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Abstract we reanalyzed the seismic and deformation data corresponding to the preeruptive unrest on
El Hierro (Canary Islands) in 2011. We considered new information about the internal structure of the island.
We updated the seismic catalog to estimate the full evolution of the released seismic energy and
demonstrate the importance of nonlocated earthquakes. Using seismic data and GPS displacements, we
characterized the shear-tensile type of the predominant fracturing and modeled the strain and stress fields
for different time periods. This enabled us to identify a prolonged first phase characterized by hydraulic
tensile fracturing, which we interpret as being related to the emplacement of new magma below the
volcanic edifice on El Hierro. This was followed by postinjection unidirectional migration, probably
controlled by the stress field and the distribution of the structural discontinuities. We identified the effects
of energetic magmatic pulses occurring a few days before the eruption that induced shear seismicity on
preexisting faults within the volcano and raised the Coulomb stress over the whole crust. We suggest that
these magmatic pulses reflect the crossing of the Moho discontinuity, as well as changes in the path
geometry of the dyke migration toward the surface. The final phase involved magma ascent through a
prefractured crust.

1. Introduction

The occurrence of seismic swarms, surface deformation, and thermal and geochemical anomalies constitute
the main evidence for the reactivation of a volcanic system [e.g., Phillipson et al, 2013], and the study
of their spatial and temporal variations constitute the most robust tool for forecasting the future behavior
of volcanic unrest [Sparks, 2003].

During the final stages of preeruptive volcanic unrest, certain geophysical and geodetical features are usually
observed: an overall acceleration in seismicity and ground deformation [e.g., Bell and Kilburn, 2011], shallower seis-
micity [e.g., Battaglia et al., 2005], seismic migration [e.g., Caudron et al,, 2015], and an apparent lack of activity (hours
to minutes) before the reinforcement or the onset of the eruption [e.g,, Roman and Heron, 2016]. Several well-
documented eruptions show some, if not all, of these precursory features [e.g., Vinciguerra, 2002; Battaglia et al.,
2005; Bell and Kilburn, 2011; Lopez et al., 2012; Sigmundsson et al,, 2015; Caudron et al.,, 2015], which suggests that sim-
ilar fundamental processes may occur within these volcanoes. Whether this reactivation gives rise to an eruption or
only represents a departure from the normal state of activity of the volcano will depend on the type of processes
that have caused the reactivation (e.g., magmatic, hydrothermal, and/or tectonic). However, the processes preced-
ing a new eruption are complex and poorly known, and there are still many unanswered questions regarding the
requirements for an irreversible failure of the Earth’s crust and nonstop magma migration from deeper levels to
the surface. It is also difficult to interpret the precursory signals recorded by monitoring networks and to understand
the nature and extent of the physical processes that cause them. Some of the difficulties arise from the incomplete-
ness of monitoring data and the lack of previous knowledge of the volcanic systems (e.g., type of magma, internal
structure, local and regional stresses). Instrumental monitoring data about unrest preceding monogenetic eruptions
is still limited and the available information is mainly based on historical records [Albert et al., 2016].

The observational data collected during the volcanic eruption on El Hierro in 2011-2012 provides an oppor-
tunity to address this topic. During the unrest (19 July to 10 October 2011), the Instituto Geografico
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Nacional’s (IGN, Spain) monitoring network recorded intense seismicity and surface deformation, thereby
suggesting magma accumulation and migration near the base of the crust below the island [see Lopez
et al.,, 2012]. Despite all the scientific work devoted to this eruption [e.g., Lopez et al., 2012, 2014; Marti et al.,
2013, 2017; Tarraga et al., 2014; Gonzalez et al., 2013; Klugel et al,, 2015; Sainz-Maza et al., 2014; Garcia-
Yeguas et al., 2014; Meletlidis et al., 2015; Telesca et al.,, 2014, 2015; Diaz-Moreno et al., 2015], there are still a
number of unresolved questions regarding the unrest process. Did the seismicity truly define the path fol-
lowed by the magma during the preeruptive unrest process? When was the new magma emplaced below
the island? Which processes controlled the aseismic upward migration of the magma to the surface and
why was it aseismic?

Magma migration through the brittle part of the lithosphere causes fracturing and dike propagation, which
is driven by magma overpressure, the physical properties of the magma and crust, and the local and
regional stress fields [e.g., Pinel and Jaupart, 2004; Maccaferri et al., 20111. In light of new published informa-
tion about the internal structure below El Hierro [Garcia-Yeguas et al., 2014; Marti et al., 2017], we reanalyzed
the seismic and geodetic data recorded during El Hierro volcanic unrest to gain deeper understanding of
the nature of the precursory signals and how to correctly interpret them when only limited data are avail-
able. We applied methods for retrieving the maximum amount of information from the data and were able
to obtain new details regarding the eruptive mechanism. The results will not only be useful for understand-
ing the eruption on El Hierro and its unrest process but also for comprehending the dynamics of other vol-
canoes in active monogenetic fields.

1.1. El Hierro Overview

El Hierro is the smallest and youngest of the group of seven volcanic islands that form the Canarian Archi-
pelago located off the northwest coast of Africa [Carracedo et al., 2002] (Figure 1a). In July 2011, after more
than 200 years of quiescence, a period of volcanic unrest began that culminated in a submarine eruption
on 10 October 2011, less than 2 km off the island’s southern coast. The eruption lasted for 4 months and
generated serious bubbling and the emission of ash and scoriaceous fragments onto the surface of the sea
[e.g., Meletlidis et al., 2015].

Structural studies carried out on El Hierro before the eruption revealed clear lithospheric anomalies below
the island. A 3-D-lithospheric gravimetric inversion over a wide area around the Canary Islands found a
regional N-S oriented Bouguer gradient associated with a wavelength of 40 km (corresponding to a depth
of 48-128 km) passing through El Hierro Island and to the west of the island of La Palma (Figure 1b). In addi-
tion, two shallow gravity minima were identified to the NE and SW of El Hierro, with Bouguer wavelengths
of 12-40 km (corresponding to a depth of 12-48 km) [Carbé et al., 2003; Llanes, 2006] (Figure 1c). A gravity
minimum SW of El Hierro was also found and modeled by a negative density anomaly at a depth of 10 km
by Montesinos et al. [2006].

In a field survey carried out prior to the 2011 unrest, Gorbatikov et al. [2013] studied the deep structure of El
Hierro using microseismic sounding techniques. These authors found a central-eastern intrusive high-
velocity body in the crust that they interpreted as being related to the early stage of the formation of the
island, as well as a western intrusive body below the crust at a depth of >15 km that was interpreted as a
recent magmatic reservoir (Figure 1d). This is consistent with the depth range of 19-26 km (in the upper-
mantle) reported by Stroncik et al. [2009] for the magma plumbing and storage system in the upper-mantle
below El Hierro.

After the 2011-2012 El Hierro eruption, P wave and S wave 3-D tomography was performed with the 13,000
local earthquakes registered from July 2011 to September 2012 [Garcia-Yeguas et al., 2014]. It revealed a
high-velocity crust to a depth of 10-12 km and a low-velocity anomaly below the base of the crust, inter-
preted as a batch of magma rising as a small plume from the mantle located beneath El Hierro. Further-
more, recent P wave 3-D tomography [Marti et al, 2017] performed with 20,000 local earthquakes
registered in September 2011 to March 2014, revealed additional and valuable features. Marti et al. [2017]
could model the structural complexity of the interior of El Hierro, including the identification of a number of
stress barriers that authors interpreted as corresponding to regional tectonic structures and blocked path-
ways from previous eruptions, which reduces the options for fresh magma for finding a suitable pathway to
the surface and for erupting (Figure Te). These authors also confirmed the existence of a magma reservoir
in the upper-mantle, situated in the central area of the island.
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Figure 1. El Hierro location and its internal structure. (a) Geographical location of the Canary Archipelago. (b) Distribution of the islands
over the Bouguer anomaly map (modified from Carbé et al. [2003] and Llanes [2006]), and (c) zoom of the local structures around El Hierro
(color scale, in mGal, is the same in Figure 1b). (d) S wave velocity distribution at 10 and 15 km depth (modified from Gorvatikov et al.
[2013]). (e) P wave 3-D tomography of the structure of El Hierro, and its horizontal projection at 17.2-18 km depth (modified from Marti
et al. [2017]).

1.2. El Hierro Unrest

The unrest on El Hierro began on 19 July 2011 with the observation of low-magnitude seismicity located
first in the central part of the island and subsequently migrating to the south at a depth of ~9-16 km [Lopez
et al., 2012; Dominguez Cerdena et al., 2014]. A simultaneous surface deformation confirmed the southward
migration of the source of pressure [Meletlidis et al., 2015]. Two weeks before the eruption (from 27 Septem-
ber onward), a clear acceleration in this process was registered with an increase in the rate of deformations
and in the scale of the seismicity. Previous geophysical interpretations [e.g., Gonzdlez et al., 2013; Lopez
et al.,, 2014; Sainz-Maza et al., 2014; Meletlidis et al., 2015] suggested that the final magma migration from
depth to the surface could have started some days before the beginning of the eruption; however, the
mechanism involved is unknown. On 8 October 2011, a Mw 4.0 earthquake, occurred 1.5 km off the south-
west coast of the island. From this event to the beginning of a volcanic tremor signal on 10 October 2011
(04:10 UTC), the only recorded activity consisted of a few shallow (1-3 km depth) and low magnitude (<2
Mw) earthquakes occurring 5 km south of the island [Lopez et al., 2014].

Figure 2 shows the seismicity located by the IGN monitoring network (Figure 2a), the evolution of the
located hypocenters (Figure 2b) and the double-couple focal mechanism solutions of the My, > 3.5 events
located during the unrest, all registered during 27 September to 9 October [del Fresno, 2016] (Figure 2c).
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Figure 2. Seismicity located on El Hierro during the unrest. a) Distribution for different time periods; (b) evolution of hypocenter coordinates. Scale bar (purple: 19 July-22 August, green:
23 August to 8 September, yellow: 9-26 September, pink: 27 September to 3 October, red: 4-10 October). (c) Double-couple focal mechanism solutions of the M, > 3.5 events in the
period 27 September to 9 October. Seismic stations are represented by white triangles and GPS stations by black ones.

From 19 July to 8 September 2011, activity consisted of low-magnitude earthquakes located in clusters, as
highlighted by a precise double-difference relocation study that used data from 3500 (out of a total of
10,000 events) local earthquakes registered during the unrest [Dominguez Cerdena et al., 2014]. We distin-
guish two periods (9-26 September and 27 September to 3 October) during which the seismicity of increas-
ing magnitude was located to the south of the previous activity. Finally, high-magnitude sparse seismicity
occurred on 3-10 October (including the 8 October 4.0 Mw earthquake).

2. Methodology and Analyses

We performed seismic and deformation characterization based on (1) temporal variations in the b value of
the Gutenberg-Richter distribution and the Vp/Vs ratio; (2) the evolution of the accumulated seismic strain
and seismic volume; (3) the characterization of the different seismovolcanic signals and the tensile-shear
type of the fracturing; and (4) the modeling of the geodetic pressure sources for different time periods.

The seismic data were provided by the IGN catalog (www.ign.es) and includes the activity registered by the
permanent seismic stations installed on El Hierro: one three-component (3CC) broadband station and eight
short-period and medium-period 3CC stations (Figure 2a). Despite its low density, this network was well dis-
tributed and had a mean error of 3 km for epicenter location and 5 km for depth estimation [Lopez et al.,
2012]. The local GPS network during the unrest episode had up to six stations, which allow daily coordinate
solutions to be calculated. Although they registered data for almost the whole of the unrest episode, the
distribution of these stations was uneven and only covered properly the north and central parts of the
island (Figure 2a).

2.1. Seismic b Value and Vp/Vs Ratio Temporal Evolution

We calculated the variations in the b value of the Gutenberg-Richter law (see Appendix A1) to identify dif-
ferent time periods in which tectonic (driven mainly by tectonic plate activity) or volcano-tectonic (driven
by the volcanic activity) seismicity predominated. We adjusted the unknowns, a and b, using the maximum
curvature method [Aki, 1965] in overlapping moving windows with 200 earthquakes. We then computed
the completeness magnitude (above this magnitude the catalog should include all the events recorded by
the seismic network), Mw,, and the maxima magnitude reached, Mw,,4, in each time period [ZMAP pro-
gram; Wiemer, 2001].

In addition, we analyzed the temporal variations in the P-(compressional) and S-(shear) wave travel time
velocities (Vp/Vs) of the local earthquakes on El Hierro. In volcanic areas, the Vp/Vs ratio aids the study of
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the properties of the medium, the existence of fluids and/or increasing/changing crack distribution,
thereby identifying the volcano state and its evolution [e.g., Lin and Shearer, 2009; Hong et al., 2014]. We
calculated the Vp/Vs ratio and Poisson’s ratio, v, using the phase information (P wave and S wave arrival
times) of the located and a robust multilinear regression for those Mw > 1.7 events in nonoverlapping
windows with 300 earthquakes (see Appendix A1). P wave and S wave arrival times were manually
picked (with an error less than 0.5 for P wave and 1 s for S wave) and hypocentral solutions were com-
puted using a three layer velocity model based on a previous study of the Canary Islands [Dominguez
Cerdena et al., 2014].

2.2. Seismic Strain and Volume

By applying the formulations in Kostrov [1974], Jackson and McKenzie [1988], and Stich et al. [2006] (see
Appendix A2), we calculated the permanent seismic strain (static seismic deformation in response to stress
forces) from the seismic moment (which measures the size of the earthquake, and is proportional to the
product of the rock strength, the fault area, and the amount of slip) for different ranges of time and magni-
tude. We summed the contributions to the strain of the located seismicity (included in the seismic catalog)
with magnitudes above Mw( to the contribution of the seismicity with magnitudes below Mw, (most of
them not included in the seismic catalog) inferred from the b value regression of the Gutenberg-Richter dis-
tribution. This noncataloged seismicity is relevant when large earthquakes do not dominate the deforma-
tion (b>1.5). We used the relationship established by Hanks and Kanamori [1979] between the scalar
seismic moment, Mo, and Mw, M,=10""""*+905 ‘and the a, b, MWnax and Mwc values obtained in 2.1, with
MW, = 1.0, the seismic consistency Cs =1 and the shear modulus x=4 X 10'°Pa [Watts, 1994; Watts
etal, 1997].

We estimated the contribution of the permanent seismic deformation (static deformation) to the variations
in the volume from Mo using the approximation AV= # [Aki and Richards, 1980; Hill et al., 2003]. With
this equation, Y Mo becomes proportional to the volume of the active fractures associated with the mag-
matic activity. In fact, for hydraulic fracturing or geothermal exploration projects this parameter allows oper-
ators to assess the extent of the stimulated rock volume and the efficiency of the injection activities
[Maxwell et al., 2006; Shapiro et al., 2011].

2.3. Type of Seismic Signals and Tensile-Shear Fracturing

The continuous raw waveform includes a wide variety of seismic signals: transient signals such as volcano-
tectonic events and low-frequency events and continuous signals such as microseismicity, volcanic tremors
and swarms of volcano-tectonic events. To study the different contribution of these seismic sources to the
seismic data acquired, and to discriminate weak seismic signals from noise, we performed a Real-time Seis-
mic Amplitude Measurement (RSAM) analysis. The RSAM analysis is a robust tool for monitoring volcanic
activity because it provides a simple indicator of the level of seismic energy released [Endo and Murray,
1991].

We calculated the RSAM (see Appendix A3) on the broadband CTIG seismic station (the CTIG was the only sta-
tion with a flat instrumental response in the whole frequency spectra that recorded the seismic activity from
the beginning to the end of the unrest). We separated the different seismic sources by applying bands filters
to the continuous data: 1-3 Hz for tremors, low-frequency events (LF), hybrids and medium magnitude
volcano-tectonic events (VT); 3-15 Hz small VT; and 15-30 and 30-50 Hz for very small and microseismic
events, as per the classification in Wassermann [2012]. We corrected for instrument response and for attenua-
tion, Q, (which is frequency-dependent). We adopted for the local S wave attenuation (Qs =90 * f °°) the
average of the values calculated by Nunez [2017] for El Hierro crust. The P wave attenuation, Qp, was cal-
culated using the Knopoff [1971] approximation, Qp &~ 2.25 * Qs. We also corrected data for geometrical
spreading using a (1/r) dependence of amplitude with the source-receiver distance, r. The P wave RSAM
was computed using the vertical component and the S wave RSAM using the average sum of the NS and
EW components.

After performing the RSAM on the S waves and P waves, the computation of the ratio between
the energy in the S-radiated and P-radiated fields, Es/Ep, was straightforward, and provided valuable
information about the dominant fracturing type associated with the emplacement and migration of the
magma.
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2.4. Modeling of the Geodetic Pressure Sources and the Strain and Stress Fields

The GPS data were processed using Bernese software [Dach et al.,, 2015] in the ITRF2008 reference frame
and a network of more than 30 GPS stations located in the Canary Islands, Azores, North Africa, and south-
ern Spain. Precise satellite orbits and absolute antenna-phase center models from the IGS, along with
ocean-loading model FES2004, were applied [Benito-Saz et al., 20171.

Three-dimensional displacements and their associated errors were calculated for each selected time period
and inverted using the dMODELS software package [Battaglia et al., 2013], which uses a nonlinear inversion
algorithm to determine the best fit parameters (i.e. location, depth, and volume change) for the deforma-
tion source. We used the spherical source model within an elastic, isotropic, and homogeneous half-space
[McTigue, 1987] with v =0.25 and u = 40 GPa [Watts, 1994; Watts et al.,, 1997]. To assess the uncertainty of
the source model parameters, an empirical bootstrap method was applied 1000 times to estimate the 95%
confidence intervals [Efron and Tibshirani, 1986]. Despite the simplicity these models provide a first-order
analysis of the deformation sources and their evolution over time. As well, we calculated the static stress
changes caused by the static displacement associated with the point pressure sources, following Okada's
[1992] formulation [Coulomb 3.3 software, by Lin and Stein, 2004; Toda et al., 2005]. We modeled the static
stress changes (see Appendix A4) using Young modulus £ = 100 GPa and v = 0.25.

3. Results

The characterization analysis of the located seismicity showed significant variations of the Catalog perfor-
mance. Figure 3 shows the time evolution of the b value, Mw,,4,, and Mw parameters (Figure 3a), the time
evolution of the earthquake location on a N-S projection (Figure 3b), the time fluctuations of the Vp/Vs ratio
(Figure 3c¢), and the Poisson’s ratio curve (Figure 3d). Variation in Mw, with time is immediately obvious (Fig-
ure 3a), especially during the intense seismic swarm episodes registered during the 2 weeks before the
onset of the eruption. During seismic swarms most of the seismic waveforms were partially overlapping,
thereby making the phase detection and separation of the earthquakes difficult or impossible. The incom-
pleteness of the IGN catalog motivated us to use an approximate method for quantifying the contribution
of the nonlocated seismicity that was not included in the seismic catalog (section 2.2).

Figure 4a shows the seismic strain time evolution corresponding to the located (above Mw() and nonlo-
cated seismic events, the accumulated seismic volume (Figure 4b), and the daily Mw > 2.5 seismic events
located by the IGN (Figure 4c).

In addition, given that the seismic catalog only includes volcano-tectonic seismicity above the Mwc, we
studied the continuous seismic waveform to try to extract additional information regarding the fracturing
mechanism. Figure 5a shows the time evolution of Es/Ep. P wave RSAM curves for different frequency bands
are shown in Figures 5b and 5c.

We also analyzed and modeled the ground surface deformation recorded by the GPS network. Figure 6
shows the spherical source solutions corresponding to the following time periods: 31 July to 8 September
(Figure 6a), 9-21 September (Figure 6b), and 22 September to 9 October (Figure 6c), within this final period
an additional inversion for 3-9 October (Figure 6d). We selected these time periods to ensure that the reso-
lution on the displacement measurements was sufficient, to minimize inversion errors, and to replicate as
closely as possible the periods used in the seismic analyses. As only four-to-six GPS stations were operating
during these time periods, and given that most were in the northern part of El Hierro, we employed a spher-
ical source model. Therefore, we should consider the results simply as a first approximation of the deforma-
tion source, useful only for tracking and evaluating the evolution of the magma (volume change and
position) during the unrest. However, other source geometries, heterogeneities of the crust or topography
of the island should also be considered if more accurate results are required [e.g., Masterlark, 2007]. The
results are summarized in Table 1, and include the location, depth, volume change, and chi-square per
degrees of freedom (32,) for each of the spherical sources, together with the lower and upper limits of the
95% confidence intervals obtained by bootstrapping techniques.

Figure 6e shows the Coulomb static stress changes (modeled with the 3-10 October Mogi’s source) (Table 1)
on the specific faults corresponding to the 4.0 Mw, 8 October plane solution (295° strike; 40° dip; 164° rake)
[del Fresno et al., 2015].
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Figure 3. Main features of the located seismicity on El Hierro Island during the 2011 unrest. (a) Time evolution of the MW ., Mwc, and b
value parameters. (b) N-S growth distance from 19 August to 10 October (82 days), (c) Vp/Vs ratio evolution and error bounds, (d) Poisson’s
ratio evolution. Scale bar intervals as in previous figure. Vertical arrows indicate the onset of the eruption.

We noticed that the modeled spherical sources were always shallower than the seismicity and lay slightly
further to the south in the direction of the seismic migration. This bias could be partially caused by intrinsic
errors due to model simplification and the sparse GPS data used for the inversion. Another possible reason
for these differences is that the seismicity accompanying dyke propagation in basaltic volcanoes represents
events located backward with respect to the dyke tip position [Traversa et al., 2010]. Moreover, the seismic-
ity is not only related to the magma propagation but also to the response of the edifice itself to the volu-
metric deformation [Traversa et al., 2010].

4. Discussion

Based on the results obtained here we discuss the emplacement and migration mechanism used by the
magma on El Hierro to fracture and travel through the crust from its base to the Earth’s surface.

4.1. Magma Emplacement

To discuss this issue, we applied hydraulic fracture theory—which offers a valuable tool for the interpreta-
tion of what occurs when a fluid (including magma) opens and fractures rock—to our results. When an
over-pressurized fluid is injected into a volume of rock, the pressure migrates through the pores (pore pres-
sure pulses) and stress variations in the rock occur (due to the opening and fracturing of fluid-filled cracks)
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Figure 4. Strain analysis on El Hierro Island during the 2011 unrest. (a) Seismic strain of the located earthquakes above Mw( (blue curve),
below Mwc (in red), the sum of both (in black) and rate of located strain to total strain (in purple). (b) Contribution to the volume of the
earthquakes above Mw( (in blue), total contribution from located and not located (in black) and horizontal (NS and EW) daily series from
the FRON GPS station. (c) Number of Mw > 2.5 events per day. Scale bar intervals are as in previous figure.

[e.g., Shapiro et al., 1997; Miller et al., 2004; Toda et al., 2002; Dahm et al., 2010]. In the fluid-filled crack open-
ing and fracturing model [e.g., Dahm et al., 2010] cracks grow bidirectionally during the fluid injection pro-
cess. This bidirectional growth continues for some time (postinjection) due to decompression by the
remaining driving pressures, and then subsequently initiates unidirectional growth that is maintained
depending on the stress gradients and the injection fluid pressure.

High b values (in some cases up to 2 or even 3) in volcanoes have been interpreted as being caused by the
fracturing produced by fluid/magma intrusion in the mapping areas surrounding magma bodies [e.g.,
Wiemer and Wyss, 2002; McNutt, 2005; Bridges and Gao, 2006, Murru et al., 2007; Diaz-Moreno et al., 2015].
Additionally, several studies have highlighted how fluids, crack density and pore pressure influence the Vp/
Vs ratio. Laboratory measurements [Dvorkin et al., 1999] have shown that crack opening in rock samples
induced by increasing pressure in gas-enriched pores leads to decreasing Vp/Vs ratios. Anomalous Vp/Vs
ratios have also been registered in many volcanoes and low ratios are interpreted as an increase in the pres-
ence of gas in fractures [e.g., Kilauea, Johnson and Poland, 2013; Mount Etna, Patane et al., 2006; CampiFle-
grei Caldera, Chiarabba and Moretti, 2006; Aso Caldera, Unglert et al., 2011]. These authors suggest that
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Figure 5. RSAM and tensile/shear type of fracturing analyses. (a) Es/Ep time evolution. RSAM plots in P wave amplitude of the CTIG station
for different frequency bands: (b) 0.5-1, 1-3, and 3-15 Hz and (c) and 15-30, 30-50 Hz. Scale bar intervals as in previous figure.

increasing crack density should lead to higher S wave delay times and to lower Vp/Vs ratio values—if the
cracks fill with gas.

The activity registered on El Hierro from the beginning of the unrest to when the seismic migration to the
south at a constant depth started (19 July to ~21 August) presented clustered swarm activity, low Mw,,,,,
b > 1.5, tensile fracturing (low Es/Ep ratio), low Vp/Vs ratio (low Poisson’s ratio) and microseismicity. Based on
hydrofracturing models, a fluid injection close to the crust-mantle discontinuity would explain the bidirec-
tional seismicity growth, the b values, the clustered seismicity and the existence of seismic back-fronts and
fore-fronts. The high b> 1.5 values and decreasing Vp/Vs ratio values would reflect the existence of crack
opening and fluid-filled activity (gas-enriched). Nevertheless, variations in the Vp/Vs ratio cannot be attrib-
uted to any variation in depth in the fracturing since the seismicity depth range remained stable, thereby
supporting the hydrofracturing (mainly tensile) origin of the seismicity registered from 19 July to ~21
August. This fluid intrusion could not ascend through the crust due to the high-velocity crust in the area, as
revealed by the two P wave and S wave tomography results [Gorvatikov et al., 2013; Marti et al., 2017] (Fig-
ure 1); instead, we infer that it over-pressurized the entire island and promoted extension and tensile frac-
turing of preexisting faults. The injection of magma into a preexisting mantle reservoir is supported by
petrological data [Longpré et al., 2014]. The observation of a spatial CO, positive flux anomaly in a faulted
area in the north of El Hierro on 22 July-14 August [Lopez et al, 2012] could be congruent with this
described state.

The seismic migration pattern observed from 21 August to ~27 August suggests unidirectional growth in
the fluid injection, with the growth being driven by structural or regional stress gradients. In this sense, the
exact coincidence between the unidirectional growth path and the lateral heterogeneity at 10-15 km below
the Moho discontinuity is notable [Gorbatikov et al., 2013] on El Hierro (Figure 1). Diaz et al. [2015] also sug-
gest the existence of stress diffusion and hydraulic fracturing in the seismic activity in their analysis of the
temporal and spatial distribution of the seismic activity occurring on El Hierro in 2011-2013.
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4.2, Evidence of Increasing Magma Pressurization
On 21 and, more clearly, on 27 September, the activity changed drastically and from this date onward fea-
tures appeared that had never been observed before at El Hierro: deeper earthquakes, very intense swarms
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Table 1. Optimal Spherical Source Model Parameters (With 95% Confidence Intervals)

Time Periods Longitude (°) Latitude (°) Depth (km) AV (km?) X2,
31 Jul 2011/8 Sep 2011 —18.053718012 TN 49140 0.0049:05¢ 47
8 Sep 2011/21 Sep 2011 —18.065" 17930 27.690371%; 5.42%6 0.0085.%} 5.4
21 Sep 2011/9 Oct 2011 —18.06415543 27.59537:359 SRS 0.0265-95 6.0
3 Oct 2011/9 Oct 2011 —18.047_179%} 27.62037:5%8 12.62%° 0.0275.9% 4.8

of VT events, alternation of b values minima close to 1 with maxima of b ~ 1.5, alternation of shear and ten-
sile behavior, maximum Poisson’s ratio values, maximum seismic strain release, and the greatest deforma-
tion, as reflected by the higher modeled Mogi’s source volume. This activity occurred in two pulses (27-30
September and 2-5 October) and was registered by the seismic and the GPS network. Figure 7 shows the
time series of the GPS, the seismic strain and the evolution of Poisson’s ratio. Of note are the coincidence
between the coherent oscillation in the NS component and the seismic strain pulse (2-5 October) with max-
imum on 3 October, and the change in the focal mechanism from thrust fracturing to strike-slip that
occurred on that date (top plot in Figure 7).

The variations in the Vp/Vs ratio from 27 September onward cannot be attributed clearly to any variation in
the depth of the fracturing since the seismicity depth range remained stable (at least the seismicity located
and included in the seismic catalog). Furthermore, at the maxima of these two pulses, the Es/Ep values
show shear fracturing and b values over 1.5, while at the minima, the Es/Ep values show tensile fracturing
and b ~ 1 (Figure 3a). Rapid variations in the deformation (inflation/deflation cycles) have been related to
dyke propagation that allows the movement of magma and temporal changes in the local stress and strain
fields [e.g., Heimisson et al., 2015].

We cannot rule out a bias in the GPS coordinates during (3-5 September) due to atmospheric instabilities
recorded by the meteorological stations on the island. As described in Larson et al. [2010], path delays
caused by the troposphere are one of the most important sources of error in GPS precision. In addition,
based on Tregoning and Herring [2006], poor Zenith Hydrostatic Delay values can corrupt the station coordi-
nates and the Zenith Total Delay estimates; nevertheless, this effect is more significant in the vertical com-
ponent than in the horizontal ones. Thus, we believe that the deformation was real and not biasedgiven
that it was greater in its horizontal components than in its vertical ones (Figure 7) and that there were
changes in the volcanic system detected by other techniques. However, the magnitude of the deformations
on those days could have been influence by tropospheric effects.

When discussing the relationship that exists between tectonic stress fields and the earthquakes triggered
by magma overpressure, Roman et al. [2007] propose different faulting scenarios that vary in terms of the
strength of the regional tectonic stress compared to the volcanic stress. Faults slip in the direction of the
regional maximum compression if regional stresses dominate; there is no faulting and shadow zones are
created around the inflating dyke if regional stresses balance volcanic stresses; and reverse faulting occurs
if volcanic stresses dominate [Roman et al., 20071.

Regarding the Coulomb static stress changes associated with the modeled sphere pressure sources, both
triggered seismicity and stress shadow have been observed in association with evolving static stress
changes during propagating dyke mechanisms in active volcanoes [e.g., Green et al., 2015]. The Coulomb
stress at the site of the 8 October event (Figure 6e) was ~5 bar. The focal mechanism of this event was
modeled by del Fresno et al. [2015], who obtained a pure double-couple mechanism with a null isotropic
(dilatational) component, which rules out any volume changes in the source due to magma intrusion. By
modeling a circular fault model [Brune, 19701, del Fresno et al. [2012] calculated a rupture area of 0.9 km?
and 20-30 bar for the stress drop. This stress drop is higher than the 5 bar (0.5 MPa) of positive change in
the Coulomb stress; in preexisting faults similar variations provoke faulting, thereby provoking an earth-
quake [Walter and Amelung, 2006, Chouet and Matoza, 2013]. Thus, a positive stress transfer by itself could
have triggered the 8 October 4.0 Mw earthquake along a preexistent fault, as well as other lower magnitude
seismicity, as suggested by the close coincidence between the 3 and 8 October spatial location distribution
and the area with greatest stress (in red) (Figure 6e).

Based on these observations, we suggest that from 27 September onward, an increase in over-pressurized
melt, reached the mantle-crust boundary, in accordance with the reverse type of the focal mechanism. This
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Figure 7. Comparison of the evolution of the seismic strain, the geodetic strain (time series of GPS deformation) and the Poisson’s ratio during the 2011 El Hierro unrest. (a) GPS NS com-
ponent and the seismic strain, (b) GPS EW components and seismic strain, (c) GPS vertical components, and seismic strain, (d) Poisson’s ratio time evolution.

increased overpressure promoted tectonic seismicity while increasing in volume due to the tensile emplace-
ment of additional melt material. During the reverse faulting period (27 September to 3 October), volcanic
stresses probably dominated, the source of this fracturing being clearly located below the crust base (~12-
5 km depth) [Marti et al., 2017]. The change in focal mechanism and the GPS oscillation patterns registered
around 3 October suggest that an important change occurred, probably due to the propagation of a dyke
from the magma reservoir that caused a fall in the magma pressure below the crust. The strike-slip seismic-
ity registered on 3-8 October could have been the consequence of increased Coulomb stress transfer on
preexisting regional faults in the crust since strike-slip event planes coincided with the maximum regional
NW-SE compression [Geyer et al., 2016]. The rapid variations in the Vp/Vs recorded in this period probably
reflect the abrupt changes in the stress and deformation states, which cause fracturing, and the active trans-
port of fluids (melt) driving more fracturing in a positive feedback system that ultimately leads to the erup-
tion [Koulakov et al., 2012]. During the seismic quiescence registered after the occurrence of the 8 October

4 Mw event, an intermediate scenario could have occurred, whereby increasing volcanic stress balanced
out the regional stress.
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4.3. Geometry of the Upward Magma Migration

Marti et al. [2013] proposed a mechanistic model for the eruption on El Hierro by numerical modeling of the
stress and the strain fields in an elastic lithosphere, including the effects of flexure, edifice load and the
water layer. Their results explain some of the aspects and features observed during the unrest, including
the lateral sill propagation of the magma below the crust and the lateral ascent toward the surface away
from the edifice center. These authors suggest the presence of an intrusive complex characterized by differ-
ent rheology that would explain the halt in the vertical progression of the magma when it reached the bot-
tom of the crustal boundary [e.g., Gudmundsson, 2006].

Here we complement the mechanism by applying the conditions for tensile and shear fracturing in mono-
genetic volcanism [e.g., Marti et al., 2016] (see Appendix A5). For the crust failure, the magma pressure
needs to reach values over 10-200 + ¢, to create new fractures under the normal stress (a,,) or greater than
1+ g, bar to open a preexisting fault. In the case of tensile faulting (o, < 0), the pressure required will be
lower [e.g., Gudmundsson, 2012; Marti et al., 2016]. Therefore, it is evident that, in the event of low-pressure
conditions, the most probable scenario is the emplacement of magma into previously faulted areas of the
crust because of tensile opening. As the stress drop after a tensile earthquake is smaller than in the case of
shear failure volcanic earthquakes associated with tensile failure will have small magnitudes and the radi-
ated seismic waves will have more energy at higher frequencies. This was probably the case of the high-
frequency microseismicity registered during the El Hierro unrest in the periods in which tensile behavior
was dominant (Figure 5c).

Figure 8 represents the results of the biaxial modeling [Zang and Stephansson, 2010] of the differential stress
field and the magma pressure (ascending from a 3 MPa over-pressurized source located at a depth of
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Figure 8. Magma overpressure in the fracture P,y = (P — a,,) for different dip angles, superimposing the maximum differential stress curve
for the occurrence of tensile faulting (560 bar) for (a) v = 0.27 and (b) v = 0.24.
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20 km). The overpressure in the fracture, Pt = (P — @), is calculated for different dip angles (see Appendix
A5). We located the roof of the magma chamber at a depth of 20 km, in accordance with the modeled anoma-
lous body found at that depth by Marti et al. [2017]. We used the same values for magma and crust densities as
used by Becerril et al. [2013] in their numerical modeling of the feeder dykes on El Hierro: p,,, = 2.65 X 10° kg

m~3 for the basaltic magma density and p, = 2.75

X 10% kg m~3 for the host crust. We used v = 0.27 (Figure 8a)

and v = 0.24 (Figure 8b) that bound the Poisson’s ratio values obtained from the seismic catalog analysis. Our
modeling shows that the requirement for induced vertical-plane tensile faults, (6, — a1,) < 560 bar, is fulfilled at
shallow depths (less than 3 km), and tensile openings are possible on fractures oriented within 22.5° from o, (Fig-
ures 8a and 8b). At any other depths in the crust and at other orientations, new fractures will be shear or tensile
in nature but will occur in preexisting fractures. As the differential stress increases with depth and pore pressure,
leading to smaller real differential stresses and a greater probability of a crack opening in over-pressurized forma-
tions [Fischer and Guest, 2011], we cannot rule out the possibility that tensile opening could occur near the
magma reservoir or the dyke. One noticeable result is the influence of Poisson’s ratio on the available faults
planes that the over-pressurized magma uses to travel from depth to the surface. Whatever the case, at depths
of less than 6-7 km, positive buoyant magma will open all preexistent faults at any dip angle.

Stress modeling highlights the importance of the preexisting faults on El Hierro. The lithosphere in the
south of El Hierro could be faulted and coincide with the known low-density and gravity anomaly [Carbo
et al,, 2003; Gorvatikov et al., 2013]. Once the magma crossed the Moho south El Hierro, dyke stress would
unclamp the preexisting faults, thereby allowing the aperture of a magma path to the surface in a com-
bined process of tensile and shear fracturing. During its migration, the geometry and orientation of the
dyke changed to take advantage of new available fault planes (Figure 8), which gave rise to apparently
aseismic migration close to the surface on 8-10 October, probably due to high-aperture tensile fracturing.
This stagnation of the magma in the lower crust and the lateral propagation have been also described in
previous petrological studies focusing on the olivine crystals [e.g., Longpré et al., 2014].
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4.4. Conceptual Model
Finally, we provide a conceptual model (Figure 9) for the unrest mechanism in which three main stages can
be distinguished:

Stage 1: Magma injection overpressures the existing magma reservoir below the crust, promoting stress dif-
fusion and hydraulic fracturing of preexisting and new cracks in the lower crust (~9-15 km) [Marti et al.,
2017] with gas-enriched fluids. Regional fields control the migration of the stress perturbation involved in
the fracturing to the south.

Stage 2: Over-pressurized magma pulses reach the crust base by migrating to below the Moho discontinu-
ity. Increased overpressure promotes tectonic seismicity, while the reservoir increases in volume due to the
tensile emplacement of additional melt material. During the reverse faulting period (27 September to 3
October) volcanic stresses were probably dominant, the source of this fracturing clearly being below the
crust base. The high-velocity crust base blocked upward dyke propagation. This stage finished with the
crossing of the mantle-crust boundary in a faulted crust region south El Hierro.

Stage 3. On 3-8 October, an increase in the transport of magmatic fluids in fractures led to greater fractur-
ing of the lower crust in a positive feedback system. Dyke propagation caused a fall in the magma pressure
below the crust and the increase in the stress in the crust. The positive stress transfer in the crust could
have triggered seismicity along a preexistent fault on 3-8 October. An increasing volcanic stress balance
with the regional stress field enabled the propagating dykes to use and maintain opening of the network of
preexisting faults from the crust base to the surface. In the upward migration, the magma starts by using
vertical preexisting faults and opens closer to the surface preexisting faults of any dip angle, thereby pro-
moting during the final kilometers horizontal (lateral E-W oriented) migration that reached the surface far
from the area in which the previous seismicity had been located.

5. Conclusions

Even though the data used were limited, the methods applied were an approximation of the physics
involved in an eruptive event, and that the results include numerous uncertainties rather than simple solu-
tions, the consistency provided by comparable results allows us to hypothesize how and why the eruption
on El Hierro took place. Additionally, compared to previous studies that have employed some of the techni-
ques used in this work (e.g., b value analyses, source modeling), we have been able to provide a complete
calculation of the whole evolution of the seismic strain and the Coulomb modeling of the stress field
changes. In a similar way, no Vp/Vs temporal evolution study or Es/Ep characterization of the tensile/shear
fracturing, or error analyses of the deformation sources, have ever been performed using the data set from
El Hierro. Some of the evidence found is novel (e.g. occurrence of high-magnitude triggered seismicity,
hydrofracturing by gas-enriched fluids, evidence of the crossing of the mantle/crust boundary), as is the
interpretation of the overall evidence in light of the detailed knowledge of the structure of El Hierro.

It is also worth noting that when the seismic activity included in a seismic catalog does not include very
low-magnitude seismicity (tensile fracturing), or when its performance is dependent on the seismic rate,
only a very approximate (in the best of cases) path along which the magma is rising or accumulating can be
drawn. High-magnitude activity can be partially related to the opening of the preexisting network of frac-
tures of the volcano edifice and some of the high magnitude events are caused by stress triggering. Like-
wise, it is essential to have a dense GPS network for precise modeling of the magma intrusion and the
changes in its geometry as it crosses the lithosphere. Otherwise, it is only possible to derive simple and
probably biased models. Therefore, we stress the crucial importance of setting up a high-quality (i.e., dense,
low-noise, well-distributed) network of instruments and developing new tools for comprehensive monitor-
ing of volcanic activity and the correct interpretation of the observational data acquired.

APPENDIX A

A1. Seismic b Value and Vp/Vs Ratio Temporal Evolution
The Gutenberg-Richter (G-R) distribution power law states that,

logion(M)=a—bM, (A1)
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where n(M) is the cumulative number of earthquakes of magnitude larger than M, a represents the earth-
quake productivity, and b describes their size distribution [Gutenberg and Richter, 1944].

The Vp/Vs ratio can be estimated by using a modified Wadati analysis [Wadati, 1933; Jo and Hong, 2013]:

@_17(T5—Tp)

Vs Tp

) (A2)

where Tp and Ts are the observer P wave and S waves phase readings.

From Vp/Vs, the Poisson’s ratio v (the ratio of transverse contraction strain to longitudinal extension strain in
the direction of stretching force) can be calculated using:

1 1
S S A3
' 2{ (vp/v5>2—1] ")

A2. Seismic Strain
Kostrov's [1974] theorem states that the average seismic strain tensor can be defined by

1N
=3 M A4
g 2V ; i (A4)

where M,’-] is the component jj of the seismic moment tensor M,, of the earthquake nth that occurred in the
crustal volume V, (that contains the active faults), whose average elastic shear modulus is p.

If the moment tensor solution is not available, the approximation of Frohlich and Apperson [1992] can be
applied, which calculates the contribution of the scalar seismic moment of each individual earthquake, Mo, by

1 N
|£|:2'u—VCSZMg7 (A5)
n=1

where Cs is the seismic consistency and has a value Cs< 1. € represents the amount of final permanent
deformation accommodated within the considered crustal volume. If we compute € for the seismicity
occurred over a period of time, At, we can refer to the result as ¢ =¢/At, the average seismic strain rate. We
can compute the average strain between a range of magnitudes Mw; and Mw, by

Mw> d|€‘ Jsz Cs
—= ——n(My )ModMyy. (A6)
JMM M~ Yy, 20" MMM

This equation allows us to compute the contribution of the located seismic events from the completeness
moment magnitude Mw; = Mw, to the maximum moment magnitude of the catalog Mw, = Mw,,4. The
ratio of the integration of (6) for adjacent magnitude intervals is

10(1-5=0)Mur _19(1.5-b)Muo

T 100502 115 b)Mu (A7)

‘£|MW0_MWW

‘8|MW1 —Mw>

This equation allows us to compute the contribution of the nonlocated earthquakes, from an a priori mini-
mum moment magnitude Mwy = Mw,,;, to Mw; = Mw.

A3. RSAM Analysis
The RSAM analysis [Endo and Murray, 1991] is defined by

M:

> Ai—A|
RSAM= "f , (A8)

where A; is the signal amplitude corrected by the instrument response and the geometric and anaelastic
attenuation occurred from the hypocenter to the station; A is the mean amplitude in the calculation win-
dow and n is the number of samples in the window.

The RSAM analysis is an approximated method for computing the continuous scalar seismic moment, Mo,
and allows us to study the fracturing mechanism associated with the magmatic activity in the case of
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continuous or overlapping seismic signals. This approximation is more rewarding when the magnitude of
the earthquakes decreases—thereby hindering their detection and location—during dense earthquake
swarms, or when the magnitude of completeness is high. Following the description of the source radiation
function of Aki and Richards [2002], Mo can be estimated from the far-field seismic P waves and S waves dis-
placement recording, u (x,t). In a homogeneous whole space

P.S

' r
U(X7 t)—WMO (t_ V>7 (A9)
4mpV3r [ u(t)
Mo= s, (A10)

where p is the rock density, V is the P wave or S wave velocity, r is the source-receiver distance, Mo the seis-
mic moment rate, and R is the P wave and S wave radiation patterns. If no focal mechanism solution is
available, the average radiation pattern correction, 0.44 for P waves and 0.60 for S waves, can be used [Boore
and Boatwright, 1984]. The approximated mean scalar seismic moment, Mo, can then be estimated from (9)
and (10) in the (n samples) t;—t, window using the equation

to

nRSAM:J u(t). (A11)

t

A4. Coulomb Stress Calculations
The Coulomb failure criterion hypothesizes that failure is promoted when the Coulomb stress change is positive

Acs= Ats+ 1 * Aay, (A12)

where Aoy is the change in failure stress on the receiver fault, At is the change in shear stress (positive
when sheared in the direction of fault slip), Ao, is the change in normal stress (positive if the fault is
unclamped), and u is the effective coefficient of friction on the fault. The strain and the shear and normal
components of the Coulomb stress change can be calculated in an elastic half-space in specific faults
(receiver fault planes) or on a 3-D grid [Okada, 1992; Lin and Stein, 2004; Toda et al., 2005].

AS5. Failure Criteria and Magma Pressure on a Propagating Dyke

The 2-D Mohr-Coulomb failure criteria states that new tensile opening will occur along fractures oriented
within 22.5° from g, (greater stress component) if the differential stress (g1 —03) < 21/2S,, where a5 is the
smallest stress component and S, the rock cohesion. If both conditions are fulfilled the rock will fail in ten-
sile mode or if not, in a shear or hybrid mode. For a typical rock cohesion of So = 200 bar, the maximum dif-
ferential stress for the occurrence of tensile faulting is ~560 bar, although this value can be much smaller if
there are preexisting fractures with significantly smaller cohesion [Fischer and Guest, 2011].

In a biaxial modeling [Zang and Stephansson, 2010] ¢ is vertical and equals oy (lithostatic load) and o3 is horizontal.
In a first approximation g\, = 250 bars/km, while the horizontal or lateral stress is proportional to the vertical load
depending on the material properties of the lithosphere [e.g., Zang and Stephansson, 2010; Canon Tapia, 2013]

o=k xa,=(v/(1—v)) * gy, (A13)

with v, the Poisson’s ratio. This increasing stress is appropriate for describing the brittle oceanic lithosphere
in general form, characterized by a single strength maximum. The normal stress along a fault, g, for differ-
ent fault dip angles, o, is defined by the equation ¢,=aycos?a+aysina. When a dyke approximates to a
preexisting fault, the magma will open a preexisting fault that was closed by a normal stress, if the magma
pressure P, > a,. The overpressure in the new fracture P,e = (P, — ¢,) will be equal to the tensile rock
strength, which in the laboratory assumes values from 10 to 200 bar for intact rock and <10 bar if there are
preexisting fractures [Fischer and Guest, 2011]. The magma overpressure in a dyke, Py, can be calculated
using the equation [e.g., Gudmundsson, 2012; Marti et al., 2016]

P0:p2+(pr7pm)gh+o—d7 (A14)
where p, is the excess pressure in the magma reservoir, a4 the differential stress at the level of the dyke

(64=0v—oan,), h the height of dyke above chamber, p, and p,, the rock and magma densities and g the
gravity acceleration.
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