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The shallow, near-shore submarine volcano Tagoro erupted in October 2011 at the Mar
de las Calmasmarine reserve, south of El Hierro island. The injection of lava into the ocean
had its strongest episode during November 2011 and lasted until March 2012. During this
time, in situ measurements of dissolved oxygen were carried out, using a continuous
oxygen sensor constantly calibrated with water samples. A severe deoxygenation was
observed in the area, particularly during October-November 2011, which was one of the
main causes of the high mortality observed among the local marine ecosystem. The
measured O2 concentrations were as low as 7.71 µmol kg-1, which represents a -96%
decrease with respect to unaffected waters. The oxygen depletion was found in the first
250 m of the water column, with peaks between 70-120 m depth. The deoxygenated
plume covered an area of at least 464 km2, distributed particularly south and south-west
of the volcano, with occasional patches found north of the island. The oxygen levels were
also monitored through the following years, during the degassing stage of the volcano,
when oxygen depletion was no longer observed. Additionally, during the eruption, an
island-generated anticyclonic eddy interacted with the volcanic plume and transported it
for at least 80 km, where the O2 measurements still showed a -8% decrease after mixing
and dilution. This feature draws attention to the permanence and transport of volcanic
plumes far away from their source and long after the emission.

Keywords: Tagoro, submarine eruption, dissolved oxygen, deoxygenation, Canary Islands
INTRODUCTION

The study of changes in the oceanic content of dissolved oxygen has gained relevance in recent years, as
oceanmodels predict declines of 1 to 7% in the global ocean O2 inventory over the next century (Plattner
et al., 2001; Plattner et al., 2002; Frölicher et al., 2009; Keeling et al., 2010). The attention has been
particularly driven towards the oxygen minimum zones (OMZs), defined as mid-depth O2 minima
formed by a combination of intense respiration and weak ventilation (Sverdrup, 1938; Wyrtki, 1962;
in.org May 2022 | Volume 9 | Article 8346911
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Keeling et al., 2010). These zones have been observed to be
expanding due to ocean warming and increased stratification,
especially in the North Pacific and tropical oceans (Ono et al.,
2001; Whitney et al., 2007; Stramma et al., 2008; Keeling et al.,
2010). However, other processes that can cause local declines in the
dissolved oxygen content, such as the case of volcanic and
hydrothermal emissions, have been less studied.

Submarine volcanism and hydrothermalism injects magma-
derived volatiles into the ocean which are rich in reduced
chemical compounds, such as reduced sulfur species and Fe(II)
(Santana-Casiano et al., 2013), which are quickly oxidized when
they come into contact with seawater (Campbell and Gieskes,
1984; Kump et al., 2001). This phenomenon can cause severe
oxygen depletion and even anoxic episodes which can last from
weeks to years (Campbell and Gieskes, 1984; Malahoff et al.,
2006; Fraile-Nuez et al., 2012).

Volcanic-induced anoxia has been notably relevant
throughout the geological history of our planet. Many
paleoceanographic studies suggest that an increased rate of
submarine volcanism during the mid-Cretaceous was likely the
trigger for oceanic anoxic events at a global scale, which were
linked to major events such as changes in marine productivity,
CO2-induced global warming, rises in sea level, and mass
extinctions (Vogt, 1989; Erba, 1994; Leckie et al., 2002; Méhay
et al., 2009). However, present-day volcanogenic episodes of
oxygen depletion are poorly documented. Only a handful studies
reporting these events have been carried out, mainly in deep-sea
hydrothermal settings in the Pacific (Edmond et al., 1979;
Campbell and Gieskes, 1984; Malahoff et al., 2006; Staudigel
et al., 2006), usually in remote locations where intensive
monitoring is not an easy task to achieve.

The Canary Islands, located in the north-eastern margin of
the Atlantic Ocean, are an active volcanic archipelago originated
from hotspot activity (Carracedo et al., 1998). El Hierro is the
westernmost and youngest of these islands (Figure 1), with an
age of 1.12 Ma (Guillou et al., 1996). Although several subaerial
eruptions have occurred over the last centuries in the Canary
archipelago, no submarine volcanic activity had been reported in
600 years of historical records (López et al., 2012).

On October 10th 2011, after more than 10,000 earthquakes
were registered in three months at El Hierro island, a volcanic
tremor marked the beginning of an underwater eruption. The
newly formed submarine volcano, named Tagoro, was located 1.8
km offshore of La Restinga, the southernmost village of El Hierro,
and at theMar de las CalmasMarine Reserve. After several pulses
of growth, the final form of the volcano presented an elongated
summit in the NNW–SSE direction and an irregular base of 1–1.3
km (Fraile-Nuez et al., 2018), with a peak at 88 m depth and the
main crater at 127 m depth (Figure 1).

The first six months of activity (October 2011 – March 2012)
conformed the eruptive stage. This stage caused extreme
physical–chemical perturbations in a wide area around El
Hierro island, particularly south and south-west of the volcano,
with visible water discoloration, bubbling and degassing
(Santana-Casiano et al., 2013). The most affected part of the
water column was 75–125 m depth, but anomalies could be
Frontiers in Marine Science | www.frontiersin.org 2
found from roughly 300 m depth to surface. Temperature
anomalies up to +18.8°C were found, as well as salinity
anomalies of –0.3 (Fraile-Nuez et al., 2012). The carbonate
chemistry was also severely affected. Total dissolved inorganic
carbon was as high as 12015 μmol kg-1, with increases in the
partial pressure of CO2 of up to three orders of magnitude. This
caused severe water acidification, reaching pH values as low as
5.2 (Santana-Casiano et al., 2013).

During the eruptive stage, Tagoro volcano released
remarkable amounts of reduced chemical species into the
surrounding waters, particularly reduced sulfur species (H2

S, HS−, S2−, S0, SO2−
3 , S2−x , S2O

2−
3 , S4O

2−
6 ) and Fe(II) (Fe2+, Fe

(OH)+, Fe(OH)2, FeCl+, Fe(HCO3), FeHS). The main
geochemical processes taking place were described in detail by
Santana-Casiano et al. (2013) and Santana-González et al.
(2017), including those responsible for oxygen consumption:

H2S + 2O2 = H2SO4

Mn IIð Þ + 1
2= O2 + H2O = MnO2 + 2H+

Fe IIð Þ + 1
4= O2 + H2O = 1

2= Fe2O3 + 2H+

FeS + 9
8= O2 + H2O = 1

2= Fe2O3 + H2SO4

The chemical species responsible for this oxygen
consumption were found in remarkable amounts during the
eruption. Reduced sulfur species, which are normally below
detection limit, presented concentrations as high as 476 μmol
kg-1. A similar pattern was observed for Fe(II), which showed an
increase of up to five orders of magnitude (50 μmol kg-1;
reference values < 0.2 nM). The mixing of these reduced fluids
with seawater caused a severe oxygen depletion, with patches of
anoxia found at 100 m depth during the strongest eruptive
episode (November 5th 2011) and concentrations as low as 100
μmol kg-1 reported during late November 2011 (Santana-
Casiano et al., 2013).

These severe conditions (deoxygenation and acidification)
caused a high mortality of local marine biota, particularly
during the first two months of the eruption. No fish schools
were acoustically detected within the affected area, and diel
vertical migration was rather weak or absent (Fraile-Nuez
et al., 2012). Picophytoplankton groups presented distinct
responses; however, heterotrophic bacteria showed a dramatic
increase (Fraile-Nuez et al., 2012; Ferrera et al., 2015).

The eruption of Tagoro submarine volcano in 2011 caused
water discoloration which acted as a natural tracer detectable
through ocean color imagery. This was the first time that the
interaction between a volcanic eruption and a mesoscale structure
could be recorded and thoroughly studied (Eugenio et al., 2014;
Marcello et al., 2015). An island-generated anticyclonic eddy
carrying volcanic discolored waters was monitored through
satellite observations during October-November 2011 (Eugenio
et al., 2014) and was sampled in situ on November 7th at the center
of the eddy, 80 km away from the volcano.
May 2022 | Volume 9 | Article 834691
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In March 2012, the eruption came to an end and the volcano
entered a new phase known as the degassing stage, which
remains active. The system evolved towards a field of
hydrothermal vents with release of heat, gases, metals, and
inorganic nutrients (Fraile-Nuez et al., 2012; Santana-Casiano
et al., 2013; González-Vega et al., 2020). The affected area was
considerably reduced, reaching roughly 0.5 km around the
volcano and close to the seafloor (Santana-Casiano et al.,
2016). Although significant physical-chemical anomalies are
still found in this area, there is a gap of knowledge about
behavior of the spatial-temporal variability of the oxygen
anomalies from this volcano.

The submarine volcano Tagoro has provided one of the most
intensive monitoring of an ongoing underwater eruption and
subsequent hydrothermal activity in the world, facilitated by its
shallow and accessible location. Here we present a comprehensive
study of the changes in the dissolved oxygen content of the waters
affected by this volcano, with emphasis in the eruptive stage, and
compare these with more recent measurements from the
degassing stage. Additionally, we report and quantify the
transport of the volcanic oxygen anomalies far from the source
by means of an island-generated anticyclonic eddy.
DATA AND METHODS

Hydrography
The dataset used for this study comprises over 390 hydrographic
stations and tow-yo transects, including up to 3500 discrete
water samples for the calibration of the CTD-oxygen sensor data.
The area was surveyed along 8 years of monitoring (2011-2018)
through 13 different oceanographic cruises led by the Spanish
Frontiers in Marine Science | www.frontiersin.org May 2022 | Volume 9 | Article 8346913
Institute of Oceanography (IEO) (Figure 1). The cruises were
carried out in the frame of different projects: BIMBACHE
(cruises 1–2), RAPROCAN (cruises 3 and 5), CETOBAPH
(cruise 4), VULCANO-I (cruises 6–7), VULCANA-I (cruises
8–10), VULCANO-II (cruises 11–12), and VULCANA-II (cruise
13). The vessels employed for the surveys were R/V Ramoń
Margalef (cruises 1, 2 and 6), R/V Cornide de Saavedra (cruises 3
and 4), and R/V Ángeles Alvariño (cruises 5 and 7–13).

An additional hydrographic station at 80 km south-west of
the volcano was sampled during cruise 1 (November 7th 2011),
when an island-generated anticyclonic eddy was transporting the
discolored waters of the volcanic eruption offshore, as was
observed by satellite image (Eugenio et al., 2014).

Conductivity, temperature and pressure data were acquired in
every hydrographic station and tow-yo transect using a SeaBird
911-plus CTD, at a sampling interval of 24 Hz and with dual
temperature and conductivity sensors with accuracies of 0.001°C
and 0.0003 S/m respectively. A SBE43 dissolved oxygen sensor
was coupled to the CTD system, with an accuracy of ±2%
of saturation.

Sampling Strategies
Different sampling strategies were used over the years in an effort
to adapt our methodology to the evolution of the volcanic
activity. During the eruptive stage (cruises 1–3), vertical
profiles were carried out both in the vicinity of the volcano
and in a wide area surrounding El Hierro island. This strategy
continued during the early months of the degassing stage (cruises
4–5); however, seeing as the emissions at this stage reached a
smaller area, a high-resolution transect across the main volcanic
craters was established for cruises 6–7, with stations at few
meters of distance. A different strategy was applied during
cruises 8–13 by performing tow-yo transects (Santana-Casiano
A
B C

FIGURE 1 | Study location. (A) Map of the Canary Islands. (B) Map of El Hierro island with the location of the vertical profiles carried out during all cruises. (C) 3D-
High-resolution bathymetry of Tagoro submarine volcano, indicating the location of the hydrographic stations (cruises 1–7) and tow-yo transects (cruises 8–13).
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et al., 2016), which consist on continuously lowering and raising
the rosette between 1 and 40 m above the seafloor while the
vessel moves at 0.2–0.4 kn with the Dynamic Positioning system
(DP). This last methodology provides a remarkably high spatial
resolution in the area affected by the hydrothermal emissions.

Oxygen Calibration
Over 3500 discrete water samples were collected with an
oceanographic rosette of 24-12-liter Niskin bottles. For the
analysis of dissolved oxygen from these samples, we used the
Winkler method with the subsequent modifications (Carpenter,
1965). The determination was always carried out on board, either
manually or with an automated potentiometric titration. These
samples were used to calibrate the continuous data from the
dissolved oxygen sensor using a linear regression by least-
squares. The original oxygen data in ml l-1 were converted to
μmol kg-1 using the density values derived from the CTD data. A
linear correlation was conducted for each of the cruises. All the
calibrations presented a good fit (Table 1), with most r2 >0.9 and
all p-values <0.05.

Calculations
For the calculation of oxygen anomalies (D[O2]), for each cruise
we established reference (non-affected) stations, generally
located in an area around El Hierro island far away from the
volcano. The classification was based on various physical-
chemical parameters such as temperature, oxidation-reduction
potential (ORP), pH (Santana-Casiano et al., 2016), or
concentration of silicate. In the case of tow-yo transects
(cruises 8–13), the reference was the down-cast or up-cast
profile, depending on the direction of the local currents and
the mentioned physical-chemical parameters. The anomalies
were calculated as the dissolved oxygen concentration in the
affected stations minus an average profile of all the reference
stations for each cruise.

The theoretical saturation of O2 in seawater was calculated for
all the stations sampled during cruises 1–4 based on temperature
and salinity data, as described by Weiss (1970).
Frontiers in Marine Science | www.frontiersin.org 4
RESULTS

Deoxygenation in the Water Column
The evolution of the dissolved oxygen content during the
eruptive stage in the waters affected by the volcanic emissions
can be observed in Figure 2 as vertical profiles from cruises 1-4
(Figures 2A–D). Unaffected stations were also measured during
each cruise to establish a reference profile for comparison.

In the first cruise (Figure 2A), which took place less than a
month after the beginning of the eruption, severe oxygen
depletion is evident in the first 150 m of the water column. A
particularly deoxygenated profile is distinguished, with depletion
up to -88% (minima of 25.33 μmol kg-1; Table 2), corresponding
to a station located at 1.8 km northwest from the volcano. The
disparity of this profile respect to the others illustrates the
unsteady nature of the eruptive event. The strongest episode
occurred in late November 2011 (Figure 2B), during cruise 2,
when conditions close to anoxia were measured (minimum of
7.71 μmol kg-1, depletion of -96%) and the affection was observed
in a wider range of the water column, up to 250 m depth. During
this time, the volcanic plume was transported north-west of the
island as observed by satellite image (Eugenio et al., 2014) and
thus that northern area was measured as well, exhibiting
depletion up to -25% (concentrations of 149.72 μmol kg-1).
During a short survey in December 2011 (Figure 2C), the
oxygen depletion was still remarkable but less dramatic, with
anomalies up to -38% (129.72 μmol kg-1) in a depth range of 0-
140 m. Finally, oxygen was measured again in April 2012,
coinciding with the time when the eruptive stage was over and
the degassing stage begun. Accordingly, no evident anomalies of
dissolved oxygen were observed in the vertical profiles.

During the eruption, an increase in temperature of +3°C and
decrease in salinity of –0.3 were observed in the water column in
the area affected by the volcanic plume (Fraile-Nuez et al., 2012).
These physical anomalies are expected to have an impact on
oxygen solubility (Weiss, 1970). For this reason, we calculated
the theoretical O2 saturation based on temperature and salinity
data, for both the reference profile and all the stations affected by
TABLE 1 | Statistics of the calibration of [O2] data from the continuous sensor using water samples analyzed with the Winkler method.

Cruise Name Date Number of casts* Number of water samples Calibration statistics

r2 p-value

1 Bimbache leg 3 4-9 November 2011 25 368 0.85 p<0.05
2 Bimbache leg 5 17-20 November 2011 26 393 0.997 p<0.05
3 Raprocan1211 8 December 2011 7 65 0.98575 p<0.05
4 Cetobaph 6-8 April 2012 19 153 0.99855 p<0.05
5 Raprocan1212 9 December 2012 7 676 0.97833 p<0.05
6 Vulcano0313 27 March - 5 April 2013 84 699 0.99703 p<0.05
7 Vulcano1013 1-7 November 2013 78 319 0.9553 p<0.05
8 Vulcana0515 10-13 May 2015 8 106 0.9917 p<0.05
9 Vulcana1015 17-22 October 2015 25 215 0.86041 p<0.05
10 Vulcana0316 10-15 March 2016 34 159 0.91381 p<0.05
11 Vulcano1016 21-29 October 2016 50 63 0.78391 p<0.05
12 Vulcano1017 23-27 17 196 0.95692 p<0.05
13 Vulcana0318 2-5 April 2018 16 123 0.94201 p<0.05
Total 396 3535
May 2022
 | Volume 9 | Arti
*Vertical stations (cruises 1-7) or tow-yo transects (cruises 8-13).
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the volcano throughout the eruptive stage (Figure 2E). Although
a diminution is observed respect to the reference, this difference
is a -6% (average), a small percentage compared to the up to
-96% depletion found. Additionally, the vertical distribution of
this theoretical saturation in the affected stations follows a very
stable pattern and does not show the variability observed in the
[O2] data in the water column. Thus, the contribution of the
chemical oxygen consumption by reaction with emitted reduced
species is more relevant than the oxygen loss caused by
physical anomalies.
Horizontal Distribution of the
Deoxygenated Patch
The oxygen anomalies observed during the eruptive stage were
transported in a wide area around the volcano, particularly
south-west. Figure 3 shows the distribution of dissolved
Frontiers in Marine Science | www.frontiersin.org 5
oxygen concentration during the strongest period of the
eruption, November 2011 (cruises 1 and 2). In this region and
at this depth range (75-100 m), unaffected waters present O2

concentrations above or around 200 μmol kg-1. In the volcanic
plume observed in Figure 3A at 100 m depth, we found an area
of roughly 378 km2 with [O2]<200 μmol kg-1 (purple). Within
this area, about 78 km2 presented [O2]<150 μmol kg-1 (yellow-
orange), where the minimum concentration found was 7.71
μmol kg-1. In late November (Figure 3B) the plume reached
the north of the island due to changes in local currents. This
transported plume represents an additional affected area ([O2]
<200 μmol kg-1) of at least 86 km2. The satellite images from
October-November 2011 (Figure 3C; Eugenio et al., 2014) show
that the distribution of the colored volcanic plume was very
variable depending on local currents and intensity of the eruptive
event. In most cases, the plume was wider than the area sampled
for oxygen (Figures 3A, B). Thus, our calculation of the area
A B D EC

FIGURE 2 | Vertical profiles of dissolved oxygen during the eruptive stage, measured during cruises 1,2,3,4 (A–D, respectively). Black line represents a reference
profile, with standard deviation. Panel (E) shows the theoretical saturation of dissolved O2 based on temperature and salinity data, for the reference profile (black line)
and for all the affected stations measured during cruises 1,2,3,4 (red lines).
TABLE 2 | Minimum concentrations of dissolved oxygen during the eruptive stage at the depth of maximum depletion.

Cruise, date Location Depth [O2]ref ± std Min. [O2] D[O2] Depletion

(m) (µmol kg-1) (µmol kg-1) (µmol kg-1) (%)

1 (11/2011) South of El Hierro 79 212.89 ± 7.41 25.33 -187.56 -88.10%
1 (11/2011) Eddy (80km away) 79 212.89 ± 7.41 195.39 -17.50 -8.22%
2 (11/2011) South of El Hierro 108 193.99 ± 4.56 7.71 -186.28 -96.03%
2 (11/2011) North of El Hierro 63 200.12 ± 7.03 149.72 -50.40 -25.19%
3 (12/2011) South of El Hierro 93 209.67 (no std) 129.72 -79.95 -38.13%
4 (04/2012) South of El Hierro 119 212.44 ± 1.61 203.34 -9.10 -4.28%
Ma
y 2022 | Volume 9 | Arti
A reference concentration ± standard deviation (std) from non-affected stations is shown for comparison. Anomaly (D[O2]) and depletion are calculated with respect to this reference.
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affected by deoxygenation is only indicative of the order of
magnitude and should not be considered as an exact estimation.

On November 7th 2011, satellite images indicated the
presence of an island-generated anticyclonic eddy that trapped
the visibly discolored waters affected by the volcanic eruption
and was being transported south-westwards for tens of
kilometers (Figure 4). Thus, a hydrographic station (914) was
sampled in the center of this eddy, 80 km away from the volcano,
in order to trace and quantify the transport of the volcanic
emissions (Figure 4A). The vertical profile of dissolved oxygen in
this station is compared to a reference profile in Figure 4B. A
local minimum was found at 79 m depth which clearly deviates
from the expectable shape of a typical [O2] profile, at exactly the
Frontiers in Marine Science | www.frontiersin.org 6
same depth as the minima of [O2] found in the vicinities of the
volcano. This peak represents a very small depletion (-8%)
compared to the -88% depletion found in the volcanic area at
the time, which reflects the effect of dilution and mixing with
ambient waters through the 80 km journey of the eddy.

Post-Eruptive Stage
After the eruptive stage came to an end in March-April 2012,
these dramatic oxygen depletions were no longer observed.
However, we have continued to monitor oxygen levels all
throughout the degassing stage (2012-present), as can be
observed in Figure 5. Here, the dissolved oxygen data are
shown as anomalies respect to a reference profile for each
A B C

FIGURE 3 | Horizontal contours of dissolved oxygen during the strongest eruptive episode. (A) Data from cruises 1 and 2, south-west of the volcano (100 m depth).
(B) Data from cruise 2, when the volcanic plume was transported north of El Hierro island by the local currents (75 m depth). (C) Some examples of NASA MODIS
RGB image of El Hierro island (Eugenio et al., 2014) from October-November 2011, showing the high spatial variability of the volcanic plume.
A B

FIGURE 4 | Dissolved oxygen in a plume transported 80 km southwest of the volcano by an anticyclonic eddy. (A) True color satellite image from November 5th

2011. (B) Vertical profile of dissolved oxygen within the transported plume. Black line shows a reference profile with standard deviation (grey shadow). A yellow stripe
highlights the peak corresponding to the anomaly transported from the volcano.
May 2022 | Volume 9 | Article 834691
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cruise (D[O2]), in order to avoid the effects of depth and
seasonality on the concentration of O2. This figure should not
be understood as a temporal evolution, given the disparity in
sampling strategies and sample size (n) over time. The large
range and the abundance of outliers during the eruptive stage
(orange boxes) are representative of the huge variability and
instability of the eruptive process. For the degassing stage (blue
and purple boxes), the data still show a high variability,
particularly in those boxes with larger sample sizes (n);
however, all the observed anomalies are close to zero,
suggesting that oxygen depletion is no longer observed.
DISCUSSION

The eruption of the submarine volcano Tagoro in 2011 caused a
drastic and initially negative impact on the ecosystem of theMar de
las Calmas marine reserve surrounding El Hierro island.
Conditions close to anoxia were found during November 2011 in
the first 250 m of the water column, with concentrations of
dissolved oxygen as low as 7.71 μmol kg-1, which represents a
-96% depletion respect to the normal conditions found in reference
stations. These suboxic and anoxic conditions were the cause of the
high mortality observed among fish and most planktonic groups,
along with other factors such as the drop of pH and the high CO2

concentrations (Santana-Casiano et al., 2016). The cause of the
deoxygenation was the emission of reduced chemical species,
mainly of sulfur (H2S, HS

−, S2−, S0, SO2−
3 , S2−x , S2O

2−
3 , S4O

2−
6 ) and

iron (Fe2+, Fe(OH)+, Fe(OH)2, FeCl
+, Fe(HCO3)

+, FeHS) (Santana-
Casiano et al., 2013). Some of these species presented
Frontiers in Marine Science | www.frontiersin.org 7
concentrations up to five orders of magnitude higher than
unaffected stations (Santana-Casiano et al., 2013).

The patch of deoxygenated waters reached a wide area around
the island of El Hierro, particularly during the strongest eruptive
episodes in November 2011. The total area of reach was at least of
464 km2 combining the south and north plumes (Figures 3A, B,
respectively), likely even wider considering that both the south
and north patches were not delimited within the sampled grid of
stations as observed in the satellite images (Figure 3C). Note that
this combined area is wider than the surface of El Hierro island
(268 km2). The spatial distribution of this suboxic patch
coincides with the distribution described for other parameters
that were a consequence of the eruption of Tagoro volcano, such
as seawater discoloration, total dissolved inorganic carbon, pH,
and inorganic nutrients (Santana-Casiano et al., 2013; Eugenio
et al., 2014; González-Vega et al., 2020).

Deoxygenation caused by volcanic or hydrothermal activity
has long been known, although not many studies have focused
on describing this feature. Edmond et al. (1979) described anoxic
conditions at the Galapagos spreading center (East Pacific
Ocean). In 1984, at Guaymas Basin (Gulf of California), it was
observed that even though the hydrothermal component of the
sampled waters was less than 1%, the decrease in O2 was about
10% in comparison to unaffected areas (Campbell and Gieskes,
1984). The authors deduced that the oxygen anomalies were not
simply derived from mixing of O2-deficient waters with ambient
waters, but were rather a consequence of chemical oxygen
consumption by the oxidation of dissolved sulfide and
methane injected by the hydrothermal vents. Anoxia induced
by hydrothermal discharge was also later described within the
FIGURE 5 | Anomalies of dissolved O2 through 2011-2018 represented as boxplots, which show the median, quartiles, and outliers. Sample size (n) is specified above
each box, representing the number of data collected by the continuous oxygen sensor at a sampling interval of 1 meter (vertical profiles) or 1 second (tow-yos).
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East Pit at Lō’ihi Seamount, Hawai’i (Malahoff et al., 2006).
Furthermore, at Nafanua volcano (Vailulu’s Seamount, Samoa),
the low oxygen values measured within the crater were suggested
to be one of the causes of the observed high mortality among
local nekton (Staudigel et al., 2006).

Although present-day studies showing volcanic-induced
anoxia are relatively sparse, many paleoceanographic studies
correlate global low-oxygen events with periods of enhanced
volcanic activity in past geological periods. Particularly, the
Cretaceous period (145–66 Ma) was characterized by the
occurrence of several oceanic anoxic events (OAEs) and long
periods of CO2-induced global warming and climatic change
(Clarke and Jenkyns, 1999), accompanied by mass extinctions in
groups such as calcareous nannofossils, radiolarians,
foraminifera, and mollusks (Snow et al., 2005). These events
have been consistently associated with high rates of submarine
volcanic activity (Vogt, 1989; Erba, 1994; Snow et al., 2005;
Méhay et al., 2009), which could be linked to times of rapid
oceanic plateau formation and/or increased rates of ridge crest
volcanism (Leckie et al., 2002). Moreover, and going even further
in the geological history of our planet, some studies have
suggested a role of submarine volcanism on the establishment
of an O2-rich atmosphere (Kump et al., 2001; Kump and Barley,
2007). This hypothesis intends to explain the time gap between
the rise in atmospheric O2 levels (2400-1800 Ma) and the first
records of cyanobacteria, the first oxygenic photosynthesizers,
which have been identified in sediments from 2700 Ma
(Brocks et al., 1999) and even associated morphologically with
microfossils dated at 3500 Ma (Schopf, 1993). The authors argue
that volcanism during the Archean era was predominantly
submarine (which is more reducing than subaerial volcanism),
acting as a sink for oxygen larger than the photosynthetic source;
until a shift to a more mixed subaerial-submarine volcanism
during the Archaean-Proterozoic transition allowed the
establishment of a permanent oxygenated atmosphere (Kump
et al., 2001; Kump and Barley, 2007).

The Canary archipelago acts as an obstacle to the flow of the
Canary Current and the Trade Winds, originating mesoscale
structures such as cyclonic and anticyclonic eddies, which can
live >3 months and can be transported for hundreds of
kilometers (Sangrà et al., 2009). The submarine volcano
Tagoro represented a good opportunity to study these features,
as the eruption caused water discoloration which acted as a
natural tracer detectable through ocean color imagery. An
island-generated anticyclonic eddy carrying volcanic discolored
waters was monitored through satellite observations during
October-November 2011 (Eugenio et al., 2014) and was
sampled in situ on November 7th at the center of the eddy, 80
km away from the volcano. There, a -8% oxygen depletion was
found at the same depth (79 m) as the oxygen minima observed
on top of the volcano, which were up to a -88% depletion at the
time, showing that the deoxygenation in the eddy was one order
of magnitude weaker. This anomaly is very small and most likely
it no longer had an impact on its local environment; however, the
fact that the volcanic signal is still detectable 80 km away from
the site of emission is an indicative of the importance of taking
Frontiers in Marine Science | www.frontiersin.org 8
into account mesoscale structures when studying the transport of
volcanic plumes.

Ocean models predict declines of -1 to -7% in the global ocean
O2 inventory over the next century (Keeling et al., 2010). The
eruption of Tagoro volcano caused a deoxygenation event of up
to -96%. Furthermore, the fact that the signal was still detectable
(although weak) 80 km away from the volcano raises attention
on the permanence and transport of volcanic plumes at a larger
scale. Several studies in different settings around the globe
(particularly over spreading centers) have described
phenomena called event plumes or “megaplumes”: voluminous
patches of heat and chemical anomalies caused by a brief and
massive release of volcanic or hydrothermal fluids (Lupton et al.,
1989; Baker and Lupton, 1990). The term “megaplume” was first
used by Baker et al. (1987) to describe a 700-m-thick, 20-km-
diameter plume found at the southern Juan de Fuca ridge in
1986. Even though this megaplume was formed in a few days, its
heat output was comparable to ~100 black smokers venting for
one year (Lupton et al., 1989). Similar events were observed at
the North Fiji Basin in 1987 (Nojiri et al., 1989), at the CoAxial
segment of Juan de Fuca Ridge in 1993 (Baker et al., 1995;
Embley et al., 1995; Lupton et al., 1995), and at the northern
Gorda Ridge in 1996 (Baker, 1998). Baker (1994) argued that the
observation of several independent event plumes over a relatively
short period of time suggests that these features are not
exceptional. If this is true, the occurrence of these events along
spreading centers, plus other intraplate events such as the case of
the Tagoro eruption, would represent an enormous volume of
reduced fluids that are being emitted to the ocean. This would
mean that the total percentage of the global ocean undergoing
deoxygenation stress could be much wider than the current
assumptions based only on features like OMZs and
coastal processes.
CONCLUSIONS

The eruption of the shallow submarine volcano Tagoro in 2011
at El Hierro island generated suboxic and even anoxic conditions
in the first 250 m of the water column. The minimum
concentration of dissolved O2 measured was 7.71 μmol kg-1,
representing a -96% decrease respect to the normal conditions
found in unaffected waters. The affected area was at least 464 km2

during its strongest eruptive episode in November 2011, an area
wider than El Hierro island itself. The plume was distributed
mainly to the south and south-west of the volcano, but
occasional patches were also observed north of the island due
to changes in the local currents. This eruption also represented a
unique opportunity to observe the interaction between a volcanic
plume and a mesoscale structure: an anticyclonic eddy that was
monitored through satellite observations during October-
November 2011. The in situ oxygen measurements at the
center of this eddy, 80 km away from the volcano, showed a
-8% decrease respect to reference stations, which is an order of
magnitude weaker than the deoxygenation found above the
volcano at the time. However, considering the longevity of
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these structures and the long distances they can reach, this
feature draws attention to the importance of the transport of
volcanic plumes far away from the source and their permanence
in the ocean.
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Fernández-Salas, L. M., Sánchez-Guillamón, O., et al. (2018). Cyclic Behavior
AssociatedWith theDegassingProcess at the ShallowSubmarineVolcanoTagoro,
Canary Islands, Spain. Geoscience 8, 1–15. doi: 10.3390/geosciences8120457

Frölicher, T. L., Joos, F., Plattner, G. K., Steinacher, M., and Doney, S. C. (2009).
Natural Variability and Anthropogenic Trends in Oceanic Oxygen in a
Coupled Carbon Cycle-Climate Model Ensemble. Global Biogeochem. Cycle.
23, GB1003. doi: 10.1029/2008GB003316
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