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Abstract We report precursory geophysical, geodetic, and
geochemical signatures of a new submarine volcanic activity
observed off the western coast of El Hierro, Canary Islands.
Submarine manifestation of this activity has been revealed
through acoustic imaging of submarine plumes detected on
the 20-kHz chirp parasound subbottom profiler (TOPAS
PS18) mounted aboard the Spanish RV Hespérides on June
28, 2012. Five distinct “filament-shaped” acoustic plumes
emanating from the flanks of mounds have been recognized
at water depth between 64 and 88 m on a submarine platform
located NW El Hierro. These plumes were well imaged on
TOPAS profiles as “flares” of high acoustic contrast of impedance within the water column. Moreover, visible plumes
composed of white rafts floating on the sea surface and
sourcing from the location of the submarine plumes were

reported by aerial photographs on July 3, 2012, 5 days after
acoustic plumes were recorded. In addition, several geophysical and geochemical data support the fact that these submarine vents were preceded by several precursory signatures: (i)
a sharp increase of the seismic energy release and the number
of daily earthquakes of magnitude ≥2.5 on June 25, 2012, (ii)
significant vertical and horizontal displacements observed at
the Canary Islands GPS network (Nagoya University-ITERGRAFCAN) with uplifts up to 3 cm from June 25 to 26, 2012,
(iii) an anomalous increase of the soil gas radon activity, from
the end of April until the beginning of June reaching peak
values of 2.7 kBq/m3 on June 3, 2012, and (iv) observed
positive peak in the air-corrected value of 3He/4He ratio monitored in ground waters (8.5 atmospheric 3He/4He ratio (RA))
at the northwestern El Hierro on June 16, 2012. Combining
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these submarine and subaerial information, we suggest these
plumes are the consequence of submarine vents exhaling
volcanic gas mixed with fine ash as consequence of an event
of rapid rise of volatile-rich magma beneath the NW submarine ridge of El Hierro. These precursory signals have revealed
important to improve and optimize the detection of early
warning signals of volcanic unrest episodes at El Hierro.
Keywords Acoustic imaging . Submarine volcanic activity .
Precursory signature . El Hierro . Canary Islands

Introduction
Submarine volcanoes are widespread on the sea floor but are
mainly concentrated along the convergent and divergent margins of tectonic plates and at hot spots (Smith and Jordan
1987; Smith and Cann 1992). Due to the water depths where
this volcanic activity occurs, monitoring submarine volcanic
eruptions is a very difficult task. However, when a submarine
eruption occurs at shallow depths (tens to few hundred meters), there is an excellent opportunity to monitor and study it.
Nowadays, knowledge about submarine eruptions is increasing rapidly, and new techniques allow detection and observation of signals of submarine volcanic unrest.
A submarine eruption may emit lava flows but also discharge hot fluids and particles into the sea water (higher
density), where they are subject to gravity and form a plume
(e.g., Middleton and Hampton 1976; Sparks et al. 1997; Rona
et al. 2002; Somoza et al. 2004). Shallow submarine eruptions
represent a serious hazard because they can produce explosive
columns of steam and ash, so monitoring their evolution is an
important task in order to reduce volcanic risk particularly
when they occur close to inhabited areas.
Early investigations of deep submarine volcanic/
hydrothermal vents mainly consisted of video and photo
imagery which is limited to small illuminated volumes adjacent to the vent (Macdonald et al. 1980; Converse et al. 1984)
and asynchronous individual profiles of temperature, salinity,
and optical light scattering properties (Baker and Massoth
1987). However, studies made with standard sonar instruments showed the potential of acoustics to allow estimation
of the volume of large submarine volcanic plumes (Orr and
Hess 1978; Hay 1984; Palmer et al. 1986; Thomson et al.
1989; Rona et al. 1991).
It is well known that volcanic unrest has a complex nature,
involving different and interacting processes. An almost complete picture of the phenomena may be drawn using a large
variety of different signals, for example, different seismicity
variables, deformation, gas emission, etc. (Sandri et al. 2004).
Therefore, in order to better identify possible pre-eruptive
patterns in volcanic unrest, scientists have to take into account
all, as many as possible, of these measurements
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simultaneously (Sparks 2003). The buildup to eruptions typically occurs over periods of days to years so that scientists can
usually issue long-term warnings. However, there are still
major problems in assessing whether detected subterranean
magma movements will actually lead to eruption. The final
volcanic failure that just precedes the onset of an eruption
typically can be recognized over rather short time scales of
days to minutes (Sparks 2003). If volcanic eruptions occur in
the submarine environment, forecasting is a much more difficult task, since usually, it is very difficult or almost impossible
to observe them due to the great depths at which they occur.
Evidence of rising fluids sourced from cold seeps, hydrothermal vents, and volcanic emissions are identified by means
of systems of different frequency spectra as plumes of strong
contrast impedance within the water column. In deep waters,
hydrothermal plumes may have been imaged by means of
high-frequency side-scan sonar of 120 kHz in frequency
(e.g., “type A” signals from Kumagai et al. 2010).
Otherwise, acoustic plumes related to hydrated-coated bubbles or free methane emissions are widely identified on 18–
38-kHz echosounders (e.g., Greinert et al. 2006; Chiharu et al.
2007). However, the detection of submarine volcanic plumes
during their main period activity is difficult, especially because acquiring the data places at risk the oceanographic
vessels. During the main period of eruption of the submarine
volcano of El Hierro, several acoustic images were obtained of
the submarine plumes at water depths between 100 and 300 m
(Somoza et al. 2012). After cessation of the visible plumes on
the sea surface, submarine plumes were also observed on a 4–
20-kHz chirp parametric echosounder on June 20, 2012,
above La Restinga emission centers and probably reflecting
degassing and/or fluid small-particle venting along chimneys.
The fact that during the same oceanographic survey aboard
the R/V Hespérides, the same type of acoustic plumes were
observed further west on the western side of the El Hierro
Island points to a newly identified and brief submarine volcanic event off the western coast of El Hierro in June-July, 2012.
In this paper, we report submarine acoustic plumes imaged on
June 28, 2012, on the western ridge with imaging accomplished by high seismicity events, ground deformation, and
gas emissions in the same area. We interpret all these as
evidence of a short event caused by the western migration of
the volcanic activity, which is probably related to the Canary
Island Hot-Spot system. Furthermore, results highlight the
importance of multiparametric monitoring for the volcanic
surveillance program in El Hierro Island.

Geological setting and volcanic unrest at El Hierro Island
El Hierro is the smallest and south-westernmost island of the
Canarian archipelago with an area of 278 km2 (Fig. 1a). It
represents the summit of a volcanic shield rising from the

Bull Volcanol (2014) 76:882

Fig. 1 a Geographic location of El Hierro Island on the Canarian
Archipelago; b Bathymetric map of El Hierro (modified after Rivera
et al. 2013)

surrounding seafloor at depth of 4000 m up to 1501 m above
sea level. The main volcano-tectonic features of the island lie
along three main volcano-tectonic axes (Fig. 1b). El Hierro
Island is the youngest of the Canarian archipelago, with the
oldest subaerial rocks dated at 1.12 Ma (Guillou et al. 1996).
Radiometric dating and magnetic stratigraphy have allowed a
precise reconstruction of the volcanic evolution of the
emerged part of El Hierro (Guillou et al. 1996;
Blanco-Montenegro et al. 2008). Three main subaerial
volcanic phases have been recognized: (i) the Tiñor
volcano, (ii) the El Golfo edifice, and (iii) the rift
volcanism (Fig. 2a). The Tiñor volcano, outcropping
on the NE flank of the island, formed during the first stage of
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subaerial growth of El Hierro, between 1.12 and 0.88 Ma. A
new volcanic edifice, known as El Golfo, developed between
545 and 176 ka after the Tiñor landslide which occurred at
about 882 ka, filling the NW-facing collapse embayment and
spilled lava toward the east coast overlying the Tiñor volcano.
El Golfo volcano formed the bulk of El Hierro. The rift
volcanism is defined as the late stage of growth of the island,
with simultaneous activity of all three rift arms (BlancoMontenegro et al. 2008).
Recent volcanic activity has been focused mainly along the
three volcanic ridges bearing NE, S, and SW with respect to El
Golfo depression. For the last 500 years, only a single, questionable, volcanic eruption, in 1723 at Lomo Negro, is reported by Hernández Pacheco and Vals (1982). Since 37 ka, El
Hierro has been covered with lavas erupted in the last stage of
its volcanic evolution, and a deep embayment has been produced by giant landslides between the three rift zones, the
most recent being the El Golfo failure on the northwest flank
of the island, which occurred at approximately 15 ka (Masson
1996). Stroncik et al. (2009) undertook a thermobarometric
and petrologic study of basanites erupted from young volcanic
cones along the submarine portions of the three El Hierro rift
zones to reconstruct magma plumbing and storage beneath the
island. They concluded that small, intermittent magma chambers might be a common feature of oceanic islands. These
magma chambers would be fed by plumes with relatively low
fluxes, which results in only limited and periodic magma
supply.
After hundreds of years of repose, on October 12, 2011, an
eruption of El Hierro occurring under water was detected by
visual observations off the coast of El Hierro, about 2 km
south of the small village of La Restinga (Fig. 2b). This
submarine volcanic eruption was preceded by (i) an unusual
increase of seismicity (more than 9000 seismic events) recorded by the National Geographical Institute of Spain (IGN) since
July 19, 2011, (ii) a significant ground deformation detected
by the seven-GPS network (Nagoya University-ITERGRAFCAN) deployed at El Hierro (Sagiya et al. 2012), and
(iii) by significant changes in the volcanic gas emissions,
detected both by the continuous geochemical monitoring network (Pérez et al. 2012; Padilla et al. 2013) and by discrete
geochemical surveys of diffusive helium emission and
3
He/ 4He ratio data of dissolved gases in groundwater
(Padrón et al. 2013) and diffuse CO2 emissions (Melián
et al. 2014). From the starts of the submarine eruption, a large
area of discolored water in the sea was observed most of the
time, from light green to dark brown color, caused by chemical interaction of seawater with the intensely discharging of
high-temperature volcanic hydrothermal fluids plus magmatic
gases. Throughout December 2011 and January 2012, the
seismicity gradually declined and the eruption subsided, with
earthquake rates returning to low levels, close to background,
and tremor considerably reduced in amplitude (Ibáñez et al.
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Fig. 2 a Geological map of El Hierro showing the main volcano-tectonic
features (modified after Navarro and Soler 1994); b location of the 15,000
seismic events (M>0) recorded by IGN until July 18, 2012, in and around
El Hierro Island. The yellow star indicates the location of the submarine

eruption off the south coast of El Hierro, which was visible from October
12, 2011. Red and blue dots indicate located seismic events that occurred
between July 17, 2011, and April 1, 2012, and between April 2, 2012 and
September 1, 2012, respectively

2012). On March 5, 2012, the Scientific Committee stated that
the submarine eruption was over, but the volcanic process that
started on mid July 2011 had not finished (Smithsonian report,
29 February to 6 March 2012).
In fact, since June 2012, a new episode of volcano-seismic
unrest started, with a high rate of seismicity occurring from
June 25 to July 13. During this period, more than a thousand
volcano-tectonic earthquakes occurred west of El Hierro
Island (Fig. 2b). This increase of seismic activity was sudden
and seemed to be triggered by a first earthquake of magnitude
3.2, located by the IGN seismic network at 21:26:01 (local
time) with coordinates N27.7897 and W18.0642 at a depth of
20 km. Seismicity was characterized by a larger number of
seismic events with magnitude >2.5 (715 events in 21 days)
compared to the period July 2011 to March 2012 (748 events
in 230 days), the largest with magnitude 4.4 occurred on July
2, 2011. García-Yeguas et al. 2014 reported 3D images of the
structure beneath El Hierro Island from a seismic tomography
study, which showed a strong low-velocity anomaly beneath
the west offshore area of the island.

acoustic properties of the water (Dybedal and Boe 1994).
The TOPAS uses a primary pulse at 18 kHz, with 30 kW of
power, generating a secondary frequency along the water
ranging between 0.5 and 5 kHz. The advantage of the parametric echosounder compared with single-beam
echosounders is the generation of narrower seismic pulse
and higher angular resolution. Therefore, the TOPAS PS 18
generates an acoustic beam at 100-m water depth which
ranges between 4° and 6° in width narrower than those of
single-beam standard echosounders. Because of this narrow
beam, normally, with this type of echosounder, gas acoustic
plumes or fish banks are not detected within the water column

Material and methods
Acoustic imaging of submarine plumes along the west coast
of El Hierro Island (Fig. 3) was performed in June 28, 2012,
aboard the Spanish RV Hespérides. This vessel is equipped
with two different single-beam echosounders: (i) a 38–120kHz split-beam echosounder (Simrad EK60) and (ii) a 18-kHz
chirp parametric echosounder (TOPAS PS18). The TOPAS
system is a hull-mounted chirp sub-bottom profiler based on a
parametric acoustic array, which operates using non-linear

Fig. 3 Location of the acoustic plumes off the west coast of El Hierro
Island in June 28, 2012 (red dots), together with the location of the GPS
stations of ITER-Nagoya University-GRAFCAN and of the geochemical
station HIE02 (same location as that of San Simón well)

Bull Volcanol (2014) 76:882

as occurred on standard single-beam echosounders (e.g.,
Simrad EK60 or EA600 used also onboard). In contrast, at
La Restinga volcano, the images of the plumes were also
detected with the TOPAS parametric echosounder (Somoza
et al. 2012). All data were continuously recorded digitally in
SEG-Y format and their horizontal scales were later postprocessed and transformed from time to distance units using
Kingdom Suite software. The color scale used in the figures
(red to blue colors) is the relative contrast impedance optimized to the maximum impedance. The maximum contrast of
impedance is assumed as the seafloor (red colors) decreasing
to low values (blue colors) within the seawater column.
Precise location of the observed plumes was plotted on seafloor multi-beam bathymetry 3D models using Fledermaus
software. Data of multi-beam bathymetry before the starts of
the volcanic crisis of the El Hierro Island in June 2011 were
acquired by the Instituto Hidrogáfico de la Marina (IHM).
GPS monitoring of crustal motions at El Hierro by
INVOLCAN began in 2004 with the installation of the
VALV GPS station (Fig. 3). Later, when the seismicvolcanic crisis began in June 2011, five more GPS stations
(FARO, JULA, PINA, REST and SABI) were installed at El
Hierro to improve the geodetic monitoring of El Hierro Island.
At present, the GPS network managed by Nagoya UniversityITER-GRAFCAN deployed at El Hierro consists of seven
antennas, with the FRON GPS station operated by
GRAFCAN (Fig. 3). All the GPS data are transformed into
the Receiver Independent Data Exchange (RINEX) format.
The data for this paper were then analyzed in order to estimate
daily precise coordinates by using Bernese software version
5.0. The processing strategy is as follows. We estimated daily
site coordinates in the ITRF2008 reference frame (Altamimi
et al. 2011). For that purpose, we analyzed data of six tracking
stations, Madrid-Robledo (MADR), San Fernando (SFER),
Villafranca (VILL), Ponta Delgada (PDEL), Rabat (RABT),
and Maspalomas (GMAS and MAS1), from the International
GNSS Service (IGS) network. We applied the final solution
provided by IGS for GPS satellites’ orbit information and
Earth rotation parameters. Double-differenced phase data are
formed for baselines composed of GPS stations, and all the
stations are combined together to constitute a single network.
Then, integer ambiguities in double-differenced phase data are
resolved by using the QIF (quasi-ionosphere-free) technique
(Dach et al. 2007). During the last step of the data processing,
we estimated all of the station coordinates and zenith or
troposphere delay parameters simultaneously by strongly
constraining station coordinates of the six IGS sites to those
given by the ITRF2008 reference frame. As a result, coordinates of all the Canary GPS Network (see stations in Fig. 3)
are determined in the ITRF2008 reference frame.
Geochemical data presented here are for the following: (i)
soil gas radon (222Rn) measured in a continuous mode from a
geochemical station (HIE02) installed in August 2005, at San
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Simón well (HIE02 in Fig. 3), and (ii) 3He/4He ratio data for
dissolved gases in water measured regularly at the same well.
Soil 222Rn activity was measured hourly by means of a
SARAD RTM-2010-2 radon monitor during a period of volcanic quiescence. Soil gas is collected in a cylindrical chamber, 75 cm long and 15 cm in diameter, comprising a PVC
pipe inserted to a depth of 75 cm in the ground with its walls
being thermally insulated to avoid the influence of air temperature fluctuations on soil radon emissions. A water trap is
placed before the radon monitor to keep water from entering
the instrument. Barometric pressure data were obtained from a
meteorological station installed near the station HIE01 for
continuous monitoring of soil CO2 and H2S efflux (Pérez
et al. 2012) and were used to filter out the potential influence
of barometric pressure the soil radon discharge (Pinault and
Baubron 1996). Pressure data were stored in an internal memory module of the RTM-2010-2 and automatically
downloaded via GSM from INVOLCAN facilities.
Sampling of dissolved gas from San Simón well for 3He/4He
ratio has been performed regularly from July, 2011, until
present and analyzed at the lab facilities of the Geochemical
Research Center of The University of Tokyo. Lead-glass
sampling bottles with volumes of about 50 cm3 and with
high-vacuum stopcocks at both ends were totally filled with
water to sample for dissolved gas. The gas was then extracted by ultrasonic vibration and quantitatively collected
into a small volume (10 cm3) following the method described in Padrón et al. (2013). The determination of helium
isotopic ratios as well as 4He and 20Ne concentrations is
done following the method described by Sumino et al.
(2001). Air standards are measured frequently during analyses to determine sensitivities of the mass spectrometer.
The correction factor for helium isotope ratios is determined by measurement of an inter-laboratory helium standard named HESJ, with recommended 3He/4He ratio of
20.63 ± 0.10 R A (atmospheric 3He/ 4 He ratio) (Matsuda
et al. 2002). Uncertainties associated with reported
3
He/4He ratios are 1 sigma of each measurement, including
error in the measured raw 3He/4He ratio. Errors in concentrations are estimated to be 10 % based on reproducibility of
noble gas sensitivity of the mass spectrometer after repeated air standard analyses.

Results
The observations carried out on June 28, 2012, by the Spanish
R/V Hespérides, showed five distinct acoustic plume-like
signals off the northwest coast of El Hierro, aligned in a NESW direction at water depths between 64 and 88 m along a
submarine platform located in front of the Lomo Negro volcanic cone (Fig. 4). These plume-like signals are characterized
by “filaments” of high acoustic impedance within the water
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Fig. 4 a 3D morphology (submarine and subaerial) of the El Hierro
Island viewed from the west. Onshore digital terrain model has a resolution of 5 m, whereas submarine digital bathymetric model is 30 m.
Numerous submarine cones (white arrows) can be observed along the
NW submarine ridge. Position of the eruptive center of La Restinga active
from 2011 to 2012 is marked. Location of Fig. 4b is also shown; b
Location of the acoustic plumes (red dots) along the vessel track (blue
line). Submarine mounds are also labeled located on a shallow platform
(0–100-m water depth) close to the coastline. In addition, numerous
subaerial cinder cones (black arrow) as the Lomo Negro cone and fissures
are located in this area. Lineations linking subaerial monogenetic cones
and fissures with submarine plumes are shown as dotted white lines.
Further explanation in the text

column emanating from the seafloor. The values of acoustic
impedance of the plume-like signals are similar to those of the
seabed (Fig. 5) which is why the apparent plumes can be
visualized within the water column. Figure 5 shows the acoustic plumes along the profile, and Table 1 shows the locations
and sizes of the five plumes. Plume 1 is the highest (Fig. 6a),
reaching a height of 50 m above the seabed with a focused
outflow located at 66-m water depth. The width of the plume’s
signal increases from approximately 20 m at its base to almost
Fig. 5 Profile showing acoustic
plumes labeled from 1 to 5
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200 m at its center, indicating a focused outflow emanating
from the seabed. Plume 2 is similar in shape to plume 1 but
smaller (Fig. 6b), reaching a height of 25 m above the seabed,
and located at water depths of 84 m. Plumes 1 and 2 have a
bowed shape probably reflecting the influence of undercurrents which bend the plume from north to south. Plumes 3 and
4 rise 10–12 m above the seabed with a width of 50–100 m
(Fig. 7a, b). All plumes seem to be located along the flanks of
the local topographic high (mounds in Fig. 4b). Deep-sea
hydrothermal plumes are also known to commonly occur on
the flanks rather than at the tops of topographic highs (e.g.,
Kumagai et al. 2010).
Lastly, plume 5 was only barely visible, and it was recognized by its relationship with volcanic domes. Plume 5 appears as a column of acoustic impedance higher than that of
the water column. The height of this plume was 25 m above
the seabed but its shape was not clearly detected. Probably,
due to the limitation of the detectable areas (beam at 5° in
width) along the track, plumes 3, 4, and 5 are not perfectly
imaged (Kumagai et al. 2010). The most striking characteristics of plumes 1 and 2 was that they did not reach the sea
surface, but began to fall at a certain water depth, approximately 15 and 60 m below the sea surface, respectively
(Fig. 6). The characteristic shapes of the observed acoustic
plumes off west El Hierro Island resemble those observed on
the La Restinga submarine volcano during its main activity
(Somoza et al. 2012). In addition to acoustic observations,
pyroclastic material was observed floating on the sea surface
on July 3, 2012 (Fig. 8), from a flight of the Helicopter Unit
UHEL11 of the Spanish Civil Police. The location of the
floating plumes has been correlated with the position of the
acoustic plume-like signals by means of fitting the coastline.
The results is that the source of floating white material shifting
on the sea surface, when forcing by the prevailing wave
currents is taken into account, is coincident with the position
of plume-like signal reported on June 28.
Crustal deformation associated with the volcanic activity in
2012 was different from that of the 2011 activity in various
aspects. In 2012, deformation started suddenly on June 25 and
the rapid deformation phase continued for 5–10 days then
stopped at the middle of July. The 2011 deformation started
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Table 1 Coordinates and size parameters of the five plumes
Plume

Top (ms) TWT

Bottom (ms) TWT

Distance to
sea-surface (m)

Water depth of
outflow (m)

Plume height (m)

Latitude

Longitude

1
2
3
4

0.023
0.078
0.078
0.080

0.088
0.112
0.093
0.094

17.3
58.5
58.5
60.0

66.0
84.0
69.8
70.5

48.8
25.5
11.3
10.5

N27.7652
N27.7570
N27.7506
N27.7445

W18.1555
W18.1626
W18.1637
W18.1648

5

0.071

0.105

53.3

78.8

25.5

N27.7325

W18.1666

at the end of June and continued for about 3 months until the
onset of the submarine eruption in October. When we plot the
displacement measured at FRON along different directions
(Fig. 9a), so as to make the total displacements the same, the
displacement rate during 2012 is seen to have been faster than
that in 2011, by an order of magnitude. One possibility to
explain such a difference is that below some depth, the 2012
activity occurred along a magma conduit formed by the 2011
activity. In the shallow crust, however, the 2012 magma probably intruded into fractures located more to the west or the
southwest of the island, as it is shown by the migration of
hypocenters and by the displacement pattern observed from
June 21 to July 9, 2012. Figure 9b, c shows the spatial deformation pattern of the 2011 (from September 13 to October 11)
and the 2012 (from June 21 to July 8) activities. Horizontal
displacements reveal radial expansion, and all the GPS sites
show unanimous uplift, with both expansion and uplift centered at a southwestern offshore center. These deformation
patterns can be modeled well using a point inflation source

(Mogi 1958) for each time period. The magma intrusions seem
to be different for the two episodes because the hypocenters
mainly migrated from the center of the island to the southwest
for the 2012 event and to the south for the 2011 event.
From the analyses of the vertical and horizontal displacements observed at seven GPS stations (Fig. 9b, c), the estimated point inflation source for the 2012 event is located at
(27.642 N, 18.104 W) at a depth of 9.7 km, while the 2011
source was estimated at (27.623 N, 18.067 W) at a depth of
2.9 km. Inflation volumes are estimated to be 9.3×107 m3 for
the 2012 activity and 2.1×107 m3 for the 2011 activity. Since
the sources are determined under the assumption of point
source, it is also probable that some of magma intruded further
north along the western coast as was evidenced by the acoustic
imaging. Another crustal deformation episode occurred in
September 2012 at the center of the island, which was smaller
in magnitude and shorter in its duration.
Soil 222Rn values measured at the HIE02 station between
March and August 2012, ranged from non-detectable values

Fig. 6 a Plume 1 observed on 4–20-kHz TOPAS records; b Plume 2 observed on 4–20-kHz TOPAS records. A secondary flame seems to occur just
north of plume 2, apparently produced by the same vent and drifting into the water mass
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Fig. 7 Plumes 3 and 4 observed
on 4–20-kHz TOPAS records.
Plumes are shown as columns of
high-amplitude reflectors rising
into the water column from the
seabed (brown values). Seabed of
the dome covered with a mediumamplitude halo is observed

up to 2700 Bq m−3, which is six times higher than the mean
background value (439 Bq m−3) of soil 222Rn in the time
series observed between June 2011 and August 2012.
Figure 10 shows the soil 222Rn time series recorded at
HIE02 station between March and August 2012, with a total
of 3262 observations of soil 222Rn and with moving averaged
values recorded (23.1 % of missing data). From the beginning
of March until the middle of April, 2012, soil 222Rn activity
time series was characterized by a relatively high variability,
with soil 222Rn activity values showing a mean value of

843 Bq m−3. From middle April to June, 2012, a sharp
increase in soil 222Rn activity was recorded, reaching a maximum value of 2700 Bq m−3 on June 3, 2012, 26 days before
the observation of submarine plumes by the RV Hespérides
on June 28. This peak of soil 222Rn activity seems to be
related to the following increase of seismicity that started on
June 25. From June 26, 2012, to the end of the observation
period, the soil 222Rn activity time series was characterized
by a mean of 484 Bq m−3, which is similar to the mean
background value.

Fig. 8 Location of bubbling spots at the sea surface off the west coast of El Hierro Island compared with the results of the acoustic profile. Pictures were
taken from a helicopter flight on July 3, 2012
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Fig. 9 a GPS coordinate time series at FRON. Reference site is
Maspalomas (GMAS) in Gran Canaria. Red and blue shaded periods
corresponds to the displacement pattern shown in b and c, respectively; b
Displacement pattern observed during September 13 to October 11, 2011,
by GPS network. Observed horizontal displacements are shown by solid
red arrows attached with an open ellipse indicating 1-sigma error. Open
arrows denote calculated horizontal displacements estimated from a point
inflation source model. Solid and open red circles represent observed
uplift and calculated ones from the point source model, respectively. Dots
denote epicenters in the time period determined by IGN (http://www.ign.
es/), colored according to the time; c Displacement pattern observed
during June 21 to July 9, 2012 by GPS network

Figure 11 shows the air-corrected 3He/4He ratio measured
in dissolved gases from the San Simón waters (HIE02 station),
together with the seismic energy released (calculated as logE=
1.5 MW +4.4; Gutenberg-Richter magnitude-energy relation),
from December 2011 to August 2012. By mid-June 2012, an
increase in the 3He/4He ratio was observed after a period of
stable values between 7.9 and 8.2 RA, 9 days before the
beginning of a dramatic increase in the seismic activity on
the island and 12 days before the observation of the submarine
volcanic plumes. The air-corrected 3He/4He ratio from San
Simón waters increased from 7.9±0.19 on April 26 to 8.5±
0.21 RA on June 16, 2012. The latter is the highest value
measured in the 3He/4He data series since the starts of the
seismic-volcanic unrest on June 2011. A decrease in the
3
He/4He ratio was concurrently with the sharp decline of

seismic activity on July 9–10. A value of 7.7±0.18 RA was
measured in water sampled on July 9.

Discussion
The shape of acoustic plumes 1 and 2 suggests that they were
not only produced by gas bubbles but also contained finegrained particles that sank after rising to a certain height above
the seabed. This type of acoustic plume was also identified
with the EK60 and TOPAS echosounders during the 2011–
2012 submarine eruption off the south coast of El Hierro
(Somoza et al. 2012). During the period of maximum activity
at La Restinga emission center, the shape of the acoustic
plumes varied depending on the evolution and type of volcanic products ejected (e.g., lavas, floating lavas, fine-grained
pyroclasts, gas bubbles). Thus, during active periods with
visible plumes in the seawater and periodic ejection of floating
lava clasts (e.g., Nov-Dec, 2011), acoustic images reflected
ascending-descending lava clasts and large clouds of finegrained pyroclasts at intermediate depths (Somoza et al.
2012). After cessation of visible emissions, submarine plumes
were also detected the June 20, 2012, on TOPAS and Simrad
EK60 echosounders sourced from the emission center of La
Restinga. This type of submarine plume appears to separate
and spread at several horizontal buoyancy levels, and this may
reflect entrainment of fine-grained pyroclasts into seawater
from the plumes. Seven days later, June 28, similar plumes
were detected along the west ridge of the El Hierro Island.
Thus, the shape of acoustic plumes depends on their massflux and thermal state, mediated by progressive degassing and
cooling of volcanic clasts as they move upward into the water
column (e.g., Rona et al. 2002). Numerical models of the
dynamics of eruption clouds show that the shape of volcanic
plumes depends on the effect of separation of volcanic particles from gas-phase bubbles (Burgisser and Bergantz 2002)
and of thermal disequilibrium between solid, liquid, and gas
phase (Woods and Bursik 1991). As with sub-aerial eruption
clouds, mathematical models shown that entrainment conditions play an important role in the shape and geometry of
ascending volcanic material (Suzuki et al. 2005). Models of
submarine eruptions emphasize the influence of volatile
degassing on initial flow structure and entrainment during
undersea volcanic eruptions (Friedman et al. 2012). Release
of dissolved volatiles during submarine fire fountaining eruptions can profoundly influence the buoyancy flux at the vent,
and experimental simulations by Friedman et al. (2012) demonstrate that a submarine eruption discharge can take dramatically different forms, such as fire fountaining or passive
effusive discharges, depending on the relative contributions
of momentum and buoyancy at the source vent. Thus, the bulk
density and, consequently, the positive buoyancy flux with
respect to surrounding seawater of the erupting mixtures are
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Fig. 9 (continued)

determined by the gas content of the magma and the depth of
the eruption (Friedman et al. 2007). Head and Wilson (2003)

considered a scenario of a submarine eruption plume originated by a jet of gas and pyroclasts emerging from a vent when
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Fig. 10 Time series of the measured soil 222Rn activity at HIE02 between
March and August 2012 (open circles). A moving average of 164 h is also
shown (thick black line) as well as the daily seismic energy released
during the same time period recorded by the seismic network of IGN
(grey bars; calculated as logE=1.5 MW +4.4; Gutenberg-Richter magnitude-energy relation). The time series of barometric pressure is also
shown (grey line). The figure also reports the background Rn level and
the presumed stage of precursory radon signals to the volcanic activity
later observed (see text)

the gas volume fraction increased to 75 % causing disruption
of volatile-rich magma at some level below the vent. The
resultant submarine plume shows an uppermost zone of turbulent mixing of primary volatiles (CO2 and H2O) with seawater and an outer zone composed of a turbulent descending
flow of a cooled mixture of water and low-density clasts. The
arc shapes of plumes 1 and 2 are interpreted as the effect of the
undercurrents (Greinert et al. 2006) bending the jets of finegrained pyroclastic plumes entrapped at intermediate water
depths. The fact that submarine plumes faded out at 18 and
58 m water depths is interpreted as indicating that they
reached their buoyancy equilibrium at these depths
(Friedman et al. 2007) being transported along with the prevalent currents. This behavior suggests that they probably
comprised a combination of buoyant fine-grained pyroclasts
and volatiles rather than gas bubbles in water alone.

Fig. 11 Temporal evolution of the air-corrected 3He/4He ratio measured
in the dissolved gases of San Simón waters during the study period,
together with the seismic energy released. RA denotes the atmospheric
3
He/4He ratio (3He/4He ratio of 1.399×10−6)
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It is very important to point out that the vents of these
plumes followed a north-south curved direction similar to the
pattern observed in the north-western subaerial sector of El
Hierro Island. Alignments of subaerial monogenetic cones at
the west of El Hierro Island are also characterized by tectonic
patterns with typical NE-SW and NW-SE components
(Figs. 2a and 4b). The arrangement of emission centers and
the location of the different monogenetic volcanic edifices
along the north-western sector of the island are distributed
radially with respect to the summit area. Subaerial volcanic
cones emplacement seems to be along arcs whose center
would be located in the scarp sector of El Golfo (Fig. 2a).
This spatial organization of emission centers and cones shows
that El Hierro’s rift morphology lacks the “double-slope
shape,” typical of most of the volcanic rifts in the Canary
Islands (Carracedo 1994). In addition, numerous submarine
cones are identified along the NW submarine ridge at water
depths between 200 and 3000 m (Fig. 4a) which are located
along the prolongation of the NW-SE lineation of the subaerial
cones. Fields of plumes (labeled as 1, 2, and 3) are located
along the NW-SE lineation that joins the subaerial monogenetic cones (e.g., Lomo Negro cone) with the submarine cones
on the NW ridge of the El Hierro Island (Fig. 4b). Fissures and
cinder cones with this NE-SW orientation are also observed on
the subaerial topography, closely related to submarine mounds
and plume 5 in the south (Fig. 4b).
The records of submarine plumes by acoustic imaging and
the aerial pictures taken from helicopter on July 3, 2013,
provide sufficient evidence to infer the occurrence of a new
submarine pyroclastic eruption emitting jets of gas and
pyroclasts, although not involving emission of lava. Results
of a recent ROV survey to La Restinga emission center
revealed small cones (3–5 m height) located on the summit
of the main volcanic cone, probably indicating that the last
volcanic activity took place as a fountaining eruption of
pyroclasts, gas, and Fe-enriched fluids but without eruption
of lava (Somoza, per communication, see also http://www.
twitter.com/subvent). Based on the similarity of additional
acoustic plumes observed on the parametric echosounder
TOPAS during the period of June-July, on both the south
and NW submarine ridges of El Hierro, we postulate that
these plumes were produced by a “final” short-lived submarine pyroclastic eruption involving several jets sourced from
vents that discharged exsolved volatile components as an
exhalation of gas-carrying fine-grained volcanic clasts, driven
by an episode of rapid rise of the volatile-rich magma beneath
the vent as predicted the theoretical scenarios proposed by
Head and Wilson (2003).
No individual observation guarantees that an observed
submarine plumes corresponds to a volcanic event. During a
survey carried out in September 2013, 1 year later, using the
same R/V Hespérides and equipment along the same previous
track, these plumes were not imaged, leading us to postulate
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that the submarine plumes imaged on June, 2012, were probably caused by a very short-lived volcanic event. As occurred
at La Restinga emission center, the activity of these volcanic
vents does not last as long as does activity at many hydrothermal vents.
A multidisciplinary monitoring approach is necessary to
successfully reveal and infer the volcanic nature of such
events. In addition, the buildup toward eruptions typically
occurs over periods of days to years, so that scientists can
usually issue long-term warnings (Sparks 2003). In our case,
the observation of submarine plumes was preceded by geophysical, geodetic, and geochemical precursory signals as
well as by visual manifestations at the sea surface in July 3,
2012, by scientific staff of INVOLCAN and recorded during a
reconnaissance flight conducted by the Helicopter Emergency
and Security Group (GES).
The seismicity recorded during the first hours of June 25
(Fig. 12a), when the number of earthquakes increased dramatically, was typical of continuous overlapping events, which
could be interpreted as volcanic tremor. However, the spectral
content seemed to indicate that it was not volcanic tremor
originating from volcanic fluids, which is often characterized
by a single or several peak frequency bellow 4 Hz. Instead,
spectrograms revealed a wide spectral content, characteristic
of earthquakes (Fig. 12b), and seemed to reflect a superposition of continuous volcano-tectonic earthquakes. This overlapping made very difficult the localization process as it is
very complex, if not impossible, to determine which phase
was being observed and to what event it belonged. In addition
to the seismic signals, volcanic tremor originating from volcanic fluids might have been occurring, but any such signal
was completely masked by the earthquakes.
Also, it is noted that as the first feature of this seismic
reactivation, compared with previous seismic activity, the
seismic series presented dozens of overlapping volcano tectonic earthquakes over some minutes, forming in many cases a
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kind of “earthquake tremor.” This phenomenon has been
observed at other volcanic areas like the Cascadian region,
on the west coast of the USA (La Rocca et al. 2005, 2009).
Because of this overlap, the proportion of earthquakes located
by the IGN is much less than the real number of earthquakes,
perhaps by an order of magnitude.
Because of the high mobility of volatiles with respect to the
source magma, geochemical anomalies are likely to reach the
surface well in advance of an eruption’s onset (Capasso et al.
2005). Particularly interesting is the variation in the chemical
composition and the helium isotope ratios of the volcanic
gases observed before and during the recent 2011–2012 volcanic unrest at El Hierro (Padrón et al. 2013), where a sharp
increase from 2.4 RA (August 26, 2011) to 7.2 RA (September
16, 2011) occurred 1 month before the onset of submarine
eruption on October 12, 2011. In particular, the highest
3
He/4He value at San Simón well (8.5 RA) since July 2011
was measured on June 16, 2012, 9 days before the sharp
increase in seismicity and 11 days before the observation of
the five submarine plumes. The increase in 3He emission can
be explained by degassing of a new volatile-rich magma batch
at depth. Since helium isotopes are not affected by any fractionation during dissolution in water and hence maintain their
original ratio from the source (Benson and Krause 1980), the
observed increase of RA values before this new pulse in the
seismic-volcanic activity supports new magmatic degassing
due to the injection of new magma. This observation is also
supported by the observed increase on the soil 222Rn activity
at HIE02 geochemical station almost 3 weeks before the onset
of seismic activity on June 25, 2012. Changes in crustal stress/
strain at depth might have significantly increased the level of
fracturing and resulting permeability in the surrounding rocks,
thus favoring the emission of radon gas at the surface.
Furthermore, the sharp acceleration recorded by the GPS
antenna network deployed at El Hierro, with uplift up to
3 cm from June 25 to 26, 2012, confirms the ascent of new

Fig. 12 a Record of seismic activity between 01 and 02 h (UTC) of June 25, 2012; b spectrogram of the selected hour (source IGN; http://www.ign.es/)
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magma, which may have caused the intense recorded seismic
activity. In addition, seismic tomography results showing a
strong negative anomaly in P, and coarse velocities (GarcíaYeguas et al. 2014), clearly support this new episode of
magma ascent.
The ultimate confirmation that a submarine eruption occurred just off the west coast of El Hierro Island in June-July
2012 could be provided by finding solid volcanic material and
showing that it caused the observed backscatter signals; of
course, this confirmation can only be provided by direct
observation and sampling at the sites themselves. Even though
submarine plumes are often attributed to gas bubbles or to
other causes, such as entrained sediment particles or lessdense water bodies, we are confident that our observations
of acoustic plumes along the west coast of El Hierro Island
show backscattering in the water column at all five plume sites
that was caused by volcanic material and gas bubbles. This is
because the plume-like shape of the hydroacoustic images,
especially of plumes 1 and 2, is similar to those observed
during the 2011–2012 submarine eruption off the south coast
of El Hierro, when solid volcanic material was ejected
(Longpré et al. 2014). In this way, we can interpret this kind
of plume as reflecting the rise and sinking of pyroclasts into
the water column by progressive loss of buoyancy resulting
from degassing and cooling. Also, the fact that the values of
acoustic impedance received from the plumes are close to
those corresponding to the upper levels of seabed suggest they
were bearing solid material, rather than being composed only
of gas bubbles.

Conclusions
The submarine volcanic activity observed off the western
coast of El Hierro in June-July 2012 is the most recent significant seismic-volcanic unrest of the Canaries. The last submarine volcanic eruption which started off the south coast of El
Hierro on October 12, 2011, “officially” ended on March 5,
2012. However, data from a multidisciplinary volcanic monitoring program indicates that the process of volcanic unrest
did not end then. A high-resolution acoustic imaging survey,
together with geophysical, geodetic, and geochemical data,
has allowed us to identify subsequent submarine volcanic
activity off the western coast of El Hierro in June-July 2012.
Five distinct acoustic submarine plumes were recognized in
this area at water depths between 64 and 88 m along a
submarine platform located in front of the Lomo Negro volcanic cone, north-west of El Hierro. The submarine plumes
were vertical columns of high acoustic contrast impedances
within the water column. The spatial distribution of the
plumes followed a radial pattern, similar to that observed in
the north-western subaerial sector of the island. This new
volcanic activity had several precursors: (i) a sharp increase
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in seismic energy release and in the number of daily earthquakes with magnitude ≥2.5 on June 25, 2012; (ii) significant
vertical and horizontal displacements observed by the permanent GPS network at El Hierro, with uplifts up to 3 cm from
June 25 to 26, 2012; (iii) an anomalous increase in soil gas
radon activity at HIE02, a geochemical station located in the
northwestern of El Hierro, from the end of April until the
beginning of June, 2012, reaching peak values of 2.7 k Bq m−3
on June 3, 2012, and (iv) the highest observed air-corrected
value of 3He/4He ratio in ground waters (8.5 RA) from San
Simón well at the north-western of El Hierro on June 16,
2012.
Based on this array of data, the products of brief volcanic
events were producing fine ash combined with gas and expressing deeper magmatic activity below the NW ridge of El
Hierro Island. This volcanic event represents the westernmost
volcanic activity reported and raises new questions about the
present-day westward migration of the volcanism along the
Canarian archipelago hot spot. Finally, this finding highlights
the importance of having an effective volcanic monitoring and
communication system at El Hierro Island to be able to detect
and identify over short-medium time scale precursory signals
of oncoming volcanic activity and pathways of magma migration. Effective monitoring supports forecasts giving time
for civil responses and evacuation.
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