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Abstract

After more than 200 years of quiescence, in July 2011 an intense seismic swarm
was detected beneath the center of El Hierro Island (Canary Islands), culminating on 10
October 2011 in a submarine eruption, 2 km off the southern coast. Although the
eruption officially ended on 5 March 2012, magmatic activity continued in the area.
From June 2012 to March 2014, six earthquake swarms, indicative of magmatic
intrusions, were detected underneath the island. We have studied these post-eruption
intrusive events using GPS and InSAR techniques to characterize the ground surface
deformation produced by each of these intrusions, and to determine the optimal source
parameters (geometry, location, depth, volume change). Source inversions provide
insight into the depth of the intrusions (~11-16 km) and the volume change associated
with each of them (between 0.02 and 0.13 km3). During this period, more than 20 cm of
uplift was detected in the central-western part of the island, corresponding to
approximately 0.32-0.38 km® of magma intruded beneath the volcano. We suggest that
these intrusions result from deep magma migrating from the mantle, trapped at the
mantle/lower crust discontinuity in the form of sill-like bodies. This study using joint
inversion of GPS and InSAR data in a post-eruption period provides important insight
into the characteristics of the magmatic plumbing system of El Hierro, an oceanic

intraplate volcanic island.



1. Introduction

Ground deformation may occur at active volcanoes due to a variety of magmatic
and non-magmatic processes, e.g. migration of magma, gas exsolution, slope
instabilities, etc. (Battaglia et al., 2006; Nishimura et al., 2001; Sigmundsson et al.,
2010; Solaro et al., 2010; Watson et al., 2000). This study focuses on ground
deformation measured at El Hierro Island, Spain, between June 2012 and March 2014,
and deformation modeling that suggests magmatic processes are responsible for the
observed deformation during this period. In general, injection of batches of magma
rising from the mantle to shallower levels in the crust can produce detectable surface
inflation. For example, a magmatic intrusion between July 2007 and July 2008 beneath
the Okmok caldera in the Aleutian Islands, Alaska, produced 15 cm of uplift shortly
before the 12 July 2008 eruption (Lu et al., 2010), and between 2007 and 2009, 13 cm
of uplift was detected in Slamet volcano, Java Island, a short time before the April 2009
eruption (Chaussard and Amelung, 2012). These magmatic intrusions are usually
tracked by changes in seismicity and geodetic observations. However, they do not
always lead to an eruption. Paka volcano, East African Rift, displayed approximately 21
cm of uplift during 2006-2007 without any subsequent eruption (Biggs et al., 2009). In
Iceland, a series of shallow sills were intruded beneath Eyjafjallajokull volcano in 1994
and 1999, but an eruption did not occur until 2010 (Sigmundsson et al., 2010).

Although numerous studies have been undertaken describing magmatic
intrusions and their associated surface deformation, observations at oceanic intraplate
volcanic islands are limited. These kinds of islands (Canary Islands, Hawaii, Galapagos,
Reunion, Cape Verde, etc.) are often highly populated and a tourist destination for
thousands of people so even a small eruption can have a major economic and social

impact. Understanding the characteristics of these magmatic intrusions is essential for



obtaining an improved understanding of the likely volcanic hazards in the event of an
eruption.

A magmatic intrusion in El Hierro Island (Canary Islands, Spain) was detected
in the center of the island on 19 July 2011 at a depth of 9-11 km after more than 200
years of quiescence. The intrusion produced more than 5 cm of surface deformation and
almost 10000 earthquakes, migrating 15 km laterally until a submarine eruption
commenced on 10 Oct 2011, 2 km off the southern coast (Dominguez Cerdeiia et al.,
2014; Lopez et al., 2012; Rivera et al., 2013). The eruption lasted almost five months
and produced discolored water, large gas bubbles, lava fragments and pyroclasts on the
sea surface (Carracedo et al., 2012; Lopez et al., 2014; Marti et al., 2013b). However,
the end of the submarine eruption did not mark the end of the magmatic activity at this
young oceanic island. At least six additional intrusions have been revealed by seismicity
and ground deformation observations during the period spanning June 2012 to March
2014 (Kligel et al., 2015).

The aim of this study is to jointly analyze Interferometric Synthetic Aperture
Radar (InSAR) and Global Positioning System (GPS) measurements to quantify the
ground deformation produced by each of these six post-eruption intrusive events at El
Hierro. These geodetic datasets have been inverted to determine the optimal source
parameters (location, geometry and volume/pressure change) that best define these
intrusions from a geodetic and volcanological point of view. Results have been
interpreted with the aid of seismicity for each period of unrest to gain an improved
understanding of the geodetic signals and the characteristics of these magmatic

intrusions.



2. El Hierro Island
2.1. Geological Setting

The archipelago of the Canary Islands is a group of seven main volcanic islands
near the northwest coast of Africa with historical Hawaiian and Strombolian volcanic
activity (Romero Ruiz, 1990). The smallest and youngest within this group of intraplate
islands, El Hierro is a young volcanic edifice within its main shield-building stage, with
the oldest subaerial rocks dated at 1.12 Ma (Guillou et al., 1996). El Hierro rises from
around 3800 m below sea level to a maximum altitude of 1502 m at its most central
part, having a subaerial surface of 269 km”. More than 200 submarine cones have been
identified, providing El Hierro with the highest density of recent, well-preserved craters
compared to the remaining islands of the archipelago (Guillou et al., 1996; Rivera et al.,
2013) (Fig. 1).

The abrupt topography of the island is the result of the formation of different
basaltic edifices and the occurrence of several large lateral landslides. El Tifior volcano,
developed in the north-eastern part of the island between 1.12 and 0.88 Ma ago, later
experienced a northwest flank collapse. Following this, El Golfo edifice began forming
around 545 ka ago, overlying the El Tifior volcano on its west flank and completely
filling the El Tifior collapse (Carracedo et al., 1999; Guillou et al., 1996). Subsequently,
several lateral collapses modified this edifice. The El Julan landslide, >200 ka ago,
destroyed the southwest flank of the edifice when it was probably already well-
developed, forming a 10-km-wide embayment. In addition, Las Playas collapses formed
a 4-km-wide embayment and a 1000-m high cliff, destroying the southeast flank of the
edifice around 176-145 ka (Gee et al., 2001b). The collapse of the northern flank during
the El Golfo landslide has been identified as the youngest large-scale landslide in the

Canary Islands, ~87-39 ka (Carracedo et al., 1999; Gee et al., 2001b; Longpré et al.,



2011; Masson, 1996; Masson et al., 2002; Urgeles et al., 1997). The embayment formed
is almost 14-km-wide and presents a vertical escarpment of around 1400-m-high, a
distinctive landmark on the island (Fig. 1).

Over the last 145 ka, volcanism has been monogenetic, characterized by the
eruption of mafic magmas forming cinder cones and lava flows (Carracedo et al., 2001;
Stroncik et al., 2009). These eruptive centers have been concentrated along three rifts,
built on top of the remains of the previous edifices, which extend from the center of the
island (Carracedo, 1994; Carracedo et al., 2001; Guillou et al., 1996) (Fig. 1). These
rifts are characterized by submarine elongations reflected both in bathymetry and
aeromagnetic data (Acosta et al., 2003; Blanco-Montenegro et al., 2008; Gee et al.,
2001a; Miinn et al., 2006). However, the idea of a three-armed rift system has been
debated since volcanic activity has not been confined to narrow zones (Gee et al.,
2001a), and the structural elements on the entire volcanic edifice (subaerial and
submarine) display a radial strike distribution with respect to the center of the island

(Becerril et al., 2015).
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Fig. 1. Shaded relief map of topography and bathymetry of El Hierro Island. The inset
in the top right of the figure shows the location of El Hierro Island in the Canary
archipelago. Yellow dashed lines display the traces of the three-armed rifts (spaced
about 120°) oriented in northeast, northwest and south directions (Carracedo et al.,
2001); red dashed lines indicate the approximate location of the lateral landslides that
formed the embayments of El Golfo, El Julan, and Las Playas. Continuous GPS (cGPS)

stations used in this study are represented by white triangles.



2.2. Volcanic Activity

2.2.1. Previous activity

Historical records in El Hierro Island span approximately the last 600 years and
during this time, no documentation or samples have been found to verify the occurrence
of a volcanic eruption on the island prior to the 2011-2012 submarine eruption. A
seismic crisis in 1793 is well documented in historic chronicles (Darias y Padrén, 1929)
but no evidence exists to substantiate a volcanic eruption during this period (Villasante-
Marcos and Pavon-Carrasco, 2014). Seismic activity over the last two decades has

remained low, with less than six detected earthquakes per year.

2.2.2. The 2011 pre-eruptive unrest at El Hierro

On 19 July 2011, an intense seismic swarm began at El Hierro Island (Carracedo
et al., 2012; Ibafiez et al., 2012; Lopez et al., 2012; Marti et al., 2013b). Initial seismic
activity of low magnitude (<M2.6) started in the central part of the island and migrated
3 km towards north at depths of 9-11 km over a period of one month (Dominguez
Cerdena et al., 2014). From the beginning of September to the beginning of October
2011, seismicity migrated approximately 15 km southward and both the earthquakes
magnitude and the rate of ground deformation increased (Gonzdlez et al., 2013; Lépez
et al., 2012). A 45 pGal gravity decrease was recorded at two gravimeters installed in
the island associated with the lateral migration of the magma (Sainz-Maza Aparicio et
al., 2014). In addition, anomalous levels of radon, CO, emissions, helium emissions
from the soil, and 3He/4He ratios in groundwater were also recorded (Lopez et al.,
2012; Melian et al., 2014; Padilla et al., 2013; Padron et al., 2013; Pérez et al., 2012).
During the first days of October 2011, seismicity spread to the southeast, approaching

the south coast of the island, located at depths of 12-14 km and releasing more than



50% of the total seismic energy documented for the whole unrest period. At least 90 felt
earthquakes were reported by the population and a five day-long cycle of deflation/re-
inflation was observed (Dominguez Cerdeiia et al., 2014; Lopez et al., 2012; Marti et
al., 2013b). On 8 October 2011, the largest earthquake of the unrest swarm, a Mw 4.0
event, occurred at a focal depth of 12-13 km (del Fresno et al., 2015). This was
followed swiftly by the onset of a swarm of low magnitude, shallow earthquakes (>80
events in 30 hours, with depths <4 km and magnitudes <M2.5) clustered at a distance of

~13 km south from the previous site of activity (Lopez et al., 2014) (Fig. 2a).

2.2.3. The 2011-2012 submarine eruption of El Hierro

On 10 October 2011, a volcanic eruption started at El Hierro Island, identified
by a clear harmonic tremor signal on seismic records. At the same time, dead fish were
seen floating on the sea surface 2 km off the southern coast, ~4 km north of where the
previous shallow earthquakes were detected. Tremor amplitude continually increased
until 12 October 2011 when this abruptly ceased and green-colored water and the first
rock samples were observed floating on the sea (Lopez et al., 2014). These rocks were
called xenopumices due to their glassy basanitic crusts of decimeter-scale and cores of
pumice-like texture and glassy matrix (Del Moro et al., 2015; Meletlidis et al., 2012;
Sigmarsson et al., 2013; Troll et al., 2012).

During the first days of the eruption, low magnitude seismic events (<M3)
occurred in the area of previous seismicity. From mid-October, seismicity occurred in
the northern and central part of the island at two different levels with depths located
between 20-25 km and 15-20 km respectively (Fig. 2b). Strong bubbling was observed
on the sea surface accompanied with ash and scoriaceous fragments. Slight deflation

was measured on the GPS stations installed on the island (Marti et al., 2013b; Meletlidis



et al., 2015). From the end of October until 23 February 2012, lava balloons, up to two
meters long consisting of a gas-filled cavity surrounded by a few centimeters-thick crust
of basanite lava, were observed on the sea surface (Longpré et al., 2014; Marti et al.,
2013a). From January to March 2012 volcanic tremor signal progressively weakened
and no significant ground deformation was detected. During this period, seismic activity
returned to the central and southern part of the island (Meletlidis et al., 2015) (Fig. 2b).
The eruption officially ended on 5 March 2012. A new volcanic cone was
formed with its summit located at a depth of 89 m below sea level. The non-dense rock
equivalent volume of this cone was 329 x 10° m? (i.e., volume of the volcanic material
accumulated without porosity corrections) (Rivera et al., 2013). This submarine
eruption has been the first eruption of the 21st century in the Canary Islands, the first
historical eruption recorded at El Hierro Island, and the first eruption and associated

unrest to be fully monitored in real time in the Canaries archipelago.
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Fig. 2. Temporal evolution of seismicity, throughout the unrest and eruptive periods at
El Hierro Island. a) Relocated earthquakes in color and non-relocated events in grey for
the 2011 unrest period, 21 July 2011 - 10 October 2011 (Dominguez Cerdefia et al.,
2014; IGN seismic catalog, www.ign.es). Blue diamond represents the Mw 4.0 seismic
event on 8 October 2011 (del Fresno et al., 2015). Red star indicates the 2011 eruption
site (Rivera et al., 2013). b) Seismic events (not relocated) for the eruption period, 11
October 2011 - 5 March 2012 (IGN seismic catalog). Bottom panels show the depth of

the earthquakes in east-west direction.
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2.2.4. The 2012-2014 magmatic intrusions at El Hierro

The end of the 2011-2012 submarine eruption did not mark the end of this phase
of magmatic activity at El Hierro. At least six post-eruption episodes, each of them
characterized by an intense seismic swarm and rapid elevated rates of deformation, have
been detected on the island from June 2012 to March 2014 (Diaz-Moreno et al., 2015;
Garcia et al., 2014; Gonzdlez et al., 2013; Kliigel et al., 2015; Meletlidis et al., 2015;
Telesca et al., 2016). Based on the observed uplift and seismic activity, these episodes
have been interpreted as intrusions of magma in the region of the uppermost mantle or
the lower oceanic crust (Diaz-Moreno et al., 2015; Kliigel et al., 2015) (Fig. 3). Since
March 2014, no significant ground deformation has been detected on the island and
remnant seismic activity has occurred at a rate of ~15 earthquakes per month.

This study focusses on characterizing the ground surface deformation at El
Hierro Island produced by each of these 2012-2014 post-eruption magmatic intrusions,
and determining the most likely deformation sources with the goal of better

understanding the magmatic plumbing system beneath El Hierro.

12
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Fig. 3. a) Location of seismicity for each of the 2012-2014 post-eruption magmatic
intrusive events at El Hierro Island (IGN seismic catalog). Vertical cross sections in
north—south direction (right panel) and east—west direction (bottom panel) show the
depth of the earthquakes. b) Daily number of earthquakes (left scale) (in grey, inter-
intrusive activity; in color, magmatic intrusions) and cumulative number of earthquakes

(right scale) from March 2012 to December 2014.
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3. Methods

3.1. GPS
A network of ten continuous GPS (cGPS) stations was operating at El Hierro
from June 2012 to March 2014 (Fig. 1). All the stations showed significant deformation
related to the El Hierro post-eruption magmatic intrusions. cGPS station FRON was
maintained by the Canarian Regional Government (GRAFCAN). ¢GPS station HIOO
was owned by the University of Cadiz (UCA) whereas the remainder of the cGPS
stations were operated by the National Geographic Institute of Spain (IGN). The GPS
data (30-second sampling) were analyzed using Bernese software version 5.2 (Dach et
al., 2015) in the framework of a regional GPS network consisting of more than 30 GPS
stations located in the Canary Islands and surrounding areas (Azores, south of Spain and
north of Africa). The data were processed in the ITRF2008 reference frame and station
coordinates determined using minimum constraints to an International GNSS Service
(IGS) core site group of five stations. Ocean-loading model FES2004, IGS absolute
antenna phase center models, and precise satellite orbits were applied. Daily north, east,
and vertical deformation components and their associated errors were calculated and

utilized in the deformation modeling.

3.2. InSAR
InSAR is a well-established geodetic technique that has been extensively used to
measure and monitor ground deformation in volcanic areas for several decades
(Dzurisin et al., 2006; Hooper et al., 2012; Massonnet et al., 1993; Pinel et al., 2014;
Pritchard and Simons, 2004; Wicks et al., 2002). The main advantages of InSAR over
other conventional geodetic techniques are its spatial coverage, the unmanned day or

night data collection, and the possibility to measure deformation over timescales

14



spanning days to decades using stored images. Active radar satellites illuminate a swath
of the Earth's surface with electromagnetic radiation in the microwave frequency band
and record the backscattered waves. If the ground surface deforms between two passes
of the satellite over the same area, the displacement can be measured by observing the
difference in the phase between the two radar returns in the satellite's the line-of-sight
(LOS). The resulting interferometric phase is the combination of differences in orbital
position, topography, atmospheric delays and ground deformation. To separate out the
phase change resulting from deformation only, the other components must first be
removed (Massonnet and Feigl, 1995; Massonnet and Feigl, 1998; Zebker et al., 1994).
As the interferometric phase has values between 0 and 2w, to obtain the ground
deformation in metric units, a phase unwrapping process is applied, adding the correct
multiple of 27 to the InSAR phase (Goldstein et al., 1988).

Interferometric analysis of 24 single look complex (SLC) images from the
Canadian RADARSAT-2 (RDS-2) satellite (C-band, 5.6 cm wavelength) and 20 SLC
scenes from the Italian COSMO-SkyMed (CSK) satellites (X-band, 3.1 cm wavelength)
was undertaken to measure the surface deformation related to each of the six post-
eruption intrusive episodes in El Hierro Island spanning the period June 2012-March
2014. Satellite scenes were chosen, when possible, with minimum cloud coverage at the
time of satellite acquisition, using for this purpose meteorological satellite images (since
we had limited quota for satellite images). The data fully covers each of the intrusive
episodes in both ascending and descending passes (Supplementary Table 1).

Interferograms were processed using the Stanford Method for Persistent
Scatterers software, StaMPS (Hooper, 2008; Hooper et al., 2007; Hooper et al., 2004).
This code utilizes the DORIS software package (Kampes et al., 2003) to create the

interferograms and is unwrapped using a 3-D statistical-cost phase-unwrapping
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algorithm (Hooper, 2010). A 5 m resolution digital elevation model (DEM) of El Hierro
Island (provided by the Spanish IGN) was used to remove the topographic contribution
to the interferometric phase. We employed time-series analyses in order to reduce
random atmospheric noise, orbital inaccuracies, phase unwrapping and DEM errors.
StaMPS includes Persistent Scatterer (PS) and Small Baseline (SB) time-series
approaches for time-series generation. We combined both methods, increasing the
extraction of signal from more pixels than either method alone.

Often highly vegetated areas and steep slopes produce areas of decorrelation, and local
atmospheric effects are usually difficult to eliminate without removing part of the
deformation signal (Bekaert et al., 2015b). This is particularly notorious in the case of
oceanic islands and, especially, in the case of El Hierro, where the steep relief of the
island introduces variations in the interferometric phase due to temporal changes in
temperature, pressure and water vapor (Gonzalez et al., 2010; Gonzélez et al., 2013;
Parks et al., 2011). Previous InSAR analyses carried out in El Hierro Island indicate that
the observed atmospheric signal is largely correlated with topography (Bekaert et al.,
2015b). Taking this into account, we applied a linear phase-based method, extracting
the topographically correlated phase using the Toolbox for Reducing Atmospheric
InSAR Noise (TRAIN) (Bekaert et al., 2015a) (Supplementary Figs. 1-5). Wrapped

interferograms are presented in Supplementary Fig. 6.
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3.3. Modeling

A joint inversion of the GPS and InSAR data sets was carried out to determine
the approximate volcanic source (location, depth, geometry and volume change (AV))
responsible for the observed ground deformation during each of the 2012-2014 post-
eruption intrusive episodes. We tested a spherical point pressure source (Mogi, 1958), a
spheroid source (Yang et al., 1988), a horizontal penny-shaped crack representing a
circular sill-like source (Fialko et al., 2001), and a rectangular dislocation representing
an opening dike (Okada, 1985; Okada, 1992). Position of the source, AV, radius of the
penny-shaped crack and spheroid, opening of the dyke as well as strike and dip of the
dyke and spheroid were all free parameters. An elastic homogeneous, isotropic, half-
space was assumed with Poisson’s ratio of 0.25, shear modulus of 40 GPa (Watts, 1994;
Watts et al., 1997), and a traction-free surface. We applied a Markov chain Monte Carlo
(MCMC) sampling algorithm incorporating the Metropolis algorithm to calculate the
posterior probability distribution and the confidence intervals of all our model
parameters, assuming a uniform prior probability (Hooper et al., 2007; Mosegaard and
Tarantola, 1995; Sigmundsson et al., 2015).

For the input to the modeling, we selected the interferograms that covered each
of the entire intrusive periods containing the minimum atmospheric component (Table
1; Supplementary Fig. 7). We down-sampled all interferograms using an adaptive quad-
tree approach (Decriem et al., 2010), reducing the computational time while preserving
the deformation pattern (Supplementary Fig. 8). The error covariance matrix for the
interferograms was calculated from modelled semi-variograms assuming a one-
dimensional exponential covariance function and using interferograms between
intrusive events that did not show any ground deformation (Supplementary Fig. 9). GPS

uncertainties estimated during the Bernese processing were used in the GPS error
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covariance matrix to determine the weight of the GPS data in the inversions. During the
modeling, the elevation of the geodetic stations was not taken into consideration.
Therefore, depths obtained here are referenced to a surface approximately equal to the
average observation height, ~420 m. Measurement errors were calculated assuming a
zero-mean normal distribution.

This method enabled us to jointly invert the three components of the GPS
observations (north, east, up) together with InSAR data (displacements in the LOS
direction) from multiple satellites working with different frequencies bands and
acquisition geometries.

The different models applied were assessed by calculating the weighted residual
sum of squares, RSS:

RSS=r'Y'r (1)
where r is the residual vector, difference between the observed and the predicted data,
and X' is the inverse of the data error covariance matrix) normalized by the degrees of
freedom (number of data points minus number of free model parameters: 4 model
parameters for the sphere point pressure source, 5 for the penny-shaped crack, 7 for the
spheroid, and 8 for the Okada rectangular dislocation). The best fit model was inferred
from the lowest RSS value.

Observed, modeled, and residual interferograms, along with GPS displacements, for the
best-fitting sources (sphere, spheroid, penny-shaped crack and rectangular dislocation)
(Table 2; Supplementary Fig. 10) are shown in Supplementary Figs. 11-25. Model
parameter uncertainties are presented as a posteriori probability density functions in

Supplementary Figs. 26-31.
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Table 1. Interferograms used in the modeling. Bp is the perpendicular baseline, distance

between the two satellite acquisition positions perpendicular to the line-of-sight.

Dates B Time Headin Look
Satellite ( /mm/dd) Sensor mode Path (n;)) interval ©) & angle
yyyy (Ga39) o
RSAT2 gggﬁgggg ~| Standard 6 | Ascending | 203 | 96 | 347.01 |36.62
2012/02/09 — .
2012 RSAT2 2012/08/19 Standard 7 Ascending -6 192 347.00 | 40.50
June/July 2012/06/10 — .
AN CSK | ooy | TR_HIMAGE | Ascending | 616 | 83 | 34828 [ 2037
CSK ;g}zgigé ~| STR_HIMAGE | Descending | 617 | 160 | 192.69 | 34.66
012 CSK ;ggﬁ?ggé ~| STR_HIMAGE | Ascending | 215 | 112 | 34828 |29.37
September
intrusion CSK ggiggggg ~| STR_HIMAGE | Descending | 352 | 56 | 192.69 | 34.66
013 CSK gggﬁjﬁ ~| STR_HIMAGE | Ascending | 905 | 20 | 34828 |29.37
January
intrusion CSK 583;8?;(2)‘6‘ ~| STR_HIMAGE | Descending | -480 | 104 | 192.69 | 34.66
RSAT2 %83;82;(2)2 | Standard 6 Ascending | 385 48 347.01 | 36.62
2013 March/ 2013/01/11 — .
April CSK 2013/04/26 STR_HIMAGE | Ascending | -1576 105 348.28 | 29.37
intrusion
CSK ;gg;g;gg ~| STR_HIMAGE | Descending | -1048 | 121 | 192.69 | 34.66
2013/12/13 = :
013 sk |20 Y110 TISTR HIMAGE | Ascending | 76 3| 34828 | 2937
December
intrusion CSK ;g}jﬁ)%z ~| STR_HIMAGE | Descending | 817 | 19 | 192.69 | 34.66
CSK ;gijﬁgiﬁz ~| STR_HIMAGE | Ascending | 323 | 56 | 34828 |29.37
2014 March
intrusion CSK ;813;8;;28 ~| STR_HIMAGE | Descending | 1219 | 84 | 192.69 | 34.66
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4. Results
4.1. 2012 June/July intrusion

Four months after the end of the submarine eruption, an intense seismic swarm
was detected in the center of the island on 24 June 2012. Seismicity clearly migrated
southwest for approximately 15 km over a period of 20 days. More than 2000
earthquakes were located during this time, with daily maximum magnitudes above M3,
and at least 4 earthquakes with magnitudes above M4 occurring on 27 June, and 2, 3
and 10 of July. All ¢GPS stations showed elevated rates of horizontal and vertical
deformation. More than 9 cm of horizontal deformation and 9.5 cm of vertical
deformation was registered at cGPS station HIO5. Unwrapped interferograms show a
clear uplift in the central-western part of the island both in ascending and descending
passes (Fig. 4.1).

Modeling of the volcanic source responsible for such ground deformation during
the entire intrusive episode shows that the deformation data favor a spheroid source
(minimum RSS value, 1.47) with a volume change (AV) of 0.092+0.006 km® located
south of the epicenters and at a depth of ~10 km (Table 2; Supplementary Figs. 10-14,

26).

4.2. 2012 September intrusion
Two months after the end of the June-July 2012 intrusion, another intense
seismic swarm was detected on 14 September 2012. This new seismic activity was
confined to the center of the island and lasted only five days. However, more than 500
earthquakes were located during this time (with maximum magnitudes above M3) and
all ¢GPS stations showed clear deformation (4 cm of vertical deformation was

registered at cGPS station HIO9 and more than 2 cm of horizontal deformation at cGPS
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station HIO1). Unwrapped interferograms indicate that most of the deformation occurred
in the southern part of the island (Fig. 4.2).

Joint inversion of GPS and InSAR data suggest a source in the southern part of
the island at ~11-16 km depth corresponding to a volume change of 0.022-0.030 km’.
The best fit model (RSS=1.41) is a prolate spheroid at ~12 km depth with a volume
change of 0.027+0.002 km® whereas the horizontal penny-shaped crack representing a
sill-like source (RSS=1.55) is the deepest model, located at a depth of ~16 km (base of
seismicity), with a radius of ~1.7 km and AV of 0.030£0.008 km’ (Table 2;

Supplementary Figs. 10, 15-16, 27).

4.3. 2013 January intrusion

During the end of 2012 and beginning of 2013, more than 100 earthquakes were
located in the northeastern part of the island for four days. The maximum magnitude
registered was M2.6. All cGPS stations showed clear horizontal and vertical motion
(almost 2 cm of horizontal deformation at cGPS station HIO0 and more than 3.5 cm of
vertical deformation at cGPS station FRON). Unwrapped interferograms show how
most of the displacement is confined to the northern part of the island (Fig. 4.3).

All models obtained from the joint inversion of GPS and InSAR data show
similar RSS (1.40-1.43) and are located in the central-northern part of the island. The
deepest model source is sill-like at ~16 km depth, whereas the point pressure source and
the spheroid models are located at ~12 km depth. The volume change for these models

ranges from 0.023 to 0.028 km?® (Table 2; Supplementary Figs. 10, 17-18, 28).
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4.4. 2013 March/April intrusion

The second longest post-eruption intrusive event commenced on 18 March 2013
and lasted for approximately 18 days. Seismicity started in the northwestern part of the
island and clearly migrated to the west for almost 30 km. All cGPS stations showed
eastward and upward displacements, with the maximum displacements recorded at the
most western station of the island, cGPS station HIOS, detecting more than 9 cm of
eastward displacement and almost 12 cm of vertical displacement. Unwrapped
interferograms show the largest deformation occurs in the western part of the island
(Fig. 5.1). More than 2000 earthquakes were located during this period. Earthquakes
with magnitude >M4 were registered between 25 and 31 March 2013, with the largest
earthquake (M4.9) occurring on 31 March.

Although the inversion of the GPS and InSAR data for the entire period of time
show that the optimal model is an Okada dislocation (RSS=0.96), the location of
earthquake hypocenters suggests the best fit models are either a sphere or spheroid
located at the base of the seismicity, ~11 km depth, with AV of 0.124-0.133 km’,

(RSS=1.05-1.04), respectively (Table 2; Supplementary Figs. 10, 19-21, 29).

4.5. 2013 December intrusion
More than eight months after the January 2013 intrusion, an intense seismic
swarm was detected on 22 December 2013 and lasted approximately six days. More
than 500 earthquakes were recorded in the central-eastern part of the island. An
earthquake of M5.1 was detected on 27 December 2013. ¢GPS station HI10 recorded
4.1 cm of horizontal deformation and 8 cm of vertical deformation. The area exhibiting
the largest deformation occurs in the south of the island as shown by the unwrapped

interferograms (Fig. 5.2).
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The optimal source model obtained from the joint inversion of GPS and InSAR
data is a spheroid located south of the earthquakes at a depth of ~11 km with a volume
change of 0.041%+0.005 km®. The sill-like source is deeper, located at ~14 km depth,
with a radius of ~1.6 km and a volume change of 0.044+0.013 km® (Table 2;

Supplementary Figs. 10, 22-23, 30).

4.6. 2014 March intrusion

The last and shortest intrusive event occurred from 14 to 16 March 2013. Almost
300 earthquakes were located during these three days in the northeastern part of the
island with maximum magnitudes <M2.5. cGPS station HIOO registered 1.4 cm of
horizontal deformation and 3.7 cm vertical deformation. Unwrapped interferograms
indicate that most of the ground surface displacement is confined to the area of
seismicity (Fig. 5.3).

All the models obtained from the joint inversion of GPS and InSAR
observations present a similar fit to the data (RSS=0.62-0.63). The sphere and the
prolate spheroid are located at ~12-13 km depth whereas the rectangular dislocation and
the penny-shaped crack model, both representing a sill-like source, are located at ~15-
16 km depth. The associated volume change is between 0.023-0.028 km® (Table 2;

Supplementary Figs. 10, 24-25, 31).

Fig. 6 shows the optimal location of the spheroid and penny-shaped crack
deformation sources, determined through joint inversion of GPS and InSAR data for
each post-eruption intrusive event. For the entire time period spanning June 2012 to
March 2014, GPS measurements display more than 27 cm of vertical displacement at

cGPS station HI10, more than 10 cm of eastward displacement at cGPS station HIO1
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and more than 13 cm of northward displacement at cGPS station HIO4. Unwrapped
interferograms indicate that the majority of the deformation occurred in the central-

western part of the island (Fig. 7).
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Fig. 4. El Hierro ground surface deformation maps for the post-eruption intrusive
events: 1) 2012 June/July intrusion, 2) 2012 September intrusion, 3) 2013 January
intrusion. Columns a) and b) show the horizontal (blue arrows) and vertical (red arrows)
GPS displacements respectively, with 95% confidence ellipses, recorded by the cGPS
stations for each intrusive event. Orange dots display the location of earthquakes in
latitude and longitude. Columns c) and d) show the unwrapped interferograms in
ascending and descending modes of the satellites respectively, spanning each intrusive
episode. LOS displacements are positive toward the satellite and are given relative to a
reference point in the north of the island, marked by an asterisk. Satellite flight and look

direction are shown with black and blue-arrows respectively.
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Fig. 5. El Hierro ground surface deformation maps for the post-eruption intrusive

events: 1) 2013 March/April intrusion, 2) 2013 December intrusion, 3) 2014 March

intrusion. Columns and symbols are the same as in Fig. 4.
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Table 2. Source model parameters for each of the 2012-2014 post-eruption magmatic

intrusions in El Hierro Island, obtained from jointly inversion of GPS and InSAR data.

2012 June/July intrusion

A
Longitude | Latitude | Depth | Volume | Radius Length | Width | Dip | Strike | Opening
Model ) . t . \ RSS
e ) O Gy )Gy SR k) dm) () O @)
18.114 | 27638 | 11.1 | 0.122
Sphere | 5001 | £0.001 | £0.1 | £0.002 1.63
Soheroid | 18112 | 27.639 | 99 | 0.092 0.3 75 | 360 47
p +0.002 | £0.002 | £0.2 | +0.006 +0.1 +4 | +3 :
. 18102 | 27.643 | 145 | 0011 | 1.10
Sill +0.004 | £0.003 | £02 | £0.001 | +0.05 17.09
Dike 18209 | 27523 | 24 | 0.124 1.0 | 280 |-153| -54 4.4 158
+0.048 | £0.055 | +1.5 | £0.525 +36 | +107 |+30 22 | +13 :
2012 September intrusion
18.001 | 27.660 | 115 | 0.027
Sphere | 5002 | £0.002 | 04 | +0.002 1.44
Soheroid | 17995 | 27.661 | 116 | 0.027 0.5 57 | 107 L4l
p +0.003 | £0.002 | £0.6 | +0.002 +0.1 +11 | +16 :
sill -18.002 | 27.660 | 162 | 0.030 | 1.68 155
+0.003 | +0.007 | £2.7 | £0.008 | +0.23 :
Dike -18.005 | 27.651 | 135 | 0.022 3.0 13 | -156| -74 6.0 47
+0.006 | +0.008 | £2.0 | +0.068 +29 | 19 |+15 18 | +36 :
2013 January intrusion
-18.020 | 27.801 | 11.8 | 0.023
Sphere | 0003 | +0.003 | 0.6 | +0.002 140
. -18.019 | 27.804 | 12.1 | 0.025 0.8 9
Spheroid | 0’003 | £0.003 | £0.7 | +0.002 £0.1 +29 | +120 140
sitl -18.021 | 27.808 | 16.1 | 0028 | 1.73 3
! +0.006 | +0.015 | £3.6 | £0.010 | +042 :
Dik -18.058 | 27.788 | 133 | 0.026 2.1 168 |-173 | 69 0.8 Lo
ke +0.018 | +0.038 | 3.8 | +0.171 +26 | 7.1 |+34 £26 | +36 :
2013 March/April intrusion
218231 | 27712 | 11.0 | 0.124
Sphere | 5003 | £0.001 | £02 | £0.004 1.05
Soheroid | 18237 | 27714 | 111 | 0133 0.8 28 | 224 o4
P +0.006 | +0.001 | £0.5  +£0.014 +£0.0 +41 | +65 :
. 18333 | 27708 | 21.8 | 9.770 | 7.44
Sill £0.000 | £0.001 | 0.1 | £0.044  +001 3849
Dike 18369 | 27.682 | 1.7 | 0.113 6.1 | 276 |-148| -14 0.7 0.96
+0.060 | £0.017 | +3.1 | £0.285 +3.0 |+107 |20 +9 | +1.1 :
2013 December intrusion
17.972 | 27668 | 9.9 | 0.041
Sphere | 0001 | £0.001 | £0.2 | +0.001 1.48
Soheroid | (17973 | 27.669 | 112 | 0.041 0.2 2 | 345 17
PRErold | 4 0002 | £0.001 | +0.5 | +0.005 +£0.1 +5 | +7 :
. 17970 | 27669 | 13.6 | 0044 | 1.57
Sill +0.005 | +0.004 | £1.9 | £0.013 | £0.20 2.08
Dike -17.934 | 27655 | 7.6 | 0.034 12 | 115 | 33| 24 2.5 135
+0.006 | +0.004 | £0.6 | +0.055 +14 | 2.1 |11 =6 | +06 :




2014 March intrusion
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Fig. 7. June 2012 — March 2014 El Hierro ground surface displacement maps. a)
Unwrapped CSK interferogram in ascending mode spanning 10 June 2012 to 27 March
2014. b) Unwrapped interferogram in descending mode spanning 2 April 2012 to 30
March 2014. LOS displacements are given relative to a reference point in the north of
the island, marked by an asterisk. c) Horizontal GPS displacement (blue arrows) and d)
vertical displacements (red arrows), with 95% confidence ellipses, from 24 June 2012 to
16 March 2014 recorded by the cGPS stations. Orange dots represent epicenters of

earthquakes recorded during the entire time period.
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S. Discussion

We have measured ground surface deformation in El Hierro Island spanning the
time period 2012 to 2014 using a combination of InSAR and GPS geodetic techniques.
The high spatial density of InSAR data in both ascending and descending modes and the
continuous three-dimensional GPS measurements have allowed us to obtain a
comprehensive overview of the ground displacement which occurred as a consequence
of the post-eruption magmatic intrusions between 2012 and 2014. Elastic analytical
modeling of the ground deformation using a MCMC approach has been employed to
infer the volcanic sources responsible for the observed deformations. We have tested a
point pressure spherical source, a spheroid, a penny-shaped crack and a rectangular
dislocation model in an elastic, homogeneous, isotropic half-space, and inverted the
GPS and InSAR datasets simultaneously to determine the optimal source parameters
(location, geometry, volume/pressure change) that minimized the misfit between the
observations and the models.

Our results indicate that six post-eruption intrusions have occurred in El Hierro
Island between June 2012 and March 2014 revealed by intense seismic swarms and
rapid surface displacements. Earthquake hypocenters combined with location and
volume change estimates for each of the volcanic sources suggest that magmatic
processes were responsible for these events. As a consequence of these events, the
surface of the island has inflated more than 20 cm in the central-western part (up to 27
cm of vertical displacement has been recorded at cGPS station HI10) corresponding to a
large accumulation of magma beneath the surface (~0.32-0.38 km® ) (Fig. 7).

It is reasonable to assume that these post-eruptive events are associated with
episodes of magma supply coming from the mantle underneath El Hierro. A low-density

layer with different rheology and properties is possibly capturing the magma on its way
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to the surface (Taisne and Jaupart, 2009). We suggest that this discontinuity is the
mantle/lower crust transition according to the depths of earthquakes and geodetic source
models combined with the results of previous geophysical studies carried out in the
Canary Islands (Banda et al., 1981; Bosshard and MacFarlane, 1970; Lodge et al., 2012;
Ranero et al., 1995; Watts, 1994).

If the ascent of magma is impeded at the Mohorovic¢i¢ (Moho) discontinuity, it
may extend laterally, possibly forming a sill (Kavanagh et al., 2006). The location and
migration of hypocenters, especially during the June-July 2012 and March-April 2013
intrusive events, suggest that these intrusions may be considered as evolving horizontal
dikes or sill-like bodies. Multiple source locations of the geodetic data provide similar
locations in latitude/longitude for the sphere, spheroid, dike, and penny-shaped crack
models, whereby the spheroid model typically has the minimum RSS. However, the
penny-shaped crack model, representing a sill-like body, also fits the data well in most
of the intrusive episodes and is typically 3-5 km deeper, located near the top of the
seismicity.

The large residuals for this source model for the two longest intrusive events
may be due to the increased distance between the location of the source and the island,
which was especially significant during the March/April 2013 event. Nonetheless, the
strong agreement between the location of seismicity and the geodetic penny-shaped
crack models for the magmatic intrusive events that occurred below the island and the
location of the mantle/lower crust discontinuity at these depths suggest an ascent of
magma from the mantle that stopped at ~14-16 km depth. Due to the inability of the
magma to make its way to the surface, melt accumulates along this boundary.

Each of these post-eruption magmatic intrusions, with volume changes between

~0.02 and 0.13 km?, occurred below the island in an area not previously affected by the
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preceding intrusions. All the intrusions started beneath one of the three rifts of the
island, and for two of the events, magma had enough pressure to migrate, always
following a lateral path away from the center of the island, as revealed by seismicity and
geodetic data.

Our results also confirm that despite the seismic energy released, the ground
surface deformation and the associated volume source change, magmatic intrusive
events do not always result in an eruption (Moran et al., 2011). The six magmatic post-
eruption intrusions studied here have been more energetic that the intrusion recorded in
July 2011 at El Hierro, which culminated in the 2011-2012 submarine eruption. The
maximum uplift recorded in the island in the three months prior to the onset of the
eruption was ~5 cm (Lépez et al., 2012) with an estimated volume change of 0.04 km®
of a spherical source located at a depth of ~9.5 km (Gonzdlez et al., 2013). During the
December 2013 intrusion, the maximum vertical uplift was ~8 cm measured over only
six days with an estimated volume change of 0.04 km® at ~10 km depth for a point
pressure source.

Magmatic sill intrusions have occurred at other volcanoes. Without culminating
in an eruption, the Three Sisters volcanic center, Oregon, showed approximately 14 cm
of uplift between 1995 and 2001 associated with an intrusion of magma at ~6.5 km
depth (Dzurisin et al., 2006; Wicks et al., 2002) and the Lazufre region, central Andes,
exhibited large-scale uplift at a rate of about 3 cm/yr, between 1998 and 2002 modelled
by an inflating sill (Pearse and Lundgren, 2013). Extensive magmatic intrusions were
also observed in different areas beneath the Eyjafjallajokull volcano, Iceland, in 1994
and 1999 prior to the 2010 eruption (Pedersen and Sigmundsson, 2004; Pedersen and

Sigmundsson, 2006).
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The El Hierro intrusive events represent a clear example of several post-eruptive
deep intrusions beneath an oceanic intraplate island which occurred on a time scale of
months, after a period of quiescence of several hundred years. It is plausible that the
1793 seismic crisis reported in historical documents may have been another sequence of
short-lived intrusive events, as the ones reported in this study.

However, modeling of surface displacements does not provide a unique solution
for the source of the deformation. Model assumptions, simplifications, and data
uncertainty complicate the interpretation (Lisowski, 2007). For example, the GPS
network and InSAR images are limited by the size and geometry of the island. Most
probably, these post-eruption intrusive events have produced ground deformation in the
surface below the sea level that we have not been able to measure. Nonetheless, the
inversion of the geodetic subaerial datasets has allowed us to estimate the volcanic
sources responsible for such surface deformations, and their locations are in good
agreement with the seismicity recorded during the same periods. Atmospheric noise is
considered to be the largest contributor to error in our interferograms. Increasing the
number of SAR acquisitions over the island will improve the signal to noise ratio,
aiding deformation analysis and in turn improving the optimal source parameters of
future intrusions. Furthermore, the analytical source models used to invert the ground
deformation data are characterized by being flat Earth models that assume a simple
pressure source in a homogeneous, isotropic, elastic half-space. Heterogeneities of the
crust, in both lithology and temperature for example, affect the deformation signal
observed in the surface (Masterlark et al., 2012); however this information is not
available for use in this study. Despite their limitations, the elastic half-space models are
widely used primarily because of the simplicity of the equations, the good

approximation of the sources obtained, and the rapid processing times, making these
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models useful for near-real time volcano monitoring (Lisowski, 2007). In this study, the
modeled depth range and location of the magma sources are considered reasonable and
in broad agreement with the spatial distribution of the relocated earthquakes, taking into
consideration also their location errors (Diaz-Moreno et al., 2015).

More realistic Earth models accounting for curvature, topography, vertical
layering, lateral heterogeneities, and time-varying material properties can be employed
where appropriate. However, additional information about the magma rheology,
mechanical properties and lateral heterogeneities of the crust would be necessary to
employ such models at El Hierro.

Understanding the evolution of magmatic intrusions in the Earth’s crust is
critical for accurate interpretation of geophysical and geochemical monitoring data and,
ultimately, eruption forecasting and mitigation of the associated volcanic risk. Geodetic
and seismic observations are essential to identify the initiation of new intrusions, their
location, and magma supply rates, the details of which may assist in determining
whether future intrusions at El Hierro are likely to trigger an eruption.

This is the first study to analyze the 2012-2014 post-eruption magmatic
intrusions from geodetic observations, using GPS and InSAR data. These events
provided a remarkable opportunity to study the magmatic plumbing system of El
Hierro, a volcanic island exhibiting short-phases of monogenetic volcanism with
significantly longer periods of quiescence. Our results corroborate the hypothesis of
magma stagnation at the crustal-mantle discontinuity and the formation of a network of
magma reservoirs distributed beneath the island (Albert et al., 2016; Stroncik et al.,
2009). The recorded activity improves our understanding of how an oceanic intraplate
volcanic island grows through repeated magmatic intrusions; well documented by

seismic, GPS and InSAR observations in the case of the El Hierro Island.
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6. Conclusion

Six post-eruption magmatic intrusions occurred beneath El Hierro Island from
June 2012 to March 2014. Despite these intrusive events being more energetic and
producing larger amounts of surface deformation than the first pre-eruptive intrusion
(detected on July 2011 after more than 200 years of quiescence) they did not culminate
in an eruption. The first post-eruptive intrusion occurred only three months after the end
of the submarine eruption, and the last magmatic intrusion was detected two years later.
These intrusive events have been separated by only a few months and have lasted
between 3 and ~27 days. We interpret these intrusive events as episodic magma
trapping at the Moho discontinuity at ~14-16 km depth, following deep magma
migration from the mantle. We suggest these intrusions are sill-like bodies with volume
changes between 0.02 and 0.13 km”® that migrated laterally during the 2012 June/July
and 2013 March/April events. These new batches of magma, which have accumulated
beneath El Hierro, (~0.32-0.38 km® of melt) have contributed to the growth of the island
with more than 20 cm of outward displacement in the central and western part in less
than two years. Further work is required to ascertain why some intrusions culminate in
an eruption while others, even more energetic, do not. These events present a rare
opportunity to study the plumbing system of a volcanic intraplate island and how this

evolves over time.
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Highlights

Six deep magmatic intrusions at El Hierro Island following the 2011-2012

eruption.

e GPS and InSAR data reveal up to 27 cm of uplift from June 2012 to March
2014.

e Events likely related to pulses of magma coming from the mantle, trapped at the
Moho.

e A total of 0.32-0.38 km® of melt has been accumulated beneath the island.

e Deformation modeling and seismicity suggests sill-like bodies intruded at depths

of ~14-16 km.
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