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Abstract

Seismic, deformation, and gas activity (unrest) typically precedes volcanic erup-

tions. Successful volcanic event forecasting depends on the quality of the sur-

veillance network for detecting any changes in the volcano behaviour. To in-

terpret the geochemical and geophysical precursors correctly it is important to

understand the volcanic processes that occur prior and during volcanic eruptions.

Detailed knowledge of the volcano internal structure, the rheology of the mag-

mas, the time scales of the processes occurring at depth and the characteristics of

past unrest episodes, must be combined with an adequate monitoring network to

improve the volcanic hazard forecast. However, these aspects have received little

attention in monogenetic volcanoes. The aim of my PhD Thesis is to improve

our understanding on monogenetic volcanism, its causes and dynamics, and to

help anticipating the volcanic activity. I have focused on three main aspects of

this problem.

The first one is the calculation of the rheological properties of magmas during

mixing. I have analysed samples from the Montaña Reventada eruption (Ten-

erife, Canary Islands). This is an example of magma mingling and mixing in

which the eruption was triggered by intrusion of basanitic magma into a phon-

olitic reservoir. The phonolitic lava flow is characterized by the presence of mafic

enclaves. The morphology of each enclave is different, varying from rounded to

complex finger- like structures usually with cuspate terminations. I have quanti-

fied the textural heterogeneity of the enclaves by applying fractal geometry meth-

ods to obtain the viscosity ratio between the phonolitic magma and the enclaves.

These results enable me to infer the water content of the basanitic magma and the

enclaves (1.5–2 wt %).

The second aspect of monogenetic volcanism that I have addressed are the pro-

cesses and time scales that lead to monogenetic eruptions with the aim to better

interpret volcanic unrest and improve eruption forecasts. I have conducted a



geochemical and petrological study of the historical eruptions of Siete Fuentes,

Fasnia, and Arafo (Tenerife, Canary Islands). All the erupted magmas were bas-

anitic. I have identified four olivine compositional populations that are either

unzoned, normally or reversely zoned in major and minor elements. The vari-

ety of olivine core populations and zoning patterns reflects mixing and mingling

between different magmas. Modelling of the zoning profiles of olivine shows

that early mixing occurred between two relatively evolved magmas, probably at

shallow depths one year prior to the eruption. Another mixing event between

two more primitive magmas stored presumably at deeper levels occurred less

than two months prior to the eruption. Finally, movement from depth of the

pre-mixed primitive melts and interaction with the also pre-mixed shallower and

more evolved melts occurred only two weeks before the eruption. The shorter

transport times of weeks are also seen in the compilation of the historical ac-

counts of seismicity associated with these eruptions.

The third aspect of monogenetic volcanism I have investigated are the seismic

unrest periods of historical monogenetic eruptions from a compilation of histor-

ical accounts worldwide. Eruptions from monogenetic volcanoes are particularly

difficult to anticipate since they occur at unexpected locations (e.g. Paricutin,

1943) and there is very limited instrumental monitoring data. I have gathered the

available instrumental data of unrest episodes and combined it with new historical

accounts of seismicity. I find that there is a commonality in the seismic activity

preceding monogenetic eruptions, with clusters at around one or two years, two

or three months, and one or two weeks. The petrological and geochemical char-

acteristics of these eruptions show that multiple magma batches interacted in a

subvolcanic reservoir, and multiple intrusions occurred on similar time scales to

the seismicity. I propose a general model where early dike intrusions in the crust

do not erupt and create small plumbing systems (i.e. stalled intrusions). These

intrusions are probably instrumental in creating a thermal and rheological path-

way for later dikes to be able to reach the surface. These observations provide a

conceptual framework for better anticipating monogenetic eruptions and should

lead to improved strategies for mitigation of their associated hazards and risks.
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LC Las Cañadas; T Teide; PV Pico Viejo. Modified from Martı́ et al. (2011). 9

3.1 Examples of enclaves and their binary images. From (a) to (c) the morphology

becomes less complex. Enclaves (a) and (c) have cuspate termination. . . . . 18

3.2 Frequency histogram displaying the distribution of values of the fractal-dimensions

(Dbox) of the enclaves from Montaña Reventada. . . . . . . . . . . . . . . . . 20

3.3 Variation of Dbox vs. log(VR) for the studied enclaves. (a) The curve shows

the exponential fit of Equation 3.2 considering 1<Dbox<2. (b) Magnification

of the range of variation of Dbox vs. log(VR) for the hybrid enclaves. The

shaded area indicates the highest frequency range. . . . . . . . . . . . . . . . 20

3.4 Frequency histogram displaying the distribution of values of log(VR) calcu-

lated by use of Equation 3.2. Class 0.49 corresponds to the shaded area in

Fig. 3.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.5 Variation of logarithm of viscosity with temperature. . . . . . . . . . . . . . 23

xiii



LIST OF FIGURES

3.6 Selected major and trace element variation diagrams for the three studied

eruptions. The bulk-rock composition of Arafo can be explained by addition

of olivine and clinopyroxene to the Siete Fuentes bulk-rock composition. The

black arrows indicate the computed composition obtained by mass balance

(numbers next to arrows are the amount of crystals in wt %). Red symbols -

Siete Fuentes; green symbols - Fasnia; blue symbols - Arafo. . . . . . . . . . 25

3.7 (a, b, c) Quantitative Fo (mol %) maps obtained by combining two-dimensional

Mg and Fe distribution maps with the olivine abundance image (obtained by

image processing with MATLAB). The variety of zoning patterns of olivine

crystals is apparent (red arrows point to different zoning patterns). It is also

apparent how the modal proportion of olivine increases from Siete Fuentes

to Arafo. (d, e, f) Two-dimensional Ti distribution maps. Complexly zoned

clinopyroxene crystals show core to rim variations, oscillatory and patchy

zoning. Rims are enriched in Ti. Red dashed lines in (f) indicate the pres-

ence of areas with different composition and thus chemical heterogeneities at

the local level. These may indicate syn-eruptive mixing, although it is diffi-

cult to know if some post-eruption processes (e.g. variable microlite growth)

have also played a role in creating heterogeneity since the samples are from

interiors of lava flows. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.8 Back-scattered electron images of one representative clinopyroxene pheno-

cryst (a) and one representative microphenocryst (b). Note the complex zon-

ing of the clinopyroxene with evidence of oscillatory zoning and dissolution

surfaces. Red arrow in (b) indicates the location of the electron microprobe

traverse shown in Figure 8, Appendix C (crystal A-microcpx4). . . . . . . . . 27

3.9 Olivine Fo (mol %) profiles from rim to rim and rim to core from Siete

Fuentes, Fasnia and Arafo. (a) Siete Fuentes olivine crystals exhibit larger

range of Fo populations (Fo79-80, Fo81-82, Fo83-84 and Fo85-87). (b, c) Fasnia

and Arafo olivine crystals exhibit three Fo populations (Fo79-80, Fo81-82 and

Fo85-87). The main difference with the first eruption, Siete Fuentes, is the

higher presence of olivine with lower Fo content (Fo79-80) and the lower Fo

values for the rims in Fasnia which are probably due to post-eruption crystal-

lization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

xiv



LIST OF FIGURES

3.10 Olivine Fo versus Mg# bulk rock equilibrium tested using the equation of

Roeder & Emslie (1970). Olivine crystals with Fo81-82 are in equilibrium with

a melt composition close to that of the Siete Fuentes and Fasnia bulk-rocks,

indicating that olivines with Fo83-87 are xenocrysts. Fasnia and Arafo melt

compositions have been recalculated by subtracting the olivine (Ol) and the

clinopyroxene (Cpx) compositions from the bulk-rock (see main text). The

recalculated compositions (crosses) are in equilibrium with Fo81-82 olivine.

Olivine crystals with Fo>83-84 would be in equilibrium with a melt with the

Mg# of the Arafo bulk-rock. . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.11 Schematic illustration of the magma chamber processes and plumbing sys-

tem. The olivine crystals record two magmatic environments and three mix-

ing episodes: (M1) mixing between olivine with Fo85-87 and Fo83-84, (M2)

mixing between olivine with Fo81-82 and Fo79-80, (M3) mixing between the

previous magma batches and ascent to the surface. Olivines with complex

zoning represent active regions which are mingled and mixed, whereas more

homogeneous crystals are from coherent regions in which the original magma

was preserved. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.12 Compositional profiles and diffusion models for two representative olivine

crystals. White circles are measured concentrations. Black lines indicate the

initial Fo profile shapes and boundaries. Red lines are the best fit diffusion

models computed using DIPRA. The orientation of the crystallographic axes

(a, b and c) and the traverse (tr) are shown as stereographic projections in

the lower hemisphere. Fo, Ni and Ca zoning can be fit with two boundary

conditions after the initial condition (P1). The first boundary condition can be

considered as a second compositional plateau (P2). B2 is the second boundary

condition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

xv



LIST OF FIGURES

3.13 Calculated diffusion times for all the crystals from the three eruptions plotted

versus the Fo content of the initial and boundary conditions listed in Table

4. Three different magma mixing events are recorded by the crystals as three

different times. The third event (b) is common to all the crystals, because

it is the one that brings the crystals to the surface. (a) Two groups can be

distinguished on the basis of Fo and time. The first (Mixing 1) magma mixing

(between Fo79-82) occurred around one year before the eruption. The second

(Mixing 2) magma mixing (between Fo83-87) happened less than three months

prior to the first eruption. (b) Times of the magma transport to the surface

(Mixing 3) are one to two weeks. . . . . . . . . . . . . . . . . . . . . . . . . 36

3.14 Calculated intrusion dates of the different magma batches have been obtained

by subtracting the calculated residence times from the known eruption dates.

The black dashed line indicates an intrusion followed by an eruption without

significant residence of the magma at depth. The continuous black line in-

dicates different residence times of the magma in the reservoir prior to the

eruption. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.15 Localities where the seismicity was felt by the population during the unrest

of the eruptions of San Juan (SJ, 1949) and Teneguı́a (T, 1971), both in La

Palma, and Siete Fuentes (SF, 1704), Fasnia (F, 1705), Arafo (A, 1705) and

Chinyero (CH, 1909) in the island of Tenerife. Information about the unrest

can be found in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . . . 40

xvi



LIST OF FIGURES

3.16 Pre-eruptive unrest in historical monogenetic volcanoes and calculated mix-

ing times. The eruption is represented by a black line at time = 0. Red dashed

lines indicate 90 and 15 days prior to the eruption. Grey shadow area cor-

responds to the 90 days before the eruption. (a) Comparison between factual

account (triangles) and monitored data (dots) of the unrest period of multiple

eruptions. The plots represent the days with felt earthquakes. Generally the

trend of the activity changes around two or three months and one or two weeks

before the eruption for the studied monogenetic eruptions. The inset shows

a zoom view of the grey shadow area. Siete Fuentes, Fasnia and Arafo (SF,

F, A - light blue triangles); Chinyero (CH - garnet triangles); San Juan (SJ -

dark blue triangles); Teneguı́a (T - purple triangles); El Hierro (EH - orange

dots); Jorullo (J - yellow triangles); Paricutin (P - green dots); Ito-oki (IO -

grey dots). Details of the seismicity are given in the main text. (b) Calculated

mixing times from some of the considered eruptions. Times from San Juan

eruption are not exact (dashed lines). . . . . . . . . . . . . . . . . . . . . . . 41

3.17 Comparison between macroseismicity and monitored data of seismicity and

deformation in El Hierro. Cumulative percent of the days with felt earth-

quakes (orange dots) and total number of seismic events (grey dots) occurred

before and after the El Hierro 2011 eruption. Grey line is representing the

vertical displacement recorded by one GPS station. Black dot lines are indic-

ating the five post-eruptive episodes of unrest. Black line at time = 0 represent

the eruption time. Red dashed lines mark 90 and 15 days before the eruption.

The general trend and the abrupt changes for the three curves are consistent. . 43

xvii



LIST OF FIGURES

4.1 Possible plumbing system configuration and evolution of events that may oc-

cur below monogenetic volcanoes. This is schematic and not to scale. The

depth of the subvolcanic system may vary from system to system, but evid-

ences suggest 5-15 km. The depth of the magma source is also variable but

is at least 20 km. (a) Intrusion of magma about one or two years prior to

the eruption. Stalling of magma at 5-15 km due to the loss of buoyancy or

freezing of dikes. Mixing processes registered by the crystals. Crust assim-

ilation in some cases. Seismic activity felt by the population in some cases.

(b) Renew magma intrusion. Progressive opening of the path between deep

and shallow reservoirs. Mixing processes registered by the crystals. Crust

assimilation in some cases. The seismic activity is commonly felt by the pop-

ulation. (c) Continued intrusion of mafic magma leads to easier transfer from

deep to shallow reservoirs and this allows the magma to finally erupt. Mixing

processes (and crust assimilation in some cases) registered by the crystals.

Seismicity felt by the population. . . . . . . . . . . . . . . . . . . . . . . . 50

C.1 Proof of the acceptance of the paper. . . . . . . . . . . . . . . . . . . . . . . 86

D.1 Proof of delivery of the paper. . . . . . . . . . . . . . . . . . . . . . . . . . 88

xviii



List of Tables

3.1 Major element average from Wiesmaier et al. (2011) and Araña et al. (1994)

recalculated to 100 after adding H2O. . . . . . . . . . . . . . . . . . . . . . 19

3.2 Logarithm of the viscosity of the phonolite, the basanite, and the enclaves

with 65-70 % of mafic magma calculated according to the model proposed by

Giordano et al. (2008). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.3 Logarithm of the viscosity of the enclaves calculated accordingly with the VR

values and the viscosity of the phonolite. . . . . . . . . . . . . . . . . . . . . 22

3.4 Unrest activity of some historical monogenetic eruptions and presence of mixing 39

A.1 Factual accounts of the unrest activity preceding the eruptions of Siete Fuentes

(SF), Fasnia (F) and Arafo (A). . . . . . . . . . . . . . . . . . . . . . . . . . 74

A.2 Factual accounts of the unrest activity preceding the eruption of Chinyero. . . 77

A.3 Factual accounts of the unrest activity preceding the eruption of San Juan. . . 80

A.4 Factual accounts of the unrest activity preceding the eruption of Teneguı́a. . . 81

xix





1
Introduction

1.1 Motivation
A natural event, such as a volcanic eruption, can affect considerably human life and the en-

vironment. Volcanic activity can cause direct damage during an eruption, but also can have

longer-term consequences in the economy and climate. It is necessary to be aware of the

existing volcanic hazard and to know how to minimise the risk worldwide (e.g., UNISDR,

2015).

In order to understand volcanic hazards, we need first to understand how volcanoes work.

Volcanoes are the surface expression of the internal energy of our planet, and represent the

culmination of a long sequence of geological processes that starts from the generation of

magma at the mantle or base of the crust, passing through the migration of magma from

the source region to shallower levels and its physico-chemical differentiation when reaching

lower pressures and temperatures, to its eruption at the Earth surface. These processes occur

at different time scales (Dosseto et al., 2010) ranging from hundreds of thousands to millions

of years for the generation and extraction of magma from the source region, thousands to

hundreds of thousands years for its migration and differentiation, years to hundreds of years

to reach eruption conditions, to hours, days or months during an eruption.

Volcanic activity involves movements of magma, fluids and gas, inside the volcano and

the plumbing system. These movements will cause external signals known as eruption pre-

cursors or unrest (Sigurdsson et al., 2015, Part VIII). Such precursory signals can be detected

1



1. INTRODUCTION

by an adequate volcano monitoring network (Sigurdsson et al., 2015, Part VIII). Monitoring

techniques include a range of geophysical, geodetic and geochemical approaches, encom-

passing seismic, ground deformation, gravity and magnetic observations, gas monitoring and

remote sensing (Sigurdsson et al., 2015, Part VIII). Successful volcanic event forecasting de-

pends on the quality of the surveillance network for detecting any changes in the behaviour of

the volcano. To interpret the geochemical and geophysical precursors correctly, however, it

is also important to understand the volcanic processes responsible for them and which occur

prior and during volcanic eruptions. Detailed knowledge of the volcano internal structure, the

rheology of the magmas, the time scales of the processes occurring at depth and the charac-

teristics of past unrest episodes, must be combined with an adequate monitoring network to

improve the volcanic hazard forecast.

Volcanic eruptions are driven by processes occurring in magma chambers or reservoirs

at variables depth. The shape and size of the magma chamber strongly influence the stress

field associated with the magma filled reservoir that controls the geometry and frequency of

dike injection and extrusion from the volcano (Gudmundsson, 2006). Eruptions are typically

triggered by the injection of new magma into the chamber from deeper levels, leading to

chamber overpressure either directly through the added magma volume (Blake, 1981), or

indirectly by sudden cooling and crystallisation of the new magma leading to whole-sale

volatile exsolution (Tait et al., 1989). Improved understanding of magma mixing processes,

host-rock mechanics, volatile solubilities, and degassing is needed to understand the eruptive

triggers and to develop quantitative models of eruption probability.

Understanding the physical principles that control pre-eruptive and eruptive processes is

not only crucial for reducing the risk to human lives and property in volcanic areas but also for

assessing the effects of volcanic eruptions on the environment. Though the precise forecasting

of volcanic activity remains elusive, significant progress has been made in understanding the

processes involved aiding the assessment of the eruptions precursors. The most problematic

situations usually come from volcanic areas with long quiescent periods that suddenly enter

into an unrest phase and subsequent eruption. Long periods of quiescence are quite common

in many volcanic areas and this often leads to fall in the alert because of the lack of emer-

gency plans, a correct territorial planning and an adequate volcano monitoring network. Many

monogenetic volcanic fields are characterised by long quiescence periods (e.g., Hasenaka &

Carmichael, 1985) and in many cases by the lack of historical volcanism. In this case, it

is essential to develop an appropriate territorial planning, to identify those areas that could

be affected by an eruption, and to establish emergency plans. It involves assessing volcanic
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hazard based on the analysis of the past history of the monogenetic volcanic field and on the

volcano-structural data.

Most of the efforts in forecasting volcanic eruptions are focused on large central volcanoes

(e.g., Berlo et al., 2004; Decker, 1986; McNutt, 1996; Morgan et al., 2006; Sparks, 2003;

Swanson et al., 1985; Tokarev, 1971) from which explosive eruptions may cause significant

damage. However, less attention has been devoted to monogenetic volcanism despite this

is the most common and frequent type of volcanic activity on Earth (Connor & Conway,

2000; Kereszturi & Nemeth, 2012; Valentine & Gregg, 2008). Many monogenetic volcanic

fields occur in highly touristy or populated areas (e.g. Canary Islands, Auckland City, Mexico

City, Izu-Tobu volcanic field) and thus even a small eruption can have a major economic and

societal impact. Even so, eruptions from monogenetic volcanoes are particularly difficult to

anticipate since there is very limited instrumental monitoring data (López et al., 2012).

The aim of my PhD Thesis is to improve our understanding on monogenetic volcanism,

its causes and dynamics, and to help anticipating this volcanic activity usually considered as

largely unpredictable. I focus on three main aspects of monogenetic volcanism: 1) rheolo-

gical changes in the magmas due to the interaction between basaltic monogenetic and phon-

olitic central volcanism, 2) time scales of pre-eruptive processes, and 3) relations between

pre-eruptive processes and precursory signals (unrest). These three aspects have previously

received little attention and they are poorly known, although their evident relevance to un-

derstand the dynamics of monogenetic volcanism. I concentrate the main part of this PhD

Thesis to study examples from Tenerife (Canary Islands) where monogenetic volcanism is

the most common in recent and historical times but is still poorly studied in comparison with

the current degree of knowledge that exists on the Teide central volcano.
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1.2 Objectives

The main objective of this PhD Thesis is to improve our knowledge on the pre-eruptive pro-

cesses preceding monogenetic volcanoes and provide a framework for interpreting the monit-

oring data during the unrest episodes. This Thesis has been carried out by studying materials

from Tenerife (Canary Islands). However, as shown in the following chapters, the results can

be applied to other monogenetic areas and bear new important information for understanding

and anticipating monogenetic eruptions.

The main goal has been separated in three smaller objectives. The first one is to quantify

the rheological changes in the magmas due to the interaction between two magmas of differ-

ent composition, with particular emphasis in the interaction between central and monogenetic

volcanism. The second goal is to calculate the time scales of pre-eruptive processes in mono-

genetic eruptions, with special emphasis on mixing between mafic magmas. And the third

goal is to analyse the seismic unrest data of monogenetic eruptions from a petrological per-

spective and propose a general model for monogenetic volcanoes.

Tenerife offers excellent examples of monogenetic volcanism and of magma mixing pro-

cesses. The 1100 AD Montaña Reventada eruption is one of the best known cases of magma

mixing in Tenerife due to the interaction between the central and the rift monogenetic vol-

canism (Araña et al., 1994; Wiesmaier et al., 2011). I have studied this eruption to provide

a new perspective by quantifying the textural heterogeneities generated during magma mix-

ing. I show how a textural study performed using fractal geometry methods can be useful

for calculating the viscosity and the water content of the enclaves and the basanitic magma.

These results provide new and useful data about the basanitic magma from Tenerife and a new

method for the calculation of these parameters in other volcanic deposits characterized by the

presence of enclaves.

Some authors have noted the lack of information about monogenetic volcanic activity in

Tenerife, which is needed to improve the volcanic hazard assessment and forecast (e.g., Martı́

et al., 2008a,b). For this reason, and complementary to previous objective, I have studied the

petrology and geochemistry of three monogenetic historical eruptions from Tenerife with the

aim to elucidate the magmatic processes involved as well as their time scales.

The third aspect that I have addressed in the PhD has been to gather the available in-

strumental data of seismic unrest for different monogenetic eruptions around the world and

combined it with newly compiled historical accounts of seismicity. The combination of the
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unrest with the petrological and geochemical data has allowed me to propose a general model

for monogenetic volcanoes.
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1.3 Thesis structure
The Thesis has five chapters. The first is this Introduction explaining the motivation and the

objectives. The second contains the state of the art about monogenetic volcanism (in particular

in the island of Tenerife), about the methods of fractal geometry applied to the study of mixing

textures, about the time scales calculation of magma mixing, and about seismic unrest related

to monogenetic eruptions. The third chapter describes the main results of the three scientific

articles that compound the Thesis. The discussion of the three articles has been grouped

in chapter four according to the normative of the Faculty of Geology of the University of

Barcelona. Finally, chapter five is a summary of the conclusions and potential future work.

Appendix A contains the reviews of the historical seismic activity. Published, accepted or in

review scientific articles are included as Appendix B, C and D.
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State of the Art

2.1 Monogenetic volcanism
Monogenetic volcanoes occur in every tectonic setting (Connor & Conway, 2000; Kereszturi

& Nemeth, 2012; Valentine & Gregg, 2008) and are commonly clustered within volcanic

fields (e.g. Michoacan-Guanajuato, Tenerife and Auckland). Monogenetic volcanic fields typ-

ically consist of tens to thousands individual, small (<1 km3) volcanic edifices (Hasenaka &

Carmichael, 1985; Kereszturi & Nemeth, 2012; Németh, 2010; Siebe et al., 2004) of broadly

basaltic compositions (e.g., Hasenaka & Carmichael, 1985; Hsu & Chen, 1998; Mattsson &

Oskarsson, 2005; Pérez-López et al., 2011; Sohn et al., 2012) which erupt over periods of

hours to decades (e.g., Johnson et al., 2008; Pérez-López et al., 2011; Rowe et al., 2011). The

individual eruptions are typically spaced in time and a given monogenetic volcanic field can

be active for millions of years (e.g., Hasenaka & Carmichael, 1985; Kereszturi & Nemeth,

2012; Rodrı́guez et al., 2010).

The variety of eruptive styles, edifice morphologies, and deposits shown by monogenetic

volcanoes is the result of a complex combination of internal (e.g. magma volume, magma

composition, gas content and magma rheology) and external (e.g. regional and local stress

fields, stratigraphic and rheological contrasts of substrate rock and hydrogeology) parameters

during the magma transport from the source region to the surface (Acocella & Tibaldi, 2005;

Clemens & Mawer, 1992; Gretener, 1969; Gudmundsson, 2003; Gudmundsson & Philipp,

2006; Kavanagh et al., 2006; Tibaldi, 2003; Tibaldi et al., 2014).

7



2. STATE OF THE ART

Monogenetic volcanoes sensu stricto have been traditionally interpreted as the result of a

single magma batch based on eruption phenomenology (e.g., Hasenaka & Carmichael, 1985;

Pérez-López et al., 2011; Rowe et al., 2011); however, recent studies show that a single erup-

tion can display a geochemical evolution, which requires multiple magma batches to be in-

volved (e.g., Brenna et al., 2010; McGee et al., 2012; Needham et al., 2011; Rowe et al., 2011;

Smith et al., 2008; Sohn et al., 2012).

Eruptions in monogenetic volcanic fields are particularly difficult to anticipate since they

occur at unexpected locations (Le Corvec et al., 2013b) (e.g. Paricutin, 1943). Moreover the

factors controlling the precursory activity are still poorly understood, and there is very limited

instrumental monitoring data (Albert et al., 2015b; López et al., 2012).

2.1.1 Monogenetic volcanism in Tenerife (Canary Islands)

Tenerife is one of largest active volcanic systems on Earth, resulting from the superposition

of two complex volcanic edifices: an initial volcanic shield representing 90 % of the total

volume of the island and a basaltic to phonolitic central complex developed on top of it (Car-

racedo et al., 2007a; Martı́ et al., 1994). Construction of these two edifices is interspersed

with several, large, destructive events that modified their original morphology resulting in

the formation of a large caldera (Las Cañadas caldera) in the centre of the island and large

landslides (Güimar, La Orotava, Icod valleys) on the flanks (Fig. 2.1). In addition, the con-

struction of Tenerife has been accompanied by abundant monogenetic volcanism, distributed

along the Santiago Rift Zone (SRZ), the Dorsal Rift Zone (DRZ) and the Southern Volcanic

Zone (SVZ) (Fig. 2.1) (Geyer & Martı́, 2010).

Teide-Pico Viejo (TPV) started to grow approximately 180–190 ka ago in the interior

of the caldera of Las Cañadas (Ablay & Martı́, 2000; Martı́ et al., 2008b) (Fig. 2.1). This

volcanic depression originated as a result of several vertical collapses of the former Tenerife

central volcanic edifice (Las Cañadas edifice) caused by the explosive emptying of high level

magma chambers. Occasional large-scale, lateral collapses of the volcano flanks also occurred

and modified the resulting caldera depression (Martı́ & Gudmundsson, 2000; Martı́ et al.,

1997, 1994). Construction of the present central volcanic complex on Tenerife involved the

formation of these twin stratovolcanoes, which are derived from the interaction between two

different shallow magma systems that have evolved simultaneously and have given rise to a

complete magma series from basalt to phonolite (Ablay et al., 1998; Martı́ et al., 2008b). TPV

mostly consists of mafic-to-intermediate products, in which felsic materials are volumetrically

subordinate overall (Martı́ et al., 2008b). Felsic products, however, predominate in the most
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recent eruptions that have occurred from the central vents and a multitude of vents distributed

on the edifice’s flanks (Fig. 2.1). Both mafic and phonolitic magmas have erupted from these

vents.

Figure 2.1: Distribution of the more than 600 monogenetic vents in Tenerife along the Santi-
ago Rift Zone (SRZ), the Dorsal Rift Zone (DRZ) and the Southern Volcanic Zone (SVZ). The
Montaña Reventada eruption is an example of the interaction between the mafic magma from the
SRZ and the phonolitic magma from the Teide-Pico Viejo system. The three historical mono-
genetic eruptions of Siete Fuentes, Fasnia and Arafo occurred in 1704-1705 along the DRZ. The
coloured areas correspond to the extent of the eruptive products of the studied eruptions. The
dashed lines mark the SRZ and the DRZ. Other abbreviations: LC Las Cañadas; T Teide; PV
Pico Viejo. Modified from Martı́ et al. (2011).

The Santiago del Teide and Dorsal rift axes (Fig. 2.1), the two main tectonic lineations

currently active on Tenerife, probably join beneath the TPV complex (Ablay & Martı́, 2000;

Carracedo, 1994). These two main rift zones are associated with basaltic eruptions. All histor-
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ical activity on the island consists of monogenetic mafic eruptions: Boca Cangrejo (1492), Si-

ete Fuentes (1704), Fasnia and Arafo (1705), Garachico (1706), Chaorra (1798) and Chinyero

(1909) (Fig. 2.1). Some flank vents on the western side of Pico Viejo are located on eruption

fissures that are sub-parallel to fissures located further down the Santiago del Teide rift and

define the main rift axis. This is the case of the Montaña Reventada eruption (Fig. 2.1) studied

in this Thesis. On the eastern side of Teide some flank vents define eruption fissures that run

parallel to the Dorsal rift (e.g. Siete Fuentes, Fasnia and Arafo eruptions).

Available petrological data suggest that the interaction between a deep basaltic and a

shallow phonolitic magmatic system beneath central Tenerife controls the eruption dynamics

of TPV (Martı́ et al., 2008b). Most of the phonolitic eruptions from TPV show signs of

magma mixing, suggesting that eruptions are induced by intrusion of deep basaltic magmas

into shallow phonolitic reservoirs. Some previous works have been conducted to study the

mixing between phonolitic and basaltic magmas in Tenerife (Araña, 1985; Araña et al., 1989;

Martı́ et al., 1990; Wolff, 1985) but, from the best of my knowledge, this Thesis includes

the first study of the mixing processes and their time scales between two mafic magmas in

Tenerife (Albert et al., 2015a).

2.1.1.1 Montaña Reventada eruption

Macroscale evidence of magma mixing has been observed in the volcanic deposits of Tenerife

(Canary Islands) in pyroclastic rocks (Edgar et al., 2002, 2007; Martı́ et al., 1990; Wolff,

1985) and lava flows (Araña, 1985; Araña et al., 1989, 1994). The products of some of these

eruptions are excellent examples of magma mixing processes resulting from the presence of

enclaves and/or stretching and folding structures.

The 1100 AD (Carracedo et al., 2007a) Montaña Reventada eruption is a clear case of

a mafic eruption in the NW rift zones in which basanitic magma interacted with phonolitic

magma from the TPV system (Fig. 2.1) (Albert et al., 2015c; Araña et al., 1994; Wiesmaier

et al., 2011). The result was a Strombolian eruption that generated a welded scoria deposit

of basanitic composition and a phonolitic lava flow characterized by the presence of mul-

tiple enclaves. Previous studies (Araña et al., 1994; Wiesmaier et al., 2011) focusing on the

geochemistry and mineralogy of the eruption products show that these enclaves are the res-

ult of mixing between basanitic and phonolitic magmas. The basanitic scoria deposit has a

maximum thickness of 2 m proximal to the vent. The lava flow was mainly emplaced a few

kilometres from the vent and has an average thickness of 12 m. The total volume (DRE) of

the deposit estimated from geological mapping by (Martı́ et al., 2008b) is 0.054 km3.
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Although several studies have been performed on phonolitic magma storage conditions

in Tenerife (Andújar et al., 2010, 2013; Andújar & Scaillet, 2012a,b), there appears to be no

information about basanitic magma. The purpose of this Thesis is to provide a new perspect-

ive of the 1100 AD Montaña Reventada eruption by quantifying the textural heterogeneities

generated by the mixing process. I show that a textural study performed by use of fractal

geometry methods can be useful for calculating the viscosity and the water content of the en-

claves and the basanitic magma, providing new and useful data about this magma and a new

method that can be applied in other deposits.

2.1.1.2 Historical volcanism in Tenerife

The geological history of the island of Tenerife has been characterised by the coexistence of

monogenetic and central volcanism. The most recent monogenetic volcanism has occurred

along two main rift zones oriented NE and NW and a volcanic field in the south (Geyer &

Martı́, 2010) (Fig. 2.1). All of the historical eruptive activity recorded on Tenerife belongs

to the monogenetic type, with at least seven eruptions identified since 1492 (Carracedo et al.,

2007a,b; Romero Ruiz, 1991) (Fig. 2.1). However, the characteristics of these eruptions

remain largely unknown, despite the existence of eyewitness descriptions (Sánchez, 2014) and

well preserved outcrops for most of them, which together could provide an interesting data

set for interpreting the unrest episodes and the associated eruptions. Most previous studies are

descriptive and refer to morphometric analysis (e.g., Dóniz et al., 2008) and have considered

these eruptive episodes as simple injections of dikes (e.g., Carracedo, 2008).

In order to advance our knowledge of monogenetic volcanism, and in particular the con-

ditions leading to such eruptions, I have studied the petrology and the geochemistry of three

monogenetic historical eruptions on Tenerife, the Siete Fuentes, Fasnia, and Arafo eruptions.

These occurred between December 1704 and February 1705 along the DRZ (Fig. 2.1). By

studying these eruptions I aim to elucidate the magmatic processes involved, as well as their

time scales. The Siete Fuentes and Fasnia vents are only 800 m apart, whilst the Arafo vents

are 10 km to the NE. Siete Fuentes and Fasnia are the western and central eruptive vents, and

are located at around 2255 m a.s.l. close to the SE ridge of the Las Cañadas caldera, whereas

the Arafo vents are at a lower elevation (about 1500 m a.s.l) on the head of the Güimar Valley

(Fig. 2.1). The erupted volume increased with time from about 1.3 x106 m3 for Siete Fuentes,

through 6.5 x106 m3 for Fasnia, to 27.5 x106 m3 for Arafo (Carracedo, 2008). The samples

were obtained from the interiors of lava flows to avoid chemical alteration.
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2.2 Magma interactions and mixing

In volcanic areas like Tenerife where evolved and primitive magmas coexist, it is common to

observe evidences of interaction between them suggesting a likely cause and effect relation-

ship in triggering eruptions. In recent decades magma mixing has become widely accepted

as a common magma chamber process and as one of the main triggers of volcanic eruptions

(Costa et al., 2010; Folch & Martı́, 1998; Pallister et al., 1992; Sparks & Marshall, 1986;

Sparks & Sigurdsson, 1977; Turner & Campbell, 1986). Macroscopic and microscopic evid-

ence of this process is provided by the existence of banded pumices, zoned phenocrysts and

compositional layering, and the presence of co-magmatic enclaves with intermediate com-

positions between the two end-members (Browne et al., 2006; Costa et al., 2010; Davı̀ et al.,

2009; Perugini et al., 2003a; Perugini & Poli, 2012).

The study of the enclaves can provide information about the rheological properties of the

two mixed magmas (Albert et al., 2015c; Perugini & Poli, 2005). Knowing the viscosity and

the water content of magmas at depth is important for establishing the physical conditions at

which magmas are stored. Moreover, changes in the rheological properties of the magmas

can have implications in the eruptive process (Andújar & Scaillet, 2012a,b).

Evidence of mixing between two mafic magmas, even if no so evident at a macroscopic

scale, can be inferred from the zoned phenocrysts (e.g., Albert et al., 2015a). Modelling

the zonation patterns of the crystals is possible to calculate the time scales of the mixing

processes (e.g., Costa et al., 2008; Costa & Morgan, 2011). The calculation of the time scales

of the processes occurring at depth and during the ascent of magma toward the crust, give

valuable information that can be related with monitoring signals for improving the forecasting

of eruptions (Albert et al., 2015b; Kahl et al., 2011, 2013; Morgan et al., 2006; Saunders et al.,

2012).

2.2.1 Fractal analysis of mixing textures

The physical mixing (mingling) of two magmas with contrasting physical properties tends to

result in the formation of enclaves (Perugini et al., 2007) and/or the presence of flow banding,

which has been described by some authors as the result of stretching and folding of magma fil-

aments (Perugini et al., 2003b, 2004). When the two magmas equilibrate thermally, chemical

diffusion also occurs, thereby generating compositions that are intermediate between the two

initial compositions (Morgavi et al., 2013; Perugini et al., 2013, 2012; Petrelli et al., 2006).
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Chemical diffusion is facilitated by the stretching and folding processes, because of the in-

crease of contact area between the two magmas. During magma mixing two kinds of region,

coherent and active, are generated (Perugini et al., 2003b). Coherent regions remain generally

unaffected by diffusion and, therefore, the composition of the original magmas is preserved.

In contrast, active regions are strongly affected by stretching and folding, and chemical dif-

fusion produces a composition that is intermediate between the two magmas. This means

that magma mixing should not be interpreted as a linear process in which different hybrid

compositions correspond to different amounts of intruded magma. Typically, when a mafic

magma intrudes into a felsic magma chamber and mixing starts, magmas of different hybrid

composition will be produced, because of the generation of coherent and active regions in

which the proportion of the two magmas and the degrees of chemical diffusion vary (Perugini

et al., 2003b).

Fractal geometry has recently been used to study mixing. In recent studies magma mix-

ing is described as a chaotic process (Flinders & Clemens, 1996; Perugini et al., 2003a, 2006;

Perugini & Poli, 2000; Perugini et al., 2002; Poli & Perugini, 2002), which implies that study

of magma mixing can be kinematically constrained to the study of the stretching and folding

of magmas and the diffusion processes that originate between them (Perugini & Poli, 2012).

These studies have provided a new perspective for calculating properties and conditions re-

lated to magma chamber dynamics, for example the viscosity ratio between magmas and the

proportions of the magmas involved in the mixing process.

The relationship between the complexity of the morphology of the interface between two

fluids and their viscosity ratio (VR) can be established according to the method proposed by

Perugini & Poli (2005). VR is defined as the ratio of the viscosity of the host fluid to that

of the driving fluid. After several fluid-mechanical experiments they derived the following

empirical relationship:

log(VR) = 0.013× e3.34Dbox (2.1)

which shows that the complexity of the interface increases with the viscosity contrast. This

empirical relationship can be applied to natural cases to estimate the viscosity ratio between

two magmas coming into contact during a mixing process. The relationship is valid only

while the two magmas can be regarded as fluids, therefore before a significant amount of

crystallization has occurred.
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2.2.2 Time scales of magma mixing

The mixing and interactions between magmas of different intensive variables, such as melt

composition or temperature can be recorded by the crystals as chemical zoning patterns.

These gradients in concentration and zoning can decay with time due to the kinetic pro-

cess of diffusion (e.g., Costa et al., 2008; Costa & Morgan, 2011). The determination of

diffusion coefficients in the laboratory for many minerals at the conditions of interest (e.g.,

Chakraborty, 2010; Girona & Costa, 2013) along with the good spatial resolution of the ana-

lytical techniques make possible the calculation of the time scales between different processes

(e.g., Costa et al., 2008; Costa & Morgan, 2011). Therefore, kinetic modelling of the zoning

profiles provides a chronological tool. Recent studies have quantified the time scales of mag-

matic and pre-eruptive processes by modelling the diffusion profiles in different minerals

(e.g., Costa & Chakraborty, 2004; Costa et al., 2003, 2010; Costa & Dungan, 2005; Morgan

et al., 2006; Saunders et al., 2012).

Olivine is one the main phenocryst of basanitic magmas. Its major and minor elements

can be measured precisely and with a good spatial resolution with the electron microprobe.

Diffusion coefficients of several major and minor elements have been determined at the con-

ditions of interest (e.g., Chakraborty, 2010; Girona & Costa, 2013). Furthermore, a user-

friendly computer tool has been developed to model the diffusion profiles in olivine crystals.

The DIPRA (Diffusion Process Analysis, Girona & Costa, 2013) software allows to solve

the diffusion equation for time scales determinations by modelling the diffusion profiles of

Fe-Mg (as forsterite, Fo=Mg/(Mg+Fe), in mole fraction), Ni, Ca and Mn. DIPRA also allows

estimating the uncertainties of the time scales from the uncertainties of the data and temper-

ature. Since anisotropy of diffusion is strong in olivine the time scales obtained need to be

corrected. The diffusion coefficients have to be calculated considering the angles between the

electron microprobe traverse and the a, b and c crystallographic axis (Costa & Chakraborty,

2004, equation 5). The orientation of the axis can nowadays be obtained in situ by EBSD

(electron backscattered diffraction). For a more detailed treatment of the diffusion model-

ling method and the diffusion coefficients take a look at Costa et al. (2008), Costa & Morgan

(2011), Chakraborty (2010), Girona & Costa (2013) and references cited therein.
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2.3 Unrest data of monogenetic eruptions

Seismic, deformation, and gas activity (unrest) typically precedes volcanic eruptions. Track-

ing the changes of the pre-eruptive activity with monitoring data is possible to successfully

forecast eruptions from stratovolcanoes. However, this is not the case for monogenetic volca-

noes. Compared to the many existing sets of monitoring data from composite stratovolcanoes

or calderas, very few data exist for monogenetic eruptions, despite their abundance in a wide

range of tectonic settings (see Kereszturi & Nemeth, 2012). One of the main problems to

quantify the probability of eruption in a monogenetic volcanic field is the lack of data.

Monogenetic fields can be potentially active for millions of years (e.g., Hasenaka & Car-

michael, 1985; Kereszturi & Nemeth, 2012; Rodrı́guez et al., 2010), but the magmatic pro-

cesses and unrest times are very short compared with the inactivity periods of a given volcanic

field (Hasenaka & Carmichael, 1985). Many of these eruptions occurred before there was any

instrumental monitoring data, and our knowledge is currently based on a few factual accounts

of historical eruptions (Baker, 1946; De la Cruz-Reyna & Yokoyama, 2011; Romero Ruiz,

1991; Sánchez, 2014). For example, for the Mexican Paricutin (1943) and Jorullo (1759)

eruptions, the Ito-Oki (1989) eruption in Japan or the Eldfell (1973) eruption in Iceland,

despite the existence of some detailed studies (Higgins & Roberge, 2007; Johnson et al.,

2008; Mattsson & Oskarsson, 2005; Rowe et al., 2011; Ukawa, 1993; Yamamoto et al., 1991;

Yokoyama & De la Cruz-Reyna, 1990), there are no integrated monitoring and petrological

data sets. The most recent eruption of El Hierro in the Canary Islands is probably the only

example with a complete monitoring and petrological dataset (López et al., 2012; Martı́ et al.,

2013a,b). Most of the other information that exists corresponds to eruptions with a mixed be-

haviour monogenetic-central volcano, such as the recent eruptions in Iceland (Sigmundsson

et al., 2010), or the many flank eruptions that have occurred in recent years on Etna, Sicily.

This lack of information on monogenetic volcanism makes them more difficult to predict

than central volcanism. The example of El Hierro 2011 eruption is illustrative of our lack of

understanding of unrest associated with monogenetic eruptions: after three months of seismic

unrest that migrated laterally for more than 20 km at 15 km depth, magma erupted at an unex-

pected location, with the eruption preceded by 1,5 days of complete seismic calm (Martı́ et al.,

2013b). The presence of a long lived, shallow magma reservoir that controls the stress field

associated with large stratovolcanoes is a significant contrast with monogenetic volcanism. In

the latter, magma may travel substantial distances from the source region or from intermediate
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magma storage reservoirs and its path to the surface will be controlled by stress barriers and

other discontinuities within the lithosphere.
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Results

3.1 Fractal analysis

To study the magma interaction textures, I first delineated the contacts between the enclaves

and the host rock to obtain binary images and quantify the complexity of the morphology

of the enclaves by the fractal dimension. Then I calculated the viscosity of the magmatic

enclaves by using the fractal dimension of their morphology and the viscosity value of the

phonolitic magma. Finally, I discuss the estimation of the water content of the enclaves

and the basanite. These results are part of a new method for calculating the viscosity and

the water content of magmas from magmatic enclaves in eruptions characterized by magma

mixing. The estimation of the water content in basanitic magmas from Tenerife provides new

important information about these magmas that can be applied in other studies.

3.1.1 Fractal dimension

The enclaves contained in the phonolitic lava flow can be classified according to their shapes,

which vary from highly irregular to almost round (Fig. 3.1). A few have angular profiles. Pre-

vious studies have suggested that angular enclaves correspond to more mafic compositions

(Araña et al., 1994; Wiesmaier et al., 2011), because of fragmentation of the contact sur-

face between the intruding mafic magma and the cooler phonolitic magma (Wiesmaier et al.,
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Figure 3.1: Examples of enclaves and their binary images. From (a) to (c) the morphology
becomes less complex. Enclaves (a) and (c) have cuspate termination.
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3.1 Fractal analysis

Table 3.1: Major element average from Wiesmaier et al. (2011) and Araña et al. (1994) recalcu-
lated to 100 after adding H2O.

Phonolite Basanite Enclaves

H2O 2 2.5 3 0.5 1 1.5 2 2.5 1.5 2
wt %

SiO2 58.05 57.76 57.46 46.79 46.55 46.32 46.08 45.85 50.24 49.98
TiO2 1.15 1.14 1.13 3.35 3.34 3.32 3.30 3.29 2.56 2.55
Al2O3 18.39 18.30 18.20 17.26 17.17 17.08 16.99 16.91 17.61 17.52
FeOtot 4.25 4.23 4.21 10.11 10.06 10.01 9.95 9.91 7.93 7.89
MnO 0.16 0.16 0.16 0.18 0.18 0.18 0.18 0.18 0.17 0.17
MgO 1.16 1.16 1.15 4.54 4.52 4.49 4.47 4.45 3.25 3.24
CaO 2.21 2.19 2.18 9.15 9.10 9.05 9.01 8.96 6.83 6.79
Na2O 7.70 7.66 7.62 4.93 4.91 4.88 4.86 4.84 6.23 6.19
K2O 4.61 4.59 4.57 1.90 1.90 1.89 1.88 1.87 2.70 2.69
P2O5 0.32 0.32 0.32 1.29 1.29 1.28 1.27 1.27 0.97 0.96
Sum 100 100 100 100 100 100 100 100 100 100

2011). Photographs of 67 samples were taken normal to the surface of the enclaves to delin-

eate the contact between the enclaves and the host rock. The images were processed using

the NIH (National Institute of Health) software (ImageJ) to generate binary images in which

enclaves and host rock were replaced by black and white pixels, respectively (Fig. 3.1). The

contact tracing operation was repeated several times to estimate the error, which was found to

be approximately 2–3 %. Enclaves with hybrid compositions can be studied by using fractal

geometry methods to analyse the morphology of their complex margins. The complexity of

the morphology of the enclaves was quantified by the fractal dimension (Dbox). To compute

this value the box-counting method was used (for further information see Fig. 3 in Appendix

B and related text).

3.1.2 Constraining of rheological properties from the fractal analysis results

3.1.2.1 Viscosity

The viscosity ratio was calculated by using the fractal dimension of the morphology of the en-

claves. Because this was a bi-dimensional study the Dbox varied between 1 and 2. To estimate

the viscosity of the magmas as a function of whole rock composition and temperature I used
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Figure 3.2: Frequency histogram displaying the distribution of values of the fractal-dimensions
(Dbox) of the enclaves from Montaña Reventada.

Figure 3.3: Variation of Dbox vs. log(VR) for the studied enclaves. (a) The curve shows the
exponential fit of Equation 3.2 considering 1<Dbox<2. (b) Magnification of the range of variation
of Dbox vs. log(VR) for the hybrid enclaves. The shaded area indicates the highest frequency
range.

Figure 3.4: Frequency histogram displaying the distribution of values of log(VR) calculated by
use of Equation 3.2. Class 0.49 corresponds to the shaded area in Fig. 3.3.
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3.1 Fractal analysis

the model of Giordano et al. (2008). Whole rock analyses were taken from Wiesmaier et al.

(2011) and Araña et al. (1994). Average compositions were recalculated to 100 after adding

H2O and recalculating all Fe to FeOtot (Table 3.1). This procedure was used because the cal-

culated viscosity ratios correspond to magmas located in the magma chamber. Therefore, it

was necessary to calculate the viscosity of magmas under plausible conditions at that depth.

Previous experimental work has shown that phonolitic magma erupting from the TPV flank

vents was stored at temperatures of 900 ◦C, at pressures of 50 MPa and with 2.5 ± 0.5 wt %

of dissolved H2O (Andújar et al., 2010, 2013; Andújar & Scaillet, 2012a,b). Consequently, I

considered 2, 2.5 and 3 H2O wt % for the phonolitic magma. Because there is no information

for the water content of basanite, a range of 1–2.5 H2O wt % was used. An average com-

position of enclaves with 65–70 % basanite and 35–30 % phonolite was also used, because

in the Harker diagrams shown by Wiesmaier et al. (2011), which also include the analysis

conducted by Araña et al. (1994), data cluster at approximately 65–70 % of mafic magma. I

propose this amount as representative of the mafic magma present in the system and the other

values as a result of different degrees of mixing, because of the active and coherent regions.

The average composition was recalculated to 100 after adding 1.5 and 2 H2O wt % .

When the box-counting method is applied to fractal patterns the following relationship is

satisfied (Mandelbrot, 1982):

N = r−Dbox (3.1)

Equation 1 can be also written as:

log(N) = −Dbox × log(r) (3.2)

The slope of the linear interpolation of the log(r) vs. log(N) graph is equal to -Dbox (Fig. 4,

Appendix B). Figures 4a–c in Appendix B illustrate the application of Equations 3.1 and 3.2

to the three enclaves given in Fig. 3.1a–c. From (a) to (c) the Dbox value decreases with the

complexity of the morphology of the interface. The Dbox of the 67 images of the enclaves

ranges between 1.01 and 1.23 (Fig. 3.2) and has a mode at (Dbox) = 1.09. A histogram with

the regression coefficients of the linear interpolation is given in Fig. 6, Appendix B.

The calculation of the logarithm of the viscosity ratio from Dbox according to Equation

2.1 is shown in Fig. 3.3. Figure 3.3b is a detail of Fig. 3.3a that focuses on the variation in

log(VR). The log(VR) range between 0.39 and 0.81 and the distribution of the values can be

seen in Fig. 3.4. The class with log(VR) = 0.49 has the highest frequency.
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Table 3.2: Logarithm of the viscosity of the phonolite, the basanite, and the enclaves with 65-70
% of mafic magma calculated according to the model proposed by Giordano et al. (2008).

Phonolite Basanite Enclaves

H2O wt % 2 2.5 3 0.5 1 1.5 2 2.5 1.5 2

T (◦C) logµ(Pa · s)

900 4.11 3.83 3.57 4.28 3.75 3.43 3.19 3.00 3.77 3.49
1000 3.31 3.06 2.84 3.13 2.72 2.47 2.28 2.13 2.84 2.62
1100 2.64 2.42 2.23 2.24 1.92 1.71 1.56 1.43 2.11 1.92
1200 2.07 1.88 1.71 1.54 1.28 1.10 0.97 0.87 1.50 1.34

Table 3.3: Logarithm of the viscosity of the enclaves calculated accordingly with the VR values
and the viscosity of the phonolite.

Phonolite 2 wt % H2O 2.5 wt % H2O

VR 0.39 0.49 0.81 0.39 0.49 0.81

T (◦C) Enclaves logµ(Pa · s)

900 3.72 3.62 3.30 3.44 3.34 3.02
1000 2.92 2.82 2.50 2.67 2.57 2.25
1100 2.25 2.15 1.83 2.03 1.93 1.61
1200 1.68 1.58 1.26 1.49 1.39 1.07

Knowing the viscosity of the phonolite (Table 3.2) and the viscosity ratio between the

phonolitic magma and the enclaves, the average viscosity of the enclaves can be calculated as

follows:

VR =
µphonolite
µenclave

(3.3)

µenclave =
µphonolite

VR
(3.4)

For the viscosity of the phonolite, computed values with 2.5 ± 0.5 wt % of dissolved H2O

were considered. For VR the minimum and maximum values were used (0.39 and 0.81) and

also the value with the highest frequency (0.49). The values obtained are listed in Table 3.3.

22



3.1 Fractal analysis

3.1.2.2 Water content estimation

On the basis of the VR between the phonolitic magma and the enclaves, it is possible to

estimate the range of viscosities of the enclaves. Because the viscosity is strongly affected

by the water content this enables to estimate a plausible range of dissolved water content

in the enclaves. The enclaves were generated at a temperature lower than the basanite and

higher than the phonolite and are the result of the mixing of these two magmas with different

viscosities. Hence the viscosity range of the enclaves must be between those of the basanite

and the phonolite. This constrain reduces the water content of the phonolite, the basanite,

and the enclaves to only two possible combinations of the values. As shown in Fig. 3.5 if

the water content of the phonolite is 2 or 2.5 wt % the water content of the basanite must be

1.5 or 2 wt % respectively. Because VR = 0.49 is a mode value it can be regarded as being

related to the percentage of mafic magma present in the system and the other values because

of different degrees of mixing. The viscosity of the considered enclaves (Table 3.2) overlap

with the curve of VR = 0.49 (Table 3.3) for a water content of 1.5 or 2 wt %.

Figure 3.5: Variation of logarithm of viscosity with temperature.
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3.2 Historical eruptions of Siete Fuentes, Fasnia and Arafo
First I describe the geochemical and mineralogical characteristics of samples from the erupt-

ive products of the three eruptions. I then evaluate the evidence for equilibrium between the

phenocrysts minerals and the magma and establish the thermobarometric conditions of the

magmas before eruption. Finally, I model the zoning profiles of Mg-Fe, Ni and Ca of the

olivine crystals to identify the processes that created them, and calculate the associated time

scales. I show that these eruptions correspond to different pulses of magma intruded in the

NE rift that underwent multiple mixing episodes during their transport to the surface.

3.2.1 Whole-rock chemistry and petrology

Whole-rock chemical compositions of the three eruptions are basanitic (according to the clas-

sification of Le Maitre et al., 1989) (Table 1, Appendix C). The Siete Fuentes and Fasnia

rocks have compositions that are virtually within analytical error (MgO = 7.6 wt %, Al2O3

= 15 wt %, Ni =105 ppm, Cr= 200 ppm, Sr = 950) . The Arafo bulk-rock is more mafic,

with higher MgO (9.4 wt %), Ni (180 ppm) and Cr (330 ppm), and lower Al2O3 (14.1 wt %)

and Sr (880 ppm). Ratios of incompatible elements of the bulk-rocks of the three eruptions

practically overlap with each other (Zr/Y = 10.5 to 10.6; La/Y= 1.9 to 2.1) (Fig. 3.6). As

I will show subsequently, the Arafo bulk-rock can be explained by accumulation of olivine

with Cr-spinel inclusions and clinopyroxene in a melt composition similar to that of the Siete

Fuentes and Fasnia magmas, rather than being a more primitive melt (Fig. 3.6).

The three eruptions contain the same phenocryst mineral assemblage and exhibit similar

textures. Phenocrysts (>300 µm in the shortest dimension) and microphenocrysts (100 to 300

µm in the shortest dimension) are of olivine and clinopyroxene, typically occurring as isolated

crystals. Both minerals tend to be euhedral and contain inclusions of Fe-Ti oxides of variable

composition. Some olivine crystals (less than 10 %) have skeletal shapes. Backscattered

electron images (BSE) and quantitative X-Ray maps show that many olivine crystals are zoned

in Fe and Mg (Fig. 3.7a-c). Clinopyroxene phenocrysts can have large pools of matrix glass in

their interiors and show rims of different composition to the cores (Fig. 3.8). BSE images and

X-Ray maps show that Cpx can have very complex zoning patterns, including sector zoning,

patchy and dissolution zones, and oscillatory zoning (Fig. 3.7d-f and 3.8). Plagioclase is

less abundant and occurs in the groundmass only. The groundmass is made of microlites of

olivine, clinopyroxene, plagioclase, and Fe-Ti oxides. The modal abundance of each phase

was computed with image analyses and by the point-counting method (Table 1, Appendix C),
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3.2 Historical eruptions of Siete Fuentes, Fasnia and Arafo

and is reported vesicle-free; this was converted to wt % using mineral densities. Phenocryst

abundance increases from about 7 wt % in Siete Fuentes (Ol = 3.3 wt %, Cpx = 3.4 wt %),

through about 13 wt % in Fasnia (Ol = 6.5 wt %, Cpx = 6.3 wt %), to about 18 wt % in Arafo

(Ol = 8.4 wt %, Cpx = 9.8 wt %). Olivine and clinopyroxene microlite abundances increase

from Siete Fuentes to Arafo, whereas plagioclase and oxide microlite abundances decrease

(Table 1, Appendix C).

Figure 3.6: Selected major and trace element variation diagrams for the three studied eruptions.
The bulk-rock composition of Arafo can be explained by addition of olivine and clinopyroxene
to the Siete Fuentes bulk-rock composition. The black arrows indicate the computed composition
obtained by mass balance (numbers next to arrows are the amount of crystals in wt %). Red
symbols - Siete Fuentes; green symbols - Fasnia; blue symbols - Arafo.

3.2.2 Mineral composition and chemical zoning

3.2.2.1 Olivine

Olivine core compositions in the products of the three eruptions range between Fo79 and Fo87

(Fo= 100 x Mg/[Mg+ Fe*], where Fe* is total iron) (Table 2, Appendix C). Three main core

populations are observed with compositional plateaus at Fo79-80, Fo81-82, and Fo85-87 except

for one crystal with a core at Fo83-84 (Fig. 5, Appendix C). This variety of core compositions

suggests that there were at least three magmas or magmatic environments that were involved

in the generation of these eruptions (e.g., Kahl et al., 2011). The last 5-20 micrometers of
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Figure 3.7: (a, b, c) Quantitative Fo (mol %) maps obtained by combining two-dimensional
Mg and Fe distribution maps with the olivine abundance image (obtained by image processing
with MATLAB). The variety of zoning patterns of olivine crystals is apparent (red arrows point
to different zoning patterns). It is also apparent how the modal proportion of olivine increases
from Siete Fuentes to Arafo. (d, e, f) Two-dimensional Ti distribution maps. Complexly zoned
clinopyroxene crystals show core to rim variations, oscillatory and patchy zoning. Rims are
enriched in Ti. Red dashed lines in (f) indicate the presence of areas with different composition
and thus chemical heterogeneities at the local level. These may indicate syn-eruptive mixing,
although it is difficult to know if some post-eruption processes (e.g. variable microlite growth)
have also played a role in creating heterogeneity since the samples are from interiors of lava flows.
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3.2 Historical eruptions of Siete Fuentes, Fasnia and Arafo

Figure 3.8: Back-scattered electron images of one representative clinopyroxene phenocryst (a)
and one representative microphenocryst (b). Note the complex zoning of the clinopyroxene with
evidence of oscillatory zoning and dissolution surfaces. Red arrow in (b) indicates the location of
the electron microprobe traverse shown in Figure 8, Appendix C (crystal A-microcpx4).

almost all crystals show strongly decreasing Fo contents and a wide range of rim composition

from Fo63 to Fo81. Rim compositions with Fo contents lower than 77-78, are mainly found

in the Fasnia samples, and have been considered to be the result of fast growth (see follow-

ing sections). The Fo profiles (Fig. 3.9) show that phenocrysts can be virtually unzoned,

normally zoned with decreasing Fo content towards the rim, reversely zoned (increasing Fo

content towards the rim), or more complexly zoned including reverse followed by normal

zoning. Unzoned and normally zoned crystals are the most abundant. Crystal cores and zon-

ing patterns are more variable in the first eruption of Siete Fuentes, which also lacks the most

evolved population of low Fo cores (79-80). Fasnia and Arafo have the three core populations

Fo79-80, Fo81-82, and Fo85-87 and very similar zoning patterns.

The CaO and the NiO contents of the olivine range from 0.14 to 0.6 wt % and from 0.03

to 0.33 wt %, respectively. The olivine crystals are all reversely zoned in CaO, whereas the

NiO profiles follow the trend of Fo. The variation of Ni at a given Fo content is similar

for all crystals and eruptions (Fig. 7, Appendix C). This probably reflects that Fo and Ni

behave in a similar manner during magma evolution and mixing, and also have similar volume

diffusion rates (e.g., Chakraborty, 2010). In contrast, there is a much larger variation of Ca

concentration for a given Fo content (Fig. 7, Appendix C); for example, from about 0.12

to about 0.26 wt % CaO for Fo85. The variation is also more extreme in olivines from the

first eruption of Siete Fuentes than the rest. Such large variations in Ca content at a given Fo

implies a variety of magmas from different mantle sources (e.g., Strong & Wolff, 2003) or
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Figure 3.9: Olivine Fo (mol %) profiles from rim to rim and rim to core from Siete Fuentes,
Fasnia and Arafo. (a) Siete Fuentes olivine crystals exhibit larger range of Fo populations (Fo79-80,
Fo81-82, Fo83-84 and Fo85-87). (b, c) Fasnia and Arafo olivine crystals exhibit three Fo populations
(Fo79-80, Fo81-82 and Fo85-87). The main difference with the first eruption, Siete Fuentes, is the
higher presence of olivine with lower Fo content (Fo79-80) and the lower Fo values for the rims in
Fasnia which are probably due to post-eruption crystallization.
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different melting conditions. It seems possible that the first erupted magma of Siete Fuentes

simply picked up a larger variety of crystals as it opened a path on its way to the surface. The

variation in the Ca content may also be the result of very different diffusive re-equilibration

rates for Ca vs. Fe-Mg (Ca diffuses significantly slower than Fe-Mg; Chakraborty, 2010).

3.2.2.2 Clinopyroxene

Clinopyroxene crystals are complexly zoned, including core to rim variations, but also exhibit

oscillatory, sector, and patchy zoning (Fig. 3.8). Representative chemical compositions and

structural formulae calculated according to Deer et al. (1992) show that they are ferroan ti-

tanian augite, with Wo45-51En35-45Fs10-17, and Mg#* (Mg#*= 100 x Mg/[Mg+Fe*]) ranging

from about 69 to 82. A structural formula based on 6 oxygens and hence an idealised 4 cations

to check for charge balance highlights that many crystals appear to have a large calculated

Fe3+ content (Table 3, Appendix C). If I only use the Fe2+ to calculate the Mg# (Mg# = 100

x Mg/[Mg+Fe2+]), where Fe2+ was calculated from the structural formula) values increase to

75-95. Core to rim, or rim to rim traverses show that there are abrupt changes in composition,

sometimes with high Mg#* being positively correlated with high Cr contents, likely reflect-

ing the arrival of more primitive melt (Fig. 8, Appendix C). Other crystals however, show

low Mg#* but high Cr in the rims. Generally, TiO2 content increases from the cores to the

rims, reaching the highest values in the Arafo clinopyroxene. The large Ti X-Ray maps (Fig.

3.7d-f) illustrate well the oscillatory and sector zoning of the Cpx, and its greater abundance

from Siete Fuentes to Arafo. The shapes, textures and large variety of zoning patterns and

variations in minor elements shown by the clinopyroxenes suggest that in addition to ming-

ling or mixing they have been affected by growth kinetics. The high calculated proportion

of Fe3+ in clinopyroxene has been suggested by Mollo et al. (2010) to reflect clinopyroxene

growth kinetics rather than the local oxidation state. This hampers the use of clinopyroxene

compositions to obtain reliable pressure and temperature constraints.

3.2.3 Assessing the effects of crystal accumulation and geothermobarometrical
calculations

The whole-rock compositions show similar ratios of incompatible elements, but the major

elements seem to suggest that the eruptions became progressively more mafic from Siete

Fuentes to Arafo (i.e. MgO increases from 7.5 to 9.4 wt %). To understand the processes,
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magma sources and plumbing systems for these eruptions it is important to establish if differ-

ent magma types were actually involved over time. I tested these possibilities by a combina-

tion of mass-balance calculations and crystal-liquid equilibrium thermodynamic calculations.

Figure 3.10: Olivine Fo versus Mg# bulk rock equilibrium tested using the equation of Roeder
& Emslie (1970). Olivine crystals with Fo81-82 are in equilibrium with a melt composition close
to that of the Siete Fuentes and Fasnia bulk-rocks, indicating that olivines with Fo83-87 are xeno-
crysts. Fasnia and Arafo melt compositions have been recalculated by subtracting the olivine (Ol)
and the clinopyroxene (Cpx) compositions from the bulk-rock (see main text). The recalculated
compositions (crosses) are in equilibrium with Fo81-82 olivine. Olivine crystals with Fo>83-84
would be in equilibrium with a melt with the Mg# of the Arafo bulk-rock.

First, the Mg-Fe equilibrium between olivine and bulk-rock was tested using the equation

of Roeder & Emslie (1970) (Fig. 3.10). I calculated the equilibrium Mg# at the fO2 (oxygen

fugacity) of the NNO buffer (see below). I found that the Fo>83-84 cores of crystals from Si-

ete Fuentes and Fasnia are too Mg-rich to have grown from their host magma (proxied by the

bulk-rock) and thus are xenocrystic (probably antecrysts). In contrast, the Fo80-82 cores are

in equilibrium with the Siete Fuentes bulk-rock which also has the lowest phenocryst content

and thus it is the most likely representative of a liquid composition. The cores with lower Fo

(at around 79-80) would be in equilibrium with slightly more evolved liquids. The compos-

itions of such liquids can be obtained by the subtraction of the observed modal proportions

of phenocrysts from the Siete Fuentes whole-rock (i.e. the matrix composition of the bulk-

rock). The olivine cores with Fo>83-84 are in equilibrium with a magma similar to the Arafo

bulk-rock. However, Arafo itself has the highest phenocryst content and thus the high Mg/Fe
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of the whole-rock could also be due to the addition of olivine, clinopyroxene and spinel. This

possibility is consistent with the fact that despite the higher Mg of the whole-rock the olivine

cores have the same Fo content as the olivine cores from Siete Fuentes and Fasnia.

Mass balance calculations show that addition of only 0.6 wt % of olivine and 0.5 wt

% of clinopyroxene to the Siete Fuentes composition satisfactorily reproduces the Fasnia

bulk-rock, suggesting that this magma was basically the same as Siete Fuentes. Moreover,

addition of 5.7 wt % of olivine and 2.9 wt % of clinopyroxene to the Siete Fuentes bulk-rock

also reproduces the Arafo bulk-rock (Fig. 3.10). Thus, the Arafo original liquid (without

xenocrysts) is in equilibrium with Fo80-82 olivine, like the Siete Fuentes and Fasnia liquids. I

conclude that the Arafo eruptive episode was fuelled by a magma similar to the first erupted

bulk-rock composition of Siete Fuentes, and that the Fasnia and Arafo eruptions were driven

by the same magma that accumulated some olivine and clinopyroxene crystals. Note that the

highest Fo crystals could be in equilibrium with the Arafo bulk-rock, but the rock contains

mainly low Fo crystals. Crystal accumulation could have occurred either during transport

and residence in the shallow crust, or could be directly inherited from a part of the magma

reservoir that contained slightly higher amounts of phenocrysts.

Given that the Siete Fuentes rocks have the lowest phenocryst content I have tested using

the MELTS algorithm (Ghiorso & Sack, 1995) the conditions at which the olivine Fo80-82

could have grown. I found that for a melt with the Siete Fuentes bulk-rock composition

and fO2 close to the NNO oxygen buffer, I reproduce the mineral assemblage and olivine

composition at a pressure range of 0.2-0.5 GPa, an H2O content in the melt of 1-2 wt %,

and a temperature of 1175±15◦C. I have also calculated what would be the conditions of

equilibrium of the olivine with Fo contents between 87-83. For this, I first note that the Mg#

of the liquid was the same as the Arafo bulk-rock. Moreover, the high Fo of these olivine

crystals cannot simply be due to a different fO2, since they also have higher Ni and lower Ca

contents, and thus they grew from more primitive, hotter liquids. Thus I have simply used the

Arafo bulk-rock composition as a proxy for a more primitive magma to perform the MELTS

calculations (Fig. 3.10). I note that I am not assuming here that the Arafo magma that erupted

was a liquid, simply that a more primitive magma with the equilibrium Mg# of the high-Fo

crystals would be similar to Arafo. The Arafo bulk-rock is a combination of accumulated

low Fo crystals and liquid (see above). I obtained similar water contents (1-1.5 H2O wt %),

slightly higher pressures (0.4-0.6 GPa), and significantly higher temperature (1245±15◦C).

These ranges of conditions for olivines with different compositions are important because

they will be used to calculate the diffusion coefficients and thus time scales in the following
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sections. For further discussion about the calculation of the physical conditions see Appendix

C.

3.2.4 Magma mixing processes and their time scales

3.2.4.1 Magma plumbing system

Several studies (e.g., Brenna et al., 2010; Needham et al., 2011; Sohn et al., 2012) have pointed

out that given the ranges of magma compositions within a monogenetic eruption they cannot

be fuelled from a single magma reservoir. In the case of Tenerife it appears that the three

eruptions were driven mainly by the same magma that accumulated crystals with time or that

sampled a part of the reservoir that was richer in crystals. However, the erupted magma was

generated by mixing and mingling of crystals and melts from various sources as recorded

by the variety of Fo zoning patterns, and Ni and Ca concentrations at a given Fo content.

Moreover, the heterogeneity of the Ti X-Ray large scale map (Fig. 3.7f) suggests mixing and

mingling might have also occurred during eruption, although I cannot rule out the possibility

that some post-eruptive crystallization also played a role.

The compositions of the olivine crystal cores with large plateaus suggest that there were

at least two well-defined magmatic environments that interacted to create the erupted magma

compositions: one where the Fo81-82 and Fo79-80 grew, and another one where the highest Fo

(85-87 and 83-84) crystals grew. Note that the range of Ca concentrations at high Fo con-

tents implies either a range of mantle-derived mafic magmas from different sources and thus

different composition and intensive variables, or different degrees of re-equilibration by dif-

fusion for prolonged periods of time. I argue that these two environments were heterogeneous

to some extent because there is about 3-4 mol % variation of Fo content in the olivine core

plateaus.

With two such environments, the zoning profiles of olivine suggest three magma mixing

events: (1) M1, mixing between olivine crystals with Fo81-82 and olivine crystals with Fo79-80.

This would involve interactions between evolved basalts probably in the shallow crust. These

magmas may be fractionated from previous intrusions of more primitive melts; (2) M2, mix-

ing between olivine crystals with Fo85-87 and olivine crystals with Fo83-84 within the most

mafic environment, which was likely also to be the deepest; (3) M3, intrusion and associated

mixing of the more mafic magma in a shallower and more evolved reservoir, followed by

ascent to the surface (Fig. 3.11).

In the above scenario, I consider that the more evolved melts were stored in the shallower

parts of the system where the products of successive injections of magma that were unable to
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erupt, probably due to lack of buoyancy (i.e. failed eruptions; Moran et al., 2011). I propose

that because of the impossibility of accommodating magma at a given depth after the two

first inputs (first mixing process), a deeper new accumulation level was created. Two inputs

of magma occurred here (second mixing process) prior to ascent. Below I show that this is

consistent with the longer residence times calculated for the evolved olivine crystals in the

shallower magma (around 400 days), and the shorter times calculated for crystals at deeper

levels (around one month).

Figure 3.11: Schematic illustration of the magma chamber processes and plumbing system. The
olivine crystals record two magmatic environments and three mixing episodes: (M1) mixing
between olivine with Fo85-87 and Fo83-84, (M2) mixing between olivine with Fo81-82 and Fo79-80,
(M3) mixing between the previous magma batches and ascent to the surface. Olivines with com-
plex zoning represent active regions which are mingled and mixed, whereas more homogeneous
crystals are from coherent regions in which the original magma was preserved.

3.2.4.2 Time scales of magmatic processes

Representative olivine crystals were selected to calculate the time scales of the mixing pro-

cesses according to Mg-Fe chemical diffusion (e.g., Costa et al., 2008). The initial and bound-

ary conditions were chosen to represent the different core plateau compositions and the ob-

served composition at the rim (more details about the initial and boundary conditions can be
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Figure 3.12: Compositional profiles and diffusion models for two representative olivine crystals.
White circles are measured concentrations. Black lines indicate the initial Fo profile shapes and
boundaries. Red lines are the best fit diffusion models computed using DIPRA. The orientation of
the crystallographic axes (a, b and c) and the traverse (tr) are shown as stereographic projections
in the lower hemisphere. Fo, Ni and Ca zoning can be fit with two boundary conditions after the
initial condition (P1). The first boundary condition can be considered as a second compositional
plateau (P2). B2 is the second boundary condition.
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found in Appendix C). In addition to the Fo zoning patterns, I also modelled the Ni and Ca

concentrations of some crystals (Fig. 3.12).

In total I determined three different times (Table 4, Appendix C), although each individual

crystal records two times (Fig. 3.13): Time 1 is the first mixing event that occurred in the

shallow reservoir (M1), Time 2 is for the second mixing event in the deeper reservoir (M2),

Time 3 is the last event involving mixing between the two already mixed magmas (M3). Time

1 is the longest of about a year and is recorded by olivines with Fo79-82 cores. Time 2 is less

than three months, corresponding to olivines with Fo83-87 cores, and Time 3 is around two

weeks for all crystals, with somewhat longer times in the last eruption.

I subtracted the calculated mixing times from the known eruption dates to infer the in-

trusion/mixing dates of the magma batches (Fig. 3.14) and to test whether the crystals from

the older eruptions have diffused for proportionally longer times. This relationship can be

expected if all eruptions were fed by the same magma (e.g., Kahl et al., 2011) with no ad-

ditional mixing between eruptions. I find that early intrusion and mixing occurred sometime

between September 1703 and February 1704. The second mixing event in the deep reservoir

occurred sometime between October 1704 and middle January 1705; this means that there

was an additional remobilization of magma at depth after the beginning of the Siete Fuentes

eruption (December 31) recorded in the olivine crystals from Arafo. Finally, the last mixing

occurred a few weeks before each eruption, indicating that at least two different inputs of

magma occurred sometime between December 17-31, and January 19 - February 2. The first

input would be responsible of triggering the eruptions of Siete Fuentes and, 5 days later, of

Fasnia. The last magma transfer and mixing occurred one month later, and reactivated the

system by making a new dike that lead to the eruption of Arafo. Thus, although the three

events were fed by the same magma, each was activated by renewed magma migration from

depth and mixing. This implies that at least the first and last eruptions were fed by different

dike systems rather than ‘aging’ of the Siete Fuentes magma batch with time at shallow depths

followed by transport to the Arafo eruption site. These dates can be used to compare to the

monitoring or unrest data as I show below.
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Figure 3.13: Calculated diffusion times for all the crystals from the three eruptions plotted versus
the Fo content of the initial and boundary conditions listed in Table 4. Three different magma
mixing events are recorded by the crystals as three different times. The third event (b) is common
to all the crystals, because it is the one that brings the crystals to the surface. (a) Two groups
can be distinguished on the basis of Fo and time. The first (Mixing 1) magma mixing (between
Fo79-82) occurred around one year before the eruption. The second (Mixing 2) magma mixing
(between Fo83-87) happened less than three months prior to the first eruption. (b) Times of the
magma transport to the surface (Mixing 3) are one to two weeks.
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3.2 Historical eruptions of Siete Fuentes, Fasnia and Arafo

Figure 3.14: Calculated intrusion dates of the different magma batches have been obtained by
subtracting the calculated residence times from the known eruption dates. The black dashed
line indicates an intrusion followed by an eruption without significant residence of the magma at
depth. The continuous black line indicates different residence times of the magma in the reservoir
prior to the eruption.
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3.3 Unrest data of monogenetic eruptions
I have conducted an exhaustive review and compilation of the unrest activity (mainly seismi-

city) of all the historical monogenetic eruptions for which I have had access (twelve eruptions

in total). This includes seven events in the Canary Islands, two in the Michoacan-Guanajuato

volcanic field (Mexico), and one event for those of the Higashi-Izu volcanic field (Japan),

the Goropu Mountains (Papua), and Heimaey (Iceland) (Table 3.4). Instrumental monitoring

data are sparse and available in four cases, but only for the eruption of El Hierro 2011 the

data are of high quality (López et al., 2012). For the rest eruptions I did a review of the fac-

tual accounts available in historical documents (see Appendix A). Some historical documents

are very detailed and give the number of seismic events and the effects on people, furniture

and buildings, and sometimes an intensity value (e.g. Mercalli scale). Other reports are not

detailed enough to discern between intensities or establish a detailed time series of the num-

ber of seismic events. It is important to note that the lack of data in some periods for some

eruptions could be due to the lack of historical reports, not to the lack of earthquakes.

3.3.1 Details of the seismicity and brief petrological review

3.3.1.1 Canary Islands (Spain)

Mafic monogenetic volcanoes are common in the Canary Islands and the volcanic histor-

ical activity consists of mafic and monogenetic eruptions. In 1492, during his first trip to

America, Christopher Columbus described the eruption of Boca Cangrejo in Tenerife which

is considered the first historical eruption in the archipelago (Carracedo et al., 2007b). I have

considered here for comparison seven representative monogenetic eruptions occurred after the

Boca Cangrejo eruption in the islands of Tenerife (Siete Fuentes, Fasnia, Arafo and Chinyero),

La Palma (San Juan and Teneguı́a), and El Hierro (the 2011 submarine eruption) (Fig. 3.15).

Only the 2011 submarine eruption on El Hierro has been monitored. The first seismic stations

were installed in Tenerife and La Palma in 1964 and 1975 respectively, and thus for older

eruptions there is information only about historical accounts of seismicity. Based on work

conducted by Dvorak & Gasparini (1991) and later by Guidoboni & Ciuccarelli (2011) I con-

ducted an exhaustive review of the historical unrest activity of the seven studied eruptions

based upon original reports compiled in Sánchez (2014) and the seismic catalogue available

in www.ign.es. Information extracted from the historical documents (Appendix A), includes

the dates, the days before and after the eruption and the localities where earthquakes were felt

(Fig. 3.15).
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Table 3.4: Unrest activity of some historical monogenetic eruptions and presence of mixing

Eruption Location Date Magma mixing or Unrest activity
assimilation, and
ascent times

SF, F, A Tenerife (Canaries) 1704-05 1 year
2 months
2 weeks 1 week - 1 montha

CH Tenerife (Canaries) 1909 Yes 2 yearsa

2-3 monthsa

SJ La Palma (Canaries) 1949 Years 2.5 yearsa

Few months 90 daysa

Days 3 daysa

T La Palma (Canaries) 1971 Yes Weeks-monthsa

6 daysa

EH El Hierro (Canaries) 2011 4-5 yearsb

1 month/25-150 days 3 monthsb

3 weeks/2-90 days 1 monthb

J Michoacan (Mexico) 1759 10-200 days 5 monthsa

3 monthsa

P Michoacan (Mexico) 1943 Yes 2 monthsb

Weeksb

G Goropu Mountains 1943 Unknown 2 yearsa

(Papua) 2-3 months (?)a

E Heimaey (Iceland) 1973 Yes 2 daysb

1 dayb

IO Higashi-Izu 1989 Unknown 2 weeksb

(Izu Peninsula, Japan) 9 daysb

a = Seismic factual accounts. b = Monitored seismicity. SF, F, A = Siete Fuentes, Fasnia and
Arafo. CH = Chinyero. SJ = San Juan. T = Teneguı́a. EH = El Hierro. J = Jorullo. P = Paricutin.
G = Goropu. E = Eldfell. IO = Ito-oki.
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Figure 3.15: Localities where the seismicity was felt by the population during the unrest of the
eruptions of San Juan (SJ, 1949) and Teneguı́a (T, 1971), both in La Palma, and Siete Fuentes
(SF, 1704), Fasnia (F, 1705), Arafo (A, 1705) and Chinyero (CH, 1909) in the island of Tenerife.
Information about the unrest can be found in Appendix A.

According to the information recorded in historical documents about the unrest of the

eruptions of Siete Fuentes, Fasnia and Arafo (1704-05), the seismic activity started one week

before the first eruption (Appendix A). I can’t establish the beginning of the unrest for the

second and the third eruption separately. Then, I have considered in Fig. 3.16a the beginning

of the Arafo eruption as time = 0. As explained in the previous section, the diffusion modelling

performed in olivine crystals (Albert et al., 2015a) reveals the occurrence of three magma

mixing processes around one year, two months and two weeks prior to the eruptions (Fig.

3.16b).

The eruption of Chinyero in 1909 was preceded by two years of seismic swarms (Ap-

pendix A) (Fig. 3.16a). My own petrological study of this eruption reveals a virtually closed

system origin for the magmas (equilibrium textures), but with some high Mg/Fe olivine xeno-

cryst. Thus, this eruption also show evidence of open system processes although are less well

developed than in other eruptions from Tenerife.

The San Juan eruption occurred in 1949 in La Palma involved three eruptive centres:

Llano del Banco, Duraznero and Hoyo Negro (Bonelli Rubio, 1950; Klügel et al., 2000;

Romero-Ortiz, 1951). Around two years before the eruption two earthquakes were felt by

the population and during the three months prior to the eruption earthquakes became more
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3.3 Unrest data of monogenetic eruptions

frequent and stronger (Appendix A) (Fig. 3.16a). A previous mixing time scales study (Klügel

et al., 2000) reveal the occurrence of three magma mixing events some years, few months and

some days before the eruption (Fig. 3.16b). These data match with the factual accounts about

the unrest activity.

Figure 3.16: Pre-eruptive unrest in historical monogenetic volcanoes and calculated mixing
times. The eruption is represented by a black line at time = 0. Red dashed lines indicate 90
and 15 days prior to the eruption. Grey shadow area corresponds to the 90 days before the erup-
tion. (a) Comparison between factual account (triangles) and monitored data (dots) of the unrest
period of multiple eruptions. The plots represent the days with felt earthquakes. Generally the
trend of the activity changes around two or three months and one or two weeks before the eruption
for the studied monogenetic eruptions. The inset shows a zoom view of the grey shadow area.
Siete Fuentes, Fasnia and Arafo (SF, F, A - light blue triangles); Chinyero (CH - garnet triangles);
San Juan (SJ - dark blue triangles); Teneguı́a (T - purple triangles); El Hierro (EH - orange dots);
Jorullo (J - yellow triangles); Paricutin (P - green dots); Ito-oki (IO - grey dots). Details of the
seismicity are given in the main text. (b) Calculated mixing times from some of the considered
eruptions. Times from San Juan eruption are not exact (dashed lines).

Weeks to months before the Teneguı́a eruption (1971) periodic earthquakes were felt by

the population (Klügel et al., 1997), and from six days prior to the eruption earthquakes and

their intensities were reported daily (Appendix A) (Fig. 3.16a). For Teneguı́a eruption petro-

logical studies indicate the presence of rhyolitic and basaltic magmas that coexisting and thus

indicate the presence of open system and subvolcanic reservoir (Araña & Ibarrola, 1973).

The last monogenetic eruption in the Canaries occurred on October 10, 2011 in El Hierro

Island. After a long period of quiescence in El Hierro the number of earthquakes started to
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increase in 2006. Nevertheless during the period 2006-2010 just one earthquake was recorded

as felt by the population in 2007. A bigger increase of the seismic activity occurred during the

previous three months before the eruption. During the previous month earthquakes were felt

daily (Fig. 3.16a) (for a complete catalogue of the seismic activity see www.ign.es). Diffusion

times calculated from olivine crystals reveal the existence of two mixing events before the

eruption. There are data from two different studies. The first mixing event happened between

25 to 150 days (Longpré et al., 2014) or one month prior to the eruption (Martı́ et al., 2013a),

and the second event 2 to 90 days (Longpré et al., 2014) or three weeks (Martı́ et al., 2013a)

before the eruption (Fig. 3.16b).

3.3.1.2 Michoacan-Guanajuato monogenetic volcanic field (Mexico)

During the previous two months before the eruption of the Paricutin (Mexico, February 20,

1943) earthquakes with M≥3 were recorded by the Tacubaya seismic station (in Mexico City,

320 km away from Paricutin) (Yokoyama & De la Cruz-Reyna, 1990) (Fig. 3.16a). Tradition-

ally this eruption was described as a classic example of fractional crystallization and crustal

assimilation, and recent data have proved the existence of mixing processes between three

compositionally distinct magmas at shallow depth (Rowe et al., 2011).

Information about Jorullo (Mexico) unrest previous to the September 29, 1759 eruption

is vague. It seems that, from April some weak earthquakes were felt in the surrounding area

and from the end of June every day were felt between 12 and 47 earthquakes (Carreón Nieto,

2002; De la Cruz-Reyna & Yokoyama, 2011; Yokoyama & De la Cruz-Reyna, 1990) (Fig.

3.16a). The presence of zoned olivine crystals have been related with the mixing between

magmas previously stalled at different levels of the plumbing system (Johnson et al., 2008).

3.3.1.3 Higashi-Izu monogenetic volcanic field (Japan)

Based on previous works I can establish an unrest duration of two weeks with a change in the

trend nine days before the eruption (Ukawa, 1993) for the Ito-oki submarine eruption (1989,

Japan). In the available dataset of the unrest at the Japan Meteorological Agency (JMA)

the number of earthquakes is given in time intervals. Therefore, it is not possible for me to

reconstruct a proper time series to compare the unrest data of this eruption before 13 days

prior to the eruption in Fig. 3.16a. There are petrological studies that also report the co-

existence of mafic and silicic melts, but in this case the silicic melts were interpreted to be

due to melting of shallow sediments (Yamamoto et al., 1991).
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3.3 Unrest data of monogenetic eruptions

Figure 3.17: Comparison between macroseismicity and monitored data of seismicity and de-
formation in El Hierro. Cumulative percent of the days with felt earthquakes (orange dots) and
total number of seismic events (grey dots) occurred before and after the El Hierro 2011 eruption.
Grey line is representing the vertical displacement recorded by one GPS station. Black dot lines
are indicating the five post-eruptive episodes of unrest. Black line at time = 0 represent the erup-
tion time. Red dashed lines mark 90 and 15 days before the eruption. The general trend and the
abrupt changes for the three curves are consistent.

3.3.1.4 Goropu Mountains (Owen Stanley Ranges, Papua)

The eruption occurred in December 1943 in the Waiowa or Goropu area (Papua) was preceded

by two years of earthquakes, sometimes at the rate of two or three per day. Columns of steam

and ash from other vents were observed since October (Baker, 1946). The information is too

vague to be included in Fig. 3.16. I did not find any petrological information.

3.3.1.5 Heimaey (Iceland)

In 1973, after two days of earthquakes (not felt by the population) and one day with shal-

lower earthquakes (three felt by the population) a monogenetic volcano appeared in the island

of Heimaey (Iceland) (Thorarinsson et al., 1973). Recent studies have shown evidences of

mixing between magmas from the same source (Higgins & Roberge, 2007; Mattsson & Os-

karsson, 2005).

3.3.2 Comparison between factual accounts and monitored unrest data

To check the validity of the comparison between historical factual accounts and monitored

data, I compared the days in which the population reported felt earthquakes before and after

the El Hierro eruption with the total number of seismic events occurred and geodetic data

(Fig. 3.17) (www.ign.es). I plotted the cumulative percent of days with felt earthquakes (or-

ange dots), the cumulative percent of the total number of events (grey dots) and the vertical
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displacement recorded by one GPS station (grey line) (Fig. 3.17). I found that general trend of

the curves and abrupt changes are consistent. Since from July 2011 the number of seismic sta-

tions in El Hierro increased from two to seven (Domı́nguez Cerdeña et al., 2014), the sharper

change in the trend of the grey curve occurs before the change in the orange curve. This

discrepancy is not evident for the post-eruptive seismic crises (because the seismic network

was homogeneous from July 2011). Therefore, considering the days with felt earthquakes is

a mechanism to avoid the problems derived from an inhomogeneous seismic network. The

trend of the cumulative percent of days with felt earthquakes is consistent with the trend of

the cumulative percent of earthquakes and the geodetic data. Hence, this approach allows

direct comparison of seismic data between different eruptions, monitored or not, and avoids

the effect of the changes in the seismic network.
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Discussion

The presence of coherent and active regions during magma mixing has been described

before in several studies (Albert et al., 2015c; Perugini & Poli, 2012; Perugini et al., 2003b)

and such magma mixing processes have also been simulated numerically (Perugini et al.,

2003a, 2004; Petrelli et al., 2006). I will consider for discussion the role of coherent and active

regions in two different scenarios. The first one involves the mixing between a basanitic and a

phonolitic magma generating the characteristic enclaves of Montaña Reventada. The second

involves the mixing between two mafic magmas before the monogenetic eruptions of Siete

Fuentes, Fasnia and Arafo.

My petrological study of eruptive products from Siete Fuentes, Fasnia and Arafo, and

the petrological results of other monogenetic eruptions (Higgins & Roberge, 2007; Johnson

et al., 2008; Klügel et al., 2000; Longpré et al., 2014; Martı́ et al., 2013a; Mattsson & Os-

karsson, 2005; Rowe et al., 2011), provide important information about the pre-eruptive pro-

cesses and time scales associated with monogenetic eruptions. I will discuss the importance

of integrating these data with information about precursor unrest activity to understand future

unrest monitoring signals and contribute to the development of emergency evacuation plans

for monogenetic fields.

Finally, considering the previous discussion I will present a conceptual model of the

plumbing system below monogenetic volcanoes where stalled intrusions and mixing are pre-

valent.
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4.1 The role of coherent and active regions in the mixing area

Perugini & Poli (2005) state that different Dbox values correspond to different VR. Accord-

ingly, I focus here on the relationship between changes in VR and changes in magma com-

position because of different degrees of mixing. More precisely, I propose the existence of a

mixing area in which the two magmas interacted and produced magma of intermediate com-

position. Some of the enclaves considered have cuspate terminations (Fig. 3.1c), which have

been used as evidence (Perugini et al., 2007) of the detachment of the enclaves from the mafic

magma and their move toward more felsic magma. As Wiesmaier et al. (2011) showed, some

enclaves still have mingling structures. Enclaves with cuspate terminations, mingling struc-

tures, and variable composition—and hence variable Dbox and VR— must have originated in

this mixing zone throughout the whole process.

In the first stage, when the basanite (≈1,200◦C) reached the phonolite magma chamber

(≈900◦C), the more mafic enclaves, characterized by quenching and angulate shapes, were

generated by disruption of the layer formed as a consequence of the thermic contrast between

the two magmas. According to Folch & Martı́ (1998) and Snyder (2000), during this first

stage of mixing the temperature of the basanite started to fall and the temperature of the

phonolite started to increase, hence the VR decreased, thereby facilitating the mixing process

between the basanite and the phonolite. The cooling and consequent crystallization of the

mafic magma caused accumulation of gas bubbles at the interface between the two magmas

that led, in some cases, to production of vesiculated blobs of mafic magma inside the felsic

magma (Eichelberger, 1980; Thomas & Tait, 1997). This is consistent with the fact that the

vesiculated enclaves of Montaña Reventada have higher Dbox (Fig. 3.1a-b and Fig. 4a-b

in Appendix B) and are therefore closer in composition to the mafic end-member. While

the basanite continued to ascend to the surface, mingling structures were generated in the

contact area. These structures were captured in the blobs of magma, which detached from this

zone through the felsic magma and generated enclaves. The presence of both coherent and

active regions yielded enclaves with different amounts of mafic and felsic magma. Chemical

diffusion inside the enclaves produced different hybrid composition and hence enclaves with

interface morphology characterized by different Dbox. The morphology of some enclaves

could correspond to different Dbox values over their contours. This is consistent with the

existence of coherent and active regions within the same enclave. Throughout the process the

mixing zone becomes more homogeneous, because of mingling and diffusion and because the

VR continued to decrease and thus to generate enclaves with lower Dbox.
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In the case of mixing between two mafic magmas (e.g. Siete Fuentes, Fasnia and Arafo

eruptions), to explain the presence of olivine with a homogeneous Fo content next to olivine

with complex zoning I considered the generation of coherent and active regions due to the

mixing and mingling processes in two magma storage regions located at different depths (Fig.

3.11). This means that even if the mixing process comprises the whole magma reservoir there

was not complete homogenisation. Coherent regions represent portions of the original magma

in which the olivine crystals are in equilibrium with the liquid. Active regions represent the

more effectively mingled areas with consequent chemical mixing. In these latter areas the

olivine crystals develop normal or reverse zoning. Since the magmas involved in the mixing

are basalts with probably very similar compositions coherent and active regions cannot be

clearly distinguished. However, the Ti X-Ray map in Fig. 3.7f shows some heterogeneity,

although it is difficult to know if some post-eruption processes (e.g. variable microlite growth)

have also played a role.
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4.2 Integration of petrological and unrest data

I have compared in Fig. 3.16a the time frames and intensity of seismic activity between dif-

ferent events using a normalization of times and number of events. There are some common

features shown by several eruptions. I see that in some cases there are seismic crises inter-

spersed by calm periods that occur between a year to a few months prior to eruption. Many

of the considered monogenetic volcanoes display an exponential behaviour of the seismic

activity from two or three months before the eruption. These seismic crises might reflect

the repetitive intrusions of magma in the crust, and thus probably correspond to mid crustal

stalled intrusions. These intrusions would stall and start to create a small plumbing system.

The depth at which these intrusions stall is difficult to constrain but some seismic and petro-

logical data suggest 5-15 km (Domı́nguez Cerdeña et al., 2014; Johnson et al., 2008; Klügel

et al., 1997) below the volcano. Virtually all the eruptions I have studied show a sharp in-

crease in the seismic activity about two weeks to two days before eruption. This short time

might be related to magma migration towards the surface (Johnson et al., 2008).

A set of complementary data that is readily available for many monogenetic volcanoes and

some historical eruptions are the petrological and geochemical characteristic of the erupted

rocks. The eruptions I have studied and many others for which there is no knowledge of

unrest data show that the erupted magmas were affected by open-system processes involving

multiple mixing processes (Albert et al., 2015a; Johnson et al., 2008; Klügel et al., 2000;

Longpré et al., 2014; Martı́ et al., 2013a; Rowe et al., 2011) (Table 3.4 and Fig. 3.16b). Mixing

between mafic magmas has been reported in seven of the twelve considered cases (Table 3.4).

In the cases of Jorullo and Paricutin, in addition to the mixing between similar magmas,

assimilation processes have been identified. This progressive assimilation of the crust would

be related with the stalled magma batches at shallow levels. Thus, these petrological studies

also show that the monogenetic eruptions are not driven simply by dikes that travel from the

mantle to the crust, but support a scenario of magma mixing and assimilation in subvolcanic

reservoirs (Albert et al., 2015a; Johnson et al., 2008; Longpré et al., 2014; Martı́ et al., 2013a;

Rowe et al., 2011). Thus, the seismic and petrological studies imply that there is an incubation

period of the early intrusions at mid crustal depths before eruption.

Studies of the zoning pattern of crystals from stratovolcanoes have been used to provide

a good framework for the interpretation of unrest data in stratovolcanoes like Mt. Etna (Kahl

et al., 2011), Vesuvius (Morgan et al., 2006) and Mt.St Helens (Saunders et al., 2012). A

few studies have also been done in monogenetic volcanoes. For example, the zoning patterns
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of olivine crystals of the Siete Fuentes, Fasnia and Arafo eruptions (Albert et al., 2015a)

show that there were several magma mixing events that occurred about a year, two months

and two weeks before eruption (Fig. 3.16b). There are no factual accounts of seismicity

related with the two mixing processes happened one year and two months, respectively, prior

to the eruptions. This lack of information could be due to the lack of historical reports or

to the lack of felt earthquakes, but I note that the seismic unrest at El Hierro did start a few

months before the eruption (Martı́ et al., 2013b). The interpretation of the factual account

information without considering the magma history revealed by the olivine crystals would

lead to erroneous conclusions. The seven days of seismic activity would be related to direct

ascent of magma from the source region to the surface, but the first stalled intrusions probably

started a few months or years before and these could be detected and properly interpreted by

modern monitoring systems.

Similar time frames from crystals have been found in the other studied eruptions of San

Juan, Jorullo and El Hierro (Fig. 3.16b). The time frames of crystals and seismicity are very

similar and correlates well (Fig. 3.16). This means that the changes in seismicity can be

associated with intrusion that might erupt or not, but it typically seems to involve at least two

distinct periods of intrusion before eruption. Detailed petrological studies of mantle xenoliths

associated with monogenetic eruptions have shown stalling of the magmas at shallower depths

and thus the existence of subvolcanic reservoirs and multiple intrusions (Klügel, 2001; Klügel

et al., 1997).
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4.3 General model
The temporal analyses of seismic activity that I have reported in the previous chapter already

provide a framework for anticipating the monitoring data that can be expected for monogen-

etic volcanoes. However, it is necessary to have a conceptual model of the processes that

are occurring for making knowledge-based forecast. Given the large number of variables and

parameters that play a role for a magma being able to erupt or not it is important to have

deeper knowledge of what is occurring at depth. This allows adapting my interpretations of

monitoring data for each case when the local situations are different from one volcanic field

to another.

Figure 4.1: Possible plumbing system configuration and evolution of events that may occur below
monogenetic volcanoes. This is schematic and not to scale. The depth of the subvolcanic system
may vary from system to system, but evidences suggest 5-15 km. The depth of the magma source
is also variable but is at least 20 km. (a) Intrusion of magma about one or two years prior to the
eruption. Stalling of magma at 5-15 km due to the loss of buoyancy or freezing of dikes. Mixing
processes registered by the crystals. Crust assimilation in some cases. Seismic activity felt by the
population in some cases. (b) Renew magma intrusion. Progressive opening of the path between
deep and shallow reservoirs. Mixing processes registered by the crystals. Crust assimilation in
some cases. The seismic activity is commonly felt by the population. (c) Continued intrusion of
mafic magma leads to easier transfer from deep to shallow reservoirs and this allows the magma to
finally erupt. Mixing processes (and crust assimilation in some cases) registered by the crystals.
Seismicity felt by the population.

An intriguing aspect of the petrological and geochemical data from monogenetic erup-

tions is that open system and mixing seem are prevalent and imply that magmas coming from

depth commonly intercepts a shallower reservoir. Although this might can be expected in

areas with high volcanic fluxes such as Iceland, it is not to be expected that for example in the

50



4.3 General model

Canaries there are numerous melt lenses at shallow depth and ‘waiting to erupt’. The com-

monality of open-system processes for many of these events may rather be indicative that the

early seismicity associated with intrusions are stalled intrusions. In other words, it seems that

magmas coming from depth in dikes are rarely able to go straight to the surface, but stall at

some intermediate depth (Fig. 4.1a-b). There are many parameters that control whether mafic

dikes from the mantle will be able to reach the surface, including magma buoyancy, thermal

survival, tectonic stress or pre-existing crustal discontinuities (Le Corvec et al., 2013a; Rivalta

et al., 2015; Rubin, 1995; Valentine & Gregg, 2008). The available dataset does not allow me

to identify a precise control on each of the eruptions, but the existence of a shallow plumbing

system suggests that dikes separated from their sources and travelled as small batches. Once

at shallow depths, magmas can cool, probably degas and evolve toward more differentiated

compositions. Repetitive intrusions of small magma batches on the same location are prob-

ably able to modify the thermal and rheological state of the crust through which they pass

and reside, and thus when renewed dike intrusions from depth occur they find an increas-

ingly easier path, and lower energy required to reach the surface and erupt (Fig. 4.1c). My

conceptual model fits well with my new compilation of seismic unrest and petrological data

from the erupted magmas and thus should lead to more informed and process based anticip-

ating of monogenetic eruption. More experiments and numerical models of dike migration

should be able to test the importance of repetitive intrusions in allowing mafic magmas from

monogenetic eruption to reach the surface.
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5
Conclusions and

Future Work

The main goal of the Thesis is to improve our knowledge on the pre-eruptive processes,

their time scales, and how may these relate to seismic unrest of monogenetic eruptions. I

have highlighted the commonality of the magma mixing processes preceding monogenetic

eruptions by studying samples from Tenerife and by compiling information from other pet-

rologically studied monogenetic volcanoes around the world. The study of the monogenetic

eruption of Montaña Reventada has allowed me to develop a method for the calculation of the

water content of the basanite, at depth, from the fractal study of the enclaves. Knowledge of

the water content of the basanitic magmas from Tenerife is very important for assessing the

geothermobarometrical conditions at which olivine crystals reside in these melts. The study

of the zoning patterns of olivine crystals due to the mixing between different magmas has

allowed me to calculate the time scales of these processes in three historical eruptions from

Tenerife. Combining the obtained time scales, and others from the literature, with the unrest

information available for some historical monogenetic volcanoes around the world I provide

a framework for anticipating the monitoring data that can be expected during the unrest epis-

odes.

I also suggest in this chapter some future research directions that could complement the

work presented and discussed in the previous chapters.
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5.1 Conclusions

The results of the fractal study conducted on Montaña Reventada show that enclaves with

different fractal dimension (Dbox) —and hence different composition— represent different

degrees of mixing in the system, even though all could have been generated at the same time

and with the same percentage of mafic magma. Fractal analysis of enclaves of Montaña Re-

ventada offers clues to constraining the dissolved water content and the viscosities of the

enclaves and the basanitic magma. The calculated H2O contents for the basanite and the en-

claves range between 1.5 and 2 wt %. These values were considered to constrain the physical

conditions of the Siete Fuentes, Fasnia and Arafo erupted magmas.

The three historical mafic monogenetic eruptions of Siete Fuentes, Fasnia and Arafo that

occurred within two months of each other and more than 10 km apart on Tenerife were fed

by the same magma that accumulated crystals with time. The three eruptions record the in-

volvement of two distinct magma storage regions in which the more evolved mafic magmas

resided and pre-mixed, before a final mixing event that brought them to the surface. The first

mixing and mingling event likely occurred at shallow depths and about one year prior to the

first eruption. This probably involved differentiated magmas from a more primitive parent

that were not able to erupt, most likely because of buoyancy constraints, but they could have

been instrumental in pre-conditioning the crust for future eruptions. A second magma mix-

ing and mingling event between two more primitive magmas, and probably located at deeper

levels, occurred about two months before the first eruption. A final event of magma transport

and mingling occurred because of the movement of the deeper magma to the shallow storage

reservoir, followed by transport to the surface in the last two weeks before each eruption. The

reported seismicity, compiled from historical documents, lasted on the order of a week and

matches my shorter calculated times for the last mixing event and magma transport. The ob-

servation that early mixing of more differentiated magmas occurred before the deeper mixing

suggests that for monogenetic eruptions to occur it might be necessary to prepare and precon-

dition the crustal column with a series of ‘failed eruptions’ before the magmas can actually

reach the surface. My findings agree well with the instrumental seismic monitoring of the re-

cent El Hierro eruption and show that a few days to a few months before an eruption a modern

seismic network should be able to detect such magma mixing events. The shorter times of a

few weeks between the final mixing and transport to the surface should be useful for emer-

gency planning if a new period of magmatic unrest should occur on the island of Tenerife and

perhaps also in other monogenetic fields.
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5.1 Conclusions

A review of the historical documents and the literature shows that there is a commonal-

ity in the seismic activity preceding monogenetic eruptions, with clusters at around one or

two years, two or three months, and one or two weeks. The petrological and geochemical

characteristics of these eruptions also show that the magmas were affected by mixing in a

subvolcanic reservoir and multiple intrusions on similar time scales to the seismicity (Albert

et al., 2015a; Johnson et al., 2008; Klügel et al., 2000; Longpré et al., 2014; Martı́ et al.,

2013a; Rowe et al., 2011). I propose a general model where early dike intrusions in the crust

do not erupt and create small plumbing systems (i.e. stalled intrusions, Moran et al., 2011).

These intrusions are probably instrumental in creating a thermal and rheological pathway for

later dikes to be able to reach the surface (Strong & Wolff, 2003). These observations provide

a conceptual framework for better anticipating monogenetic eruptions and should lead to im-

proved strategies for mitigation of their associated hazards and risks.
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5.2 Future work
The findings in this PhD are significant advancements in understanding the processes and

times scales that lead to monogenetic eruptions and how may these be related to seismic

unrest. However, as in any other study there are new or unresolved issues that have also

appear and here I propose what could complement and improve the results obtained in this

Thesis.

I have focused on the petrological study of historical eruptions that have available unrest

information. Based on the petrological and unrest data I have proposed a model that provides

useful information for monogenetic eruptions forecasting. The systematic study of the pre-

eruptive processes and their time scales of additional monogenetic eruptions will test and

improve the model. One avenue for future research is to study monogenetic volcanoes located

within different tectonic settings. This would allow testing the role of the upper crustal stress

in monogenetic eruptions, since an extensional regime should lead to easier magma ascent

(e.g. lower energy to propagate a dike). In this case shorter times of unrest and of magma

interactions could be anticipated. It would also be interesting to check any variability for

monogenetic volcanoes within the same field but with different ages. In the particular case of

Tenerife, along with the study of other historical eruptions I consider particularly interesting

the study of the Montaña Mostaza (15 ka, Ablay & Martı́, 2000) eruption.

I propose the study of Montaña Mostaza because this eruption represents the post-collapse

intracaldera part of the NE rift of Tenerife (Carracedo et al., 2007a). I have already started

an exploratory geochemical and petrological study of these deposits that shows the presence

of zoned olivine crystals suggesting magma mixing. It would be interesting to compare the

olivine zoning patterns and the time scales of the open-system processes between this eruption

and the three historical eruptions of Siete Fuentes, Fasnia and Arafo (also located in the NE

rift).

Along with the geochemical and petrological studies, experiments and numerical models

of dike migration will improve the proposed general model of the plumbing system in mono-

genetic volcanoes. These experiments and models will test the importance of the repetitive

intrusions of magma in the crust (stalled intrusions) in allowing mafic magma to reach the

surface.
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A. HISTORICAL ACCOUNTS OF UNREST 

Table A.1: Factual accounts of the unrest activity preceding the eruptions of Siete Fuentes (SF),
Fasnia (F) and Arafo (A).

Chronological Days before and Event Localities
range after the eruption

SF F A

1704 December
24 -7 -12 -40 Low but continuous ground shaking. Twenty nine

earthquakes in three hours. Panic stricken people.
Houses shaken. The population leaves the houses.

LO, PC,
LR

25 -6 -11 -39 Increase of ground shaking. Twenty three earth-
quakes before the afternoon (some of them
strong). Panic stricken people. Houses shaken.
The population left the houses.

G, C, A

26 -5 -10 -38 Earthquakes every two or three hours (some of
them strong).

LO, PC,
LR, G, C,
A

27 -4 -9 -37 Earthquakes every two or three hours (some of
them strong). Three in one hour. Houses shaken,
panic stricken people. People realize that seismi-
city might be due to a volcano. Innumerable earth-
quakes during the night. The population sleeps
outdoors.

LO, PC,
LR, G, C,
A

28 -3 -8 -36 Some earthquakes, some of them strong. Some
houses damaged. Panic stricken people, espe-
cially in La Orotava.

LO, PC,
LR

29-30 -1 -6 -34 Some earthquakes, mainly small. LO, PC,
LR

31 0 -5 -33 Some earthquakes. SIETE FUENTES ERUP-
TION.

LO, PC,
LR

1705 January
2 2 -3 -31 Six strong earthquakes and some small ones. LO, PC,

LR
3 3 -2 -30 Small earthquakes. Also the volcanic activity re-

duces.
LO, PC,
LR

4 4 -1 -29 Earthquakes every hour. LO, PC,
LR

5 5 0 -28 Two very strong earthquakes in five hours. Col-
lapses in cliffs and mountains. Panic stricken
people. Houses strongly shaken and damaged
(many collapsed). The population sleeps out-
doors. FASNIA ERUPTION. (End SIETE
FUENTES ERUPTION?).

LO

8-10 10 5 -23 Many earthquakes, some of them strong. Continu-
ous ground shaking.

LO, PC,
LR

Continued on next page
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Table A.1: Continued from previous page

Chronological Days before and Event Localities
range after the eruption

SF F A

11 11 6 -22 Many earthquakes. Four strong. Continuous
ground shaking.

LO, PC,
LR

12 12 7 -21 Many earthquakes, one very strong. Continuous
ground shaking.

LO, PC,
LR

13 13 8 -20 Four earthquakes in one hour. Two earthquakes
very strong in the afternoon. The population
thinks another vent has opened. Continuous
ground shaking. One earthquake at midnight very
strong and long. Some earthquakes during the
night.

LO, PC,
LR

14-15 15 10 -18 Many earthquakes. (End FASNIA ERUPTION?). LO, PC,
LR

16 16 11 -17 (End FASNIA ERUPTION?).
17 17 12 -16 One earthquake very strong and long. Collapse

of some houses. Panic stricken people. Strongest
effects in La Orotava.

LO

19 19 14 -14 Many small earthquakes and some strong. One
earthquake very strong.

LO, PC,
LR

20 20 15 -13 Many small earthquakes and some strong. One
earthquake very strong and long.

LO, PC,
LR

21 21 16 -12 Many small earthquakes and some strong. One
of the stronger earthquakes up this date. So
many strong earthquakes during the night that
they were not counted. The population sleeps in
the churches.

LO, PC,
LR

22 22 17 -11 Twenty strong and small earthquakes. Two earth-
quakes very strong in two hours. Continuous
ground shaking during the night.

LO, PC,
LR

23 23 18 -10 Some small earthquakes. LO, PC,
LR

24 24 19 -9 Many small earthquakes and some strong. Two
earthquakes very strong in the morning. In the af-
ternoon one earthquake very strong: collapse of
many houses. Collapses in some cliffs and moun-
tains.

LO, PC,
LR

25 25 20 -8 Some small earthquakes. Loud noise in the moun-
tains and smoking areas. Some collapses in cliffs
and mountains. People expect another eruption.

LO, PC,
LR

26-27 27 22 -6 Some small earthquakes. LO, PC,
LR

Continued on next page
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A. HISTORICAL ACCOUNTS OF UNREST 

Table A.1: Continued from previous page

Chronological Days before and Event Localities
range after the eruption

SF F A

28 28 23 -5 Many earthquakes. Two of the strongest and
longest earthquakes in the morning. Other earth-
quakes very strong during the night.

LO, PC,
LR

29 29 24 -4 Many strong and long earthquakes (so many that
they could not be counted). Continuous ground
shaking.

LO, PC,
LR

30 30 25 -3 Many strong and long earthquakes (so many that
they could not be counted). Continuous ground
shaking. Big smoking cavity opened close to
Güimar, loud noise from it. People expect a new
volcano.

LO, PC,
LR

31 31 26 -2 Many strong earthquakes. Panic stricken people.
The population sleeps outdoors.

LO, PC,
LR

1705 February
1 32 27 -1 Conflicting reports.
2 33 28 0 Many strong earthquakes. Houses shaken (col-

lapse of some buildings). People fall down be-
cause of the ground shaking. Panic stricken
people. People expect a new volcano. Very
strong earthquake felt in the upper valley between
Güimar and Arafo: ARAFO ERUPTION.

LO, PC,
LR

3 34 29 1 Two strong earthquakes felt in the whole island.
Collapse of some houses. People relate these
earthquakes with the opening of a new vent in the
volcano. People fall down because of the ground
shaking. Panic stricken people. Collapses in cliffs
and mountains.

LO, PC,
LR

4-28 59 54 26 Seismic activity continues. LO, PC,
LR

1705 March
1-27 86 81 53 Seismic activity continues. End of ARAFO

ERUPTION on March 27th.

LO, La Orotava; PC, Puerto de la Cruz; LR, Los Realejos; A, Arafo; C, Candelaria; G, Güimar
(Fig. 3.15).
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Table A.2: Factual accounts of the unrest activity preceding the eruption of Chinyero.

Chronological
range

Days
before
eruption

Event Localities Maximum
Intensity

1908 March
23 -605 One earthquake. LO II-III (FM)
26 -602 Two earthquakes. LO V (FM)

1908 July
23 -483 One small earthquake. LO
25 -481 One small earthquake. V
26 -480 One small earthquake. PC
27 -479 Two earthquakes in La Orotava (IV and VII).

One small earthquake felt in Puerto de la Cruz
during 3s.

LO, PC VII (FM)

28 -478 One medium-strong earthquake during 3s. Re-
peated again 10 minutes later but smaller and
shorter. Two small earthquakes one hour later.

LO

1908 August
4 -471 One strong earthquake. IC

1908 September
9 -435 One small earthquake. LR

1908 November
4 -379 Short earthquake with loud underground noise. LR
17 -366 One strong earthquake and three smaller. Some

people count 10 or 12 earthquakes during the
night in Los Realejos. Many earthquakes felt in
La Orotava: V, V, V, III, IV, IV (Forel-Mercalli).

LR, LO V (FM)

18 -365 Many earthquakes: V, V, V, III, IV, IV (Forel-
Mercalli).

LO V (FM)

24 -359 One small earthquake. LR
30 -353 One small earthquake. LR

1908 December
8 -345 Three earthquakes: small, medium and strong. MAV
19 -334 One earthquake felt in Puerto de la Cruz (V) and

Los Realejos (strong). One earthquake felt 20
minutes later in La Orotava (VI). One earthquake
40 minutes later in Puerto de la Cruz (V to VI).

PC, LR,
LO

VI (FM)

1909 January
4 -318 Long and strong earthquake (12s) felt in La La-

guna, Icod and Santa Cruz. Strong movement
of the furniture, doors and windows. Great fear
among the population. VI (Rossi-Torel).

LL, IC,
LR, SC

VI (RT)

Continued on next page
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A. HISTORICAL ACCOUNTS OF UNREST 

Table A.2: Continued from previous page

Chronological
range

Days
before
eruption

Event Localities Maximum
Intensity

5 -317 One strong earthquake felt in Santa Cruz follow
by another one smaller. One strong earthquake
felt one hour later in La Paz and La Orotava
(6s and VI). Strong movement of the furniture.
Great fear among the population. Many people
leave La Orotava.

SC, LP,
LO

VI (RF)

8 -314 One small earthquake.
9 -313 One small earthquake.

1909 March
19 -244 One strong earthquake. LR
21 -242 Two small earthquakes (3s) with underground

noise.
LO

1909 April
4 -228 One small earthquake. LR
7 -225 One small earthquake. LR
18 -214 One small earthquake with loud underground

noise.
LR

26 -206 One small earthquake. LR
1909 May

21 -181 Two small earthquakes of 3s each (III-IV). LO IV (FM)
24 -178 One or two earthquakes with loud underground

noise.
LO IV-V (FM)

25 -177 Three strong earthquakes. The population left
the houses. Some small damages in some
houses. Some collapses in cliffs.

LR

27 -175 One small earthquake. LR
28 -174 One small earthquake. LR

1909 June
19 -152 One earthquake very long. Many cracks in the

buildings. Stronger damages in the oldest build-
ings. One earthquake very small of 1s one hour
later.

IC, LO IV-V (FM)

1909 July
6 -135 One short earthquake. LR

1909 September
23 -56 Two earthquakes of 2s. Buildings and trees

shaken.
LP VI (FM),

VI-VII
(MM)

1909 October
4 -45 One small earthquake. LR
6 -43 Two earthquakes, the second one small. LR

Continued on next page
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Table A.2: Continued from previous page

Chronological
range

Days
before
eruption

Event Localities Maximum
Intensity

9 -40 One small earthquake. LR
10 -39 One long earthquake. LR
11 -38 One earthquake. LR
13 -36 One small earthquake. LR

1909 November
13 -5 One small earthquake. LR
14 -4 Two earthquakes, the first one strong, followed

by three or five small earthquakes (felt in Los
Realejos). Panic stricken people. Two strong
earthquakes followed by others smaller felt in
Santiago del Teide (ground and walls shaken).
Two earthquakes followed by more than twenty
small shakes felt in Icod; great fear among the
population.

LR, ST,
IC, CA

V-VI
(FM), VII
(MM)

15 -3 Two earthquakes, the second one small felt in
Los Realejos. Two small earthquakes followed
by another one strong felt in Icod. Continuous
shaking in Icod until the eruption.

LR, IC,
CA

17 -1 One strong earthquake felt in Caraveo. Continu-
ous shaking.

LR, CA

18 -0 One strong earthquake felt in Los Realejos. Con-
tinuous underground noise and shaking. One
strong earthquake (almost as the June 19th earth-
quake) felt in Icod immediately followed by
the eruption. CHINYERO ERUPTION. Panic
stricken people because of the volcano; nearest
village abandoned.

LR, IC

1910 June
28 222 End CHINYERO ERUPTION.

LO, La Orotava; V, Vilaflor; PC, Puerto de la Cruz; I, Icod; LR, Los Realejos; MAV, Montaña
Alta Vista; LL, La Laguna; SC, Santa Cruz; LP, La Paz; ST, Santiago del Teide; CA, Caraveo
(Fig. 3.15). M, Mercalli; MM, Modified Mercalli; FM, Forel-Mercalli; RT, Rossi-Torel; RF,
Rossi-Foret.
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A. HISTORICAL ACCOUNTS OF UNREST 

Table A.3: Factual accounts of the unrest activity preceding the eruption of San Juan.

Chronological
range

Days
before
eruption

Event Localities

1947 January
22 -883 One earthquake. EP

1947 May
6 -779 One earthquake. EP

1949 March
24 -91 Cracks in the lighthouse of Fuencaliente. From this day earth-

quakes become more frequent and stronger.
EP

1949 June
20 -3 Two strong earthquakes. EP
22 -1 Frequent small earthquakes. People with restlessness. EP
23 0 Small earthquakes felt in the whole island, but stronger in Las

Breñas, Mazo and the Valle de Aridane. No damages. SAN
JUAN ERUPTION.

LB, M,
VA, EP,
LLN,
LM, J, F

1949 July
29 36 End SAN JUAN ERUPTION.

EP, El Paso; LB, Las Breñas; M, Mazo; VA, Valle de Aridane; LLN, Los Llanos; LM, Las
Manchas; J, Jedey; F, Fuencaliente (Fig. 3.15).
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Table A.4: Factual accounts of the unrest activity preceding the eruption of Teneguı́a.

Chronological
range

Days
before
eruption

Event Localities Maximum
Intensity

1971 October
19 -6 One small earthquake. Vibration of furniture in

the houses.
F

20 -5 Six or seven earthquakes (three stronger com-
pared to the others) felt in the area between
Fuencaliente and Valle de Aridane. No damages.

F, VA, M,
EP

III (EMS-
98)

21 -4 Thirteen earthquakes, four of them strong. Some
people sleep outdoors in El Paso and Fuencali-
ente. According to the Newspaper ”Diario de
Avisos”, almost 100 of seismic movements with
different intensities were recorded in Fuencali-
ente. One thousand seismic events recorded by
the hydrophonic station of the Palisade Geo-
physical Institute in Puerto Naos (La Palma).

F, VA, M,
LLN, EP

II (EMS-
98)

22 -3 Fifteen earthquakes, at least four strong during
the night. Population feel great fear and leave
the houses. During the day one strong earth-
quake trigger collapses in cliffs and mountains
and landslides blocking coast roads in the Fuen-
caliente area. Las Indias hermitage bells tolled
alone.

F, VA, M,
LLN, EP

III (EMS-
98)

23 -2 Four small earthquakes. F
24 -1 One strong earthquake (the strongest until this

day) of 12-16s and five small earthquakes. Las
Indias hermitage bells tolled alone. Collapses in
cliffs and mountains and landslides. Damages in
walls and roofs of some houses. Population feel
great fear and leave the houses. The earthquake
was felt even in the north of the island.

LO, PC VII (FM)

25 -0 TENEGUIA ERUPTION. F, VA,
SA, S, SC

IV (EMS-
98)

1971 November
17 23 End TENEGUIA ERUPTION.

F, Fuencaliente; VA, Valle de Aridane; M, Mazo; EP, El Paso; LLN, Los Llanos; SA, San Andrés;
S, Suaces; SC, Santa Cruz (Fig. 3.15). EMS-98, European Macroseismic Scale; FM, Forel-
Mercalli.
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Fractal Analysis of Enclaves as a New Tool for Estimating Rheological Properties of Magmas

During Mixing: The Case of Montaña Reventada (Tenerife, Canary Islands)

HELENA ALBERT,1 DIEGO PERUGINI,2 and JOAN MARTÍ
3

Abstract—The volcanic unit of Montaña Reventada on the

island of Tenerife (Canary Islands, Spain) is an example of magma

mingling and mixing in which the eruptive process was triggered

by an intrusion of basanite into a phonolite magma chamber. The

eruption started with emplacement of a basanitic scoria deposit

followed by emplacement of a phonolitic lava flow characterized

by the presence of mafic enclaves. These enclaves represent

approximately 1 % of the outcrop and are basanitic, phono-te-

phritic and tephri-phonolitic in composition. The morphology of

each enclave is different, varying from rounded to complex finger-

like structures usually with cuspate terminations. In this study we

quantified textural heterogeneity related to the enclaves generated

by the mixing process and thus provided a new perspective on the

1100 AD Montaña Reventada eruption. The textural study was

performed by use of fractal geometry methods and the results show

that the logarithm of the viscosity ratio between the phonolitic

magma and the enclaves ranges between 0.39 and 0.81, with a

mode at 0.49. This enables us to infer the water content is

2–2.5 wt% for the phonolitic magma and 1.5–2 wt% for the ba-

sanitic magma and the enclaves.

Key words: Magma mixing, Fractal analysis, Tenerife, Vis-

cosity, Water content, Basanite.

1. Introduction

Fractal geometry has recently been used in several

studies to study mixing processes. In these studies

magma mixing is described as a chaotic process

(FLINDERS and CLEMENS, 1996; PERUGINI et al., 2002,

2003a, 2006; PERUGINI and POLI, 2000; POLI and PE-

RUGINI, 2002), which implies that study of magma

mixing can be kinematically constrained to the study

of the stretching and folding of magmas and the

diffusion processes that originate between them (PE-

RUGINI and POLI, 2012). These studies have provided a

new perspective for calculating properties and con-

ditions related to magma chamber dynamics, for

example the viscosity ratio between magmas and the

proportions of the magmas involved in the mixing

process.

The physical mixing (mingling) of two magmas

with contrasting physical properties tends to result

in the formation of enclaves (PERUGINI et al., 2007)

and/or the presence of flow banding, which has

been described by some authors as the result of

stretching and folding of magma filaments (PERU-

GINI et al., 2003b, 2004). When the two magmas

equilibrate thermally, chemical diffusion also

occurs, thereby generating compositions that are

intermediate between the two initial compositions

(PETRELLI et al., 2006; PERUGINI et al., 2012, 2013

MORGAVI et al., 2013). Chemical diffusion is

facilitated by the stretching and folding processes,

because of the increase of contact area between the

two magmas.

During magma mixing two kinds of region,

coherent and active, are generated (PERUGINI et al.,

2003b). Coherent regions remain generally unaf-

fected by diffusion and, therefore, the composition

of the original magmas is preserved. In contrast

with coherent regions, active regions are strongly

affected by stretching and folding, and chemical

diffusion produces a composition that is intermedi-

ate between the two magmas involved in the

mixing process. This means that magma mixing

should not be interpreted as a linear process in

which different hybrid compositions correspond to

different amounts of intruded magma. Typically,
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when a mafic magma intrudes into a felsic magma

chamber and mixing starts, magmas of different

hybrid composition will be produced, because of

the generation of coherent and active regions in

which the proportion of the two magmas and the

degrees of chemical diffusion vary (PERUGINI et al.,

2003b).

Magma mixing has been observed in the vol-

canic deposits of Tenerife (Canary Islands) in

pyroclastic rocks (WOLFF, 1985; MARTÍ et al., 1990;

EDGAR et al., 2002, 2007) and lava flows (ARAÑA,

1985; ARAÑA et al., 1989, 1994). The products of

some of these eruptions are excellent examples of

magma mixing processes resulting from the pre-

sence of enclaves and/or stretching and folding

structures. One of the best known cases of magma

mixing on Tenerife is the 1100 AD (CARRACEDO

et al., 2007) Montaña Reventada eruption (ARAÑA

et al., 1994; WIESMAIER et al., 2011). The eruption

center is located in the island’s northwestern rift

zone, on the southwestern flank of the Teide-Pi-

coViejo (TPV) active central volcanic complex

(ABLAY and MARTÍ, 2000). The eruption, in which a

batch of mafic magma from deep in the rift zone

probably intruded into the phonolitic chamber of

the TPV, generated basaltic scoria followed by

emplacement of a thick phonolite lava flow char-

acterized by the presence of multiple enclaves.

Previous studies (ARAÑA et al., 1994; WIESMAIER

et al., 2011) focusing on the geochemistry and

mineralogy of the eruption products show that

these enclaves are the result of mixing between

basanitic and phonolitic magmas. Although several

studies have been performed on phonolitic magma

storage conditions in Tenerife (ANDÚJAR et al.,

2010, 2013; ANDÚJAR and SCAILLET, 2012a, b), to

the best of our knowledge there is no information

about basanitic magma.

The purpose of the study reported in this paper

was to provide a new perspective of the 1100 AD

Montaña Reventada eruption by quantifying the tex-

tural heterogeneities generated by the mixing process.

We show that a textural study performed by use of

fractal geometry methods can be useful for calculat-

ing the water content and the viscosity of the enclaves

and the basanitic magma, providing new and useful

data about this magma.

2. Geological Setting

TPV started to grow approximately 180–190 ka

ago in the interior of the caldera of Las Cañadas

(ABLAY and MARTÍ, 2000; MARTÍ et al., 2008)

(Fig. 1). This volcanic depression originated as a

result of several vertical collapses of the former

Tenerife central volcanic edifice (Las Cañadas edi-

fice) caused by the explosive emptying of high-

level magma chambers. Occasional large-scale, lat-

eral collapses of the volcano flanks also occurred

and modified the resulting caldera depression

(MARTÍ et al., 1994, 1997; MARTÍ and GUDMUNDSSON,

2000). Construction of the present central volcanic

complex on Tenerife involved the formation of

these twin stratovolcanoes, which are derived from

the interaction between two different shallow

magma systems that have evolved simultaneously

and have given rise to a complete magma series

from basalt to phonolite (ABLAY et al., 1998; MARTÍ

et al., 2008).

TPV mostly consists of mafic-to-intermediate

products, in which felsic materials are volumetri-

cally subordinate overall (MARTÍ et al., 2008). Felsic

products, however, predominate in the most recent

eruptions that have occurred from the central vents

and a multitude of vents distributed on the edifice’s

flanks (Fig. 1). Both mafic and phonolitic magmas

have erupted from these vents. The Santiago del

Teide and Dorsal rift axes (Fig. 1), the two main

tectonic lineations currently active on Tenerife,

probably join beneath the TPV complex (CARRACE-

DO, 1994; ABLAY and MARTÍ, 2000). Some flank

vents on the western side of Pico Viejo are located

on eruption fissures that are sub-parallel to fissures

located further down the Santiago del Teide rift and

define the main rift axis. This is the case of the

Montaña Reventada eruption (Fig. 1) studied in this

paper. On the eastern side of Teide some flank vents

define eruption fissures that run parallel to the

Dorsal rift.

The eruptive history of the TPV comprises a

main phase of eruption of mafic-to-intermediate

lavas that form the core of the volcanoes and also

infill most of the Las Cañadas depression and the

adjacent La Orotava and Icod valleys. Approxi-

mately 35 ka ago the first phonolites appeared and
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since then have become the predominant material

in the TPV eruptions. Basaltic eruptions have also

continued and are mostly associated with the two

main rift zones. Available petrological data suggest

that the interaction between a deep basaltic and a

shallow phonolitic magmatic system beneath central

Tenerife controls the eruption dynamics of TPV

(MARTÍ et al., 2008). Most of the phonolitic erup-

tions from TPV show signs of magma mixing,

suggesting that eruptions are induced by intrusion

of deep basaltic magmas into shallow phonolitic

reservoirs.

The 1100 AD Montaña Reventada eruption is a

clear case of a mafic eruption in the NW rift zones

in which basanitic magma interacted with phono-

litic magma from the TPV system. The result was a

Strombolian eruption that generated a welded sco-

ria deposit of basanitic composition and a

phonolitic lava flow with clear evidence of mixing.

The basanitic scoria deposit has a maximum

thickness of 2 m proximal to the vent. The lava

flow was mainly emplaced a few kilometers from

the vent and has an average thickness of 12 m. The

total volume (DRE) of the deposit estimated from

geological mapping by MARTÍ et al., (2008) is

0.054 km3.

3. Methodology

3.1. Fractal Dimension

The enclaves contained in the phonolitic lava flow

can be classified according to their shapes, which

vary from highly irregular to almost round (Fig. 2). A

few have angular profiles. Previous studies have

suggested that angular enclaves correspond to more

mafic compositions (ARAÑA et al., 1994; WIESMAIER

et al., 2011), because of fragmentation of the contact

surface between the intruding mafic magma and the

cooler phonolitic magma (WIESMAIER et al., 2011).

Photographs of 67 samples were taken normal to

the surface of the enclaves to delineate the contact

between the enclaves and the host rock. The images

were processed by use of NIH (National Institute of

Health) software (ImageJ) to generate binary images

in which enclaves and host rock were replaced by

black and white pixels, respectively (Fig. 2). The

contact tracing operation was repeated several times

to estimate the error, which was found to be

approximately 2–3 %.

Enclaves with hybrid compositions can be studied

by using fractal geometry methods to analyze the

morphology of their complex margins. The

Figure 1
Location of the Montaña Reventada lavas (MR) and illustration of rift zones and visible vents. Black dots correspond to felsic vents and white

dots to mafic and intermediate vents. SRZ Santiago rift zone, DRZ Dorsal rift zone, LC Las Cañadas, T Teide, PV Pico Viejo (projection UTM

28 N). Modified from MARTÍ et al., 2011
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complexity of the morphology of the enclaves was

quantified by the fractal dimension (Dbox). To

compute this value the box-counting method was

used; this consists in placing square mesh of different

sizes (r) over the image then counting the number of

boxes (N) that contain part of the image (Fig. 3).

3.2. Viscosity

PERUGINI and POLI (2005) proposed a method for

establishing the relationship between the complexity

of the morphology of the interface between two fluids

and the their viscosity ratio (VR), which is defined as

the ratio of the viscosity of the host fluid to that of the

driving fluid. After several fluid-mechanical experi-

ments they derived the following empirical

relationship:

log VRð Þ ¼ 0:013 � e3:34Dbox ð1Þ

which shows that the complexity of the interface

increases with the viscosity contrast. This empirical

relationship can be applied to natural cases to

Figure 2
Examples of enclaves and their binary images. From a to c the morphology becomes less complex. Enclaves a and c have cuspate termination
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estimate the viscosity ratio between two magmas

coming into contact during a mixing process. The

relationship is valid only while the two magmas can

be regarded as fluids, therefore before a significant

amount of crystallization has occurred. In this study

the viscosity ratio was calculated by using the fractal

dimension of the morphology of the enclaves.

Because this was a bi-dimensional study Dbox varied

between 1 and 2.

To estimate the viscosity of the magmas as a

function of whole rock composition and temperature

we used the model produced by GIORDANO et al.,

Figure 3
a Original image of the enclave. b Thresholded contact between the enclave and the host rock. c–e Magnified area indicated by the dashed line

in a showing the procedure used to measure the fractal dimension (Dbox) by use of the box-counting method. Square mesh of different sizes

(r) is laid over the contact area between the enclaves and the host rock. The number of boxes (N) containing black pixels is counted
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(2008). Whole rock analyses were taken from WIESMA-

IER et al., (2011) and ARAÑA et al., (1994). Average

compositions were recalculated to 100 after adding

H2O and recalculating all Fe to FeOtot (Table 1). This

procedure was used because the calculated viscosity

ratios correspond to magmas located in the magma

chamber. Therefore, it was necessary to calculate the

viscosity of magmas under plausible conditions at that

depth. Previous experimental work has shown that

phonolitic magma erupting from the TPV flank vents

was stored at temperatures of &900 �C, at pressures of

&50 MPa and with &2.5 ± 0.5 wt% dissolved H2O

(ANDÚJAR et al., 2010, 2013; ANDÚJAR and SCAILLET,

2012a, b). Consequently, we considered 2, 2.5 and

3 wt% H2O for the phonolitic magma. Because there is

no information for the water content of basanite, a range

of 1–2.5 wt% H2O was taken into account. An average

composition of enclaves with 65–70 % basanite and

35–30 % phonolite was contemplated, because in the

Harker diagrams shown by WIESMAIER et al., (2011),

which also include the analysis conducted by ARAÑA

et al., (1994), data cluster at approximately 65–70 % of

mafic magma. We propose this amount as representa-

tive of the mafic magma present in the system and the

other values as a result of different degrees of mixing,

because of the active and coherent regions. The average

composition was recalculated to 100 after adding 1.5

and 2 wt% H2O.

4. Results

When the box-counting method is applied to

fractal patterns the following relationship is satisfied

(MANDELBROT, 1982):

N ¼ r�Dbox ð2Þ

Equation 1 can be also written as:

log Nð Þ ¼ �Dbox � logðrÞ ð3Þ

The slope of the linear interpolation of the

log(r) vs. log(N) graph is equal to -Dbox (Fig. 4).

Figure 4a–c illustrate the application of Eqs. 2 and 3

to the three enclaves given in Fig. 2a–c. From a to c

the Dbox value decreases with the complexity of the

morphology of the interface. The Dbox of the 67

images of the enclaves ranges between 1.01 and 1.23

(Fig. 5) and has a mode at Dbox = 1.09. A histogram

with the regression coefficients of the linear inter-

polation is given in Fig. 6.

The calculation of the logarithm of the viscosity

ratio from Dbox according to Eq. 1 is shown in Fig. 7.

Figure 7b is a detail of Fig. 7a that focuses on the

variation in logVR. The logVR range between 0.39

and 0.81 and the distribution of the values can be seen

in Fig. 8. The class with VR = 0.49 has the highest

frequency.

Table 1

Major element average from WIESMAIER et al., (2011) and ARAÑA et al., (1994) recalculated to 100 after adding H2O

Phonolite Basanite Enclaves

2 wt%

H2O

2.5 wt%

H2O

3 wt%

H2O

0.5 wt%

H2O

1 wt%

H2O

1.5 wt%

H2O

2 wt%

H2O

2.5 wt%

H2O

1.5 wt%

H2O

2 wt%

H2O

SiO2 58.05 57.76 57.46 46.79 46.55 46.32 46.08 45.85 50.24 49.98

TiO2 1.15 1.14 1.13 3.35 3.34 3.32 3.30 3.29 2.56 2.55

Al2O3 18.39 18.30 18.20 17.26 17.17 17.08 16.99 16.91 17.61 17.52

FeOtot 4.25 4.23 4.21 10.11 10.06 10.01 9.95 9.91 7.93 7.89

MnO 0.16 0.16 0.16 0.18 0.18 0.18 0.18 0.18 0.17 0.17

MgO 1.16 1.16 1.15 4.54 4.52 4.49 4.47 4.45 3.25 3.24

CaO 2.21 2.19 2.18 9.15 9.10 9.05 9.01 8.96 6.83 6.79

Na2O 7.70 7.66 7.62 4.93 4.91 4.88 4.86 4.84 6.23 6.19

K2O 4.61 4.59 4.57 1.90 1.90 1.89 1.88 1.87 2.70 2.69

P2O5 0.32 0.32 0.32 1.29 1.29 1.28 1.27 1.27 0.97 0.96

H2O 2.00 2.50 3.00 0.50 1.00 1.50 2.00 2.50 1.50 2.00

Sum 100 100 100 100 100 100 100 100 100 100
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Figure 4
Calculation of fractal dimension (Dbox). The slope of the linear interpolation of log(r) vs. log(N) is equal to -Dbox
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Knowing the viscosity of the phonolite (Table 2)

and the viscosity ratio between the phonolitic magma

and the enclaves, the average viscosity of the

enclaves can be calculated as follows:

VR ¼
lphonolite

lenclave

ð4Þ

lenclave ¼
lphonolite

VR

ð5Þ

For the viscosity of the phonolite, computed val-

ues with 2.5 ± 0.5 wt% of dissolved H2O were

considered. For VR the minimum and maximum

values were used (0.39 and 0.81) and also the value

with the highest frequency (0.49). The values

obtained are listed in Table 3.

5. Discussion

PERUGINI and POLI (2005) state that different Dbox

values correspond to different VR. Accordingly, we

focus here on the relationship between changes in VR

and changes in magma composition because of dif-

ferent degrees of mixing. More precisely, we propose

the existence of a mixing area in which the two

magmas interacted and produced magma of inter-

mediate composition. Some of the enclaves

considered have cuspate terminations (Fig. 2c),

which have been used as evidence (PERUGINI et al.,

2007) of the detachment of the enclaves from the

mafic magma and their move toward more felsic

magma. As WIESMAIER et al., (2011) showed, some

enclaves still have mingling structures. Enclaves with

cuspate terminations, mingling structures, and vari-

able composition—and hence variable Dbox and VR—

must have originated in this mixing zone throughout

the whole process.

In the first stage, when the basanite (&1,200 �C)

reached the phonolite magma chamber (&900 �C), the

more mafic enclaves, characterized by quenching and

angulate shapes, were generated by disruption of the

layer formed as a consequence of the thermic contrast

between the two magmas. According to FOLCH and

MARTÍ (1998) and SNYDER (2000), during this first stage

of mixing the temperature of the basanite started to fall

and the temperature of the phonolite started to increase,

hence the VR decreased, thereby facilitating the mixing

process between the basanite and the phonolite. The

cooling and consequent crystallization of the mafic

magma caused accumulation of gas bubbles at the

interface between the two magmas that led, in some

cases, to production of vesiculated blobs of mafic

magma inside the felsic magma (EICHELBERGER, 1980;

THOMAS and TAIT, 1997). This is consistent with the fact

that the vesiculated enclaves of Montaña Reventada

have higher Dbox (Figs. 2a, b, 4a, b) and are therefore

closer in composition to the mafic end-member. While

the basanite continued to ascend to the surface,

Figure 5
Frequency histogram displaying the distribution of values of the

fractal-dimensions (Dbox) of the enclaves in Montaña Reventada

Figure 6
Frequency histogram displaying the distribution of values of the

regression coefficients for the linear interpolation of log(r) vs.

log(N). Values are always greater than 0.99, indicating the

excellent linear fitting of the data
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mingling structures were generated in the contact area.

These structures were captured in the blobs of magma,

which detached from this zone through the felsic

magma and generated enclaves. The presence of both

coherent and active regions yielded enclaves with

different amounts of mafic and felsic magma. Chemi-

cal diffusion inside the enclaves produced different

hybrid composition and hence enclaves with interface

morphology characterized by different Dbox. The

morphology of some enclaves could correspond to

different Dbox values over their contours. This is con-

sistent with the existence of coherent and active

regions within the same enclave. Throughout the pro-

cess the mixing zone becomes more homogenous,

because of mingling and diffusion and because the VR

continued to decrease and thus to generate enclaves

with lower Dbox.

Figure 7
Variation of Dbox vs. log(VR) for the studied enclaves. a The curve shows the exponential fit of Eq. 3 considering 1\Dbox\ 2.

b Magnification of the range of variation of Dbox vs. log(VR) for the hybrid enclaves. The shaded area indicates the highest frequency range

Figure 8
Frequency histogram displaying the distribution of values of

log(VR) calculated by use of Eq. 3. Class 0.49 corresponds to the

shaded area in Fig. 7b

Table 2

Logarithm of the viscosity of the phonolite, the basanite, and the enclaves with 65–70 % mafic magma

Phonolite Basanite Enclaves

wt% H2O: 2 2.5 3 0.5 1 1.5 2 2.5 1.5 2

T (�C) logl (Pa�s)

900 4.11 3.83 3.57 4.28 3.75 3.43 3.19 3.00 3.77 3.49

1,000 3.31 3.06 2.84 3.13 2.72 2.47 2.28 2.13 2.84 2.62

1,100 2.64 2.42 2.23 2.24 1.92 1.71 1.56 1.43 2.11 1.92

1,200 2.07 1.88 1.71 1.54 1.28 1.10 0.97 0.87 1.50 1.34
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On the basis of the VR between the phonolitic magma

and the enclaves, it is possible to estimate the range of

viscosities of the enclaves. Because the viscosity is

closely related to the water content this enables us to

estimate a plausible range of dissolved water content in

the enclaves. The enclaves were generated at a tem-

perature lower than the basanite and higher than the

phonolite and are the result of the mixing of these two

magmas with different viscosities. Hence the viscosity

range of the enclaves must be between those of the ba-

sanite and the phonolite. This constraint reduces the

water content of the phonolite, the basanite, and the

enclaves to only two possible combinations of the val-

ues. As shown in Fig. 9 if the water content of the

phonolite is 2 or 2.5 wt% the water content of the ba-

sanite must be 1.5 or 2 wt% respectively. Because

VR = 0.49 is a mode value it can be regarded as being

related to the percentage of mafic magma present in the

system and the other values because of different degrees

of mixing. The viscosity of the considered enclaves

(Table 2) overlap with the curve of VR = 0.49 (Table 3)

for a water content of 1.5 or 2 wt%.

Another important question concerning the

Montaña Reventada eruption is whether all the ba-

sanite that intruded into the phonolitic magma was

erupted or not. The enclaves represent just &1 % of

the outcrop (ARAÑA et al., 1994) and, according to

estimates from the stratigraphic sections in ARAÑA

et al., (1994) and WIESMAIER et al., (2011), the

amount of basanite erupted corresponds to up to 15 %

of the total erupted products generated during the

eruption. This suggests that residual basanite magma

was still stored in the magma chamber, which may

have either evolved into more differentiated compo-

sitions or crystallized to form a denser body. Data

from subsequent eruptions on Tenerife are unable to

shed any further light on this question.

6. Conclusions

The results of the fractal study conducted on

Montaña Reventada show that enclaves with different

Dbox—and hence different composition—represent

Figure 9
Variation of logarithm of viscosity with temperature

Table 3

Logarithm of the viscosity of the enclaves calculated accordingly

with the VR values and the viscosity of the phonolite

Phonolite: 2 wt% H2O 2.5 wt% H2O

VR: 0.39 0.49 0.81 0.39 0.49 0.81

T (�C) Enclaves logl (Pa�s)

900 3.72 3.62 3.30 3.44 3.34 3.02

1,000 2.92 2.82 2.50 2.67 2.57 2.25

1,100 2.25 2.15 1.83 2.03 1.93 1.61

1,200 1.68 1.58 1.26 1.49 1.39 1.07
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different degrees of mixing in the system, even

though all could have been generated at the same

time and with the same percentage of mafic magma.

Fractal analysis of enclaves of Montaña Revent-

ada offers clues to constraining the dissolved water

content and the viscosities of the enclaves and the

basanitic magma. The initial estimate, based on pre-

vious work, of the water content of the phonolite of

2–3 wt% can be reduced in this case to 2–2.5 wt%.

Acceptable values for the basanite and the enclaves

range between 1.5 and 2 wt%.

Acknowledgments

H. Albert was funded by the Spanish Geographic

Institute (IGN). This research was partially funded by

the IGN and the European Commission (FP7 630

Theme: ENV.2011.1.3.3-1; Grant 282759: VUE-

LCO). We are grateful for the help and support
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ANDÚJAR, J., COSTA, F., and MARTÍ, J. (2010), Magma storage
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ABSTRACT 

The historical eruptive activity on Tenerife (Canary Islands, Spain) consists of relatively 

mafic magmas that produced mildly explosive monogenetic eruptions; this is the most likely 

style of eruption that might occur in the near future. Here we investigate the processes and 

time scales that lead to such eruptions with the aim to better interpret volcanic unrest in the 

island and improve eruption forecasts. We combine geochemical and petrological information 

with a compilation of accounts of seismicity for the historical eruptions of Siete Fuentes, 

Fasnia, and Arafo. These occurred between December 1704 and February 1705 along the NE 

rift of Tenerife from three different vents at different altitudes, and more than 10 km apart 

from each other. The erupted volume increased with time from about 1 x106 m3 for Siete 

Fuentes, through 7 x106 m3 for Fasnia, to 28 x106 m3 for Arafo. All the erupted magmas were 

basanitic; the bulk-rock compositions became more mafic with time due to accumulation of 

olivine with Cr-spinel inclusions and clinopyroxene, rather than to the arrival of a truly more 

primitive melt. We have identified four olivine compositional populations (crystal cores at Fo 

=79-80, Fo = 81-82, Fo = 83-84, and Fo = 85-87; Fo = 100 x Mg/[Mg+Fe]) that are either 

unzoned, normally or reversely zoned in major and minor elements. The variety of olivine 

core populations and zoning patterns reflects mixing and mingling between different magmas; 

their proportions changed with time from Siete Fuentes to Arafo. Clinopyroxene crystals also 

show a variety of zoning patterns and changes in Mg/Fe and Cr contents indicative of open 

system magma interactions, but are more difficult to interpret because of fast disequilibrium 

growth conditions. Modelling of the zoning profiles of olivine shows that early mixing 

occurred between two relatively evolved magmas, probably at shallow depths one year prior 

to the eruption. Another mixing event between two more primitive magmas stored 

presumably at deeper levels occurred less than two months prior to the eruption. Finally, 

movement from depth of the pre-mixed primitive melts and interaction with the also pre-
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mixed, shallower and more evolved melts occurred only two weeks before the eruption. 

Although the first and last eruptions were fed by the same magma, each also records renewed 

magma movement from depth and mixing before eruption and thus they were probably fed by 

different dike systems. The shorter transport times of weeks are also seen in our compilation 

of the historical accounts of seismicity associated with these eruptions. The sequence of 

events and their timing should be useful for interpretation of monitoring data of unrest in 

Tenerife, and the short times between the last processes before eruption could be considered 

for the implementation of emergency plans during volcanic crises. 

 

KEY WORDS: monogenetic; diffusion modelling; magma mixing; olivine; Tenerife; unrest. 
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INTRODUCTION 

Monogenetic volcanic fields typically consist of tens to thousands of individual, small (<1 

km3) volcanic edifices (Hasenaka & Carmichael, 1985; Siebe et al., 2004; Kereszturi & 

Nemeth, 2012) of broadly basaltic compositions (e.g. Hasenaka & Carmichael, 1985; Hsu & 

Chen, 1998; Mattsson & Oskarsson, 2005; Pérez-López et al., 2011; Sohn et al., 2012) which 

erupt over periods of hours to decades (e.g. Johnson et al., 2008; Pérez-López et al., 2011; 

Rowe et al., 2011). The individual eruptions are typically spaced in time and a given 

monogenetic volcanic field can be active for millions of years (e.g. Hasenaka & Carmichael, 

1985; Rodríguez et al., 2010; Kereszturi & Nemeth, 2012). Monogenetic volcanoes sensu 

stricto have been interpreted as the result of a single magma batch based on eruption 

phenomenology (e.g. Hasenaka & Carmichael, 1985; Pérez-López et al., 2011; Rowe et al., 

2011); however, recent studies show that a single eruption can display geochemical evolution, 

which requires multiple magma batches to be involved (e.g. Smith et al., 2008; Brenna et al.,  

2010; Needham et al., 2011; Rowe et al., 2011; McGee et al., 2012; Sohn et al., 2012).  

Compared to the many existing sets of monitoring data from composite 

stratovolcanoes or calderas, very few data exist for monogenetic eruptions, despite their 

abundance in a wide range of tectonic settings (see Kereszturi & Nemeth, 2012). For 

example, for the Mexican Paricutin (1943) and Jorullo (1759) eruptions, the Ito-Oki (1989) 

eruption in Japan or the Eldfell (1973) eruption in Iceland, despite the existence of some 

detailed studies (Yokoyama & Cruz-Reyna, 1990; Rowe et al., 2011; Johnson et al., 2008; 

Yamamoto et al., 1991; Ukawa, 1993; Mattsson & Oskarsson, 2005; Higgins & Roberge, 

2007), there are no integrated monitoring and petrological data sets. The most recent eruption 

of El Hierro in the Canary Islands is probably the only example with a complete monitoring 

and petrological dataset (López et al., 2012; Martí et al., 2013a; 2013b). Most of the other 
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information that exists corresponds to eruptions with a mixed behaviour monogenetic-central 

volcano, such as the recent eruptions in Iceland (Sigmundsson et al., 2010), or the many flank 

eruptions that have occurred in recent years on Etna, Sicily 

This lack of information makes monogenetic volcanism more difficult to predict than 

central volcanism. The example of the El Hierro eruption of 2011 is illustrative of our lack of 

understanding of unrest associated with monogenetic eruptions: after three months of seismic 

unrest that migrated laterally for more than 20 km at 15 km depth, magma erupted at an 

unexpected location, with the eruption preceded by 1.5 days of complete seismic calm (Martí 

et al., 2013b). The presence of a long lived, shallow magma reservoir that controls the stress 

field associated with large stratovolcanoes is a significant contrast with monogenetic 

volcanism. In the latter, magma may travel substantial distances from the source region or 

from intermediate magma storage reservoirs and. its path to the surface will be controlled by 

stress barriers and other discontinuities within the lithosphere. 

The geological history of the island of Tenerife has been characterised by the 

coexistence of monogenetic and central volcanism. The most recent monogenetic volcanism 

has occurred along two main rift zones, oriented NE and NW and a volcanic field in the south 

(Geyer & Marti, 2010) (Fig. 1). All of the historical eruptive activity recorded on Tenerife 

belongs to the monogenetic type, with at least seven eruptions identified since 1492 (Romero, 

1991; Carracedo et al., 2007). However, the characteristics of these eruptions remain largely 

unknown, despite the existence of eyewitness descriptions (Sanchez, 2014) and well 

preserved outcrops for most of them, which together could provide an interesting set of data 

for interpreting the unrest episodes and the associated eruptions. Most previous studies are 

descriptive and refer to morphometric analysis (e.g. Dóniz et al., 2008) and have considered 

these eruptive episodes as simple injections of dykes (e.g. Carracedo, 2008). In order to 

advance our knowledge of monogenetic volcanism, and in particular the conditions leading to 
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such eruptions, we have studied the petrology and geochemistry of three monogenetic 

historical eruptions on Tenerife, the Siete Fuentes, Fasnia, and Arafo eruptions. These 

occurred between December 1704 and February 1705 along the NE rift zone. By studying 

these eruptions we aim to elucidate the magmatic processes involved as well as their time 

scales. 

First we describe the geochemical and mineralogical characteristics of samples from 

the eruptive products of the three eruptions. We then evaluate the evidence for equilibrium 

between the phenocryst minerals and the magma and establish the thermobarometric 

conditions. Finally, we model the diffusion profiles of Mg-Fe, Ni and Ca within the olivine 

crystals to identify the processes that created them and calculate the corresponding time 

scales. We show that these eruptions correspond to different pulses of magma intruded in the 

NE rift that underwent multiple mixing episodes during their transport to the surface. We then 

relate our results to historical accounts of seismic activity associated with the eruptions. 

MONOGENETIC VOLCANOES IN TENERIFE AND THE STUDIED ERUPTIONS 

Tenerife is one of largest active volcanic systems on Earth, resulting from the superposition of 

two complex volcanic edifices: an initial volcanic shield representing 90% of the total volume 

of the island and a basaltic to phonolitic central complex developed on top of it (Martí et al., 

1994; Carracedo et al., 2007) (Fig. 1). Construction of these two edifices is interspersed with 

several, large, destructive events that modified their original morphology resulting in the 

formation of a large caldera (Las Cañadas caldera) in the centre of the island and large 

landslides (Güimar, La Orotava, Icod valleys) on the flanks. In addition, the construction of 

Tenerife has been accompanied by abundant monogenetic volcanism, distributed along two 

rift systems (SRZ or NW rift and DRZ or NE rift), and a large monogenetic field in the south 

of the island (SVZ) (Fig. 1) (Geyer & Martí, 2010). All historical activity on the island 
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consists of monogenetic mafic eruptions: Boca Cangrejo (1492), Siete Fuentes (1704), Fasnia 

(1705), Arafo (1705), Garachico (1706), Chaorra (1798) and Chinyero (1909) (Fig. 1). 

We focus here on three of the historical eruptions: Siete Fuentes (SF; December 31 

1704-January 5 1705), Fasnia (F; January 5-January 15 1705) and Arafo (A; February 2-

March 27 1705). The eruptions occurred along a NE trending fracture that is more or less 

parallel to the NE rift, Fig. 1. The Siete Fuentes and Fasnia vents are only 800 m apart, whilst 

the Arafo vents are 10 km to the NE. Siete Fuentes and Fasnia are the western and central 

eruptive vents, and are located at around 2255 m a.s.l. close to the SE ridge of the Las 

Cañadas (LC) caldera, whereas the Arafo vents are at a lower elevation (about 1500 m a.s.l) 

at the head of the Güimar Valley (Fig. 1). The erupted volume increased with time from 

about 

1.3 x106 m3 for Siete Fuentes, through 6.5 x106 m3 for Fasnia, to 27.5 x106 m3 for Arafo 

(Carracedo, 2008). Our samples were obtained from the interiors of lava flows to avoid 

chemical alteration. 

METHODOLOGY 

Analytical methods 

Whole-rocks were analysed by X-Ray Fluorescence at the University of Washington, USA, 

using a ThermoARL Advant’XP+ automated sequential wavelength spectrometer. Relative 

precision of XRF major element analyses is about 0.5 % for SiO2, TiO2, Al2O3, FeO*, and 

CaO, and about 1.2-1.7 % for MnO, MgO, Na2O, K2O, and P2O5 (2 sigma) and other trace 

elements. Backscattered electron images, X-Ray distribution maps, and quantitative analyses of 

the different phases were obtained by electron microprobe using a Cameca SX-50 at the 

University of Barcelona,  and at Nanyang Technological University using a Jeol JXA-8530F 

Field Emission Gun. Mineral standards were used in both instruments, using 20 or 15 kV 
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accelerating voltage and 20 to 30 nA beam current. Rim to core, or rim to rim electron 

microprobe traverses were performed on crystals with a spacing of 2 to 4 micrometers. We do 

not know the size of the convolution effect but given the sharpness of the chemical changes 

across phase boundaries during our electron microprobe traverses it should be <4 

micrometers. Detailed concentration profiles for Si, Fe, Mg, Mn, Ca and Ni were measured by 

electron microprobe for 35 olivine phenocrysts and for Si, Al, Fe, Mg, Mn, Ca, Ti, Na and Cr 

in 24 clinopyroxene phenocrysts and eight microphenocrysts. 

In addition to BSE imaging of phenocryst zoning, we also obtained large-scale X-Ray 

maps (9000 x 9000 µm) using the Jeol JXA-8530F microprobe in WDS mode. These were 

transformed into quantitative forsterite content maps [Fo=100*Mg/(Mg+Fe)] using the 

software MATLAB. Image analysis with MATLAB allows us to elaborate the maps, with the 

different mineral phases identified and to quantify the abundance of each mineral phase. The 

combination of the olivine distribution maps with the Fo maps generates images in which it is 

easier to identify the possible range of olivine populations within the samples from the three 

eruptions. 

Electron backscattered diffraction (EBSD) patterns of olivine were obtained at the 

Nanyang Technological University using a JEOL JSM-7600F equipped with an Oxford/HKL 

detector and HKL CHANNEL5 software. In total 13 determinations were successful, since 

the EBSD method only works when surface conditions are optimal. 

 

Diffusion modelling methods 

We modelled the Fe-Mg, Ni and Ca concentration gradients within phenocrysts using the 

program DIPRA (Girona & Costa, 2013). This program numerically solves the diffusion 

equation for a concentration dependent diffusion coefficient and finds a best-fit taking into 

account the analytical error. It incorporates the diffusion coefficients (D) for Fe-Mg from 
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Dohmen & Chakraborty (2007a, b), Ni from Petry et al. (2004) and Ca from Coogan et al. 

(2005). We solved the diffusion equation with DIPRA for a traverse parallel to the c axis. 

Since anisotropy of diffusion is strong we have corrected the resultant values with the D 

parallel to the electron microprobe traverse. We calculated the D along the traverse according 

to equation 5 in Costa & Chakraborty (2004): 

��
�������� = ��

�(���)� + ��
�(���)� + ��

�(���)� 

where α, β and γ are the angles between the a, b and c axes and the electron microprobe 

traverse obtained by EBSD. We report the uncertainty on diffusion times that accounts for 

analytical, temperature and oxygen fugacity uncertainty as calculated by DIPRA (Girona & 

Costa, 2013) after the anisotropy correction. For the initial and boundary conditions we used 

various strategies as explained below. 

 

WHOLE-ROCK CHEMISTRY AND PETROLOGY 

Whole-rock chemical compositions of the three eruptions are basanitic (according to the 

classification of Le Maitre et al. (1989); Table 1). The Siete Fuentes and Fasnia rocks have 

compositions that are virtually within analytical error (MgO = 7.6 wt %, Al2O3 = 15 wt %, Ni 

=105 ppm, Cr= 200 ppm, Sr = 950) . The Arafo bulk-rock is more mafic, with higher MgO 

(9.4 wt %), Ni (180 ppm) and Cr (330 ppm), and lower Al2O3 (14.1 wt %) and Sr (880 ppm). 

Ratios of incompatible elements in the bulk-rocks of the three eruptions practically overlap 

with each other (Zr/Y = 10.5 to 10.6; La/Y= 1.9 to 2.1) (Fig. 2). As we will show 

subsequently, the Arafo bulk-rock can be explained by accumulation of olivine with Cr-spinel 

inclusions and clinopyroxene in a melt composition similar to that of the Siete Fuentes and 

Fasnia magmas, rather than being a more primitive melt (Fig. 2).  

The three eruptions contain the same phenocryst mineral assemblage and exhibit 

similar textures. Phenocrysts (> 300 µm in the shortest dimension) and microphenocrysts (100 
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to 300 µm in the shortest dimension) are of olivine and clinopyroxene, typically occurring as 

isolated crystals. Both minerals tend to be euhedral and contain inclusions of Fe-Ti oxides of 

variable composition. Some olivine crystals (less than 10%) have skeletal shapes. 

Backscattered electron images (BSE) and quantitative X-Ray maps show that many olivine 

crystals are zoned in Fe and Mg (Figs 3a-c). Clinopyroxene phenocrysts can have large pools 

of matrix glass in their interiors and show rims of different composition to the cores (Fig.4a). 

BSE images and X-Ray maps show that Cpx can have very complex zoning patterns, 

including sector zoning, patchy and dissolution zones, and oscillatory zoning (Figs 3d-f and 

4). Plagioclase is less abundant and occurs in the groundmass only. The groundmass is made 

of microlites of olivine, clinopyroxene, plagioclase, and Fe-Ti oxides. The modal abundance 

of each phase was computed with image analyses and by the point-counting method (Table 

1), and is reported vesicle-free; this was converted to wt % using mineral densities. 

Phenocryst abundance increases from about 7 wt % in Siete Fuentes (Ol = 3.3 wt %, Cpx = 

3.4 wt %), through about 13 wt % in Fasnia (Ol = 6.5 wt %, Cpx = 6.3), to about 18 wt % in 

Arafo (Ol = 8.4, Cpx = 9.8 wt %). Olivine and clinopyroxene microlite abundances increase 

from Siete Fuentes to Arafo, whereas plagioclase and oxide microlite abundances decrease 

(Table 1). 

 

MINERAL COMPOSITION AND CHEMICAL ZONING 

Olivine 

Olivine core compositions in the products of the three eruptions range between Fo79 and Fo87 

(Fo=100xMg/[Mg+ Fe*], where Fe* is total iron) (Table 2). Three main core populations are 

observed with compositional plateaus at Fo79-80, Fo81-82, and Fo85-87, except for one crystal 

with a core at Fo83-84 (Fig. 5). This variety of core compositions suggests that at least there 

were three magmas or magmatic environments that were involved in the generation of these 
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eruptions (e.g., Kahl et al., 2011). The last 5-20 micrometers of almost all crystals show 

strongly decreasing Fo contents and a wide range of rim composition from Fo63 to Fo81. Rim 

compositions with Fo contents lower than 77-78, are mainly found in the Fasnia samples, and 

have been considered to be the result of fast growth (see following sections). The Fo profiles 

(Fig. 6) show that phenocrysts can be virtually unzoned, normally zoned with decreasing Fo 

content towards the rim, reversely zoned (increasing Fo content towards the rim), or more 

complexly zoned including reverse followed by normal zoning. Unzoned and normally zoned 

crystals are the most abundant. Crystal cores and zoning patterns are more variable in the first 

eruption of Siete Fuentes, which also lacks the most evolved population of low Fo cores (79-

80). Fasnia and Arafo have the three core populations Fo79-80, Fo81-82, and Fo85-87 and very 

similar zoning patterns.  

The CaO and the NiO contents of the olivine range from 0.14 to 0.6 wt % and from 

0.03 to 0.33 wt %, respectively. The olivine crystals are all reversely zoned in CaO, whereas 

the NiO profiles follow the trend of Fo. Olivine core compositions range between CaO 0.14-

0.28 wt % and NiO 0.16-0.29 wt % in Siete Fuentes, CaO 0.23-0.28 wt % and NiO 0.1-0.28 

wt % in Fasnia, and CaO 0.18-0.28 wt % and NiO 0.1-0.33 wt % in Arafo. The variation of Ni 

at a given Fo content is similar for all crystals and eruptions (Fig. 7). This probably reflects 

that Fo and Ni behave in a similar manner during magma evolution and mixing, and also have 

similar volume diffusion rates (e.g. Chakraborty, 2010). In contrast, there is a much larger 

variation of Ca concentration for a given Fo content (Fig. 7); for example, from about 0.12 to 

about 0.26 wt % CaO for Fo85. The variation is also more extreme in olivines from the first 

eruption of Siete Fuentes than the rest. Such large variations in Ca content at a given Fo 

implies a variety of magmas from different mantle sources (e.g., Strong & Wolff, 2003) or 

different melting conditions. It seems possible that the first erupted magma of Siete Fuentes 

simply picked up a larger variety of crystals as it opened a path on its way to the surface. The 
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variation in the Ca content may also be the result of very different diffusive re-equilibration 

rates for Ca vs Fe-Mg (Ca diffuses significantly slower than Fe-Mg; Chakraborty, 2010).  

Clinopyroxene 

Clinopyroxene crystals are complexly zoned, including core to rim variations, but also exhibit 

oscillatory, sector, and patchy zoning (Fig. 4). Representative chemical compositions and 

structural formulae calculated according to Deer et al. (1992) show that they are ferroan 

titanian augite, with Wo45-51En35-45Fs10-17, and Mg#* (Mg#*= 100 x Mg/[Mg+Fe*]) ranging 

from about 69 to 82. A structural formula based on 6 oxygens and hence an idealised 4 

cations to check for charge balance highlights that many crystals appear to have a large 

calculated Fe3+ content (Table 3). If we only use the Fe2+ to calculate the Mg# 

(=100xMg/[Mg+Fe2+], where Fe2+ was calculated from the structural formula) values increase 

to 75-95. Core to rim, or rim to rim traverses show that there are abrupt changes in 

composition, sometimes with high Mg#* being positively correlated with high Cr contents, 

likely reflecting the arrival of more primitive melt (Fig. 8). Other crystals however, show low 

Mg#* but high Cr in the rims. Generally, TiO2 content increases from the cores to the rims, 

reaching the highest values in the Arafo clinopyroxene. The large Ti X-Ray maps (Figs 3d-f) 

illustrate well the oscillatory and sector zoning of the Cpx, and its greater abundance from 

Siete Fuentes to Arafo. The shapes, textures and large variety of zoning patterns and 

variations in minor elements shown by the clinopyroxene suggest that in addition to mingling 

or mixing they have been affected by growth kinetics. The high calculated proportion of Fe3+ 

in clinopyroxene has been suggested by Mollo et al. (2010) to reflect clinopyroxene growth 

kinetics rather than the local oxidation state. This hampers the use of clinopyroxene 

compositions to obtain reliable pressure and temperature constraints. 
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DISCUSSION 

Assessing the effects of crystal accumulation and geothermobarometric calculations 

 

The whole-rock compositions show similar ratios of incompatible elements, but the major 

elements seem to suggest that the eruptions became progressively more mafic from Siete 

Fuentes to Arafo (i.e. MgO increases from 7.5 to 9.4 wt %). To understand the processes, 

magma sources and plumbing systems for these eruptions it is important to establish if 

different magma types were actually involved over time. We tested these possibilities by a 

combination of mass-balance calculations and crystal-liquid equilibrium thermodynamic 

calculations. 

First, the Mg-Fe equilibrium between olivine and bulk-rock was tested using the 

equation of Roeder & Emslie (1970) (Fig. 9). We calculated the equilibrium Mg# at the fO2 

(oxygen fugacity) of the NNO buffer (see below). We found that the Fo >83-84 cores of 

crystals from Siete Fuentes and Fasnia are too Mg-rich to have grown from their host magma 

(proxied by the bulk-rock) and thus are xenocrystic (probably antecrysts). In contrast, the 

Fo80-82 cores are in equilibrium with the Siete Fuentes bulk-rock which also has the lowest 

phenocryst content and thus it is the most likely representative of a liquid composition. The 

cores with lower Fo (at around 79-80) would be in equilibrium with slightly more evolved 

liquids. The compositions of such liquids can be obtained by the subtraction of the observed 

modal proportions of phenocrysts from the Siete Fuentes whole-rock (i.e. the matrix 

composition of the bulk-rock). The olivine cores with Fo >83-84 are in equilibrium with a 

magma similar to the Arafo bulk-rock. However, Arafo itself has the highest phenocryst 

content and thus the high Mg/Fe of the whole-rock could also be due to the addition of 

olivine, clinopyroxene and spinel. This possibility is consistent with the fact that despite the 
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higher Mg# of the whole-rock the olivine cores have the same Fo content as the olivine cores 

from Siete Fuentes and Fasnia. 

Mass balance calculations show that addition of only 0.6 wt % of olivine and 0.5 wt % 

of clinopyroxene to the Siete Fuentes composition satisfactorily reproduces the Fasnia bulk-

rock, suggesting that this magma was basically the same as Siete Fuentes. Moreover, addition 

of 5.7 wt % of olivine and 2.9 wt % of clinopyroxene to the Siete Fuentes bulk-rock also 

reproduces the Arafo bulk-rock (Supplementary Data Electronic Appendix 3; Fig. 9). Thus, 

the Arafo original liquid (without xenocrysts) is in equilibrium with Fo80-82 olivine, like the 

Siete Fuentes and Fasnia liquids. We conclude that the Arafo eruptive episode was fuelled by 

a magma similar to the first erupted bulk-rock composition of Siete Fuentes, and that the 

Fasnia and Arafo eruptions were driven by the same magma that accumulated some olivine 

and clinopyroxene crystals. Note that the highest Fo crystals could be in equilibrium with the 

Arafo bulk-rock, but the rock contains mainly low Fo crystals. Crystal accumulation could 

have occurred either during transport and residence in the shallow crust, or could be directly 

inherited from a part of the magma reservoir that contained slightly higher amounts of 

phenocrysts. 

 Given that the Siete Fuentes rocks have the lowest phenocryst content we have tested 

using the MELTS algorithm (Ghiorso & Sack, 1995) the conditions at which olivine Fo80-82 

could have grown. We also considered the presence of clinopyroxene and absence of 

plagioclase close to the liquidus in these calculations. We found that for a melt with the Siete 

Fuentes bulk-rock composition and fO2 close to the NNO oxygen buffer, we reproduce the 

mineral assemblage and olivine composition at a pressure range of 0.2-0.5 GPa, an H2O 

content in the melt of 1-2 wt %, and a temperature of 1175±15°C. We used the olivine-based 

geothermometer of Putirka et al. (2007) which gave a temperature of 1168-1193°C at a 

pressure range of 0.2-0.5 GPa and an H2O content in the melt of 1-2 wt %. These 
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temperatures are in agreement with those obtained from MELTS. We also tried to calculate 

what would be the conditions of equilibrium of the olivine with Fo contents between 87-83. 

For this, we first note that we know that the Mg# of the liquid was the same as the Arafo 

bulk-rock. Moreover, the high Fo of these olivine crystals cannot simply be due to a different 

fO2, since they also have higher Ni and lower Ca contents, and thus they grew from more 

primitive, hotter liquids. Thus we have simply used the Arafo bulk-rock composition as a 

proxy for a more primitive magma to perform the MELTS calculations. We note that we are 

not assuming here that the Arafo magma that erupted was a liquid, simply that a more 

primitive magma with the equilibrium Mg# of the high-Fo crystals would be similar to Arafo. 

The Arafo bulk-rock is a combination of accumulated low Fo crystals and liquid (see above). 

We obtained similar water contents (1-1.5 H2O wt %), slightly higher pressures (0.4-0.6 GPa), 

and significantly higher temperature (1245±15°C). These ranges of conditions for olivines 

with different compositions are important because they will be used to calculate the diffusion 

coefficients and thus time scales in the following sections. 

An accurate estimation of pressure and temperature from the clinopyroxene was not 

possible because we did not find that the bulk-rock was in equilibrium with the clinopyroxene 

using the criteria of Putirka (2008). This is likely to be due to the high calculated Fe3+ in the 

clinopyroxenes which probably reflects the effects of fast growth and strong sector zoning 

shown by the crystals and reported in other experimental and field studies (Mollo et al., 

2010).  

 

Magma plumbing system 

Several studies (e.g. Brenna et al., 2010; Needham et al., 2011; Sohn et al., 2012) have 

pointed out that given the ranges of magma compositions within a monogenetic eruption they 

cannot be fuelled from a single magma reservoir. In the case of Tenerife it appears that the 
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three eruptions were driven mainly by the same magma that accumulated crystals with time or 

that sampled a part of the reservoir that was richer in crystals. However, the erupted magma 

was generated by mixing and mingling of crystals and melts from various sources as recorded 

by the variety of Fo zoning patterns, and Ni and Ca concentrations at a given Fo content. 

Moreover, the heterogeneity of the Ti X-Ray large scale map (Fig. 3f) suggests mixing and 

mingling might have also occurred during eruption, although we cannot rule out the 

possibility that some post-eruptive crystallization also played a role. 

The compositions of the olivine cores with large plateaus suggest that there were at 

least two well-defined magmatic environments that interacted to create the erupted magma 

compositions: one where the Fo81-82 and Fo79-80 grew, and another one where the highest Fo 

(85-87 and 83-84) crystals grew. Note that the range of Ca concentrations at high Fo contents 

implies either a range of mantle-derived mafic magmas from different sources and thus 

different composition and intensive variables, or different degrees of re-equilibration by 

diffusion for prolonged periods of time. We argue that these two environments were 

heterogeneous to some extent because there is about 3-4 mol% variation of Fo content in the 

olivine core plateaux. With two such environments, the zoning profiles of olivine suggest 

three magma mixing/mingling events: (1) M1, mixing between olivine crystals with Fo81-82 

and olivine crystals with Fo79-80. This would involve interactions between evolved basalts 

probably in the shallow crust. These magmas may be fractionated from previous intrusions of 

more primitive melts; (2) M2, mixing between olivine crystals with Fo85-87 and olivine 

crystals with Fo83-84 within the most mafic environment, which was likely also to be the 

deepest; (3) M3, intrusion and associated mixing of the more mafic magma in a shallower and 

more evolved reservoir, followed by ascent to the surface (Fig. 10).  

In the above scenario, we consider that the more evolved melts that were stored in the 

shallower parts of the system were the products of successive injections of magma that were 
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unable to erupt, probably due to lack of buoyancy (i. e. failed eruptions; Moran et al., 2011). 

We propose that because of the impossibility of accommodating magma at a given depth after 

the two first inputs (first mixing process), a deeper new accumulation level was created. Two 

inputs of magma occurred here (second mixing process) prior to ascent. Below we show that 

this is consistent with the longer residence times calculated for the evolved olivine crystals in 

the shallower magma (around 400 days), and the shorter times calculated for crystals at 

deeper levels (around one month).  

To explain the presence of olivine with a homogeneous Fo content next to olivine with 

complex zoning we considered the generation of coherent and active regions due to the 

mixing and mingling processes in two magma storage regions located at different depths (Fig. 

10). This means that even if the mixing process comprises the whole magma reservoir there 

was not complete homogenisation. Coherent regions represent portions of the original magma 

in which the olivine crystals are in equilibrium with the liquid. Active regions represent the 

more effectively mingled areas with consequent chemical mixing. In these latter areas the 

olivine crystals develop normal or reverse zoning. The presence of coherent and active 

regions has been described before in several studies (Perugini et al., 2003b; Perugini & Poli, 

2012; Albert et al., 2014) and such magma mixing processes have also been simulated 

numerically (Perugini et al., 2003a, 2004; Petrelli et al., 2006). Since the magmas involved in 

the mixing are basalts with probably very similar compositions, coherent and active regions 

cannot be clearly distinguished. .  

 

Time scales of magmatic processes 

Representative olivine crystals were selected to calculate the time scales of the mixing 

processes according to chemical diffusion (e.g. Costa et al., 2008). The initial and boundary 

conditions were chosen to represent the different core plateau compositions and the observed 
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composition at the rim. All the crystals with normal or reverse Fo zoning show a good fit for 

two boundary conditions after the initial condition (plateau 1) (Table 4). The initial conditions 

were the core plateaus at a given concentration of Fo. For all zoning types we used step-like 

initial conditions because those fitted better the compositional profiles. In addition, we also 

modelled the Ni and Ca concentrations of some crystals (Fig. 11). Olivine crystals from 

Fasnia (the second eruption) are characterised by very low Fo rims (Figs 5 and 6) which likely 

represent the final fast growth of these crystals during ascent. Although our choice of initial 

and boundary conditions is non-unique, we decided to model the Fe-Mg variation as well as 

possible and then impose the same initial (e.g. number of plateaus) and boundary conditions 

for the rest of the elements. This is because the diffusivities and analytical precision are much 

better known and better, respectively, for Fe-Mg than other elements. This means that the 

models for Fe-Mg, Ni, and Ca are self-consistent. Another option would have been to obtain 

the best fit possible for each element independently and then discuss why we needed different 

initial and boundary conditions for each. In any case, the time differences between the 

possible ranges of initial and boundary conditions that are a good match to the data are small 

and typically within error. 

In total we determined three different times (Table 4), although each individual crystal 

records two times: Time 1 is the first mixing event that occurred in the shallow reservoir 

(M1), Time 2 is for the second mixing event in the deeper reservoir (M2) and Time 3 is the 
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last event involving mixing between the two already mixed magmas (M3). Time 1 is the 

longest (Fig. 12a) of about a year and is recorded by olivines with Fo79-82 cores. Time 2 is less 

than three months, corresponding to olivines with Fo83-87 cores, and Time 3 (Fig. 12b) is 

around two weeks for all crystals, with somewhat longer times in the last eruption. The times 

determined from Fo, Ni and Ca –for olivine with Fo83-90- are consistent and are within error 

according to Costa & Dungan (2005), except for some times for Ca. This might be because 
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the diffusion coefficient has been calibrated for olivine with Fo83-90 (Coogan et al., 2005) or 

the longer times for Ca could be reflecting that part of the profile is due to crystallization and 

not only diffusion. 

We subtracted the calculated mixing times from the known eruption dates to infer the 

intrusion/mixing dates of the magma batches (Fig. 13) and to test whether the crystals from 

the older eruptions have diffused for proportionally longer times. This relationship can be 

expected if all eruptions were fed by the same magma (e.g. Kahl et al., 2011) with no 

additional mixing between eruptions. We find that early intrusion and mixing occurred 

sometime between September 1703 and February 1704. The second mixing event in the deep 

reservoir occurred sometime between October 1704 and middle January 1705; this means that 

there was an additional remobilization of magma at depth after the beginning of the Siete 

Fuentes eruption (December 31) recorded in the olivine crystals from Arafo. Finally, the last 

mixing occurred a few weeks before each eruption, indicating that at least two different inputs 

of magma occurred sometime between December 17-31, and January 19-February 2. The first 

input would be responsible of triggering the eruptions of Siete Fuentes and, 5 days later, of 

Fasnia. The last magma transfer and mixing occurred one month later, and reactivated the 

system by making a new dike that lead to the eruption of Arafo. Thus, although the three 

events were fed by the same magmas, each was activated by renewed magma migration from 

depth and mixing. This implies that at least the first and last eruptions were fed by different 

dike systems rather than ‘aging’ of the Siete Fuentes magma batch with time at shallow 

depths followed by transport to the Arafo eruption site. These dates can be used to compare to 

the monitoring or unrest data as we show below. 

 

Historical accounts of unrest and their relation to magmatic processes 
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Our petrological study of eruptive products from Siete Fuentes, Fasnia and Arafo provides 

important information about pre-eruptive processes and time scales associated with 

monogenetic eruptions. Correlation of these data with information about precursor unrest 

activity would be very useful to understand future unrest monitoring signals and contribute to 

the development of emergency evacuation plans for monogenetic fields. The first seismic 

station was installed in Tenerife in 1964, and thus for older eruptions we have information 

only about historical accounts of seismicity. Based on work conducted by Dvorak & 

Gasparini (1991) and later by Guidoboni & Ciuccarelli (2011) we conducted an exhaustive 

review of the historical unrest activity for the three studied eruptions based upon original 

reports compiled in Romero (1991) and Glas (1982). Information extracted from the historical 

documents (Table 5), includes the dates, the days before and after the eruption and the 

localities where earthquakes were felt. The reported seismic activity began seven days prior to 

the first eruption with a swarm of twenty-nine earthquakes over three hours. According to our 

diffusion modelling results, this event corresponds to the ascent of magma to the surface (Fig. 

14). On January 21, twelve days prior to the last eruption (Arafo), there was an increase in the 

seismic activity. One of the stronger earthquakes up to that date was followed by so many 

strong earthquakes that it was not possible to count them. The day after at least twenty 

earthquakes occurred (Table 5). This increase in seismicity could imply deep magma mixing 

and is consistent with the second input of magma proposed by us according to the calculated 

time scales (Figs 13 and 14). 

 There are no historical accounts of seismicity that are coincident with the two earlier 

mixing events that happened one year and ~60 days, respectively, prior to the eruptions. This 

lack of information could be due to the lack of historical reports or to the lack of felt 

earthquakes, but we note that seismic unrest at El Hierro did start a few months before the 

eruption (Martí et al., 2013b). The interpretation of the historical accounts without 
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considering the magma history revealed by the olivine crystals would lead to erroneous 

conclusions. The seven days of seismic activity would be related to direct ascent of magma 

from the source region to the surface, but the first ‘failed eruptions’ (Moran et al., 2011) 

probably started a few months or years before and these could be detected and properly 

interpreted by modern monitoring systems. 

CONCLUSIONS 

Three historical mafic monogenetic eruptions that occurred within two months of each other 

and more than 10 km apart on Tenerife were fed by the same magma that accumulated 

crystals with time. The three eruptions record the involvement of two distinct magma storage 

regions in which the more evolved mafic magmas resided and pre-mixed, before a final 

mixing event that brought them to the surface. The first mixing and mingling event likely 

occurred at shallow depths and about one year prior to the first eruption. This probably 

involved differentiated magmas from a more primitive parent that were not able to erupt, most 

likely because of buoyancy constraints, but they could have been instrumental in pre-

conditioning the crust for future eruptions. A second magma mixing and mingling event between 

two more primitive magmas, and probably located at deeper levels, occurred about two 

months before the first eruption. A final event of magma transport and mingling occurred 

because of the movement of the deeper magma to the shallow storage reservoir, followed by 

transport to the surface in the last two weeks before each eruption. The reported seismicity, 

compiled from historical documents, lasted on the order of a week and matches our shorter 

calculated times for the last mixing event and magma transport. The observation that early 

mixing of more differentiated magmas occurred before the deeper mixing suggests that for 

monogenetic eruptions to occur it might be necessary to prepare and precondition the crustal 

column with a series of ‘failed eruptions’ before the magmas can actually reach the surface. 
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Estimating Rheological Properties of Magmas During Mixing: The Case of Montaña 

Reventada (Tenerife, Canary Islands). Pure and Applied Geophysics 172, 1803-1814. 

Brenna, M., Cronin, S. J., Smith, I. E. M., Sohn, Y. K. & Németh, K. (2010). Mechanisms 

driving polymagmatic activity at a monogenetic volcano, Udo, Jeju Island, South Korea. 

Contributions to Mineralogy and Petrology 160, 931–950. 
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Our findings agree well with the instrumental seismic monitoring of the recent El Hierro 

eruption and show that a few days to a few months before an eruption a modern seismic 

network should be able to detect such magma mixing events. The shorter times of a few 

weeks between the final mixing and transport to the surface should be useful for emergency 

planning if a new period of magmatic unrest should occur on the island of Tenerife and 

perhaps also in other monogenetic fields. 
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FIGURE CAPTIONS: 

Fig. 1. Distribution of mafic and intermediate (red circles and felsic (black circles) volcanic 

vents in Tenerife. White stars are the location of all historical eruptions. The vents of the 

studied eruptions of Siete Fuentes (SF), Fasnia (F) and Arafo (A) are labelled and the extent 

of their eruptive products is shown in green. The locations where seismic activity was felt 

before and during the studied eruptions are also labelled: LO, La Orotava; PC, Puerto de la 

Cruz; LR, Los Realejos; A, Arafo; C, Candelaria; G, Güimar. The dashed lines mark the 

Santiago Rift Zone (SRZ) and the Dorsal Rift Zone (DRZ). Other abbreviations: SVZ 
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Southern Volcanic Zone; LC Las Cañadas; T Teide; PV Pico Viejo. Modified from Martí et 

al., (2011). 

Fig. 2. Selected major and trace element variation diagrams for the three studied eruptions. 

The bulk-rock composition of Arafo can be explained by addition of olivine and 

clinopyroxene to the Siete Fuentes bulk-rock composition. The black arrows indicate the 

computed composition obtained by mass balance (numbers next to arrows are the amount of 

crystals in wt %). Blue symbols - Arafo; green symbols - Fasnia; red symbols - Siete Fuentes. 

Fig. 3. (a,b,c) Quantitative Fo (mol %) maps obtained by combining  two-dimensional Mg 

and Fe distribution maps with the olivine abundance image (obtained by image processing 

with MATLAB). The variety of zoning patterns of olivine crystals is apparent (red arrows 

point to different zoning patterns). It is also apparent how the modal proportion of olivine 

increases from Siete Fuentes to Arafo. (d,e,f) Two-dimensional Ti distribution maps. 

Complexly zoned clinopyroxene crystals show core to rim variations, oscillatory and patchy 

zoning. Rims are enriched in Ti. Red dashed lines in (f) indicate the presence of areas with 

different composition and thus chemical heterogeneities at the local level. These may indicate 

syn-eruptive mixing, although it is difficult to know if some post-eruption processes (e.g. 

variable microlite growth) have also played a role in creating heterogeneity since the samples 

are from interiors of lava flows. 

Fig. 4. Back-scattered electron images of one representative clinopyroxene phenocryst (a) and 

one representative microphenocryst (b). Note the complex zoning of the clinopyroxene with 

evidence of oscillatory zoning and dissolution surfaces. Red arrow in (b) indicates the location 

of the electron microprobe traverse shown in Fig. 8 (crystal A-microcpx4). 
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Fig. 5. Frequency histograms displaying the distribution of Fo (mol%) in 35 olivine cores and 

rims from Siete Fuentes (SF), Fasnia (F) and Arafo (A). Lower Fo content cores and rims are 

mainly present in the Fasnia eruption. 

Fig. 6. Olivine Fo (mol%) profiles from rim to rim and rim to core from Siete Fuentes, Fasnia 

Page 32 of 55

and Arafo. (a) Siete Fuentes olivine crystals exhibit larger range of Fo populations (Fo79-80, 

Fo81-82, Fo83-84 and Fo85-87). (b, c) Fasnia and Arafo olivine crystals exhibit three Fo 

populations (Fo79-80, Fo81-82 and Fo85-87). The main difference with the first eruption, Siete 

Fuentes, is the higher presence of olivine with lower Fo content (Fo79-80) and the lower Fo 

values for the rims in Fasnia which are probably due to post-eruption crystallization. 

Fig. 7. Fo content (mol%) vs. CaO and NiO (wt %) in of olivine crystals. Whereas the NiO 

vs. Fo plot displays a relatively linear trend, the CaO vs. Fo plot shows different trends for 

each crystal (see text). 

Fig. 8. Representative compositional profiles for clinopyroxene phenocrysts and 

microphenocryst. The location of profile A-microcpx4 is shown in Fig.4b. 

Fig. 9. Olivine Fo versus Mg# bulk-rock equilibrium tested using the equation of Roeder & 

Emslie (1970). Olivine crystals with Fo81-82 are in equilibrium with a melt composition close 

to that of the Siete Fuentes and Fasnia bulk-rocks, indicating that olivines with Fo83-87 are 

xenocrysts. Fasnia and Arafo melt compositions have been recalculated by subtracting the 

olivine (Ol) and the clinopyroxene (Cpx) compositions from the bulk-rock (see main text). 

The recalculated compositions (crosses) are in equilibrium with Fo81-82 olivine. Olivine 

crystals with Fo>83-84 would be in equilibrium with a melt with the Mg # of the Arafo 

bulk-rock. 

Fig. 10. Schematic illustration of the magma chamber processes and plumbing system. The 

olivine crystals record two magmatic environments and three mixing episodes: (M1) mixing 
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between olivine with Fo85-87 and Fo83-84; (M2) mixing between olivine with Fo81-82 and Fo79-

80; (M3) mixing between previous magma batches and ascent to the surface. Olivines with 

complex zoning represent active regions which are mingled and mixed, whereas more 

homogeneous crystals are from coherent regions in which the original magma was preserved. 

Fig. 11. Compositional profiles and diffusion models for two representative olivine crystals. 

White circles are measured concentrations. Black lines indicate the initial Fo profile shapes 

and boundaries. Red lines are the best fit diffusion models computed using DIPRA. The 

orientation of the crystallographic axes (a, b and c) and the traverse (tr) are shown as 

stereographic projections in the lower hemisphere. Fo, Ni and Ca zoning can be fit with two 

boundary conditions after the initial condition (P1). The first boundary condition can be 

considered as a second compositional plateau (P2). 

Fig. 12. Calculated diffusion times for all the crystals from the three eruptions plotted versus 

the Fo content of the initial and boundary conditions listed in Table 4. Three different magma 

mixing events are recorded by the crystals as three different times. The third event (b) is 

common to all the crystals, because it is the one that brings the crystals to the surface. (a) Two 

groups can be distinguished on the basis of Fo and time. The first (Mixing 1) magma mixing 

(between Fo79-82) occurred around one year before the eruption. The second (Mixing 2) magma 

mixing (between Fo83-87) happened less than three months prior to the first eruption. (b) Times 

of the magma transport to the surface (Mixing 3) are one to two weeks. 

Fig. 13. Calculated intrusion dates of the different magma batches have been obtained by 

subtracting the calculated residence times from the known eruption dates. The black dashed 

line indicates an intrusion followed by an eruption without significant residence of the magma 

at depth. The continuous black line indicates different residence times of the magma in the 

reservoir prior to the eruption. 
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Fig.14. Relationship between the timescales obtained by kinetic modelling and the cumulative 

curve of the days with felt earthquakes during the unrest at Siete Fuentes, Fasnia and Arafo 

from historical accounts. (a) Calculated times for the mixing events from olivine crystals from 

Siete Fuentes, Fasnia and Arafo; green diamonds: first mixing event; blue diamonds: second 

mixing event. Orange diamonds: third mixing event and magma transport to the surface. (b) 

Cumulative percentage of mixing time events shown in (a) and cumulative percentage of days 

with felt earthquakes during the unrest of Siete Fuentes, Fasnia and Arafo. White diamonds: 

individual times calculated times in (a). Black diamonds: days with seismic activity, from 

Table 5. 
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Table 1: Whole rock chemical compositions and modal abundances 

Unit Siete Fuentes Fasnia Arafo 

Rock type Tephrite Tephrite Tephrite 

Eruption December 1704 January 1705 February 1705 

wt% 

SiO2 44.4 44.4 44.0 

TiO2 3.65 3.70 3.56 

Al2O3 15.16 14.99 14.10 

FeO* 12.10 12.10 12.39 

MgO 7.50 7.70 9.40 

MnO 0.19 0.19 0.19 

CaO 10.67 10.67 10.58 

Na2O 3.87 3.82 3.57 

K2O 1.59 1.54 1.42 

P2O5 0.76 0.76 0.72 

Total 99.95 99.86 99.94 

Mg# 38.3 38.9 43.1 

Mg#* 58.1 58.7 62.8 

Ppm 

Sc 21.6 20.3 23.2 

V 309 308 302 

Cr 195 206 331 

Ni 103 111 180 

Cu 60.2 58.2 60.9 

Zn 117 119 116 

Ga 20.1 20.8 20.0 

Rb 33.3 32.7 30.0 

Sr 953 949 883 

Y 26.7 26.8 24.8 

Zr 284 283 264 

Nb 71.3 70.8 65.3 

Ba 500 493 457 

La 51.7 54.5 53.3 

Ce 104 102 99 

Nd 52.0 52.8 46.2 

Pb 3.9 2.3 3.6 

Th 7.5 5.0 5.2 

U 2.2 1.90 3.8 

Zr/Y 10.64 10.55 10.63 

La/Y 1.94 2.03 2.15 

Modal abundances in wt% and vesicle free 

Point-counting 

Ol phenocryst 3.3 6.5 8.4 

Cpx phenocryst 3.4 6.3 9.8 

Image analyses 

Ol tot 5.0 7.7 11.8 

Cpx tot 17.7 25.1 20.6 

Spl tot 9.7 9.3 4.3 

Pl tot 15.9 14.5 8.9 

Modal abundances calculated by the point-counting method and by image analyse of the two-

dimensional element distribution maps. FeO*=total iron. Mg#*=molar 100xMgO/(MgO+FeO*). 

Mg#=molar 100xMgO/(MgO+FeO), where the proportion of FeO has been calculated for fo2=NNO 

using MELTS.  
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Table 2: Chemical compositions of representative olivine phenocryst cores 

Unit SF SF SF SF SF F F F A A A A A 

Grain no.: ol-1 ol-2 ol-6 ol-11 ol-12 ol-5 ol-11 ol-18 ol-10 ol-11 ol-12 ol-13 ol-14 

wt % 

SiO2 38.01 39.12 38.89 36.79 38.14 40.13 37.62 39.37 39.33 38.69 39.80 39.35 39.57 

FeO* 18.83 15.34 12.38 16.95 14.12 14.55 19.08 13.38 19.40 14.30 13.67 13.67 13.90 

MgO 42.7 45.5 47.6 43.7 45.7 45.3 41.5 45.7 41.5 45.1 45.4 45.7 45.2 

CaO 0.27 0.15 0.20 0.29 0.15 0.24 0.26 0.28 0.24 0.22 0.22 0.22 0.20 

MnO 0.27 0.21 0.12 0.29 0.16 0.16 0.26 0.17 0.30 0.15 0.15 0.20 0.22 

NiO 0.17 0.19 0.29 0.23 0.27 0.27 0.15 0.25 0.11 0.00 0.29 0.30 0.32 

Total 100.2 100.5 99.5 98.3 98.5 100.7 98.9 99.1 100.9 98.5 99.6 99.4 99.4 

O = 4 

Si 0.974 0.982 0.974 0.958 0.973 0.999 0.979 0.993 0.999 0.986 0.999 0.991 0.997 

Fe
*

0.403 0.322 0.259 0.369 0.301 0.303 0.428 0.282 0.412 0.305 0.287 0.288 0.293 

Mg 1.630 1.701 1.779 1.697 1.739 1.682 1.610 1.716 1.573 1.713 1.700 1.714 1.698 

Mn 0.006 0.004 0.003 0.006 0.004 0.003 0.006 0.004 0.007 0.003 0.003 0.004 0.005 

Ca 0.007 0.004 0.005 0.008 0.004 0.006 0.007 0.008 0.007 0.006 0.006 0.006 0.005 

Ni 0.004 0.004 0.006 0.005 0.006 0.006 0.003 0.005 0.002 0.000 0.006 0.006 0.006 

Total 3.025 3.017 3.026 3.042 3.027 3.000 3.034 3.007 3.000 3.014 3.001 3.009 3.003 

Fo 80.2 84.1 87.3 82.1 85.2 84.7 79.4 85.9 79.2 84.9 85.6 85.6 85.3 

FeO*=total iron. 
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Table 3: Chemical compositions of representative clinopyroxene phenocrysts and 

microphenocrysts 

Unit SF SF F F A 

Grain no.: 

cpx3 cpx3 cpx1 cpx1 

micro 

cpx4 

Distance from 

rim (µm) 31 124 97 214 79 

wt % 

SiO2 42.5 46.6 48.2 46.1 48.8 

TiO2 4.65 2.75 2.61 2.84 2.35 

Al2O3 9.86 7.02 5.56 7.96 4.75 

FeO* 7.96 6.72 7.03 6.70 6.54 

MgO 11.62 13.85 14.46 13.55 15.06 

Cr2O3 0.00 0.07 0.01 0.14 0.00 

MnO 0.10 0.10 0.13 0.09 0.14 

CaO 21.88 21.87 21.20 21.59 22.08 

Na2O 0.49 0.53 0.38 0.58 0.42 

Total 99.0 99.5 99.6 99.5 100.1 

O = 6 

Si 1.602 1.729 1.789 1.709 1.796 

Ti 0.132 0.077 0.073 0.079 0.065 

Al 0.438 0.307 0.243 0.348 0.206 

���
�� 0.124 0.093 0.160 0.097 0.100 

Mg 0.653 0.766 0.801 0.749 0.827 

Cr 0.000 0.002 0.000 0.004 0.000 

Mn 0.003 0.003 0.004 0.003 0.004 

Ca 0.884 0.869 0.844 0.858 0.871 

Na 0.036 0.038 0.027 0.041 0.030 

���
�� 0.130 0.118 0.059 0.113 0.103 

Total 4.003 4.002 4.001 4.002 4.002 

Mg# 84.0 89.2 83.3 88.5 89.2 

Mg#* 72.0 78.4 78.5 78.1 80.3 

Wo 49.4 47.1 45.3 47.2 45.8 

En 36.5 41.5 43.0 41.2 43.5 

Fs 14.2 11.4 11.8 11.6 10.7 

Mg#=(100xMg/(Mg+Fe
2+

)). Mg#*=(100xMg/(Mg+Fe*)). Wo=(100xCa/(Mg+ Fe*+Ca)). 

En=(100xMg/(Mg+ Fe*+Ca)). Fs=(100x(Fe*)/(Mg+ Fe*+Ca)). FeO*=total iron. Fec=calculated 

iron. 
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Table 4: Calculated times (in days) of the magmatic processes obtained by modelling the chemical 

diffusion of Fe-Mg, Ni and Ca in olivine crystals.  

Unit Ol Elem. P1* P2* B2* α β γ 
Time 

1 

Time 

2 

Time 

3 

Total 

Time 
∆(-) ∆(+) 

SF 1 Fo 80 82 79 68 160 87 496 20 516 83 103 

SF 1 Ni 0.16 0.20 0.11 68 160 87 494 23 518 100 113 

SF 1 Ca 0.27 0.31 0.34 68 160 87 200 455 655 142 174 

SF 2 Fo 84 85 80 156 107 74 111 12 123 19 22 

SF 2 Ni 0.19 0.26 0.12 156 107 74 149 4 152 26 30 

SF 6 Fo 87 85 81 59 135 60 43 6 49 10 9 

SF 6 Ni 0.29 0.24 0.13 59 135 60 42 6 48 8 11 

SF 6 Ca 0.20 0.26 0.30 59 135 60 33 28 61 11 15 

SF 11 Fo 82 80 79 23 111 81 336 3 338 58 70 

SF 12 Fo 85 83 80 88 69 160 19 3 22 4 4 

F 5 Fo 85 83 77 119 144 70 36 3 40 7 7 

F 5 Ni 0.28 0.22 0.11 119 144 70 36 3 39 7 8 

F 11 Fo 79 82 78 38 83 127 375 5 380 62 75 

F 11 Ni 0.16 0.21 0.10 38 83 127 317 15 331 59 75 

F 18 Fo 86 84 78 75 126 39 37 1 38 6 7 

F 18 Ni 0.26 0.22 0.14 75 126 39 34 2 36 6 9 

A 10 Fo 79 82 79 119 28 88 399 14 413 69 81 

A 10 Ni 0.11 0.20 0.09 119 28 88 342 21 363 67 79 

A 10 Ca 0.25 0.30 0.32 119 28 88 392 254 646 215 129 

A 11 Fo 85 84 80 89 51 141 5 1 6 1 1 

A 12 Fo 86 84 79 17 85 106 68 11 79 13 14 

A 13 Fo 85 83 77 102 15 99 22 6 28 5 6 

A 14 Fo 85 84 79 35 116 69 52 13 65 11 12 

A 14 Ni 0.33 0.22 0.06 35 116 69 50 17 67 12 13 

A 14 Ca 0.19 0.30 0.32 35 116 69 149 49 198 30 38 

*Values of initial and boundary conditions of Fo (mol%), NiO and CaO (wt%). Time1 and 2 correspond to

the first two mixing events, and are the lapse time (in days) between the initial condition (P1) and the

first boundary condition (P2). Time3 is the third mixing event and the rise of magma to the surface and

records the lapse of time between the first and the second boundary conditions (P2 and B2,

respectively). Olivines with Fo≥83 have been modelled considering T=1245±15 °C, P=5 kbar and

ΔNNO=0, while olivines with Fo≤82 have been modelled for T=1175±15 °C, P=2 kbar and ΔNNO=0.

∆(-) and ∆(+) are the errors on the total time calculated by DIPRA (Girona & Costa, 2013) after the

anisotropy correction.
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Table 5: Factual accounts of the unrest activity preceding the eruptions of Siete Fuetnes (SF), 

Fasnia (F) and Arafo (A) reported in historical documents 

Chronological 
range 

Days before 
and after the 
eruption 

Event Localities 

SF F A 

1704 December 

24 -7 -12 -40
Low but continuous ground shaking. Twenty nine 
earthquakes in three hours. Panic stricken people. Houses 
shaken. The population leaves the houses. 

LO, PC, 

LR 

25 -6 -11 -39
Increase of ground shaking. 23 earthquakes before the 
afternoon (some of them strong). Panic stricken people. 
Houses shaken. The population left the houses. 

G, C, A 

26 -5 -10 -38
Earthquakes every two or three hours (some of them 
strong). 

LO, PC, 
LR, G, C, 
A 

27 -4 -9 -37

Earthquakes every two or three hours (some of them 
strong). Three in one hour. Houses shaken, panic-stricken 
people. People realize that seismicity might be due to a 
volcano. Innumerable earthquakes during the night. The 
population sleeps outdoors. 

LO, PC, 
LR, G, C, 
A 

28 -3 -8 -36
Some earthquakes, some of them strong. Some houses 
damaged. Panic stricken people, especially in La Orotava. 

LO, PC, 
LR 

29-30 -1 -6 -34 Some earthquakes, mainly small.
LO, PC, 
LR 

31 0 -5 -33 Some earthquakes. SIETE FUENTES ERUPTION.
LO, PC, 

LR 
1705 January 

2 2 -3 -31 Six strong earthquakes and some small ones
LO, PC, 
LR 

3 3 -2 -30 Small earthquakes. Also the volcanic activity reduces.
LO, PC, 
LR 

4 4 -1 -29 Earthquakes every hour.
LO, PC, 
LR 

5 5 0 -28

Two very strong earthquakes in five hours. Collapses in 

cliffs and mountains. Panic stricken people. Houses 
strongly shaken and damaged (many collapsed). The 
population sleeps outdoors. FASNIA ERUPTION. (End 
SIETE FUENTES ERUPTION?). 

LO 

8-10 10 5 -23
Many earthquakes, some of them strong. Continuous 
ground shaking. 

LO, PC, 
LR 

11 11 6 -22
Many earthquakes. Four strong. Continuous ground 
shaking. 

LO, PC, 
LR 

12 12 7 -21
Many earthquakes, one very strong. Continuous ground 
shaking. 

LO, PC, 
LR 

13 13 8 -20

Four earthquakes in one hour. Two earthquakes very 
strong in the afternoon. The population thinks another vent 
has opened. Continuous ground shaking. One earthquake 
at midnight very strong and long. Some earthquakes 
during the night. 

LO, PC, 
LR 

14-15 15 10 -18 Many earthquakes. (End FASNIA ERUPTION?).
LO, PC, 
LR 

16 16 11 -17 (End FASNIA ERUPTION?).

17 17 12 -16
One earthquake very strong and long. Collapse of some 
houses. Panic stricken people. Strongest effects in La 
Orotava. 

LO 

19 19 14 -14
Many small earthquakes and some strong. One earthquake 
very strong. 

LO, PC, 
LR 

20 20 15 -13
Many small earthquakes and some strong. One earthquake 
very strong and long. 

LO, PC, 
LR 

21 21 16 -12

Many small earthquakes and some strong. One of the 
stronger earthquakes up to this date. So many strong 
earthquakes during the night that they were not counted. 
The population sleeps in the churches. 

LO, PC, 
LR 
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22 22 17 -11 

Twenty strong and smaller earthquakes. Two earthquakes 
very strong in two hours. Continuous ground shaking 
during the night. 

LO, PC, 
LR 

 
23 23 18 -10 Some small earthquakes.  

LO, PC, 
LR 

 

24 24 19 -9 

Many small earthquakes and some strong. Two 
earthquakes very strong in the morning. In the afternoon 

one earthquake very strong: collapse of many houses. 
Collapses in some cliffs and mountains. 

LO, PC, 

LR 

 

25 25 20 -8 
Some small earthquakes. Loud noise in the mountains and 
smoking areas. Some collapses in cliffs and mountains. 
People expect another eruption. 

LO, PC, 
LR 

 
26-27 27 22 -6 Some small earthquakes.  

LO, PC, 
LR 

 
28 28 23 -5 

Many earthquakes. Two of the strongest and longest 
earthquakes in the morning. Other earthquakes very strong 
during the night. 

LO, PC, 
LR 

 
29 29 24 -4 

Many strong and long earthquakes (so many that they 
could not be counted). Continuous ground shaking. 

LO, PC, 
LR 

 

30 30 25 -3 

Many strong and long earthquakes (so many that they 
could not be counted). Continuous ground shaking. Big 
smoking cavity opened close to Güimar, loud noise from it. 
People expect a new volcano. 

LO, PC, 
LR 

 
31 31 26 -2 

Many strong earthquakes. Panic stricken people. The 
population sleeps outdoors. 

LO, PC, 
LR 

1705 February 
    

 
1 32 27 -1 (?) No earthquakes during this day. Conflicting reports.  

 
 

2 33 28 0 

Many strong earthquakes. Houses shaken (collapse of 
some buildings). People fall down because of the ground 
shaking. Panic stricken people. People expect a new 
volcano. Very strong earthquake felt in the upper valley 
between Güimar and Arafo: ARAFO ERUPTION. 

LO, PC, 
LR 

 

3 34 29 1 

Two strong earthquakes felt in the whole island. Collapse of 
some houses. People relate these earthquakes with the 
opening of a new vent in the volcano. People fall down 

because of the ground shaking. Panic stricken people. 
Collapses in cliffs and mountains.  

LO, PC, 
LR 

 
4-28 59 54 26 Seismic activity continues. 

LO, PC, 
LR 

1705 March 
     

  1-27 86 81  53 
Seismic activity continues. End of ARAFO ERUPTION on 
March 27th. 

  
 

 

LO, La Orotava; PC, Puerto de la Cruz; LR, Los Realejos; A, Arafo; C, Candelaria; G, Güimar. 
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Tracking the changes of this activity with monitoring data is increasingly possible to successfully 9 

forecast eruptions from stratovolcanoes. However, this is not the case for monogenetic 10 

volcanoes. Eruptions from these volcanoes tend to be small but are particularly difficult to 11 

anticipate since they occur at unexpected locations (e.g. Paricutin, 1943), and there is very 12 

limited instrumental monitoring data. Many monogenetic volcanic fields occur in highly touristy 13 

or populated areas (e.g. Canary Islands, Auckland City, Mexico City, Izu-Tobu volcanic field) 14 

and thus even a small eruption can have a major economic and societal impact. We have 15 

gathered the available instrumental data for unrest and combined it with new historical factual 16 

accounts of seismicity. We find that there is a commonality in the seismic activity preceding 17 

these eruptions, with clusters at around one or two years, two or three months, and one or two 18 

weeks. The petrological and geochemical characteristics of these eruptions show that multiple 19 

magma batches interacted in a subvolcanic reservoir, and multiple intrusions occurred on a 20 

similar time scales to the seismicity. We propose a general model where early dike intrusions in 21 
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probably are instrumental in creating a thermal and rheological pathway for later dikes to be able 23 

to reach the surface. These observations provide a conceptual framework for better anticipating 24 

monogenetic eruptions and should lead to improved strategies for mitigation of their associated 25 

hazards and risks. 26 

SEISMICITY ASSOCIATED WITH MONOGENETIC ERUPTIONS 27 

One of the main problems to quantify the probability of eruption in a monogenetic 28 

volcanic field is the lack of data. Monogenetic fields can be active during millions of year, but 29 

the magmatic processes and unrest times are very short compared with the inactivity periods of a 30 

given volcanic field. Many of these eruptions occurred before there was any instrumental 31 

monitoring data, and our knowledge is currently based on a few factual accounts of historical 32 

eruptions (Baker, 1946; Romero, 1991; De la Cruz-Reyna et al., 2011; Sánchez, 2014). We have 33 

done an exhaustive revision and compilation of the unrest activity (mainly seismicity) of all the 34 

historical monogenetic eruptions for which we have had access (ten eruptions in total; Table 1). 35 

This includes five events in the Canary Islands, two in the Michoacan-Guanajuato (Mexico), and 36 

one event for those of the Higashi-Izu (Japan), the Owen Stanley Range (Papua), and Iceland 37 

(Table 1). Instrumental monitoring data are sparse and available in four cases, but only for the 38 

eruption of El Hierro 2011 the data are of high quality (López et al., 2012). For the rest eruptions 39 

we did a revision of the factual accounts available in historical documents (see supplemental 40 

material for details). Some historical documents are very detailed and give the number of seismic 41 

events and the effects on people, furniture and buildings, and sometimes an intensity value (e.g. 42 

Mercalli scale). Other reports are not detailed enough to discern between intensities or establish a 43 

detailed time series of the number of seismic events. It is important to note that the lack of data 44 

in some periods for some eruptions could be due to the lack of historical reports, not to the lack 45 



 

 

of earthquakes. The details of our analysis of seismic activity for each eruption can be found in 46 

supplemental material.  47 

We compared the time frames and intensity of seismic activity between different events 48 

using a normalization of times and number of events (Fig 1). There are some common features 49 

shown by several eruptions. We see that in some cases there are seismic crises interspersed by 50 

calm periods that occur between a year to a few months prior to eruption. Many of the 51 

considered monogenetic volcanoes display an exponential behaviour of the seismic activity from 52 

two or three months before the eruption. These seismic crises might reflect the repetitive 53 

intrusions of magma in the crust, and thus probably correspond to mid crustal stalled intrusions 54 

(Moran et al., 2011). These intrusions would stall and start to create a small plumbing system. 55 

The depth at which these intrusions stall is difficult to constrain but some seismic and 56 

petrological data suggest 5-15 km (Klügel et al., 1997; Johnson et al., 2008; Domínguez Cerdeña 57 

et al., 2014) below the volcano. Virtually all the eruptions we have studied show a sharp increase 58 

in the seismic activity about two weeks to two days before eruption. This short time might be 59 

related to magma migration towards the surface (Johnson et al., 2008). 60 

PETROLOGICAL EVIDENCE FOR MAGMA INTERACTIONS AND THEIR TIME 61 

SCALES 62 

The temporal analyses of seismic activity that we report below already provide a 63 

framework for anticipating the monitoring data that can be expected for monogenetic volcanoes. 64 

However, it is necessary to have a conceptual model of the processes that are occurring for 65 

making knowledge-based forecast. Given the large number of variables and parameters that play 66 

a role for a magma being able to erupt or not it is important to have deeper knowledge of what is 67 



 

 

occurring at depth. This allows adapting our interpretations of monitoring data for each case 68 

when the local situations are different from one volcanic field to another. 69 

A set of complementary data that is readily available for many monogenetic volcanoes and some 70 

historical eruptions are the petrological and geochemical characteristic of the erupted rocks. The 71 

eruptions we have studied (Table 1) and many others for which there is no knowledge of unrest 72 

data show that the erupted magmas were affected by open-system processes involving multiple 73 

magmas (Klügel et al., 2000; Johnson et al., 2008; Rowe et al., 2011; Martí et al., 2013; Longpré 74 

et al., 2014; Albert et al., 2015). Mixing between mafic magmas has been reported in seven of 75 

the ten considered cases (Table 1). In the cases of Jorullo and Paricutin, in addition to the mixing 76 

between similar magmas, upper crustal assimilation has also been identified, and implies stalling 77 

magma batches at crustal levels. Thus, these petrological studies also show that the monogenetic 78 

eruptions are not driven simply by dikes that travel from the mantle to the surface, but support a 79 

more complex scenario of magma interactions and assimilation in subvolcanic reservoirs 80 

(Johnson et al., 2008; Rowe et al., 2011; Martí et al., 2013; Longpré et al., 2014; Albert et al., 81 

2015). Thus, the seismic and petrological studies imply that there is an incubation period of the 82 

early intrusions at mid crustal depths before eruption. 83 

Studies of the zoning pattern of crystals from stratovolcanoes have been used to provide a good 84 

framework for the interpretation of unrest data in stratovolcanoes like Mt. Etna (Kahl et al., 85 

2011), Vesuvius (Morgan et al., 2006) and Mt.St Helens (Saunders et al., 2012). A few studies 86 

have also been done in monogenetic volcanoes. For example, the zoning patterns of olivine 87 

crystals of the Siete Fuentes, Fasnia and Arafo eruptions (Albert et al., 2015) shows that there 88 

were several magma mixing events that occurred about a year, two months and two weeks before 89 

eruption. Similar time frames from crystals have been found in the other studied eruptions of San 90 



 

 

Juan, Jorullo and El Hierro. The time frames of crystals and seismicity are very similar (Fig 1). 91 

This means that we can associate the changes in seismicity with intrusion that might erupt or not, 92 

but it typically seems to involve at least two distinct periods of intrusion before eruption. Some 93 

monogenetic eruptions carry mantle xenoliths which may be interpreted as direct magma transfer 94 

to the surface (Bolós et al., 2015), but detailed petrological studies have shown stalling of the 95 

magmas at shallower depths and thus the existence of subvolcanic reservoirs and multiple 96 

intrusions (Klügel et al., 1997; Klügel et al., 2001). 97 

THE MAGMA PLUMBING SYSTEM AND PROCESSES LEADING TO 98 

MONOGENTIC ERUPTIONS 99 

An intriguing aspect of the petrological and geochemical data for these eruptions is that 100 

open system and mixing seem are prevalent and imply that magmas coming from depth 101 

commonly intercepts a shallower reservoir. Although this might can be expected in areas with 102 

high volcanic fluxes such as Iceland, it is not to be expected that for example in the Canaries 103 

there are numerous melt lenses at shallow depth and ‘waiting to erupt’. The commonality of 104 

open-system processes for many of these events may rather be indicative that the early seismicity 105 

associated with intrusions are stalled intrusions. In other words, it seems that magmas coming 106 

from depth in dikes are rarely able to go straight to the surface, but stall at some intermediate 107 

depth (Fig 2a and b). There are many parameters that control whether mafic dikes from the 108 

mantle will be able to reach the surface, including magma buoyancy, thermal survival, tectonic 109 

stress or pre-existing crustal discontinuities (Rubin 1995; Valentine and Gregg, 2008; Le Corvec 110 

et al., 2013; Rivalta et al., 2015). Our dataset doesn’t allow us to identify a precise control on 111 

each of the eruptions, but the existence of a shallow plumbing system suggest that dikes 112 

separated from their sources and travelled as small batches. Once at shallow depths, magmas can 113 



 

 

cool, probably degas and evolve toward more differentiated compositions. Repetitive intrusions 114 

of small magma batches on the same location are probably able to modify the thermal and 115 

rheological state of the crust through which they pass and reside, and thus when renewed dike 116 

intrusions from depth occur they find an increasingly easier path, and lower energy required to 117 

reach the surface and erupt (Fig. 2c) (Strong and Wolff, 2003). Our conceptual model fits well 118 

with our new compilation of seismic unrest and petrology of the erupted magmas and thus 119 

should lead to more informed and process based anticipating of monogenetic eruption. More 120 

experiments and numerical models of dike migration should be able to test the importance of 121 

repetitive intrusions in allowing mafic magmas from monogenetic eruption to reach the surface. 122 
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 230 

FIGURE CAPTIONS 231 

Figure 1. Pre-eruptive unrest in historical monogenetic volcanoes and calculated mixing times. 232 

The eruption is represented by a black line at time = 0. Red dashed lines indicate 90 and 15 days 233 

prior to the eruption. Grey shadow area corresponds to the 90 days before the eruption. A: 234 

Comparison between factual account (triangles) and monitored data (dots) of the unrest period of 235 

multiple eruptions. The plots represent the days with felt earthquakes. Generally the trend of the 236 

activity changes around two or three months and one or two weeks before the eruption for the 237 

studied monogenetic eruptions. The inset shows a zoom view of the grey shadow area. Siete 238 



 

 

Fuentes, Fasnia and Arafo (light blue triangles); Chinyero (garnet triangles); San Juan (dark blue 239 

triangles); Teneguía (purple triangles); El Hierro (orange circles); Jorullo (yellow triangles); 240 

Paricutín (green dots); Ito-oki (grey dots). Details of the seismicity are given in the 241 

supplementary data. B: Calculated mixing times from some of the considered eruptions. Times 242 

from San Juan eruption are not exact (dashed lines). 243 

 244 

Figure 2. Possible plumbing system configuration and evolution of events that may occur below 245 

monogenetic volcanoes. This is schematic and not to scale. The depth of the subvolcanic system 246 

may vary from system to system, but evidences suggest 5-15 km. The depth of the magma source 247 

is also variable but is at least 20 km. A: Intrusion of magma about one or two years prior to the 248 

eruption. Stalling of magma at 5-15 km due to the loss of buoyancy or freezing of dykes. Mixing 249 

processes registered by the crystals. Crust assimilation in some cases. Seismic activity felt by the 250 

population in some cases. B. Renew magma intrusion. Progressive opening of the path between 251 

deep and shallow reservoirs. Mixing processes registered by the crystals. Crust assimilation in 252 

some cases. The seismic activity is commonly felt by the population. C: Continued intrusion of 253 

mafic magma leads to easier transfer from deep to shallow reservoirs and this allows the magma 254 

to finally erupt. Mixing processes (and crust assimilation in some cases) registered by the 255 

crystals. Seismicity felt by the population. 256 



 
 
 

TABLE 1. UNREST ACTIVITY AND TIMING OF MAGMATIC PROCESSES 
Eruption Location Date Magma mixing or assimilation, 

and ascent times 
Unrest activity 

SF, F, A* Tenerife (Canaries) 1704-05 
 

1 year 
2 months 
2 weeks 

 
 

1 week-1 month† 
CH§ Tenerife (Canaries) 1909 Yes 2 years† 

2-3 months† 
SJ# La Palma (Canaries) 1949 Years 

Few months 
Days 

2.5 years† 

90 days† 
3days† 

T** La Palma (Canaries) 1971 Yes Weeks-months† 

    6 days† 

EH†† El Hierro (Canaries) 2011  
1month/25-150 days 
3 weeks/2-90days 

4-5 years§§ 

3 months§§ 
1 month§§ 

J## Michoacan (Mexico) 1759 10-200 days 5 months† 

3 months† 

P*** Michoacan (Mexico) 1943 Yes 2 months§§ 

Weeks§§ 
G††† Owen Stanley Range (Papua) 1943 Unknown 2 years† 

2-3 months† (?) 
E§§§ Heimaey (Iceland) 1973 Yes 2 days§§ 

1 day§§ 
IO### Higashi-Izu (Izu Peninsula, Japan) 1989 Unknown 2 weeks§§ 

9 days§§ 
   *SF, F, A = Siete Fuentes, Fasnia and Arafo. Petrological data from Albert et al. (2015). Unrest data from Sánchez (2014).  
   †a = Seismic factual accounts.  
   §CH = Chinyero. Unrest data from Sánchez (2014).  
   #SJ = San Juan. Petrological data from Klügel et al. (2000). Unrest data from Sánchez (2014).    
   **T = Teneguía. Petrological data from Araña and Ibarrola (1973). Unrest data from Klügel et al. (1997) and Sánchez (2014). 
   ††EH = El Hierro. Petrological data from Martí et al. (2013) and Longpré et al. (2014). Unrest data from www.ign.es. 
   §§b = Monitored seismicity. 
   ##J = Jorullo. Petrological data from Johnson et al. (2008). Unrest data from Yokoyama and De la Cruz-Reyna (1990), Carreón (2002) and De la Cruz-
Reyna and Yokoyama (2011).  
   ***P = Paricutín. Petrological data from (Rowe et al. (2011). Unrest data from Yokoyama and De la Cruz-Reyna (1990). 
   †††G = Goropu. Unrest data from Baker (1946). 
   §§§E = Eldfell. Petrological data from Mattsson and Oskarsson (2005) and Higgins and Roberge (2007). Unrest data from Thorarinsson et al. (1973). 
   ###IO = Ito-oki. Unrest data from Ukawa (1993). 

 

Table

http://www.ign.es/


0

10

20

30

40

50

60

70

80

90

100

-1530 -1440 -1350 -1260 -1170 -1080 -990 -900 -810 -720 -630 -540 -450 -360 -270 -180 -90 0

C
um

ul
at

iv
e 

%
 o

f f
el

t e
ar

th
qu

ak
es

Days before the eruption

a

Days before the eruption
-540 -450 -360 -270 -180 -90 0

b

SF, F, A

EH

J

SJ

SF, F, A SF, F, A

EH

SJ SJ

0
10
20
30
40
50
60
70
80
90
100

-90 0

SF, F, A

EH

J

SJ

CH

P
T

IO
-60 -30

Magma mixing events

Figure 1



b c

Stalled intrusions 
Mixing

a

Stalled intrusions 
Mixing

5

10

15

20

≈ 1-2 years ≈ 2-3 months ≈ 2 weeks-few days

Mixing 

D
ep

th
 (k

m
)

Crustal assimilation

Path opening

Ascent of magma

Eruption

Figure 2



 1 

METHODS  1 

Comparison between factual accounts and monitored unrest data. To check the validity of the 2 

comparison between historical factual accounts and monitored data, we compared the days in which the 3 

population reported felt earthquakes before and after the El Hierro eruption with the total number of seismic 4 

events occurred and geodetic data (Supplementary Figure 1)(Sánchez, 2014). We plotted (Supplementary 5 

Figure 1) the cumulative percent of days with felt earthquakes (orange dots), the cumulative percent of the 6 

total number of events (grey dots) and the vertical displacement recorded by one GPS station (grey line). We 7 

found that general trend of the curves and abrupt changes are consistent. Since from July 2011 the number 8 

of seismic stations in El Hierro increased from two to seven (Domínguez et al., 2014), the sharper change in 9 

the trend of the grey curve occurs before the change in the orange curve. This discrepancy is not evident 10 

anymore for the post-eruptive seismic crises (because the seismic network was homogeneous from July 11 

2011). Therefore, considering the days with felt earthquakes is a mechanism to avoid the problems derived 12 

from an inhomogeneous seismic network. The trend of the cumulative percent of days with felt earthquakes 13 

is consistent with the trend of the cumulative percent of earthquakes and the geodetic data. Hence, this 14 

approach allows direct comparison of seismic data between different eruptions, monitored or not, and avoids 15 

the effect of the changes in the seismic network. 16 

 17 

DETAILS OF THE SEISMICITY AND BRIEF PETROLOGICAL REVIEW 18 

 19 

Canary Islands (Spain) 20 

Mafic monogenetic volcanoes are common in the Canary Islands and the volcanic historical activity 21 

consists of mafic and monogenetic eruptions. In 1492, during his first trip to America, Christopher 22 

Columbus described the eruption of Boca Cangrejo in Tenerife which is considered the first historical 23 

eruption in the archipelago. We have considered here for comparison five representative monogenetic 24 

eruptions occurred after the Boca Cangrejo eruption in the islands of Tenerife (Siete Fuentes, Fasnia and 25 

Arafo in 1704-05 and Chinyero in 1909), La Palma (San Juan in 1949 and Teneguía in 1971), and El Hierro 26 

(the 2011 submarine eruption) (Fig. 1a). Only the 2011 submarine eruption on El Hierro has been 27 

monitored.   28 

According to the information recorded in historical documents about the unrest of the eruptions of 29 

Siete Fuentes, Fasnia and Arafo (Sánchez, 2014), the seismic activity started one week before the first 30 

eruption. We can’t establish the beginning of the unrest for the second and the third eruption separately. 31 

Then, we have considered in Fig. 1a the beginning of the Arafo eruption as time = 0. We have recently 32 

performed diffusion modelling in olivine crystals (Albert et al., 2015) that reveal the occurrence of three 33 

magma mixing processes around one year, two months and two weeks prior to the eruptions (Fig. 1b).  34 

Around two years before the San Juan eruption occurred in 1949 in La Palma two earthquakes were 35 

felt by the population, but during the three months prior to the eruption earthquakes became more frequent 36 
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 2 

and stronger (Fig. 1a). A previous mixing time scales study (Klügel et al., 2000) reveal the occurrence of 37 

three magma mixing events some years, few months and some days before the eruption. These data match 38 

with the factual accounts about the unrest activity.  39 

Weeks to months before the Teneguia eruption periodic earthquakes were felt by the population 40 

(Klügel et al., 1997), and from six days prior to the eruption earthquakes and their intensities were reported 41 

dayly (Sánchez, 2014). For Teneguia eruption petrological studies indicate the presence of rhyolitic and 42 

basaltic magmas that coexisting and thus indicate the presence of open system and subvolcanic reservoir 43 

(Araña and Ibarrola, 1973). 44 

The eruption of Chinyero in 1909 was preceded by two years of seismic swarms (Sánchez, 2014) 45 

(Fig. 1a). Our petrological study of this eruption reveals a virtually closed system origin for the magmas 46 

(equilibrium textures), but with some high Mg/Fe olivine xenocryst. Thus, this eruption also show evidence 47 

of open system processes although are less well developed than in other eruptions of Tenerife. 48 

The last monogenetic eruption in the Canaries occurred on October 10, 2011 in El Hierro Island. 49 

After a long period of quiescence in El Hierro the number of earthquakes started to increase in 2006. 50 

Nevertheless during the period 2006-2010 just one earthquake was recorded as felt by the population in 51 

2007. A bigger increase of the seismic activity occurred during the previous three months before the 52 

eruption. During the previous month earthquakes were felt daily (Fig. 1a) (IGN Seismic catalogue). 53 

Diffusion times calculated from olivine crystals reveal the existence of two mixing events before the 54 

eruption. There are data from two different studies. The first mixing event happened between 25 to 150 days 55 

(Longpré et al., 2014) or one month prior to the eruption (Martí et al., 2013), and the second event 2 to 90 56 

days (Longpré et al., 2014) or three weeks (Martí et al., 2013) before the eruption. 57 

 58 

Michoacan monogenetic volcanic field (Mexico) 59 

During the previous two months before the eruption of the Paricutin (Mexico, February 20, 1943) 60 

earthquakes with M≥3 were recorded by the Tacubaya seismic station (in Mexico City, 320 km away from 61 

Paricutin) (Yokoyama and De la Cruz-Reyna, 1990) (Fig. 1a). Traditionally this eruption was described as a 62 

classic example of fractional crystallization and crustal assimilation, and recent data have proved the 63 

existence of mixing processes between three compositionally distinct magmas at shallow depth (Rowe et al., 64 

2011). 65 

Information about Jorullo (Mexico) unrest previous to the September 29, 1759 eruption is vague. It 66 

seems that, from April some weak earthquakes were felt in the surrounding area and from the end of June 67 

every day were felt between 12 and 47 earthquakes (Yokoyama and De la Cruz-Reyna, 1990; Carreón, 68 

2001; De la Cruz-Reyna and Yokoyama, 2011) (Fig. 1a). The presence of zoned olivine crystals have been 69 

related with the mixing between magmas previously stalled at different levels of the plumbing system 70 

(Johnson et al., 2008). 71 

 72 



 3 

Higashi-Izu monogenetic volcanic field (Japan) 73 

Based on previous works we can establish an unrest duration of two weeks with a change in the trend 74 

nine days before the eruption (Ukawa, 1993)  for the Ito-oki submarine eruption (1989, Japan). In the 75 

available dataset of the unrest at the Japan Meteorological Agency (JMA) the number of earthquakes is 76 

given in time intervals. Therefore, it is not possible for us to reconstruct a proper time series to compare the 77 

unrest data of this eruption before 13 days prior to the eruption in Fig. 1a. There are petrological studies that 78 

also report the co-existence of mafic and silicic melts, but in this case the silicic melts were interpreted to be 79 

due to melting of shallow sediments. 80 

 81 

Owen Stanley Range (Papua) 82 

The eruption occurred in December 1943 in the Waiowa or Goropu area (Papua) was preceded by 83 

two years of earthquakes, sometimes at the rate of two or three a day, and columns of steam and ash from 84 

other vents were observed since October (Baker, 1946). The information is too vague to be included in Fig. 85 

1. We didn’t find any petrological information. 86 

 87 

Heimaey (Iceland) 88 

In 1973, after two days of earthquakes (not felt by the population) and one day with shallower 89 

earthquakes (three felt by the population) a monogenetic volcano appeared in the island of Heimaey 90 

(Iceland) (Thorarinsson et al., 1973). A recent study have shown evidences of mixing between magmas from 91 

the same source (Mattsson and Oskarsson, 2005; Higgins and Roberge, 2007). 92 

  93 



 4 

SUPPLEMENTARY TABLES 94 

 95 

Supplementary Table 1. Factual accounts of the unrest activity preceding the eruptions of Siete 

Fuetnes (SF), Fasnia (F) and Arafo (A). 

Chronological 
range 

Days before 
and after the 
eruption  

Event Localities 

SF F A     

1704 December 
    

 
24 -7 -12 -40 

Low but continuous ground-shaking. Twenty-nine 
earthquakes in three hours. Panic-stricken people. Houses 
shaked. The population leaves the houses. 

LO, PC, 
LR 

 

25 -6 -11 -39 
Increase of ground-shaking. 23 earthquakes before the 
afternoon (some of them strong). Panic-stricken people. 
Houses shaked. The population left the houses. 

G, C, A 

 
26 -5 -10 -38 

Earthquakes every two or three hours (some of them 
strong). 

LO, PC, 
LR, G, C, 
A 

 

27 -4 -9 -37 

Earthquakes every two or three hours (some of them 
strong). Three in one hour: houses shaked, panic-stricken 
people. People realize that seismicity might be due to a 
volcano. Innumerable earthquakes during the night. The 
population sleeps outdoors. 

LO, PC, 
LR, G, C, 
A 

 
28 -3 -8 -36 

Some earthquakes, some of them strong. Some houses 
damaged. Panic-stricken people, especially in La Orotava. 

LO, PC, 
LR 

 
29-30 -2 -7 -35 Some earthquakes, mainly light. 

LO, PC, 
LR 

 
31 0 -5 -33 Some earthquakes. SIETE FUENTES ERUPTION. 

LO, PC, 
LR 

1705 January 
    

 
2 2 -3 -31 Six strong earthquakes and some light. 

LO, PC, 
LR 

 
3 3 -2 -30 Light earthquakes. Also the volcanic activity reduces. 

LO, PC, 
LR 

 
4 4 -1 -29 Earthquakes every hour. 

LO, PC, 
LR 

 

5 5 0 -28 

Two very strong earthquakes in five hours. Collapses in 
cliffs and mountains. Panic-stricken people. Houses 
strongly shaked and damaged (many collapsed). The 
population sleeps outdoors. FASNIA ERUPTION. (End 
SIETE FUENTES ERUPTION?). 

LO 

 
8-10 8 3 -25 

Many earthquakes, some of them strong. Continuous 
ground-shaking. 

LO, PC, 
LR 

 
11 11 6 -22 

Many earthquakes. Four strong. Continuous ground-
shaking. 

LO, PC, 
LR 

 
12 12 7 -21 

Many earthquakes, one very strong. Continuous ground-
shaking. 

LO, PC, 
LR 

 

13 13 8 -20 

Four earthquakes in one hour. Two earthquakes very 
strong in the afternoon. The population thinks another vent 
was opened. Continuous ground-shaking. One earthquake 
at midnight very strong and long. Some earthquakes 
during the night. 

LO, PC, 
LR 

 
14-15 14 9 -19 Many earthquakes. (End FASNIA ERUPTION?) 

LO, PC, 
LR 

 16 16 
 

-17 (End FASNIA ERUPTION?) 
 

 
17 17 

 
-16 

One earthquake very strong and long. Collapse of some 
houses. Panic-stricken people. Strongest effects in La 
Orotava. 

LO 

 
19 19 

 
-14 

Many light earthquakes and some strong. One earthquake 
very strong. 

LO, PC, 
LR 

 
20 20 

 
-13 

Many light earthquakes and some strong. One earthquake 
very strong and long. 

LO, PC, 
LR 

 

21 21 
 

-12 

Many light earthquakes and some strong. One of the 
stronger earthquake until this day. So many and strong 
earthquakes during the night that weren't count. The 
population sleeps in the churches. 

LO, PC, 
LR 

 
22 22 

 
-11 

Twenty between strong and light earthquakes. Two 
earthquakes very strong in two hours. Continuous ground-
shaking during the night. 

LO, PC, 
LR 



 5 

 
23 23 

 
-10 Some light earthquakes.  

LO, PC, 
LR 

 

24 24 
 

-9 

Many light earthquakes and some strong. Two earthquakes 
very strong in the morning. In the afternoon one 
earthquake very strong: collapse of many houses. 
Collapses in some cliffs and mountains. 

LO, PC, 
LR 

 

25 25 
 

-8 
Some light earthquakes. Loud noise in the mountains and 
smoking areas. Some collapses in cliffs and mountains. 
People expect another eruption. 

LO, PC, 

LR 

 
26-27 26 

 
-7 Some light earthquakes.  

LO, PC, 
LR 

 
28 28 

 
-5 

Many earthquakes. Two of the strongest and longest 
earthquakes in the morning. Other earthquakes very strong 
during the night. 

LO, PC, 
LR 

 
29 29 

 
-4 

Many strong and long earthquakes (so many that couldn't 
be counted). Continuous ground-shaking. 

LO, PC, 
LR 

 

30 30 
 

-3 

Many strong and long earthquakes (so many that couldn't 

be counted). Continuous ground-shaking. Big smoking 
cavity opened close to Güimar, loud noise from it. People 
expect a new volcano. 

LO, PC, 
LR 

 
31 31 

 
-2 

Many strong earthquakes. Panic-stricken people. The 
population sleeps outdoors. 

LO, PC, 
LR 

1705 February 
    

 
1 32 

 
-1 (?) No earthquakes during this day. Many earthquakes.  

 
 

2 33 
 

0 

Many strong earthquakes. Houses shaked (collapse of 
some roof and capitals). People fall down because of the 
ground-shaking. Panic-stricken people. People expected a 
new volcano. Very strong earthquake felt in the upper 
valley between Güimar and Arafo: ARAFO ERUPTION. 

LO, PC, 
LR 

 

3 34 
 

1 

Two strong earthquakes felt in the whole island. Collapse of 
some houses. People relate these earthquakes with the 
open of a new vent in the volcano. People fall down 
because of the ground-shaking. Panic-stricken people. 
Collapses in cliffs and mountains.  

LO, PC, 
LR 

 
4-28 35 

 
2 Seismic activity continues. 

LO, PC, 
LR 

1705 March 
     

  1-27 86   53 
Seismic activity continues. End of ARAFO ERUPTION on 
March 27th. 

  
 

 

LO, La Orotava; PC, Puerto de la Cruz; LR, Los Realejos; A, Arafo; C, Candelaria; G, Güimar. 
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Supplementary Table 2. Factual accounts of the unrest activity preceding the eruption of Chinyero. 

Chronological 
range 

  
Days before 
eruption 

Event Localities 
Maximum 
Intensity 

1908 March 
   

 23 -605 One earthquake. LO II-III (FM) 

 26 -602 Two earthquakes. LO V(M) 

1908 July 
   

 23 -483 One light earthquake. LO 
 

 25 -481 One light earthquake. V 
 

 26 -480 One light earthquake. PC 
 

 
27 -479 

Two earthquakes in La Orotava (IV and VII). One light 
earthquake felt in Puerto de la Cruz during 3s. 

LO, PC VII (FM) 

 

28 -478 

One medium-strong earthquake during 3s. Repeated again 10 

minutes later but lighter and shorter. Two light earthquakes 
one hour later. 

LO 
 

1908 August 
   

 4 -471 One strong earthquake. IC 
 

1908 September 
   

 9 -435 One light earthquake. LR 
 

1908 November 
   

 4 -379 Short earthquake with loud underground noise. LR 
 

 

17 -366 

One strong earthquake and three lighter. Some people count 
10 or 12 earthquakes during the night in Los Realejos. Many 
earthquakes felt in La Orotava: V, V, V, III, IV, IV (Forel-
Mercalli) 

LR, LO V (FM) 

 18 -365 Many earthquakes: V, V, V, III, IV, IV (Forel-Mercalli) LO V (FM) 

 24 -359 One light earthquake. LR 
 

 30 -353 One light earthquake. LR 
 

1908 December 
   

 8 -345 Three earthquakes: light, medium and strong. MAV 
 

 

19 -334 

One earthquake felt in Puerto de la Cruz (V) and Los Realejos 
(strong). One earthquake felt 20 minutes later in La Orotava 
(VI). One earthquake 40 minutes later in Puerto de la Cruz (V 
to VI). 

PC, LR, LO VI (FM) 

1909 January 
   

 

4 -318 
Long and strong earthquake (12s) felt in La Laguna, Icod and 
Santa Cruz. Strong movement of the furniture, doors and 
windows. Great fear among the population. VI (Rossi-Torel) 

LL, IC, LR, 
SC 

VI (RT) 

 

5 -317 

One strong earthquake felt in Santa Cruz follow by another one 
lighter. One strong earthquake felt one hour later in La Paz and 
La Orotava (6s and VI). Strong movement of the furniture. 
Great fear among the population. Many people leave La 
Orotava.  

SC, LP, LO VI (RF) 

 8 -314 One light earthquake. 
  

 9 -313 One light earthquake. 
  

1909 March 
   

 19 -244 One strong earthquake. LR 
 

 21 -242 Two light earthquakes (3s) with underground noise. LO 
 

1909 April 
   

 4 -228 One light earthquake. LR 
 

 7 -225 One light earthquake. LR 
 

 18 -214 One light earthquake with loud underground noise. LR 
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 26 -206 One light earthquake. LR 
 

1909 May 
   

 21 -181 Two light earthquakes of 3s each (III-IV). LO IV (FM) 

 24 -178 One or two earthquakes with loud underground noise. LO IV-V (FM) 

 

25 -177 
Three strong earthquakes. The population left the houses. 
Some small damages in some houses. Some collapses in cliffs. 

LR 
 

 27 -175 One light earthquake. LR 
 

 28 -174 One light earthquake. LR 
 

1909 June 
   

 

19 -152 
One earthquake very long. Many cracks in the buildings. 
Stronger damages in the oldest buildings. One earthquake very 
light of 1s one hour later. 

IC, LO IV-V (FM) 

1909 July 
   

 6 -135 One short earthquake. LR 
 

1909 September 
   

 

23 -56 Two earthquakes of 2s. Buildings and trees shaked. LP 
VI (FM); 
VI-VII 
(MM) 

1909 October 
   

 4 -45 One light earthquake. LR 
 

 6 -43 Two earthquakes, the second one light. LR 
 

 9 -40 One light earthquake. LR 
 

 10 -39 One long earthquake. LR 
 

 11 -38 One earthquake. LR 
 

 13 -36 One light earthquake. LR 
 

1909 November 
   

 13 -5 One light earthquake. LR 
 

 

14 -4 

Two earthquakes, the first one strong, followed by three or five 
light earthquakes (felt in Los Realejos). Panic-stricken people. 
Two strong earthquakes followed by others lighter felt in 
Santiago del Teide (ground and walls shaked). Two 
earthquakes followed by more than twenty light shakes felt in 
Icod; great fear among the population.  

LR, ST, 
IC, CA 

V-VI (FM); 
VII (MM) 

 

15 -3 
Two earthquakes, the second one light felt in Los Realejos. 
Two light earthquakes followed by another one strong felt in 
Icod. Continuous shaking in Icod until the eruption. 

LR, IC, CA 
 

 17 -1 One strong earthquake felt in Caraveo. Continuous shaking.  LR, CA 
 

 

18 0 

One strong earthquake felt in Los Realejos. Continuous 
underground noise and shaking. One strong earthquake 
(almost as the June 19th earthquake) felt in Icod immediately 
followed by the eruption. CHINYERO ERUPTION. Panic-
stricken people because of the volcano; nearest village 
abandoned. 

LR, IC 
 

1910 June 
   

  28 222 End CHINYERO ERUPTION.     
 

LO, La Orotava; V, Vilaflor; PC, Puerto de la Cruz; IC, Icod; LR, Los Realejos; MAV, Montaña Alta Vista; LL, La 

Laguna; SC, Santa Cruz; LP, La Paz; ST, Santiago del Teide; CA, Caraveo. M, Mercalli; MM, Modified Mercalli; 

FM, Forel-Mercalli; RT, Rossi-Torel; RF, Rossi-Foret. 
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Supplementary Table 3. Factual accounts of the unrest activity preceding the eruption of San Juan. 

Chronological 
range 

Days before 
eruption 
count down 

Event Localities 

1947 January 
   

 22 -883 One earthquake. EP 

 May 
   

 6 -779 One earthquake. EP 

1949 March 
   

 
24 -91 

Cracks in the lighthouse of Fuencaliente. From this day 
earthquakes become more frequent and stronger. 

EP 

1949 June 
   

 20 -3 Two strong earthquakes. EP 

 22 -1 Frequent light earthquakes. People with restlessness. EP 

 

23 0 
Light earthquakes felt in the whole island, but stronger in 
Las Breñas, Mazo and the Valle de Aridane. No damages. 
SAN JUAN ERUPTION. 

LB, M, 
VA, EP, 
LLN, LM, 
J, F 

1949 July 
   

  29 36 End SAN JUAN ERUPTION.   
 

EP, El Paso; LB, Las Breñas; M, Mazo; VA, Valle de Aridane; LLN, Los Llanos; LM, Las Manchas; J, Jedey; F, 

Fuencaliente. 
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Supplementary Table 4. Factual accounts of the unrest activity preceding the eruption of Teneguía. 

Chronological 
range 

Days before 
eruption 
count down 

Event Localities 
Maximum 
Intensity 

1971 October 
   

 
19 -6 One light earthquake. Vibration of furniture in the houses. F 

 
 

20 -5 
Six or seven earthquakes (three stronger compared to the 
others) felt in the area between Fuencaliente and Valle de 
Aridane. No damages. 

F, VA, M, 
EP 

III (EMS-
98) 

 

21 -4 

Thirteen earthquakes, four of them strong. Some people sleep 
outdoors in El Paso and Fuencaliente. According to the 
Newspaper "Diario de Avisos", almost 100 of seismic movements 
with different intensities were recorded in Fuencaliente. One 
thousand seismic events recorded by the hydrophonic station of 
the Palisade Geophysical Institute in Puerto Naos (La Palma). 

F, VA, M, 
LLN, EP 

II (EMS-
98) 

 

22 -3 

Fifteen earthquakes, at least four strong during the night. 
Population feel great fear and leave the houses. During the day 
one strong earthquake trigger collapses in cliffs and mountains 
and landslides blocking coast roads in the Fuencaliente area. Las 
Indias hermitage bells tolled alone. 

F, VA, M, 
LLN, EP 

III (EMS-
98) 

 23 -2 Four light earthquakes. F 
 

 

24 -1 

One strong earthquake (the strongest until this day) of 12-16s 
and five light earthquakes. Las Indias hermitage bells tolled 
alone.  Collapses in cliffs and mountains and landslides. Damages 
in walls and roofs of some houses. Population feel great fear and 
leave the houses. The earthquake was felt even in the north of 
the island. 

F, VA, 
SA, S, 
SC 

IV (EMS-
98) 

 25 0 TENEGUIA ERUPTION. 
  

1971 November 
   

  17 23 End TENEGUIA ERUPTION.     
 

F, Fuencaliente; VA, Valle de Aridane; M, Mazo; EP, El Paso; LLN; Los Llanos; SA, San Andrés; S, Suaces; 

SC, Santa Cruz. 
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