt. St. Helens volcanic activity

episode (2004–2006) and related them to the eruption dynamics, thereby correlating the

gradual decrease in the high-frequency slope with the magma’s approach to the surface. In

Fig. 2, we show the good agreement of both a VT event recorded in the area during the

studied period and 1990s of the volcanic tremor spectra with predicted VT and tremor

source models (Eqs. 6, 7), showing the applicability of source spectra models

approximations.

The study of the temporal evolution of seismicity provides valuable information about

the fracturing and deformation processes. Segall (2013) investigated how variations in

seismicity under changing stress can be used to integrate deformation and VT seismicity in

the spatial–temporal evolution of dike geometry under excess magma pressure, suggesting

that in some cases dike propagation has been detected from minutes to hours prior to

eruptions. For this purpose, he performed a joint analysis of the seismicity rate, R = dN/dt,

where N is the number of earthquakes, and the stress change associated with dike intrusion

was calculated using the seismicity rate theory of Dieterich (1994), which establishes

R ¼ dN

dt
¼ r

c _sr

;
dc
dt
¼ 1

ar
1� c

ds

dt

� �
ð8Þ

where r is the background seismicity rate at the stressing rate, _sr, r is the normal stress

acting on the fault, a is a frictional constitutive parameter, and s is the Coulomb stress. c
can be approximated to the inverse of the stressing rate prior to dike propagation (Segall

2013), c0 ¼ 1
_sr
, and so, qualitatively, we can relate transient changes in the seismicity rate to

changes in the stress field. Segall (2013) studied the case histories of St. Helens (1980),

Pinatubo (1991), Soufriere Hills Volcano (1997) and Hekla (2000) and suggests that this
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approach could improve the resolution of existing methods and, perhaps, even real-time

forecasts. Nevertheless, this theory does not address the magnitude of the earthquakes, only

their occurrence.

Another important parameter is the seismic energy when it is used as a measurement of

the elastic energy release during fracturing, which reflects the permanent, strain-only

measurement of the deformation. The geodetic surface deformation measures both elastic

(internal reversible deformation) and permanent deformation (seismic as well as aseismic),

and so it is to be expected that the seismic strain (co-seismic displacement) will represent a

lower limit of the geodetic strain and the geodetic strain, the upper bound (Jenny et al.

2004, Caporali et al. 2011). The minimum strain energy involved in the process approx-

imates to the seismic wave energy under Orowan’s (1960) condition, which assumes a

complete stress drop (effective stress equal to stress drop) in the area (Kanamori 1977).

Whether the earthquake’s stress drop is complete or partial is unknown, but the condition

has been verified experimentally for several earthquakes (Kanamori 1977).

Fig. 2 Example of a typical VT event (7 October 2011, 23:52 UTC, 3.1 Mb) recorded in the volcano area
during the studied time period in grey and of 90 s of the volcanic tremor registered on 11 October 2011, at
12:00 UTC in red, both recorded at the CTAB station. Vertical component traces have been corrected for the
instrument response. Amplitude spectra curves of both signals are shown in the lower plot. Corresponding
VT and tremor corner frequencies are fc = 4 Hz and fc = 0.9, showing high-frequency decay f�n with
n & 2 for VT and 2 B n B 3 for tremor
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We used the seismicity rate as an estimation of the local stress changes and the seismic

energy per unit of the fault area to calculate the minimum bound of the strain field

variation.

Finally, in order to study possible facts that could determine why a crack grows or stops

growing during a dike intrusion, we can compute the critical strain energy release rate

following the theories established by Irwin (1957) and Orowan (1948), who suggested that

catastrophic fractures occur when the strain energy is released at a high enough rate. A

modified Griffith (1921) equation establishes that the energy needed for crack growth in a

brittle material is as follows (e.g., Anderson 1991; Roylance 2011):

rf

ffiffiffi
a
p
¼

ffiffiffiffiffiffiffiffiffi
E G

p

r
ð9Þ

where G is the critical strain energy rate, E is Young’s modulus, a the smallest length that

initiated the crack growth, and rf the stress at fracture.

4 Application to the 2011–2012 El Hierro Eruption

The studied period (6–15 October 2011) included the occurrence of the final and most

energetic swarms of VT events previous to the onset of the eruption, the appearance of the

tremor signal on 10 October (04:10 UTC) and the observation of the first eruptive products

(e.g., dead fish, stains, lava fragments) on the sea surface. In some cases, the time period

was extended to 3 October in order to gain a broader view of the evolution of the signal.

Time varying fractal analysis, energy estimations rates, spectral time series and frac-

turing budget-balance analysis were applied to the continuous seismic data and to the

seismic catalogue for the study period, and were correlated with the temporal and spatial

patterns of the located seismicity and the appearance on the sea surface of different

eruption indicators. Joint analysis provided information about a possible mechanism and

the geometry of the fracturing process during the magma ascent and further opening of the

eruptive vent.

IGN located seismicity was carefully reviewed addressing the task of completing the

located event catalogue with detected events, heretofore not included, in order to estimate

the true seismic release that reflects the history of the process dynamics. For this purpose,

we reviewed all the continuous seismic waveforms and manually chose the arrival time and

ground-motion maximum amplitude of those VT events registered by at least five stations,

which were identified by their waveform as belonging to the same local families. This

procedure increased the number of events detected on El Hierro from 677 to 6,343 (a more

than 800 % increase). Each detected event magnitude was computed by correcting for

attenuation and spreading for distance considering the mean location of the events located

at closer time. Finally, the accumulated seismic energy (equal to the permanent strain

energy) and seismic rate dN/dt over the entire VT catalogue could be estimated.

Fractal dimension (FD) time evolution was estimated using the Higuchi (1988) algo-

rithm (Eq. 4) on the vertical component of the seismic stations. Only one station (CHIE) of

the seismic network was discarded due to amplitude clipping caused by its low acquisition

dynamic range. Seismic data were pre-processed in order to remove bad-quality data

segments, and the ground-motion was retrieved correcting by the corresponding instrument

response. The following input parameters, Kmax = 5; window size, N = 12,000 samples

(2 min at 100 sps, no window overlap) were used in (Eq. 4) and the angular coefficient of
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the linear regression of the graph log LðkÞð Þ versus log 1=kð Þ provided the FD, where log is

the natural logarithm. Different input parameters were tested with similar performances,

selecting those that were most appropriate for characterizing the persistent behaviour of

both transient (VT) and continuous tremor signals in the linear fall-off segment of the

source spectra.

Figure 3 shows the complete log(L(k)),log(1/k) space for the time period using a k range

from 1 to 50 every 2 min with no overlapping segment of continuous CTAB vertical

seismic station data, which shows the stability of the slopes corresponding to log(1/k) for

k = 1,…,5 and its time variations supporting the applicability of the FD technique for

describing the irregularity of the seismic time series in the high frequencies. Figure 4

shows the temporal variations of FD (k = 1,…,5) and similar shapes for the different

stations. Up to 8 October, plots suggest that there were cyclic variations with a dominant

value of FD � 1:5 during the most intensive seismic swarms. On 10 October, a decrease to

a shorter dimension began, which reached minimum values of &1 in almost all stations by

the end of 11 October.

FD analysis was complemented with spectrogram analysis for source characterization.

Figure 5 shows a 5-min, non-overlapping, Hanning-tapered, ground-motion spectrogram

(instrument response corrected) on the vertical component at the CTAB and CRST (the

closest to the eruption site) seismic stations and their time traces. The spectrogram is

represented with a semi-logarithmic frequency axis from 0.1 to 50 Hz, and the amplitude

and spectrogram colour scales are the same for both stations. The successive VT swarm

episodes show energy in a high-frequency band up to 25 Hz, while the tremor energy is

concentrated in a 0.3–5 Hz band (in the nearest CRST station, it reached almost 15 Hz

during the first 3 days). No clear harmonic resonant peaks can be seen in the tremor. The

daily pattern of the high-frequency micro-seismicity can be observed in the central part of

the day throughout the whole period; below 0.3 Hz, typical oceanic micro-seismic noise is

recorded at both stations.

5 Results

The temporal evolution of the seismicity is shown in Fig. 6. The distribution of the

accurate revised hypocentral locations (486 events with rms B0.3 s and horizontal loca-

tion error r B 3 km) is shown in Fig. 6a. Three different periods can be distinguished.

(1) From 6 October to the occurrence of the 4.3 Mb event on 8 October at 20:34 UTC

(Fig. 6b), the 360 located events reveal a NW–SE lateral migration (6-km long) and

suggest a slight vertical migration from a depth of 14–10 km, with a mean depth of 12 km.

(2) From the 4.3 Mb event to the beginning of the tremor signal on 10 October, 04:10 UTC

(Fig. 6c), the seismicity decreased drastically and only 126 events were located in this time

period, all with smaller assigned magnitudes. The first shallow event (at a depth of 3.5 km)

occurred only 23 min after the main 4.3 Mb event and was located to the south of the

hitherto seismic source area. From then on, the hypocentral location of seismic events

alternated between the ‘deep’ seismic source area (75 events in total) and the new ‘shal-

low’ seismic source area (89 events in total with depths B4 km). (3) From the tremor onset

to the end of 15 October (Fig. 6d), 12 events were located, all of them in the ‘deep’ seismic

source area.

For the calculation of the seismic strain rate, we summed the seismic moment using the

modified Kostrov summation equation (Kostrov and Das 1988):
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Fig. 3 Entire curve length L(k) (u.a. arbitrary units) space for 2 min of non-overlapping moving window
with k ranging from 1 to 50 on CTAB vertical seismic station data. Traces show the slope stability of the
corresponding curves in the red area of the graph, for k = 1,…,5, (from 0,…, -1.6 in the log t, horizontal
axis). Corresponding frequency upper-bound variations ranged from 10 to 50 Hz (with 100 Hz sampling for
the time series)

Fig. 4 Temporal variations of FD (k = 1,…,5) at the different stations. Until 8 October, plots suggest
cyclic variations with a dominant value of DF � 1:5 during the most intensive seismic swarms. On 10
October, FD started to fall to a shorter dimension, reaching minimum values of &1 at almost all stations by
the end of 11 October. The 4.3 Mb event and the onset of the seismic tremor are indicated on the graph with
full green and red vertical lines, respectively. The dashed green vertical line indicates the beginning of the
reduction in the seismic rate (Phase III). The dashed red vertical line indicates the beginning of the fall in
FD shorter values (Phase VI). The dashed blue vertical line indicates the onset of the appearance of light-
green discoloured sea water stained by volcanic gases, which was observed about two nautical miles off the
coast
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de
dt
¼ 1

2lVDt

X
M0 ð10Þ

where l is the shear modulus, Dt is the time span for the seismic period studied, M0 is the

scalar seismic moment of each event, and V is the corresponding seismogenetic volume. In

practice, V is defined as the sum of the product of the area involved in each event fracture

and the hypocentral depth of each event (Caporali et al. 2011). This approach is appropriate

in our case given the characteristic clustering of the seismicity, as can be seen in Fig. 6.

Seismic moment (M0) and seismic energy (Es) were derived from the Mb magnitude using

the relationships reported by Chen and Chen (1989): M0 ¼ 101:5�Mbþ9 (N.m) and Choy

and Boatwright (1995): ES ¼ 1:6 �M0 � 10�5 (N.m). The seismic rupture area was cal-

culated using the relationships derived by Wells and Coppersmith (1994): area ¼
100:9 Mb�3:42ðkm2Þ.

Figure 7 shows the activity time evolution in terms of energy expenditure, differ-

entiating some phases based on the evolution of both seismic rate and seismic strain.

Fig. 5 Ground-motion spectrogram of the vertical component of the CTAB and CRST stations, computed
on a 5-min, non-overlapping, Hanning-tapered moving window (instrument response corrected), and their
time traces (amplitude and spectrogram colour scales are the same for both stations). The spectrogram is
represented on a semi-logarithmic frequency axis plot from 0.1 to 50 Hz. Colour bands labelled 0, I, II….VII
indicate different phases (see text for details)
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(1) Phase 0: considered to represent previous activity. (2) Phase I: from 6 October, 03:00

UTC (approximately) to 7 October, 21:00 UTC (approximately), which includes swarms of

events whose hypocentres moved NW–SE in a lateral and almost horizontal direction. (3)

Phase II: up to 8 October, 05:30 UTC (approximately), which includes the final and

strongest swarm that coincided with an upwards depth trend from 13 to 10 km. (4) Phase

III: up to 8 October, 20:34 UTC (duration approximately 15 h), which includes the relative

quiescence in the seismic activity before the 4.3 Mb event. (5) Phase IV: from the 4.3 Mb

event on 8 October to the beginning of the volcanic tremor on 10 October, which includes

the double-source seismicity. (6) Phases V, VI and VII, including the different tremor

Fig. 6 a Revised accurate hypocentral 498 locations (with rms B 0.3 s and horizontal location error
r B 3 km) and their projections in the XZ and YZ planes. b The 360 events located from 6 October to the
occurrence of the 4.3 Mb event on 8 October at 20:34 UTC, with a NW–SE lateral migration (6-km long).
c The 126 located events occurring from after the 4.3 Mb event to the beginning of the tremor signal on 10
October at 04:10 UTC. The seismic locations show two seismogenic areas, one a ‘deep’ area and the other
the new ‘shallow’-source area at depths of B4 km. d The 12 events located from after the tremor onset up to
the end of 15 October, all in the ‘deep’ seismic source area. Source of data: IGN catalogue (www.ign.es)
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signal behaviour and the appearance of different surface manifestations of the eruptive

activity.

Figure 7a shows the time evolutions (in black) of the Mb detections and (in purple) of

depth locations (magnitudes range from 1 to 4.3 Mb, with an average magnitude value

below 2 Mb). Plots show the increase in seismic activity in the populated swarms during

Phases I and II, which suggests that there was a periodic occurrence every 6–8 h. The

depth locations plot shows a slight trend for the hypocentres to move towards the surface;

15 km mean depth on 3 October, 14 km mean depth on 6 October, 14–10 km mean depth

during the final strong swarm occurring in the final hours of 7 October and the first hours of

8 October. During Phase IV, the events seem to concentrate closer to the beginning and to

the end of the phase, with locations alternating between the ‘deep’ and the ‘shallow’

seismic source areas. In the first shallow swarms, the mean depth was 2 km, while in the

second and final shallow swarm, the mean depth was slightly less, around 1 km. During

Phases V, VI and VII, events were only observed in the ‘deep’ seismic source area.

Figure 7b shows the 5-min detection of the seismic rate (in black) and its accumulated

value (in red). The accumulated slopes of the seismic rate show different phases of the

local stress field and crescent strengthening, from Phase 0 to Phase II. Figure 7c shows the

seismic strain (in red) and its corresponding strain energy (in black) (or energy release

under the Orowan condition). A higher contribution of the ‘shallow’ seismicity to the local

deformation is remarkable despite its lower seismic rate. The phenomenon involved in

Phase II was the most energetically expensive of the whole period and produced the

maximum deformation rate, even greater than the 4.3 Mb event. During Phases I, II and III

(65 h approximately), 0.82 9 1011 J and 0.76 9 10-4 strain (1.2 l strain/h) of deforma-

tion were released in the area. In Phase IV, the corresponding values were 0.34 9 1011 J

and 0.2 9 10-4 strain of deformation. Figure 7d shows the corresponding effective

pressure, rf , at the seismic fracture surface as the minimum energy needed to initiate a

catastrophic fracture through the crust towards the surface (Eq. 8). For the characteristic

critical strain energy rate for the area, G, we have used the rate that was accumulated

during Phases I, II and III. It is highlighted from 4 to 10 MPa on a grey background. There

are two critical situations where rf reached its lowest value, in Phase II (6 MPa) and during

the 4.3 Mb event (5 MPa). Crust state parameters were calculated using the standard value

of Poisson’s ratio for the crust r = 0.25 and l = 40 GPa (Watts 1994; Watts et al. 1997).

Figure 8 shows the amplitude spectra of a 90-s window from the CTAB vertical station

(instrument response corrected) of the tremor signal on 10, 11 and 15 October. Each of

these signals is representative of the tremor in Phases V, VI and VII.

6 Discussion

Data analysis, integrating FD and energy-budget temporal evolution, has allowed us to

distinguish several temporal stages in the preparation and initiation of the eruption. Each

stage was characterized by different mechanical constraints deriving from a particular

rock–fluid interaction.

6.1 Up to 6 October (Phase 0 in Fig. 7)

Accumulated seismicity rate and seismic energy released followed a quite linear behaviour.

Epicentres were located to the west of the subsequent seismic swarm, and the horizontal

deformation experienced a fairly complete episode of elastic recovery at the end of this
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stage (López et al. 2012). Fluid-crack intrusions are usually characterized by deflation–

inflation sequences in the magma source and by associated subsidence-uplift cycles above,

as well as by the lateral migration of earthquake swarms, as the magma moves from its

source and into the dike (Moore and Krivoy 1964; Brandsdóttir et al. 1997; Einarsson

Fig. 7 Colour bands labelled 0, I, II….VII indicate different phases (see text for details). Green, red and
blue full and dashed vertical lines have the same significance as in Fig. 4. a Detection magnitude (in black)
and location-depth time evolution (in purple) of seismic events. b Detection rate (in black) and its
accumulated value (in red). c Seismic strain (in red) and its corresponding strain energy (in black) (or energy
release under the Orowan’s condition). d Effective pressure, rf , at the seismic fracture surface as the
minimum energy needed to initiate a catastrophic fracture through the crust towards the surface (Eq. 9)

Fig. 8 Amplitude spectra of a 90-s window at the CTAB vertical station (instrument response corrected) of
the tremor signal on 10, 11 and 15 October. Each of these signals is representative of the tremors in Phases
V, VI and VII
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1991; Rubin et al. 1998; Toda et al. 2002). Therefore, this stage could suggest a propensity

for the formation of a fluid crack and then dike migration at the end of this process.

6.2 6–8 October (Phases I and II in Fig. 7)

This stage started with a sudden strong increase in the seismicity rate and in the seismic

energy released. Two sub-stages can be distinguished. (A) A quasi-horizontal 14–12 km

magma propagation under the local Moho discontinuity up to 7 October (Phase I in Fig. 7);

(B) Magma migration towards the surface from 12 to 10 km, possibly crossing the Moho

discontinuity located at a depth of 12–15 km (Watts 1994; Ranero et al. 1995) on 8

October (Phase II in Fig. 7). The seismic strain reflected a permanent deformation accu-

mulation, with a maximum rate of 1.4 9 10-6 strain h-1, the greatest throughout the

whole process. The increase in the seismicity rate and the migration of the epicentres were

interpreted as the lateral propagation of a magma intrusion, and the changes observed in

this stage could reflect differences in the host rock and/or changes in the geometry of the

intrusion (see Traversa and Grasso 2009; Segall 2013).

FD analysis (Fig. 4) reflects the effects of cyclic seismic swarms; higher FD values

would correspond to seismically quiet periods in which uncorrelated background seismic

noise dominated, which agrees well with previous analyses of similar seismic patterns (see

Boschetti et al. 1996; Tosi et al. 1999; Padhy 2004). Dominant seismicity approaches the

lower FD � 1:5.

According to the observational data presented here, we conclude that at the end of this

stage, the over-pressurization of the system reached a critical point due to magma accu-

mulation in the south (regardless of whether it was under or in the lower crust). This idea is

also supported by the observation of high 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 location area) prior to the onset of the eruption (Pérez et al. 2012).

6.3 October (Phase III in Fig. 7)

On this day, the seismic rate, seismic strain and released seismic energy fell drastically.

The seismic strain reflected a smaller but persistent permanent deformation with a

maximum rate of 0.3 9 10-6 strain h-1, which was maintained until the appearance of

the tremor signal. The analysis of the lava fragments collected on the sea surface near the

vent area (Troll et al. 2011; Sigmarsson et al. 2012; Meletlidis et al. 2012; Martı́ et al.

2013b) suggests that local and rapid crustal assimilation occurred at the base of the

volcanic edifice when the first magma passed through that zone. The products of that

crustal assimilation episode appeared after only a few hours in the form of lava fragments

with a black vesicular outer crust with bulk basanite composition, surrounding a centre

with a grey-white pumiceous xenolithic core (xenopumices). Despite the different

interpretations that have been proposed to explain the exact nature of these xenopumices

(Troll et al. 2011; Meletlidis et al. 2012; Sigmarsson et al. 2012), all authors coincide in

the fact that the assimilation of pre-existing rocks, located either at the sedimentary

basement of the volcanic edifice or inside it, had occurred. Even so, the decrease in the

registered seismicity and in the strain rate indicate that an important change in the

intrusion conditions occurred, which is probably reflected in this magmatic assimilation

episode.
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6.4 8–10 October (Phase IV in Fig. 7)

This stage started with the 4.3 Mb event. We believe that this event could have surpassed

the strain rate threshold necessary to initiate a catastrophic fracture and thus opened a path

through the crust to the surface. The essential condition was that the fault area was affected

by an effective overpressure of at least of 5 MPa, as is shown in Fig. 7d. The occurrence of

the seismic event altered the shear and normal stresses and generated high local stress and

local strain magnification, which increased the tendency for brittle fracturing. The ‘deep’

and ‘shallow’ seismicity (Fig. 6c) could represent the depths of the bottom and top edges

of the strained volume. FD analysis (Fig. 4) suggests the predominance of seismic activity

in the signal despite the scarcity of events. The possibility exists that the persistent lower

magnitude seismicity was recorded because the event signals were obscured below the

background seismic noise level of the recording stations. Cornet (1992) suggested that

earthquakes generated by the tensile propagation of a dike tip are likely to be too small in

magnitude to be identified by standard seismic networks.

6.5 From 10 October Onwards (Phase V, VI and VII in Fig. 7)

This stage started with the onset of a seismic tremor on 10 October at 04:10 UTC, which

we interpret as corresponding to the start of the eruptive activity phase. Right from its

beginning, the tremor signal underwent important changes in its amplitude and frequency,

an indication of the complexity of the phenomenon that is also reflected in the lack of

identifiable persistent frequencies of source resonance. Based on the FD, spectral analysis

and surface manifestations of the eruptive activity, we have identified the following dif-

ferent phases at the start of the eruption:

6.6 10 October (04:10)–11 October (06:00): (Phase V in Fig. 7)

The tremor signal progressively grew from its onset until 11 October at about 6:00 UTC,

with an energetic high-frequency release [0.3–15] Hz, as shown in data from the CRST

station given in Fig. 5. The tremor spectrum (Fig. 8) shows a maximum frequency of

0.75 Hz (Fig. 5). FD analysis (Fig. 4) shows a continuous decrease to shorter dimensions,

reaching minimum values of &1 in almost all stations by the end of this phase. During this

phase, the only indirect evidence of an ongoing eruption process was the appearance on the

sea surface of many dead fish characteristic of deep zones. Increasing tremor amplitudes

have commonly been observed on other volcanoes and are thought to occur when

ascending magma massively vesiculates due to decompression or when it interacts with

external water (groundwater or surface water) (McNutt 1996; Patanè et al. 2008). Based on

bathymetric evidence of the deposition of juvenile material on the seafloor during the first

days of the eruption, Martı́ et al. (2013a) suggest that the eruption site migrated north for

almost 3 km along a surface fracture of the southern rift, from a depth of 1,000–300 m.

This migration was halted by the intersection with a NE–SW-oriented normal regional

fault, which facilitated the establishment of a central conduit and a vent, giving rise to the

construction of a volcanic cone. We suggest that, during this phase, the tremor signal was

mostly caused by gas-rich fluids exsolved from the ascending magma in the final 1–4 km

before the surface, which escaped massively through a complex feeding system as it

changed its geometry to the smaller dimension of a central conduit.
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6.7 October (06:00)–12 October (14:30) (Phase VI in Fig. 7)

The volcanic tremor reached its maximum energy on a broad frequency band rich in high

frequencies, with an upper spectral bound of 15 Hz (Fig. 5) at the CRST station (Phase VI

in Fig. 7). The tremor-dominant amplitude corresponded to 0.9 Hz (Fig. 8), higher than

that of the previous phase. The spectra shape shows sharp narrow peaks. The simplified

Chouet (1985) organ-pipe conduit model explains these effects as due to the resonance of

low viscosity fluids. Morrissey and Chouet (1997) explain the high-frequency tremor

associated with pressurized gas flow through a narrow constricted path. FD analysis

(Fig. 4) shows stable values of FD & 1 at almost all stations, suggesting that the minimum

dimension conduit geometry was maintained. We propose that the flow of low viscosity

fluids (i.e. water and CO2) in constrained conduit geometry is a plausible source mecha-

nism for the volcanic tremor in this phase.

6.8 October 14:30 h and Thereafter (Phase VII in Fig. 7)

This phase started on October 12, at around 14:30 UTC, with a sudden decrease in the

tremor amplitude recorded at all stations and a shifting of the frequency band to smaller

values (Fig. 5). The appearance of clear eruptive signals on the sea surface (stained water

and small pieces of fragmented lava) provided a good indication of the explosive activity

occurring at the submarine vent. FD (Fig. 4) started to fluctuate in 24-h, Earth-tide-like

cycle. The dominant frequency of the tremor was lower than during the previous phases

and reached 0.4 Hz (Fig. 8) on 15 October, the day on which abundant emission of

xenopumitic fragments was observed. We interpret this low value as an indication of a

higher-viscosity magma resonance.

7 Conclusions

The detailed analysis of the observational data recorded on El Hierro allows us to identify

different stages in the eruptive dynamics and offers a possible mechanism, including the

triggering of the final phase of the unrest and the geometry of the fracturing process during

the magma ascent and further opening of the eruptive vent. We conclude that, on 6

October, the new magma intrusion propagated laterally along the Moho discontinuity for

over 6 km. On 7 October around 21:00 h UTC, an upwards migration started, possibly

breaching the discontinuity at a depth of 12–10 km, released the maximum amount of

seismic energy, reaching its maximum strain rate and thereby suggesting the structural

barrier. The decrease in the registered seismicity and in the strain rate on 8 October could

indicate that an important change in the intrusion conditions occurred, which is probably

reflected in this magmatic assimilation episode. Further eruptive development seems to

have been controlled by crust heterogeneities and its rheology. The occurrence of the 4.3

magnitude event on 8 October at 20:00 UTC could potentially have led to the propagation

of a fairly aseismic fracture from the hypocentre (located at a depth of 12 km) through the

crust towards the surface due to the intrusion of volatile, over-saturated magma with an

effective overpressure of at least 5 MPa. Decompression during the ascent caused the

exsolution of volatiles which preceded the ascent of the magma during the final kilometres

to the surface, and thus provided the overpressure necessary at the fracture tip. The first

geophysical signals of the onset of the eruption were registered on 10 October and were

mostly linked to the extrusion of the magmatic gases through a feeding system that
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changed in geometry from a fracture plane to a smaller dimension, presumably in the form

of a conduit as was established on 12 October. Henceforth, the recorded data and the

surface eruptive products suggest that the magma emission stabilized and was massive

from 12 October onwards, thereby initiating the most important phase in the construction

of a volcanic edifice that lasted until the end of February 2012. This mechanism is relevant

not only to the understanding of the causes governing the initiation of the eruption on El

Hierro but also to the understanding of volcanic unrest in general and the forecasting of the

initiation of volcanic eruptions.

Additionally, we can highlight some more general considerations. Time-varying FD

analysis provides valuable information for the characterization of different seismic vol-

canic sources and the geometry of a radiated seismic wave field. This analysis could be

valuable in real-time volcano monitoring activity. Knowledge of stress and strain states and

their rates in the crust have proved essential for the monitoring and understanding of pre-

eruptive processes during episodes of unrest. A precise knowledge of magma rheology and

the structure and mechanics of the host rock is necessary for a proper interpretation of the

observational data. The characteristics of the system (magma ? host rock structure) and,

consequently, of the forces acting upon it may change during the course of the process and

may delay, accelerate or halt the onset of the eruption. The interpretation of the obser-

vational data in isolation can be misleading and be misunderstood if the state of the crust is

not previously known—or at least taken into account as an important conditioner. Stress

and strain rates can be characteristic for an area and their thresholds can be considered to

be a potential tool in short-term forecasts in conjunction with other forecasting methods;

we believe that the implementation of real-time analysis procedures that reflect a more

comprehensive stress and strain states occurring in the crust and its continuous short- and

long-term changes; this will provide us with an excellent tool for the correct identification

and interpretation of eruption precursors.
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