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ABSTRACT 

We present a study of the deformation pattern in El Hierro Island through the analysis of GNSS data from 
surveys carried out between 2015 and 2019 as well as continuous data. The last eruption in El Hierro occurred 
under the sea on the south rift, lasted from October 2011 to March 2012, and it was preceded by intense seismic 
activity and nearly 5 cm ground inflation. After this eruptive cycle, further magmatic intrusions were detected, 
from June 2012 to March 2014, associated to intense seismic swarms and inflation (about 22 cm of uplift). 
Nevertheless, these magmatic intrusions did not culminate in any eruption. Following these post-eruptive 
episodes, the seismic activity became less intense. Thus, for the period of this study, about 500 earthquakes 
with magnitude ranging from mbLG 2 to mbLG 3.9 were recorded, the ground deformation measured is of lower 
magnitude, still remaining a slight uplift trend in the GNSS stations up to 2017 and followed by a slight 
subsidence of about 1.5 cm between 2017-2019. Our purpose is to explain the ground displacements measured 
and the earthquake occurrence in terms of geodynamics and seismotectonic activity along the island, for the 
period 2015-2019. Firstly, we retrieved the geodetic velocities from the GNSS daily solutions. Secondly, we 
computed the 2D infinitesimal strain rates from the velocities through a triangular segmentation approach to 
map the deformation pattern along the respective GNSS surveys. 

 
I. INTRODUCTION 

Over the last decade, GNSS has seen enormous 
advances in the precision and accuracy of 
measurements. Time series analysis has become a 
widely used tool for detecting and interpreting very 
small and slow amplitude displacements of the Earth's 
surface with sub-centimetre accuracy induced by 
multiple geodynamic phenomena. Quantifying both in 
space and time the crustal deformation cycles related 
to volcanic and tectonic processes are currently the 
major challenges in tectonic geodesy. Today, 
continuous GNSS observations collected on permanent 
networks shed light on crustal movement and 
deformation processes at high temporal resolution. 
However, tackling challenging studies such as 
monitoring volcanoes and detecting pre-eruptive 
magmatic processes (e.g. Segall, 2010; Arnoso et al., 
2020) requires the reconstruction of a reliable image of 
the deformation field. In this case, it is necessary to 
bridge the spatial resolution gap through the 
integration of continuous and repeated GNSS 

observations. In any case, either continuous or precise 
repeated positioning measurements provide only 
displacement information for a finite number of points. 
Therefore, in order to derive local and regional 
deformation models, it is necessary to apply an 
interpolation-oriented analysis method to obtain a 
continuous field. GNSS-derived strain rates have 
countless applications in studies aimed at comparing 
stress fields and rates to explain earthquake occurrence 
or volcano deformation (Tammaro et al., 2013). 
Currently, there are two possible approaches to 
estimate strains from GNSS observations. A gridded 
approach, called least-squares collocation (LSC), which 
consists of inverting a uniform velocity field to the strain 
rate field or calculating strain rates in triangular or more 
complex segments. A very detailed description of the 
pros and cons of the different methods of strain 
retrieval can be found in (Wu et al., 2011). Several 
papers have dealt with the study of geodynamics, 
tectonic and/or volcanic processes on the Canary 
Islands using GNSS data and different geodetic 
techniques, some focused on a specific island (e.g. 
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Berrocoso et al., 2010; García et al., 2014; Riccardi et 
al., 2018) others on the whole archipelago (Geyer et al., 
2016; Arnoso et al., 2020). 

Compiling a regional seismic catalogue and analysing 
long time series of permanent GPS from a regional 
network, López et al. (2017) detected the first signs of 
geodynamic activity preceding the El Hierro eruption 
and subsequent episodes of magma intrusion. Later, 
the occurrence of six post-eruptive magmatic intrusions 
during 2012-2014 was studied by Domínguez-Cerdeña 
et al. (2018), and the relation between seismicity and 
deformation for the period 2011-2014 was recently 
examined by Pérez-Plaza et al. (2021). 

Here, we present a study of the deformation pattern 
in El Hierro Island through the analysis of GNSS data 
from surveys carried out between 2015 and 2019 as 
well as continuous data. Our purpose is to explain the 
ground displacements measured and the earthquake 
occurrence in terms of geodynamics and 
seismotectonic activity along the island, for the period 
2015-2019. Firstly, we retrieved the GNSS velocities 
from the daily solutions. Secondly, we computed the 2D 
infinitesimal strain rates from the velocities through a 
triangular segmentation approach to map the 
deformation pattern along the respective GNSS 
surveys. Our results suggest that magma movement 
and/or accumulation within the lower crust beneath El 
Hierro plays an important role in its volcanic evolution 
in terms of tectonic stresses. 

 

II. GEOLOGICAL SETTING 

El Hierro Island is the youngest of the Canary Islands 
archipelago, and corresponds to a volcanic shield 
structure that includes three rift zones and 
superimposed volcanoes. The island rises from 4000 m 
below sea level to a maximum altitude of 1501 m above 
sea level. The rift zones associated with the typical 
instability of the volcanic islands, especially in its stage 
of growth and shield formation due to gravitational 
tensions, dike injections, magmatic intrusions, etc., 
they progressively tend to increase the possibility of 
giant landslides. Presently, there are three collapse 
scars which appear as steep cliffs or formation of arc-
shaped bays, which configure a typical three-armed star 
morphology in the island’s edifice (Figure 1). The 
emerged parts of the island’s rifts are defined by 
topographic ridges, lying at 120°, corresponding to 
aligned dike complexes with clusters of cinder cones 
(Cantagrel et al., 1999; Carracedo et al., 2001). The 
ridges concentrate the Holocene volcanism, the most 
recent being the southern ridge. The 2011-2012 
submarine eruption was the last observed in more than 
500 years of historical records, and lasted for 5 months. 
The eruption occurred on a north-south fissure in the 
southern part of the rift, about 1.8 km from the coast, 
and built a new 220 m high underwater volcanic edifice 
(Martí et al., 2013; López et al., 2017). The eruption 
started on October 10th and was preceded by 3 months 

of intense seismic activity, ground deformation (a 
maximum uplift of about 5 cm in the central El Hierro) 
and gas emissions. The post-eruptive phase (March 
2012 to July 2014) was attached to 6 seismic swarms 
corresponding to magmatic intrusive events, which 
took place in different areas and were accompanied by 
rapid island uplift (2 cm/day) that revealed faster 
inflation processes than in the eruptive phase 
(Domínguez-Cerdeña et al., 2018). Analysis of seismic 
and geodetic data suggested that the volume of magma 
emplaced was also bigger than during the eruptive 
phase (Klügel et al., 2015). 

 

 

 
Figure 1. (Up) Relief map of El Hierro (Canary Islands) 

showing the triple-armed volcanic rift system (dashed red 
lines), as well as the embayments (green dashed lines) of El 

Golfo, El Julan, and Las Playas. Black triangles show the 
location of GNSS sites (blue colour indicate the survey sites 

and light blue the permanent sites). (Down) Seismicity 
recorded in El Hierro between 2015 – 2019. Dashed blue 

lines mark the time of the episodic GNSS surveys used in this 
study; (1), (2), (3) denote the respective surveys performed 

during 2015. 
 

III. GNSS SURVEYS AND DATA PROCESSING 

El Hierro GNSS survey network consists of 8 observing 
sites, 4 non-permanent and 4 in continuous operating 
mode (Figure 1). Episodic surveys were made at the 
sites REYE, VERO, MOCA and AULA in 2015 (3 surveys), 
2017, 2018 and 2019 using observation periods ranging 
from a minimum of 48 hours to a maximum of 96 hours. 
Additionally, we used data from the permanent GNSS 
site FRON during all the episodic surveys, and the 
permanent sites LRES, EH01 for strain calculations in 
the period from 2018 to 2021. The most recent GNSS 
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site, BALN, was included in the calculations covering the 
years 2019 to 2021. The stations EH01 and LRES belong 
to Spanish Geographical Institute (IGN), whereas FRON 
belong to the Cartographic Service (GRAFCAN) of the 
Government of Canary Islands. The station BALN is 
managed from the Spanish National research Council 
(CSIC) and the University Complutense of Madrid 
(UCM). Table 1 lists the geographic coordinates of the 8 
observing sites. 

 
Table 1. Example table Location and owner of the GNSS 

sites in El Hierro used in this study 

Site 
 

Long [°] Lat [°] h [m] Owner 

BALN -18.105 27.756 55.5 CSIC-UCM 
EH01 -17.923 27.815 800.9 IGN 
FRON -18.011 27.753 308.5 GRAFCAN 
LRES -17.979 27.641 51.1 IGN 
MOCA -17.937 27.823 499.5 CSIC-UCM 
REYE -18.121 27.730 768.1 CSIC-UCM 
VERO -18.151 27.754 78.6 CSIC-UCM 
AULA -17.988 27.714 984.7 CSIC-UCM 

 
All non-permanent sites are managed by the 

Research Group Geodesy (UCM). The location of the 
sites has been selected so that they are easily 
accessible, satisfying suitable geometrical conditions 
and having homogeneous distance between sites, good 
satellite visibility and trying to avoid electromagnetic 
interferences. 

We used the Canadian Spatial Reference System 
Precise Point Positioning (CSRS-PPP) online web service 
of the Natural Resources of Canada to provide the daily 
solutions. The service provides Precise Point Absolute 
Positioning (PPP) for data prior to 2018, and PPP with 
reliable integer ambiguity resolution for GPS (PPP-AR) 
from 2018 in advance (Banville, 2020). Both methods 
allow estimating the station coordinates for the specific 
epoch using accurate satellite orbit and clock 
information from the International GPS Service, from 
the absolute calibration models of the IGS antenna 
phase-center and from the elimination of systematic 
errors through the accurate modelling of various error 
sources, such as ionospheric and tropospheric delays, 
Earth tide and ocean tide loading, the latter correction 
uses the GOT4.10 model (Ray, 2013; 1999). For the case 
of PPP processing, time (P-code modulated on L1 and 
L2 carrier waves) and phase shift (of L1 and L2 waves) 
measurements are considered as observables, modeled 
by forming double differences of a linear free 
ionosphere combination. Additionally, PPP-AR 
processing transforms ambiguous carrier-phase 
observations into precise ranges using a backward run 
process (Tenuissen and Montenbruck, 2017). The daily 
GNSS solutions refer to the IGS14 realization of the 
ITRF2014 (Altamimi et al., 2016). 

For the episodic surveys, GNSS data have been 
processed for the entire observation period of each 
survey, whereas data from permanent GNSS sites were 

analysed in continuous 168-hour sessions. In both 
cases, the data sampling interval was 30 seconds. 

The analysed GNSS data set comprises a set of 3D 
(North, East, Up) site positions for each episodic survey, 
with which the velocities are determined through the 
respective difference between surveys. For the 
permanent GNSS sites, we used time series of the 
weekly solutions with the 3D positions. In this case, the 
velocities were computed through a least squares 
procedure to remove annual and semi-annual 
periodicities. 

 

IV. 2D STRAIN CALCULATION 

We used the horizontal velocities to compute the bi-
dimensional (2D) infinitesimal strain from various sets 
of 3 non-co-linear GNSS stations each, forming 
triangles, as formulated by Jaeger et al. (2007) for a flat 
Earth. Thus, if 𝑢  , 𝑢  denote the components of the 

displacement vector, the partial derivatives along the x 
and y directions, at point (x, y), represent the respective 
normal strains, 𝜀 , 𝜀 , that is (Eq. 1): 

 

𝜀
𝜕𝑢
𝜕𝑥

, 𝜀
𝜕𝑢
𝜕𝑦

 (1) 

 
The other two components of the strain matrix are 
considered symmetrical, 𝜀 𝜀 . By setting i = 1, 2, 

𝜀  and 𝜀  define the two principal horizontal strains, 
which can be computed as (Eq. 2): 

 
𝜀 𝜀 𝑐𝑜𝑠 𝜃 𝜀 𝑠𝑖𝑛 𝜃 𝜀 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃  (2) 

 
where 𝜃i = principal directions, i=1, 2 

 
In our analysis, we have determined the 

elongation/shortening (i.e., the ratio u/l in strain units, 
10-9; l being the undeformed baseline length) the 
dilatation and the principal strains for triplets of GNSS 
sites according to the respective differences between 
surveys. 

Figure 2 shows the distribution of areal strain along 
the island with significant changes when we compare 
each GNSS survey with the first one carried on in 2015. 
The west sector of the island displays a compression 
pattern, which increases in magnitude as successive 
campaigns advance along the years. Some smaller 
compressive sectors come out in the central and north-
eastern areas of the island during 2017 and 2018. The 
central and east sectors of the island evidence a 
dilatation pattern, which slightly varies its magnitude 
along the years. If we consider the maximum lapse 
between surveys (4.7 years) for the period 2019-
2015(1), the strain pattern still remarks the two 
compressive-extensional regimes, the highest strain 
values corresponding to a dilatation regime located in 
the centre-east of the island. 
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Figure 2. Contour maps of the areal strain computed as for 

the difference with the first survey (panels 1 to 4) and for the 
difference survey by survey (panels 5 to 7). The panel 8 

includes the permanent GNSS sites LRES and EH01 in the 
calculation. Red triangles show the location of the GNSS 

sites. 
 

Similarly, we have computed the areal strain based on 
the difference between subsequent surveys (Figure 2). 
The strain pattern exhibits changes in the magnitude 
that are not observed when the first survey is fixed as a 
reference. Thus, the dilatation pattern in the central 
and east sectors of the island vanishes during year 2017, 
and it moves to west and central areas during year 
2018. Furthermore, the year 2018 shows a significant 
difference in the strain with regard to 2019 as the 
dilatation pattern is completely extended along the 
island, with the maximum values located in the 
westernmost area of the island. 

In addition, we have calculated the 2D maximum 
shear strain through the angle between the positions 
before and after the deformation. That is (Eq. 3), 

 

𝜀
1
2

𝜕𝑢
𝜕𝑥

𝜕𝑢
𝜕𝑦

 (3) 

 
Which in terms of the principal horizontal strains (2) is 

computed as  𝜀 𝜀 . Figure 3 shows the results for 

the maximum shear strain thus calculated, which are in 
accordance with the surface distribution of the areal 
strain. This is clearly seen through the comparison of 
each survey with the first one of 2015. Most of the NW 
rift sector shows the highest shear strain values found 
along the island, which increase in magnitude by the 
middle of 2017 and subsequently towards the end of 
2018. 

 

 

 
Figure 3. Same contour map as Figure 2 but for the 

maximum shear strain. The grey circles are the epicentres of 
the earthquakes (mbLG 1.2 to 3.9) recorded during the 

respective time intervals. 
 

By including the stations LRES and EH01 for the time 
difference 2019-2018 (panel 8 in Figures 2 and 3), then 
the areal strain and the maximum shear strain evidence 
a lower magnitude, and specific areas located to the 
North and in the NW rift of the island show the greatest 
values. This is a consequence of the larger surface area 
involved in the calculation, which consequently causes 
the strain and maximum shear strain to be stretched. 

Because there are no more than 3 permanent 
stations with publicly accessible data (FRON, LRES, 
EH01), we have installed the GNSS site named BALN at 
the north of the island (see Figure 1). Consequently, it 
is possible to form a radial GNSS geodetic network 
configuration to deepen into this ground deformation 
study. Actually, we can define three quasi-equilateral 
triangles covering the three-armed rift structure of the 
island, which favours the condition of homogeneity that 
is required for reliable 2D strain results (Figure 4). Such 
network configuration makes it possible to study the 
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concordance with the results from the GNSS episodic 
surveys, and to check for alterations in the deformation 
pattern to a larger scale. The results from the strain and 
maximum shear strain calculation encompassing 2019-
2021 time interval are shown in Figure 4. 

 

 

 
Figure 4. (Up) Areal strain computed for the difference 

2021-2019 using the permanent GNSS sites LRES, EH0, FRON 
and the most recent site BALN. The quasi-equilateral 

triangles used for the segmentation approach are also 
indicated. (Down) Maximum shear strain computed as for 

the difference 2021-2019. The dots are the epicentres of the 
earthquakes (mbLG 1.2 to 3.9) recorded during the indicated 

time interval. 
 

V. DISCUSSION OF RESULTS 

During the period 2015 to 2019 that follows the post-
eruptive episodes identified between 2012 and 2014 
(e.g., Klügel et al., 2015), the seismic activity became 
less intense in El Hierro. About 500 earthquakes from 
low to moderate magnitude (mbLG 2 to mbLG 3.9) were 
recorded in the seismic catalogue of the Spanish IGN 
(www.ign.es). According to our analysis of the episodic 
GNSS observations, the ground displacement measured 
is of lower magnitude, still remaining an uplift trend 
(from 1 to 6.5 cm) in the central and NE sector of the 
island and a slight subsidence (about 0.8 cm) in the W 
sector up to 2017. This behaviour is followed by stability 
in the central zone of El Hierro and a subsidence of 
about 3.0 cm in the NE and W rifts until the end of 2019. 
In addition, the time series analysis of the four 
continuous GNSS sites (BALN, FRON, EH01, LRES) report 
an average ground subsidence of about 8 mm from 
2019 to 2021. 

The Figure 5 summarizes the time variation of the 
length of the baselines computed with respect to the 
first survey 2015(1). As we are using data from repeated 
surveys (2015 to 2019), it is reasonable to assume 1 cm 
change in the baseline length as a limit of detectability 
of deformations. 

 

 
Figure 5. Time change of the baseline’s length calculated 

for the GNSS episodic surveys carried out for the period 
2015-2019. The gray rectangle visually provides an order of 
magnitude for the reliability of the length changes assessed 

from the repeated surveys. 
 

Stations VERO and REYE (Figure 5), in the West sector, 
display the largest dynamics among the considered 
stations. The shortening in VERO-REYE might confirm 
that the west sector of El Hierro undergoes a 
compression. This is a quite obvious derivation, because 
the strain comes from the displacements assessed 
among pair of stations (baselines), namely the sides of 
the triangles. Otherwise, the baseline REYE-AULA 
(Figure 5) would confirm a dilatation in the central 
sector. 

The strain pattern calculated through episodic GNSS 
points out two compressive-extensional regimes in El 
Hierro (Figure 2). The maximum shear strain results are 
in accordance with the surface distribution of the areal 
strain, and the NW rift of the island exhibits the highest 
values while the seismicity is mostly concentrated in the 
central and West sectors of the island (Figure 3). That 
fact could be a consequence of the magma 
accumulation and/or displacement in depth during the 
period of time analysed here. Indeed, seismicity 
recorded during this period (Figure 6) is spatially 
extensive and it is mostly located at 10-15 km in depth, 
which corresponds to the lower oceanic crust area, and 
15-25 km, which corresponds to areas of different 
magma reservoirs during the eruption phase and other 
level of emplacement of sill-like magma intrusions 
during the post-eruptive phase (Longpré et al., 2014; 
Klügel et al., 2015). The seismicity for the period 2019-
2021 is more homogeneously distributed for the depths 
10-22 km and 30-40 km. 

The unrest episode that preceded the last eruption in 
El Hierro involved a winding dyke propagation as local 
crustal structures and discontinuities diverted the 
magma pathway (e.g., Martí et al., 2013; Gorbatikov et 
al., 2013; Sainz-Maza et al., 2014). A similar situation 
was produced during the 2012-2014 post-eruptive 
stage, which involved six different magmatic intrusions, 
as suggested by the seismicity and the ground 
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deformation produced as a consequence of the lateral 
magma movement in depth across the island’s edifice 
(Klügel et al., 2015; Domínguez-Cerdeña et al., 2018). 
However, this has not been the case since 2015 in 
advance, although the strain patterns obtained in this 
study suggest a kind of dipole behaviour in terms of 
stress change for the period studied here. Such dipole 
structure evidences slight time changes, as suggested 
through the strain differences computed survey by 
survey (Figure 2). That is, the difference between 
subsequent surveys exhibits changes in the strain 
magnitude that are not observed when the first survey 
is fixed as a reference. For instance, the dilatation 
pattern in the central and east sectors of the island 
vanishes during year 2017, and it moves to west and 
central areas during year 2018. In addition, the year 
2018 shows a significant difference in the strain with 
regard to 2019 as the dilatation pattern is completely 
extended along the island, with the maximum values 
located in the westernmost area of the island. The 
period of time analysed here points out the stress 
distribution inside the crust and possibly reveals the 
tectonic stresses across the island’s edifice, as a 
consequence of the previous eruption and post-
eruptive activity. 

 

 

 
Figure 6. (a) Seismicity recorded at El Hierro Island from 

2015 to 2019. Panels show the location, distribution in depth 
and a bar diagram with the cumulative number of 

earthquakes. (b) Same as (a) but for the period 2019 to 2021. 
 

VI. CONCLUSIONS 

Based on the analysis of continuous and survey GNSS 
data spanning 2015-2019 time interval, we have tried 
to image the deformation pattern in El Hierro Island. 
The strain pattern retrieved from episodic GNSS surveys 
displays a peculiar pattern depending on how data are 
taken into account. A kind of dipole strain field, slightly 
changing over time, emerges when strain is computed 
from the difference between subsequent surveys, with 
two compressive-extensional regimes in the west and 
central-east sectors of the island respectively. Such a 
dipole structure becomes less evident when the first 
survey is fixed as a reference. However, considering 
that the dipolar field emerges from the deformation 
obtained from the most temporally spaced pair of 
surveys (2019-2015), when most of the deformation 
has been accumulated, we believe that in the time 
interval covered by the present study this is the 
deformation field that characterises El Hierro. The 
maximum shear strain field appears to be in accordance 
with the surface distribution of the areal strain, and the 
NW rift of the island exhibits the highest values, while 
the seismicity is mostly concentrated in the central and 
West sectors of the island. In fact, the crustal 
heterogeneity and the six post-eruptive intrusions 
associated with intense seismic swarms and inflation, 
which did not produce an eruption, but lateral magma 
movements could have affected the observed strain 
field. The reconstructed strain field could be compatible 
with a magma accumulation and/or displacement. The 
results of our study allowed us to highlight the 
distribution of deformation in response to tectonic 
stresses within the crust and the island`s edifice, as a 
consequence of previous eruption and post-eruptive 
activity. 
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