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Summary

Oceanic volcanism is a key process with the potential to alter all properties of the
marine environment at different scales, along with a great impact on global
biogeochemical budgets. The interaction between volcanoes and the ocean can
occur in different forms: submarine volcanic eruptions, hydrothermal emissions,
or the arrival of lava and ashes from a subaerial eruption to the ocean. However,
the direct observation and instrumental monitoring of these processes is not a

common occurrence, as they usually present important logistical challenges.

In the Canary Islands, an archipelago with active intraplate volcanism, two
eruptions have taken place this century so far, at the two youngest and most active
islands: a submarine eruption at the southern coast of El Hierro island in 2011,
and a subaerial eruption at the area of Cumbre Vieja in La Palma in 2021. In the
first case, the submarine volcano named Tagoro erupted during 6 months, with
dramatic consequences for the surrounding marine environment. However, after
the eruption ended, the volcano evolved towards a hydrothermal system with
diffuse flow which remains active, and the ecosystem was completely recovered
in a few years. In the case of La Palma, the lava flows emitted from the subaerial
volcano during 85 days of eruption made their way downslope until they reached
the ocean, forming two lava deltas; these are new emerged platforms formed by
the deposition of new volcanic materials over previous oceanic seafloor.

In this thesis, we present three oceanographic studies related to these two juvenile
volcanoes. The studies are presented in a chronological manner and explore the
three main types of volcano-ocean interactions: the submarine eruption of Tagoro
volcano (El Hierro), the posterior hydrothermal emissions from the same

volcano, and the formation of lava deltas at La Palma.

First, we explore the dramatic consequences of the submarine eruption at El
Hierro on the dissolved oxygen content of the surrounding oceanic area. The
volcanic emissions carried important amounts of reduced chemical species which
were quickly oxidized in contact with the seawater. This led to suboxic and even
anoxic conditions in a wide area around the island, with decreases up to -96% in
the oxygen concentration compared to normal conditions. The volcanic emissions
generated plumes which were variably distributed around the island depending on
local currents. These plumes of deoxygenated waters covered areas larger than
460 km? at times. Mesoscale structures such as eddies also controlled the transport
of these plumes: an island-generated anticyclonic eddy was sampled 80 km south
from the volcano, where a -8% oxygen decrease was still found.



The second study comprises a 7-years monitoring of the emission of dissolved
inorganic nutrients from Tagoro submarine volcano, both during the eruption and
during the following post-eruptive stage with hydrothermal emissions, which
remains active. Inorganic nutrients were found to be highly enriched in the
emitted fluids. Silicate (Si(OH)4) was the most enriched, with a 325-fold increase
compared to normal conditions in the area. Phosphate (PO4) was also highly
enriched (10-fold). Nitrogen was mainly emitted in the form of ammonium
(NH4%), with an almost 100-fold increase, but the oxidized forms nitrate and
nitrite (NOj3- and NOy) also presented enrichments of smaller magnitude. We
calculated the yearly fluxes of these nutrients, which are in a range between 0.02
to 3.19 mol m2 year!. These fluxes are comparable to some of the most important
inputs of nutrients to the region, such as the NW-African upwelling.

For the third study, we move on to the 2021 subaerial eruption at La Palma. The
formation of the lava deltas from this eruption generated important physical-
chemical and biological anomalies in the whole water column of the surrounding
oceanic environment. The turbidity levels were particularly remarkable, up to 30
times higher than normal levels. Decreases in pH and dissolved oxygen were
observed, while temperature increased and salinity showed a variable behavior.
The thermal and haline anomalies were observed up to 6 km distance from shore.
The heat input into the water column generated a lava-induced upwelling: the
heated waters ascended to surface and were replaced with deeper, colder waters.
This effect was limited to the area where new volcanic sediments were present
and to a distance of 1 km from the shoreline. However, the ascent of these deeper,
nutrient-rich waters did not generate any phytoplankton bloom. In fact, an abrupt
decrease in depth-integrated chlorophyll-z was observed, suggesting a negative
effect on primary producers. Chlorophyll-z showed a -41% decrease in just two
days after the first lava-seawater contact, and a -69% decrease one month later.
This effect was observed at least up to 2.5 km distance from coast (not delimited).

While these three studies represent a valuable contribution to the scientific
knowledge of oceanic volcanism, they also have relevant implications for crisis
management during volcanic emergencies. We provide some recommendations
for oceanographic sampling during a volcanic emergency, drawn from the
experience gained by our working team during the two latest volcanic crises of the
Canary Islands. We also highlight some important implications of this work
towards understanding oceanic ecosystem resilience after volcanic eruptions.
Overall, this thesis aims to help strengthen the archipelago’s capability to respond

effectively to future volcanic eruptions.



CHAPTER 1

General introduction







1.1. Volcanoes and the ocean

Volcanism is a key planetary process transferring heat and matter between the
Earth’s interior and its surface (Mather, 2015). Volcanoes have played a leading
role in many major events of Earth’s geological, climatic, and biospheric history,
either directly triggering or being involved in a variety of planetary-scale
phenomena including climate changes, mass extinctions, and even the
establishment of an oxygenated atmosphere (Leckie et al., 2002; Méhay et al.,
2009).

Due to the variety of processes involved, volcanoes are studied from a
multidisciplinary perspective. While the geological processes are a key aspect, the
interaction of volcanoes with their environment calls for a much wider range of
disciplines to be involved in their study. In this context, oceanography is key for
a comprehensive understanding of volcanic processes, since submarine volcanism
is the predominant form of volcanism on Earth (Crisp, 1984).

The interaction between oceans and volcanic outputs occurs mainly through two
processes: i) direct outputs from submarine volcanoes and hydrothermal vents;
and ii) lava flows from near-shore subaerial eruptions which eventually reach the
ocean.

1.1.1. Submarine volcanoes and hydrothermal vents

Our knowledge of volcanic processes largely relays on the observations of
subaerial (in-land) eruptions. Yet, about 85% of the Earth’s volcanic output
occurs beneath the ocean (Crisp, 1984).

Submarine volcanism differs from subaerial volcanism in many aspects. The role
of pressure is a key factor, as pressure in the ocean increases by 1 bar for every 10
m increase in depth. These high pressures counteract the escape of volatiles from
lava, such as carbon dioxide and water; this, along with the higher density of water
compared to air, makes the eruptions much less explosive (Mitchell, 2012).
Another important factor is the greater heat capacity and thermal conductivity of
water compared to air, which results in a much faster cooling of the lava.
Additionally, rates of volcanic output in oceanic areas tend to be greater than rates
in continental areas, due a thinner crust among other factors (Crisp, 1984).

Most of the existing knowledge on oceanic volcanism comes from highly evolved
deep-sea hydrothermal vents, particularly the high-temperature, high-flow vents
known as “black-smokers” (Stetter, 1982; Karl et al., 1988; Rona and Speer, 1989;
Mortlock et al., 1993). In contrast, diffuse venting is typically defined as low-



temperature (<50°C), low-velocity venting (Baker et al., 2016). This type of
venting is responsible for 90% of axial heat loss (Elderfield and Schultz, 1996)
and has an upmost importance in global biogeochemical budgets, mainly due to
their ability to provide important nutrients and metals in a biologically available
form (Baker et al., 2016; Lough et al., 2019; Resing et al., 2015; Santana-Gonzalez
et al., 2017; Tilliette et al., 2022).

Regarding their location, 75% of oceanic volcanism occurs in mid-ocean ridge
spreading centers (Mitchell, 2012), which are typically 1 to 4 km beneath the sea
surface (Resing and Sansone, 1999). The study of mid-ocean ridge
hydrothermalism was particularly fruitful during the 1980s and 1990s, which vastly
advanced the knowledge of biogeochemical fluxes in the deep ocean (Von Damm
et al., 1985; Baker and Massoth, 1987; Baker et al., 1987, 1995; Little et al., 1987;
Karl et al., 1989; Lupton et al., 1989, 1995; Massoth et al., 1989; Speer and Rona,
1989; Butterfield et al., 1990; Johnson and Embley, 1990; Rona and Trivett, 1992;
Baker, 1994; Embley et al., 1995; Sarradin et al., 1999). However, while this line
has not been abandoned (Barreyre et al., 2012; Kipp et al., 2018), more recent
studies have also started to pay more attention to intra-plate and shallow
submarine volcanism, as the processes and consequences of volcanic outputs on
shallower environments can be quite different from those in the deep sea
(Wenzhofer et al.,, 2000; Aliani et al., 2004, 2010; Prol-Ledesma et al., 2004;
McCarthy et al., 2005; Kilias et al., 2013; Buck et al., 2018; Esposito et al., 2018;
Bellec et al., 2020).

Lastly, while evolved hydrothermal venting is well studied, direct observations of
submarine magmatic eruptions are less common, as they usually occur in remote
locations and their monitoring represents a logistical challenge (Mitchell, 2012).
Submarine eruptions can produce highly corrosive plumes, explosive degassing,
bubbling, and even tsunamis (Dziak et al., 2012; Fraile-Nuez et al., 2012; Kubota
et al, 2022), which highly difficult their sampling. These conditions can be
extremely damaging and deathly for the local ecosystem at the moment of the
eruption (Staudigel et al., 2006; Fraile-Nuez et al., 2012). However, once this first
impact is overcome, evolved submarine volcanic settings are known to host
unique and thriving ecosystems (Karl et al., 1989; Sorokin et al., 1998; Desbruyéres
et al., 2001; Lam et al., 2004; Tarasov et al., 2005; Staudigel et al., 2000; Baker et
al., 2012; Danovaro et al., 2017; Bellec et al., 2020).



1.1.2. Lava-ocean interactions from subaerial volcanism

Subaerial volcanism can also interact with the ocean in many ways. A common
example is the effect of ash deposition, which has been shown to hold the
potential for oceanic fertilization (Langmann et al., 2010; Witt et al., 2017).
However, another one of the most interesting and yet less documented interaction

processes is the arrival of lava flows from subaerial eruptions to the ocean.

This feature is common in intra-plate oceanic islands with volcanic activity
(Carracedo et al., 2001; Soule et al., 2021; Rodriguez-Gonzalez et al., 2022). The
growth of these islands is generally based on a cycle of eruptive activity and
erosional periods (Carracedo et al., 1999). Erosion tends to form coastal cliffs and
rocky shorelines at the edge of shore platforms; consequently, when an eruption
takes place, the lava flow can easily propagate downslope and reach the coastline,
spilling over cliffs and filling the shore platforms (Rodriguez-Gonzalez et al,,
2022). This process produces massive inputs of heat and mass to the ocean
(Sansone and Resing, 1995).

Unlike submarine volcanoes, where the volcanic outputs are directly injected into
the ocean, the lava from subaerial volcanoes that reaches the ocean has undergone
degassing and partial solidification on its way to the coast. Still, when the lava flow
meets the seawater, the temperature of both fluids can differ in hundreds or even
thousands of °C (Roman et al., 2022). As a consequence, the lava quickly solidifies
as it fills the insular shelf, forming a new platform over previous oceanic territory.
This structure is called a lava delta (Soule et al., 2021; Rodriguez-Gonzalez et al.,
2022).

Lava deltas can be quite hazardous features, as they increase the submarine slope
instability, which can lead to collapse and even the generation of local tsunamis
(Chiocci et al., 2008; Bosman et al., 2014). Other hazards such as hydrovolcanic
explosions and clouds of toxic gases can also occur (Mattox and Mangan, 1997).
Therefore, studying the development of these structures is necessary to ensure the
safety of the population during volcanic emergencies, along with later decisions
in socioeconomic issues such as coastal planning, navigation safety, and fisheries.
However, despite their importance, and precisely due to this hazardous nature,
these structures have been scarcely studied, particularly the underwater processes
(Soule et al., 2021).



1.2. The Canary Islands, a volcanic archipelago

The Canary Islands are an intraplate archipelago adjacent to the northwest margin
of the African continent, at 27—29°N latitude and 18-13°W longitude. They are
close to a continental margin, rooted on old crust (Jurassic, 170-150 Ma), and on
a slow-moving oceanic plate (Carracedo et al., 1998).

The origin of the Canary Islands has been extensively debated over the years
(Bosshard and MacFarlane, 1970; McDougall, 1971; Morgan, 1971; Anguita and
Hernan, 1975; Fuster, 1975; Arafia and Ortiz, 1991; Carracedo et al., 1998;
Negredo et al., 2022). Originally, two main lines of thought were developed in
parallel, which can broadly be categorized as: i) a hot spot origin, and ii) a series
of tectonic models.

Among the tectonic models, the most relevant hypothesis was the propagating
fracture model, proposed by Anguita and Hernan (1975) based on a mechanism
described by McDougall (1971). This model described a fracture connecting the
Canary archipelago to the Atlas Mountains in Morocco, according to which,
compressional tension would lead to decompressional melting and magma escape.
Other hypotheses that can be categorized as ‘tectonic models’ were proposed,
such as: a local extensional ridge (Fuster, 1975), a set of uplifted tectonic blocks
(Arafia and Ortiz, 1991), or a rifted zone stretching from Cape Verde to Central
Europe (Oyarzun et al., 1997).

However, the line that has received the most support over the years has been the
hot spot origin (Schmincke, 1973; Holik et al., 1991; Hoernle and Schmincke,
1993; Watts, 1994; Hoernle et al., 1995; Carracedo et al., 1998). The model was
originally proposed by Morgan (1971) based on Wilson's (1963) hot spot concept.
They proposed an origin for several intraplate archipelagos consisting of a mantle
plume located beneath a moving lithospheric plate, resulting in the upwelling of
hot material with volcanic output, which generates islands in a sequenced manner

as the plate moves away.

The specific mechanisms that drive this hot spot are still object of debate. Initially,
the two main hypotheses proposed were the upwelling of an upper-mantle plume
(Morgan, 1971) or a small-scale mantle convection at the edge of cratons (King
and Ritsema, 2000). More recent models propose that the ascent of an upper-
mantle plume interplays with a strong lithospheric heterogeneity; in other words,
magma takes advantage of inherited oceanic fractures (Negredo et al., 2022). This
was supported by Ledn et al. (2022), who determined that submarine volcanic
edifices follow a trending WNW-ESE direction which coincides with the
trajectories of the zones of oceanic fracture.
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The formation of each island is characterized by an initial phase of rapid growth
(the ‘shield-building’ stage), followed by a period of quiescence and deep erosion
(‘erosion gap’), and a ‘post-erosional’ stage of activity (Carracedo et al., 1998;
Negredo et al., 2022). The eastern islands, Fuerteventura and Lanzarote, are at the
erosional stage. In the center, Tenerife and Gran Canaria are in the post-shield
stage with rejuvenated volcanism, while La Gomera is the only island to not show
evidence of recent activity. The western islands, La Palma and El Hierro, are at
the most active juvenile shield-building stage (Carracedo et al., 1998; Le6n et al.,
2022; Negredo et al., 2022).

According to the existing historical records (last 600 years), there is an average of
one volcanic eruption every 25-30 years in the Canary Islands (Sobradelo et al.,
2011). This century so far, two eruptions have occurred within a 10-years span, in
the two youngest and most active islands: a submarine eruption at El Hierro
(2011) and a subaerial eruption at La Palma (2021).

1.3. El Hierro

El Hierro is the youngest of the Canary Islands, located at the south-western end
of the archipelago. Its oldest subaerial rocks are dated at 1.12 Ma (Guillou et al.,
1996). The island rises from 4000 m below the ocean to 1500 m above sea level
and has a subaerial area of 280 km? (Lépez et al., 2012).

The geometry of the island is shaped by three convergent rifts (NE, NW, and S)
arranged at roughly 120°, separated by atleast three gigantic landslides that formed
wide embayments which extend offshore (Guillou et al., 1996; Masson et al., 2002;
Loépez et al., 2012). The most recent landslide, on the northwest flank of El Hierro
(El Golfo failure), occurred only 15,000 years ago (Masson, 1996). The three-
armed rift system is responsible for the recent volcanic eruptions of the island
(Guillou et al., 1996; J. Carracedo et al., 2001; Lopez et al., 2012).

Due to its offshore position in the SW end of the archipelago and far away from
the NW African upwelling, El Hierro is surrounded by some of the most
oligotrophic waters of the Canary Islands (Barton et al., 1998). However, the
island holds a marine reserve at the south-west submarine valley (‘Mar de las
Calmas’), where fishery resources are abundant and only artisan fishing is allowed
(Martin-Sosa, 2017).

Even though the island is at an active phase of shield-stage growth, a quiescent
period of over 200 years had passed since the last description of an eruption in

11



historical records, in the year 1793 at Lomo Negro (Villasante-Marcos and Pavon-
Carrasco, 2014).

1.3.1. Tagoro submarine volcano (2011)

In 2011, an underwater eruption took place at the southern coast of El Hierro
island. This was not only the first known submarine eruption in the Canary region
in 600 years of records, but also the first time that a volcanic eruption was fully
instrumentally monitored in the archipelago (Lopez et al., 2012).

The pre-eruptive unrest began in July 2011 with the observation of low-magnitude
seismicity, initially located in the northern part of the island and subsequently
migrating southwards. Since then and during the 96 days prior to the eruption,
different precursory signals were exhaustively monitored. A dense
multiparametric monitoring network was deployed all over El Hierro island by
the Instituto Geografico Nacional (IGN). During the whole pre-eruptive period,
more than 10,000 earthquakes were located, with maximum local magnitude (M)
of 4.3 mbLg and intensities up to V in the EMS (European Macroseismic Scale,
which goes from I to XII). A maximum ground deformation of more than 5 cm
was registered. The seismic crisis peaked on 21 August (454 events), but
magnitudes continued to increase (Lopez et al., 2012).

Finally, on 10 October 2011 at 05:15 (GMT), a clear volcanic tremor started to be
recorded by all seismic stations on the island, with highest amplitudes in the
southernmost station. All data suggested the beginning of a submarine eruption,
though evidence of it was not observed on the sea surface until a couple of days
later (Lopez et al., 2012).

The eruption took place at 27° 37.178' N 17° 59.574' W, located 1.8 km offshore
from La Restinga, the southernmost village of the island. The volcano was located
in the western flank of the southern ridge of El Hierro, with the lava flowing

south-westwards into a valley that directed the lava towards an apron at depths of
>1000 m (Rivera et al., 2013).

The growth in a sloping area contributed to instability, with recurrent failures,
land-sliding, and collapsing events which constantly changed the morphology and
depth of the cone (Rivera et al., 2013). The eruption was occurring mainly through
two vents which developed into a double cone infilling the upper part of the
valley, with its summit moving gradually to the northwest. The volcano continued
growing and evolving until it reached its maximum and final elevation at 88 m
below sea level (Fraile-Nuez et al., 2012). The final cone consists of at least four

vents aligned in a north-northwest-south-southeast direction, with a main crater
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at 127 m depth (Fraile-Nuez et al., 2018). The volcano was entirely generated
during the eruptive underwater phase that took place between 10 October, 2011
and 5 March, 2012 (Fraile-Nuez et al., 2018, 2023).

In the water column, discolored volcanic plumes were observed ranging from light
green to milky blue and dark brown colors (Santana-Casiano et al., 2013), covering
a wide area around the island often following the south-westward flow of the
Canary Current, but with a very unsteady behavior strongly dependent on
environmental conditions (Eugenio et al., 2014). Bubbling and degassing were
often observed, with bubbles reaching 10-15 m in height, and abundant rock

fragments were also found floating in surface (Santana-Casiano et al., 2013).

Extreme physical-chemical perturbations were reported, including thermal
increase, water acidification, deoxygenation, and metal enrichment, which resulted
in significant alterations to the activity and composition of local plankton
communities and high fish mortality (Fraile-Nuez et al., 2012; Santana-Casiano et
al., 2013).

This was the first time that a specific plan for volcanic emergency management
and civil protection was activated in the Canary Islands, abbreviated as
PEVOLCA (complete name: Plan Especial de Proteccion Civil y Atencion de Emergencias
por Riesgo Volcanico en la Comunidad Autonoma de Canarias). The PEVOLCA was
established in 2010 and later renewed in 2018 (BOC 154/2018, decreto
112/2018). It coordinates all the different entities involved in the crisis
management, including government authorities, civil protection, security forces,
and scientific assessment. For the latter group, eight regional and national
scientific institutions conform the PEVOLCA Scientific Committee, which
provides valuable real-time data from diverse areas such as geology, meteorology,
geochemistry, or oceanography.

From March 2012, after the eruption came to an end, Tagoro submarine volcano
entered a post-eruptive stage which is still active, with degassing and hydrothermal
activity comprising a diffuse release of heat, gases, inorganic nutrients, and metals
from the main and secondary craters (Santana-Casiano et al., 2013; Fraile-Nuez et
al., 2018).

Since the eruption of Tagoro volcano and to this date, an intense monitoring
effort has been made to characterize the physical-chemical, biological, and
geological processes that take place over the volcano. The Spanish Institute of
Oceanography (IEO-CSIC) has led this task, in collaboration with the two Canary
universities (ULPGC, ULL) and other national and international marine research

centers and private foundations. Over 30 oceanographic cruises have been carried

13



out in the area (average of 2 per year) measuring more than 40 physical-chemical,
geologic, and biological variables, in the context of nine different scientific
projects (Fraile-Nuez et al, 2023). The cruises have not only been
multidisciplinary but also diverse in techniques and instrumentation, including
CTD casts, multi-sensor moorings and buoys, multibeam echosounds, and the
use of remotely operated vehicles (ROVs) for both image acquisition and sample
collection with custom-made devices (Fraile-Nuez et al., 2023).

The scientific knowledge obtained from both the eruption and the subsequent
monitoring of the post-eruptive stage has provided one of the largest datasets of
an active shallow submarine volcano in the world, producing a large number of
scientific publications over the years (Fraile-Nuez et al, 2012, 2018, 2023;
Santana-Casiano et al., 2013, 2016; Coca et al., 2014; Eugenio et al., 2014; Ferrera
et al., 2015; Marcello et al., 2015; Danovaro et al., 2017; Santana-Gonzalez et al.,
2017; Alvarez-Valero et al., 2018; Sotomayor-Garcia et al., 2019; Gonzalez-Vega
et al.,, 2020, 2022; Fernandez de Puelles et al., 2021).

1.4. La Palma

La Palma is the second youngest island of the Canary Islands, located at the north-
west end of the archipelago. This island is at the earliest and fastest shield-building
stage of growth and is currently the fastest-growing island in the archipelago: half
of all the eruptions in the Canary Islands in the last 600 years have taken place in
La Palma (Anguita, 2018).

The island was formed by successive volcanic edifices and subsequent large lateral
collapses (Ancochea et al., 1994). The oldest volcanic edifices, Taburiente volcano
and Cumbre Nueva ridge at the northern part of the island, are dated between 1.7
and 0.5 Ma (Carracedo etal., 1999). After a period of volcanic quiescence, volcanic
activity shifted towards the south of the island, constituting the Cumbre Vieja
ridge (Urgeles et al., 2001).

Cumbre Vieja is a polygenetic volcanic rift, formed by a series of monogenetic
volcanic fissures and vents, mostly concentrated in a north-south trend. The ridge
presents a height of roughly 2000 m above sea level, and its western coastal flank
has undergone significant marine erosion, resulting in vertical coastal cliffs as high
as 700 m (Carracedo et al., 1999).
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1.4.1. Eruption at Cumbre Vieja (2021)

(Disclaimer: at the time of writing this thesis, the 2021 volcano has yet to receive an official
name, although the tentative name of Tajogaite has been proposed and already been used in some
scientific literature which is cited thronghont this work. For lack of an official name, the 2021
eruption will hereafter be referred to as Cumbre VVigja volcano, volecano at Cumbre 1Vieja, or La
Palma volcano.)

Anomalous seismic activity had been registered since 2017 at the south of La
Palma, in the Cumbre Vieja region. However, the last and most intense pre-
eruptive seismic swarm lasted less than two weeks, starting on 11 September 2021.
The earthquakes gradually grew in frequency, magnitude, and shallowness, with
more than 400 events registered with a maximum magnitude of 3.2 mbLg, along
with ground deformation up to 15 cm (IGN, 2022).

On 19 September 2021, at 15:12 local time, an eruption started in the area of
Cabeza de Vaca (28°36°58.6”N, 17°52°0.6”W), at 900 m altitude. Volcanic tremor
was registered in all seismic stations. Initially, two fissures of hundreds of meters
long were observed, aligned in a NW-SE direction and separated by 200 m, with
several points of emission of pyroclastics and lava flows (IGN, 2022). A main
cone started to take form.

The eruption lasted 85 days. Over 7000 people were evacuated during the
emergency, and the total of population whose houses were affected by the lava
flow are over 2300 people, which represents a 7% of the population of the island
(Cabildo de La Palma). Over 1600 edifices, 370 Ha of agricultural land, and 73 km
of roads were destroyed or endangered (Cabildo de La Palma).

The eruption was fissural with a strombolian mechanism (a mixed mechanism
with explosive phases that produce pyroclastic deposits and effusive phases that
produce lava flows, simultaneously). Surface temperature of the lava flow was as
high as 1113°C, with a thickness of 8-15 m, and the eruptive column was around
6 km height above sea level IGN, 2022). Earthquakes continued to take place,
with magnitudes up to 5.1 mblLg, and ground deformation up to 33 cm was
registered (IGN, 2022).

The lava flowed westward down the slope until reaching the coast 9 days later
between the Tazacorte harbor and La Bombilla, where coastal cliffs of roughly
100 m height can be found. On 28 September at 23:00 local time, the lava started
to cascade down the cliff and came into contact with the ocean for the first time.
During the following weeks, subsequent lava flows continued to reach the coast

and fill the submarine upper slope. The result was the formation of two lava deltas:
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one main lava delta of 43 Ha around the location of the first contact, formed by
the merging of several smaller deltas; and another lava delta of 5.4 Ha further
north (Lozano Rodriguez et al., 2023).

The underwater propagation of the lava deltas was conditioned by the presence
of submarine gullies, which were filled by the propagating lava flows reaching a
maximum thickness of 40 m (Lozano Rodriguez et al., 2023). Volcanic material
was identified as far as 1.2 km from the original coastline at >300 m below sea
level. The total volume of lava reaching the ocean was estimated as 3 Mm?3
(Lozano Rodriguez et al, 2023). Two types of underwater lava flows were
identified: in the shallower and less steep surfaces, “aa” flow types were dominant;
whereas along the slopes found at greater depths, pillow lavas and mega-pillows
were identified, with diameters up to 2 m (Lozano Rodriguez et al., 2023).

These lava inputs, along with the deposition of ashes and the presence of fine-
grained volcanic materials suspended in the seawater, caused important alterations
on the physical-chemical properties of the surrounding marine environment,
including water acidification, temperature increase, and high turbidity (Fraile-
Nuez et al., 2021; Gonzalez-Santana et al., 2022; Roman et al., 2022), as well as
important fish mortality (Caballero et al., 2023).

1.5. Aims of this thesis

1.5.1. Motivation

The Canary Islands are a volcanically active archipelago. After a peaceful period
of 40 years without volcanic eruptions (since Teneguia volcano in 1971), the
population had to face two volcanic emergencies in just 10 years (2011 and 2021),
with important economic losses and societal impact. It became evident that the
study of volcanic processes and their effects on the environment need to be a
priority for the Canary scientific community.

The submarine eruption at El Hierro in 2011 was the first eruption to be
instrumentally monitored in the archipelago. The vast knowledge obtained from
this process, along with the experience gained in emergency management and
coordination, were quite useful for the later eruption at La Palma in 2021. This
means that with the knowledge generated from each eruption, we are better
prepared for the next one.

The Spanish Institute of Oceanography (IEO-CSIC) has been monitoring
submarine volcanology in the Canary Islands for more than 12 years. Behind this
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unique time series there is a large number of resources, instrumentation, people,
and institutions involved. This thesis aims to contribute to this vast pool of
scientific knowledge by shedding light on some of the most important physical-
chemical and biological processes that take place in the ocean surrounding the
Canary archipelago as a consequence of volcanic activity.

1.5.2. Thesis outline

We present three studies on the effects of the two most recent volcanic eruptions
in the Canary Islands on the local marine environment. The studies explore three
different types of volcano-ocean interactions: a submarine eruption; post-eruptive
hydrothermal activity; and the formation of a lava delta from a subaerial eruption.
All of these processes have taken place in the Canary Islands over the last decade.

Even though this work has a main focus on biogeochemistry and physical
oceanography, it was intentionally designed with a marked multidisciplinary
character, as the interaction of volcanoes with the ocean affects all physical,
chemical, and biological parameters in the water column, and these are

interconnected and affect each other.

The thesis has been structured in a chronological manner, starting with a study on
the 2011 submarine eruption at El Hierro, following with a study on the same
volcano during the 2011-2018 period, and ending with a study on the 2021
eruption at La Palma.

Chapter 2 explores one of the most dramatic consequences of the 2011 El Hierro
submarine eruption: the loss of dissolved oxygen in a wide oceanic area
surrounding Tagoro volcano. We quantify this loss and estimate its spatial extent.
This work has been published in Frontiers in Marine Science (Gonzalez-Vega et al.,
2022).

Continuing on Tagoro submarine volcano, Chapter 3 presents a comprehensive
study on the emissions of dissolved inorganic nutrients during both the eruptive
and post-eruptive stages. This is a unique dataset from seven years of monitoring
which allowed to quantify the nutrient enrichment, spatial reach of the enriched
plumes, and nutrient fluxes. This study was published in Frontiers in Marine Science
(Gonzalez-Vega et al., 2020) and complemented with a book chapter in Springer’s
book E/ Hierro island, from the book series Active 1 olcanves of the World (Gonzalez-
Vega et al., 2023), which is summarized in Appendix L.

Moving on to the most recent volcanic eruption in the Canary Islands, Chapter
4 is focused on the eruption at Cumbre Vieja (La Palma) in 2021, and the effects

of the formation of lava deltas on the local marine environment. This study offers
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a complete vision on the physical-chemical and biological effects of the arrival of
lava flows to the ocean. This study has been submitted for publication in Seience of
the Total Environment. Supplementary material for this chapter is provided in
Appendix II.

Finally, a brief discussion on the contributions of these three studies to the field
of submarine volcanology in the Canary Islands, along with the main conclusions
of the overall work, are presented in Chapter 5.
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CHAPTER 2

Deoxygenation during the eruption
of Tagoro submarine volcano

This chapter has been published in Frontiers in Marine Science as:

Gonzalez-Vega, A., Callery, 1., Arrieta, ].M., Santana-Casiano, |.M., Dominguez-
Yanes, J.F., and Fraile-Nuez, E. (2022). Severe Deoxygenation Event Caused by
the 2011 Eruption of the Submarine Volcano Tagoro (El Hierro, Canary Islands).
Front. Mar. Sci. 9:834691. doi: 10.3389/fmars.2022.834691
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Abstract

The shallow, near-shore submarine volcano Tagoro erupted in October 2011 at
the Mar de las Calmas marine 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, 7z 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 O, concentrations
were as low as 7.71 umol kg'!, 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 km?, 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 Oz 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.

2.1. Introduction

The study of changes in the oceanic content of dissolved oxygen has gained
relevance in recent years, as ocean models predict declines of 1 to 7% in the global
ocean Oz inventory over the next century (Plattner et al., 2001, 2002; Frolicher 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;
Wryrtki, 1962; 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.
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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;
Malahoft 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, COz-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; Malahoft et al., 2006; Staudigel et al., 20006),
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 2.1),
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 (Lopez 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 the Mar de las Calmas Marine 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 2.1).

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-
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Casiano et al., 2013). The most affected part of the water column was 75-125 m
depth, but anomalies could be 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 pmol kg1, with
increases in the partial pressure of COz 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 (HaS, HS-, §2-, 89, SO32-, 5§27, $20327, $40627) and Fe(I) (Fe2*, Fe(OH)™,
Fe(OH),, FeClt, Fe(HCOs3), FeHS). The main geochemical processes taking place
were described in detail by Santana-Casiano et al. (2013) and Santana-Gonzalez et
al. (2017), including those responsible for oxygen consumption:

H,S + 20, = H,50,
Mn(l) +1/5 0, + H,0 = MnO, + 2H*
Fe(Il) + 1/, 0, + H,0 = 1/, Fe, 0, + 2H*
FeS+9/g0, + H,0 = 1/, Fe, 05 + H,S0,

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 pmol kg,
A similar pattern was observed for Fe(II), which showed an increase of up to five
orders of magnitude (50 umol kg'!; 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
5t 2011) and concentrations as low as 100 umol kg! 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 3 (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
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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 7z sit# on November 7t at the center
of the eddy, 80 km away from the volcano.

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; Gonzalez-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., 2010).
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.

2.2. Data and methods

2.2.1. 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
Institute of Oceanography (IEO) (Figure 2.1). 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 (ctuises 6-7), VULCANA-I
(cruises 8-10), VULCANO-II (ctuises 11-12), and VULCANA-II (cruise 13).
The vessels employed for the surveys were R/V Ramidn Margalef (cruises 1, 2 and
6), R/ Cornide de Saavedra (cruises 3 and 4), and R/V Angeles Abvarisio (cruises 5
and 7-13).
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Figure 2.1. 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).

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.

2.2.2. 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
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of distance. A different strategy was applied during cruises 8—13 by performing
tow-yo transects (Santana-Casiano 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.

2.2.3. 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 -1 were converted to
umol kg1 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 2.1), with most 72 >0.9 and all p-values <0.05.

Table 2.1. Statistics of the calibration of [O;] data from the continuous sensor using water
samples analyzed with the Winkler method.

Number Calibration

Cruise Name Date g.l:glsl:g of water statistics
samples » p-value
1 Bimbacheleg3 4-9 Nov. 2011 25 368 0.85  p<0.05
2 Bimbacheleg 5 17-20 Nov. 2011 26 393 0.997  p<0.05
3  Raprocan1211 8 Dec. 2011 7 65 0.98575 p<0.05
4 Cetobaph 6-8 Apr. 2012 19 153 0.99855 p<0.05
5 Raprocan1212 9 Dec. 2012 7 676 0.97833 p<0.05
6  Vulcano0313 27 Mat.- 5 Apr. 2013 84 699 0.99703 p<0.05
7 Vulcano1013 1-7 Nov. 2013 78 319 0.9553 p<0.05
8  Vulcana0515 10-13 May 2015 8 106 0.9917 p<0.05
9  Vulcanal015 17-22 Oct. 2015 25 215 0.86041 p<0.05
10 Vulcana0316 10-15 Mar. 2016 34 159 0.91381 p<0.05
11 Vulcano1016 21-29 Oct. 2016 50 63 0.78391 p<0.05
12 Vulcano1017 23-27 Oct. 2017 17 196 0.95692 p<0.05
13 Vulcana0318 2-5 Apr. 2018 16 123 0.94201 p<0.05
Total 396 3535

*Vertical stations (cruises 1-7) or tow-yo transects (cruises 8-13).
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2.2.4. Calculations

For the calculation of oxygen anomalies (A[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., 20106), 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 Oz in seawater was calculated for all the stations
sampled during cruises 1—4 based on temperature and salinity data, as described
by Weiss (1970).

2.3. Results

2.3.1. 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 2.2 as vertical
profiles from cruises 1-4 (Figures 2.2A—D). Unaffected stations were also
measured during each cruise to establish a reference profile for comparison.

In the first cruise (Figure 2.2A), 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 pumol kg-!; Table 2.2), 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 2.2B), during cruise 2,
when conditions close to anoxia were measured (minimum of 7.71 umol kg,
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 umol kg1). During a short survey in December 2011
(Figure 2.2C), the oxygen depletion was still remarkable but less dramatic, with
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Figure 2.2. 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 O; based on
temperature and salinity data, for the reference profile (black line) and for the affected
stations measured during cruises 1,2,3,4 (red lines).

anomalies up to -38% (129.72 umol kg1) 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.

Table 2.2. Minimum concentrations of dissolved oxygen during the eruptive stage at the
depth of maximum depletion.

[O2] et
+ std
(m)  (umol kg!) (umol kg")(umol kgl) (%)

1(11/2011) South of El1Hierro 79 21289 £7.41 25.33  -187.56 -88.10%
1(11/2011) Eddy (80km away) 79 21289 £7.41 19539  -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%

A reference concentration * standard deviation (std) from non-affected stations is shown for
comparison. Anomaly (A/O2]) and depletion are calenlated with respect to this reference.

Cruise, date  Location = Depth Min. [O2] A[O;] Depletion
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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 O» saturation based on temperature and salinity data, for both the
reference profile and all the stations affected by the volcano throughout the
eruptive stage (Figure 2.2E). 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 [Oz] 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.

2.3.2. Horizontal distribution of the deoxygenated plume

The oxygen anomalies observed during the eruptive stage were transported in a
wide area around the volcano, particularly south-west. Figure 2.3 shows the
distribution of dissolved 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 Oz concentrations above or around 200
umol kg-!. In the volcanic plume observed in Figure 2.3A at 100 m depth, we
found an area of roughly 378 km? with [O2]<200 pmol kg! (purple). Within this

4-20 November 2011 17-20 November 2011

Figure 2.3. 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.
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area, about 78 km? presented [O2]<150 umol kg! (yellow- orange), where the
minimum concentration found was 7.71 pmol kg!. In late November (Figure
2.3B) the plume reached the north of the island due to changes in local currents.
This transported plume represents an additional affected area (|O2] <200 pmol
kg!) of at least 86 km?2. The satellite images from October-November 2011
(Figure 2.3C; 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 2.3A,B). Thus, our calculation of the area 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 2.4). 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 2.4A). The vertical profile of
dissolved oxygen in this station is compared to a reference profile in Figure 2.4B.
A local minimum was found at 79 m depth which clearly deviates from the
expectable shape of a typical [O2] profile, at exactly the same depth as the minima
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Figure 2.4. Dissolved oxygen in a plume transported 80 km southwest of the volcano by
an anticyclonic eddy. (A) True color satellite image from November 5" 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.
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of [O] 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.

2.3.3. 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 2.5. Here, the dissolved oxygen data are shown as anomalies
respect to a reference profile for each cruise (A[Oz)), in order to avoid the effects
of depth and seasonality on the concentration of Oa. 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.
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Figure 2.5. Anomalies of dissolved O, 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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2.4. Discussion

The eruption of the submarine volcano Tagoro in 2011 caused a drastic and
initially negative impact on the ecosystem of the Mar 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 umol kg'!, 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 CO: concentrations (Santana-Casiano et al., 2016). The cause of the
deoxygenation was the emission of reduced chemical species, mainly of sulfur
(HaS, HS-, §2-, 89, SO52-, 827, $20527, $40¢27) and iron (Fe?t, Fe(OH)*, Fe(OH),,
FeCl*, Fe(HCOs)*, FeHS) (Santana- Casiano et al., 2013). Some of these species
presented 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 km? combining the south and north plumes
(Figures 2.3A, 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 2.3C). Note that this combined area is
wider than the surface of El Hierro island (268 km?). 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; Gonzalez-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 Oz 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 O,-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 East Pit at
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Lo’thi 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., 2000).

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 COz-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 Oo-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 Batley, 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 (Sangra 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 7z sit# on November 7t at the center
of the eddy, 80 km away from the volcano. There, a -8% oxygen depletion was
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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 into account

mesoscale structures when studying the transport of volcanic plumes.

Ocean models predict declines of -1 to -7% in the global ocean O, 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
ot 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 (Embley et al., 1995; Baker et al., 1995;
Lupton etal., 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.

2.5. 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 Oz measured was 7.71 umol
kg!, representing a -96% decrease respect to the normal conditions found in
unaffected waters. The affected area was at least 464 km? during its strongest
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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 7 sitn 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 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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CHAPTER 3

Release of inorganic nutrients from
Tagoro submarine volcano

This chapter has been published in Frontiers in Marine Science as:

Gonzalez-Vega, A., Fraile-Nuez, E., Santana-Casiano, J.M., Gonzalez-Davila, M.,
Escanez-Pérez, J., Gomez-Ballesteros, M., Tello, O., and Arrieta, J.M. (2020).
Significant Release of Dissolved Inorganic Nutrients From the Shallow
Submarine Volcano Tagoro (Canary Islands) Based on Seven-Year Monitoring.
Front. Mar. Sci. 6:829.doi: 10.3389/fmars.2019.00829
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Abstract

Tagoro, the shallow submarine volcano that erupted south of El Hierro (Canary
Islands, Spain) in October 2011, has been intensely monitored for over 7 years,
from the early eruptive stage to the current degassing stage characterized by
moderate hydrothermal activity. Here, we present a detailed study of the emissions
of inorganic macronutrients (NO>~ + NO3~, POq, and Si(OH);) comprising a
dataset of over 3300 samples collected through three different sampling
methodologies. Our results show a significant nutrient enrichment throughout the
whole studied period, up to 8.8-fold (nitrate), 4.0-fold (phosphate), and 16.3-fold
(silicate) in the water column, and larger enrichments of phosphate (10.5-fold) and
silicate (325.4-fold), but not of nitrate, in the samples collected directly from the
vents. We also provide some preliminary results showing ammonium (NH4*)
concentrations up to 1.97 uM in the vent fluids as compared to 0.02 pM in the
surrounding waters. Nutrient fluxes from the volcano during the degassing stage
were estimated as 3.19 = 1.17 mol m=2 year-! (NO2~ + NO37), 0.02 = 0.01 mol
m~2year~! (POy), and 0.60 £ 1.35 mol m~2 year~! (Si(OH)4), comparable to other
important nutrient sources in the region such as fluxes from the NW-African
upwelling. Nutrient ratios were affected, with a minimum (NOs~ + NO;7):PO,
ratio of 2.36:1; moreover, a linear correlation between silicate and temperature
enabled the use of this nutrient as a mixing tracer. This study sheds light on how
shallow hydrothermal systems impact the nutrient-poor upper waters of the

ocean.

3.1. Introduction

About 85% of Earth’s volcanism occurs beneath the ocean with regard to the
volume of emissions (Mitchell, 2012). Yet, submarine volcanoes are pootly
characterized in comparison to their subaerial counterparts (Staudigel et al., 2006;
Resing et al., 2009; Buck et al., 2018). Submarine volcanoes constitute a significant
source of mantle-derived gases, solutes and heat to the ocean. Their emissions
react with seawater leading to important physical-chemical anomalies with a
strong potential to impact the marine ecosystems (Fraile-Nuez et al., 2012).

Volcanic inputs to the ocean have been studied mainly through hydrothermal
activity. Submarine hydrothermal vents typically discharge fluids which are warm-
to-hot, acidic, reducing and metal-rich, and, on a global scale, are thought to exert
significant controls on the major-ion composition of seawater (Sedwick and
Stitben, 1996). Studies on hydrothermal settings have been carried out mainly in
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the Pacific Ocean (Edmond et al., 1979; Katl et al., 1989; Tarasov et al., 1990;
Sorokin et al., 1998; Staudigel et al., 20006; Buck et al., 2018; Guieu et al., 2018),
with fewer examples in the Atlantic (Thorarinsson, 1967; Sarradin et al., 1999;
Desbruyeres et al., 2001) and the Mediterranean (Sedwick and Stiiben, 1996; Kilias
et al., 2013).

Submarine volcanic activity releases nutrients into seawater, including Fe, Si, P,
and N (Santana-Casiano et al., 2013). The enrichment in silicate is a general
characteristic of hydrothermal vents and has been used as a geochemical
thermometer due to the highly significant positive correlation between Si
concentration and vent water temperature (Karl et al., 1989). Nonetheless,
information about volcanoes as a source of nutrients to the ocean is very limited,
and most of the existing studies have been carried out in deep hydrothermal vents
(Karl et al., 1989; Sarradin et al., 1999), in comparison to fewer studies on shallow
volcanic settings surrounded by nutrient-poor waters (Sedwick and Stiiben, 1996;
Kilias et al., 2013).

The Canary Islands, located in the north-eastern margin of the Atlantic Ocean,
conform an archipelago originated from hotspot-associated volcanism (Carracedo
et al., 1998). El Hierro is the youngest and westernmost of these islands (Figure
3.1), and it is surrounded by oligotrophic waters where nutrient concentrations
south of the island are usually undetectable in the upper 80-100 m of the water
column (Santana-Casiano et al., 2013).

On October 10, 2011, after more than 15000 earthquakes were recorded in a 3-
month period, a volcanic tremor was registered south of El Hierro, suggesting the
beginning of a submarine eruption (Fraile-Nuez et al., 2012). The volcano, later
named Tagoro, was located 1.8 km off the southern coast of the island and
presented a south-westward lava flow. The main cone grew from an initial depth
of 355 m to a maximum height of 88 m below the sea surface reported in February
2012 (Fraile-Nuez et al., 2012; Santana-Casiano et al., 2013; Sotomayor-Garcia et
al., 2019).

Tagoro emitted molten material during the first 6 months, affecting a wide area
southwest and northwest of the island, with peaks of intensity during late October
and early November 2011. This period conformed the eruptive stage, during
which the physical-chemical properties of the water column were drastically
influenced by the emissions. Average temperature and salinity anomalies of +3°C
and —0.3 were observed respectively, with a maximum temperature anomaly of
+18.8°C (Fraile-Nuez et al., 2012). The intense bubbling and degassing caused a
marked increase of CO; partial pressure (pCO») reaching values of 12000—150000
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patm at the surface, and lowering the pH by 2.9 units (Santana-Casiano et al.,
2016). The volcano also released great amounts of iron [Fe(Il)] (>50 pmol kg=1)
and reduced species of sulfur (>476 pmol kg=!), which caused a fall in the redox
potential, eventually reaching negative values (Santana-Casiano et al., 2013). The
presence of these reduced compounds caused a drastic oxygen consumption,
leading to suboxic and even anoxic conditions in subsurface waters (Fraile-Nuez
etal., 2012).

After March 2012, once the eruptive stage was over, Tagoro entered an active
hydrothermal phase involving the release of heat, gases, and metals. The
hydrothermal discharge occurs from multiple vents dispersed around the main
cone by percolation of vent fluids through the highly permeable volcanic edifice
(Santana-Casiano et al., 2016). In this new stage, the wide area that had been
affected north and south of the volcano quickly returned to physical and chemical
conditions comparable to those observed in the surrounding waters, and the
perturbations are limited to the area situated roughly 0.5 km around the main cone
and quite close to the seabed (Santana-Casiano et al., 2013). However, important
physical-chemical anomalies are still present in the interior of the main crater as:

thermal increase of +2.55°C, decreases in salinity of —1.02, density dectrease of
—1.43 kg m=3, and pH decrease of —1.25 units (Fraile-Nuez et al., 2018).
Furthermore, the hydrothermal emissions exhibit a cyclic behavior, with peaks of
activity every 130—170 min (Fraile-Nuez et al., 2012).

Two new habitats have been described around the summit and main craters:
hydrothermal vents with microbial mats, and sulfurous-like fields mainly
colonized by small hydrozoan colonies; whereas downslope the volcanic complex,
other new habitats have been observed to hold a higher biodiversity, with
annelids, arthropods, cnidarians, and mollusks as the first colonizers (Sotomayor-
Garcia et al., 2019). However, no clear impact has been detected on the local
phytoplankton community (Gémez-Letona et al., 2018).

The exhaustive monitoring of Tagoro volcano performed over the last 7 years
provides a remarkable dataset of the inorganic nutrient emissions from a shallow
submarine volcano. Here we present a detailed study of the significant release of
NOz~ + NOs7, POy, and Si(OH)s, reporting the magnitude, temporal variation,
spatial distribution, fluxes and ratios of the nutrient emissions for the eruptive and
degassing stages of the Tagoro submarine volcano. We discuss the implications
of the different sampling methodologies used, and compare our results with
different volcanic and hydrothermal settings, as well as other nutrient sources to
the Canary region.
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3.2. Data and methods

The activity of Tagoro submarine volcano has been intensely monitored between
2011 and 2018 through 15 oceanographic cruises led by the Spanish Institute of
Oceanography (IEO) in the affected area and around the island of El Hierro
(Figure 3.1). A total of about 3300 discrete water samples were analyzed for this
study, obtained from 221 hydrographic stations, 43 tow-yo transects, and eight
remotely operated vehicle (ROV) vent samples. The surveys were carried out on
board of the research vessels Ramdn Margalef (cruises 1, 2, 4, 5, and 7), Cornide de
Saavedra (cruise 3), and Angeles Alvarisio (cruises 6 and 8-15) from the IEO.

El Hierro
island )

Latitude

Longitude

|Criises: v1 v2 O3 v4 v5 O6 7 8 9|

Figure 3.1. Study location. (A) Map of the Canary Islands. (B) Map of El Hierro island with
stations of vertical profiles carried out during cruises 1-9. (C) Bathymetry of the volcanic
edifice and high-resolution transect of vertical profiles carried out during cruises 7-9
across the main cones. The squared region shows the zone where the tow-yo samples
(cruises 10-14) and vent samples (cruise 15) were collected. All maps were generated
using Matlab 8.5 R2015a.

3.2.1. Sample collection

Conductivity, temperature and pressure data were collected using a SeaBird 911-
plus CTD equipped with dual temperature and conductivity sensors, with
accuracies of 0.001°C and 0.0003 S/m respectively, continuously recording data
with a sampling interval of 24 Hz. CTD sensors were calibrated at the SeaBird
laboratory before and after the cruises. Discrete water samples for nutrient
analysis were obtained using a rosette of 24—12-liter Niskin bottles.
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Several sampling strategies were applied throughout the 7 years of monitoring.
During cruises 1-9, the sampling consisted of vertical hydrographic stations
located both in the area influenced by the emissions and outside the affected area
(reference stations). These were differentiated based on various physical-chemical
parameters such as temperature, conductivity, oxidation-reduction potential, pH,
silicate concentration and, in the case of the eruptive stage, satellite images where
the water discoloration caused by the volcanic emissions could be observed
(Figure 3.4D). For the degassing stage, the area affected by the emissions was
drastically reduced to around 0.5 km around the main cone. A high-resolution
transect was established across the main and secondary craters for the study of
the degassing stage during cruises 7-9 (Figure 3.1C). The dynamic positioning
(DP) system of the research vessels allowed to locate the stations at few meters
of distance. The rest of the stations, located around the island, were used as
reference for this stage.

For cruises 10-14, samples were collected in the area of the main craters through
tow-yo transects (Figure 3.1C), which involve continuously lowering and raising
the rosette between 1 and 40 m above the seabed and with the ship moving at
0.2-0.4 kn in DP, obtaining a sawtooth-shaped dataset with high spatial resolution
and closer to the source of the emissions. During cruise 15, the ROV Lirgpus 2000
(IEO) was used for sample collection directly from the hydrothermal vents using
a piston-driven suction system. A total of eight samples (each analyzed in
duplicate for nutrients) were collected from different active vents in the main

craters.

3.2.2. Nutrient analysis

Nitrate+nitrite, phosphate, and silicate were analyzed by colorimetric
determination using a four-channel automatized air-segmented continuous flow
system SEAL AA3 AutoAnalyzer. Nitrite (NO2") reacts under acidic conditions
with sulfanilamide to form a diazo compound that then couples with N-
Naphthylethylenediamine dihydrochloride (NEDD) to form a reddish-purple azo
dye. Nitrate (NOj37) is reduced to nitrite by a copper-cadmium reductor column
and detected likewise, giving the sum of nitrite and nitrate (Treguer and Le Corre,
1979). In the present study NO»~ + NO;™ are analyzed jointly, which we hereafter
shorten as N+N; we often refer to N+N as nitrate, since the concentrations of
NO>~ were found to be negligible with respect to NOs~. Phosphate (POy) is
detected by the reaction of ortho-phosphate, molybdate ion, and antimony ion
followed by reduction with ascorbic acid at a pH<1, forming a reduced blue
phospho-molybdenum complex (Aminot and Kérouel, 2007). The detection of
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silicate (Si(OH),) is based on the reduction of silico-molybdate in acidic solution
to molybdenum blue by ascorbic acid. Oxalic acid is introduced to the sample
stteam before the addition of ascorbic acid to minimize interference from
phosphates (Garcia et al., 2005). The detection limits are 0.02 pM for N+N, 0.01
uM for POy, and 0.040 uM for Si(OH)4. The concentrations were converted to
umol kg~ with density values derived from CTD data.

Ammonium was analyzed fluorometrically after reaction with ortho-
phthalaldehyde (OPA) and reduction with sodium sulfite (Kérouel and Aminot,
1997) with a detection limit of 1.5 nmol I7!. The implementation of this method
was only possible after the period of study presented in this work, therefore we
only present here data from frozen samples collected from the vents with ROV
in cruise 15 (November 2018) and some samples from reference stations collected
during a more recent cruise (November 2019) during which the ammonium
samples were analyzed on board immediately after collection.

3.2.3. Calculations

In order to eliminate the variability of the ambient nutrient concentrations with
depth from the samples affected by the volcano, nutrient anomalies were
calculated. Two parameters are presented in this study: nutrient anomalies (A[X]),
calculated as the measured concentration ([X]) minus the average reference
concentration at the same depth ([X]wf); and significant nutrient anomalies
(sA[X]), calculated as the measured concentration minus the average and the
standard deviation (std[X].f) at the same depth, in order to eliminate anomalies
that are found within the standard deviation of the average ambient
concentrations(non-significant anomalies).

ALX] = [X] = [X]yer
SAX] = [X] = [X]yer — std[X]yer

Low-temperature discharge produces localized lower density values near the
source of emission, which are expected to reach density equilibrium within a few
meters from the seafloor (Baker et al., 1993). In some cases, these density values
near the vents could be lower than the surface values at the reference stations. For
this reason, the nutrient anomalies were calculated in isobaric component instead
of isopycnal component in order to avoid the localized density perturbations close

to the vents and the consequent error in the estimation of the nutrient anomalies.
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Nutrient fluxes were calculated from a high-resolution vertical section of nutrient
anomalies above the main craters and perpendicular to the current flow, providing
an optimized flux estimation (Santana-Casiano et al., 2016; Buck et al., 2018).

Flux (umol s™1)
= A[X](umol kg™1) X Current velocity (m s~1)
X Plume area (m?) x Density (kg m™3)

Hence, the fluxes were calculated by multiplying these anomaly sections by the
plume area and by a mean current velocity of 0.06 m s~! obtained from a 9-year
time series in the Canary region (Fraile-Nuez et al., 2010). The fluxes were
calculated in pmol s~! and converted to mol m=2 year~!. The plume area was
delimited as the area defined by the significant anomalies (sA[X]). For the
conversion of time units, the periodicity of the volcanic emissions was taken into
account. It is estimated that the volcanic activity present pulses of emission every
140 min (this makes 3754 cycles per year), with about 40 min of activity per cycle
(Fraile-Nuez et al., 2018).

The nutrient ratios were obtained from the correlations calculated by multiple
linear regression by the method of least squares with a 98% confidence level. Since
many of the affected datasets did not present any data near the intercept with the
axis, all the regressions have been forced to intercept in 0:0 (as does the reference
dataset) in order for their slopes to be comparable.

Data of mixed layer depth (MLD) and euphotic zone depth (EZD) data were
provided by the Copernicus Marine Environment Monitoring Service (CMEMS).
We used two products delivered by the CMEMS Iberia-Biscay-Ireland Monitoring
and Forecasting Centre. The MLD data was obtained from the Physics Analysis
and Forecast product, based on the NEMO ocean model (Sotillo et al., 2015);
while the EZD data was obtained from the Biogeochemical Analysis and Forecast
product, based on NEMO and PISCES models (Aumont et al., 2015). Both
datasets have a resolution of 0.028%0.028°; we located the closest point to the
coordinates of Tagoro volcano in the spatial grid of the datasets and used the

monthly averaged data in this location for the periods available, 2013-2019
(MLD) and 2017-2019 (EZD).

3.2.4. Bathymetry

Three different bathymetry datasets with different spatial resolutions have been
used: a global Topo15.1 bathymetry dataset with a spatial resolution of 4 km by
Smith and Sandwell (1997) for the map of the Canary Islands (Figure 3.1A); a
ZEE- Canary Island bathymetry with a resolution of 90 m from the IHM-IEO
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for the map of El Hierro island (Figure 3.1B), and a high resolution multi-beam
bathymetry dataset obtained during cruise 11 (Vulcano0316) to generate a detailed
map of the submarine volcano Tagoro (Figure 3.1C). During this cruise,
bathymetric data was acquired using a Kongsberg Simrad EM-710 echo sounder,
which operates at sonar frequencies in the 70—100 kHz range. The data were
processed with CARIS HIPS and SIPS and yields a bathymetric grid resolution of
1 m with 100% coverage.

3.3. Results

3.3.1. Quantification of the nutrient emissions

The vertical profiles of nutrient concentrations are shown in Figures 3.2A—C
(N+N, POy, and Si(OH)4) for the stations affected by the volcano during the
eruptive and degassing stages and with the different sampling methodologies
applied (vertical profiles for water-column samples, tow-yos for near-bottom
samples, and ROV for vent samples). A reference profile was established using
nutrient data from 122 non-affected stations surrounding El Hierro island,
regardless of seasonality. Positive significant anomalies in all nutrients are
observed with respect to the reference, underlining a nutrient discharge during
both the eruptive and the degassing stages. Concentration peaks are generally
found around 130 m (the depth of the main crater), although they often reached
the surface during the eruptive stage. The maximum concentrations found during
the eruptive stage in the water column (all inumol kg=!) were of 8.06 for N+N
(reference: 1.75), 0.79 for POy (reference: 0.11), and 21.76 for Si(OH)4 (reference:
1.23); these were found in the 75-100 m depth range, but substantial emissions
often reached the surface as well (0-50 m depth). For the degassing stage,
significant emissions stayed within a more constrained depth range (75-130 m).
Concentrations of phosphate and silicate increased with the proximity of the
sample collection to the source: the least concentrated were the water-column
samples, followed by the near-bottom samples, and finally the vent samples, with
maxima of 1.60 (PO4) and 189.40 (Si(OH)4) umol kg-1. Contrastingly, the
maximum concentrations of N+N were found in the water-column samples (6.21
umol kg=1), which are assumed to be the most mixed with ambient waters, and
decreased in the near-bottom and vent samples.
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Figure 3.2. Vertical profiles of (A) nitrate+nitrite, (B) phosphate, and (C) silicate, for all the
stations affected by the volcano, discerning the different stages and sampling
methodologies. Black lines show the average concentrations from all the reference
stations, with a standard deviation. Upper x-axis in panel (C) corresponds to silicate
concentrations in the vent samples (green).

This behavior is also observed when comparing the nutrient emissions during
each individual cruise (Figure 3.3). Here, in order to avoid the variability with
depth, significant anomalies were calculated (sA[X]; see Data and Methods) and
are represented as boxplots showing the median and the distribution of the data
in quartiles. This representation cannot be considered a temporal evolution of the
emissions due to the different sampling methodologies applied; however, it
provides a more detailed comparison and shows the high variability of the data
even within each methodological dataset. For the eruptive stage, all the maxima
were observed in November 2011 (cruise 2). For the degassing stage, highest
concentrations of phosphate and silicate were found in the samples collected with
ROV (vent samples; note the difference in the axis range for these samples), but
this is not the case for nitrate, which seems to decrease during degasification
regardless of the sampling methodology.

Nutrient concentrations in the volcanic emissions are quantified in detail in Table
3.1. Our results demonstrate an enrichment in all nutrients during both the
eruptive and degassing stages. Silicate is the most enriched, up to 16.3-fold in the
water column and reaching a three orders of magnitude enrichment in the vent
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Figure 3.3. Significant anomalies of (A) nitrate+nitrite, (B) phosphate, and (C) silicate for
each cruise. Boxplots show the median, quartiles, and outliers of the datasets. Volcanic
stage (eruptive/degasification) and sampling type according to the sampling
methodology (water column/near bottom/vents) are specified.

samples (maximum of 325.4-fold). For phosphate, a 4.0-fold enrichment was
found during the eruptive stage, but it seemed to decrease in the water column
during the degassing stage; however, remarkable enrichments were found when
the sampling methodology was adapted for more proximity to the source,
presenting a maximum of 10.5-fold in the vent samples. Nitrate was largely
enriched in the water column during the eruptive stage (maximum of 8.8-fold) but
drastically decreased in degasification, and unlike phosphate and silicate, the near-
bottom and vent samples did not reflect higher percentages of nitrate, reaching
only a 2.5-fold. Additionally, we provide some preliminary ammonium (NH4*)
data from the ROV-collected samples (cruise 15), which show concentrations of
up to 1.97 pM while reference concentrations measured at the same depth were
0.02 uM.
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Table 3.1. Information from each cruise carried out in Tagoro volcano.

Cruise  Date  Stage Sampling ner  nar  Main AG°C  [N+NJwr [N+NJag  [N+N] [PO4] et [PO4]asr [PO4] [Si(OH)4]rer [Si(OH)dlar [Si(OH)4] [NH4*]
methodo- depth (umol kg!)  (umol kg!) enrichment (umol kg!) (umol kg!) enrichment (umolkg!) (umol kg!) enrichment  (uM)
logy (m) (fold) (fold) (fold)
1 Nov 2011 E vp 51 14 75 423 0.11£0.06 0.04-2.46 2.4 0.02+0.01  0.02-0.45 4.0 0.35+0.10 0.31-11.55 11.1 -
2 Nov 2011 E VP 104 7 100 +23 1.75+0.34 0.67-8.06 3.2 0.11+0.02 0.12-0.79 3.8 1.23+0.38 3.80-21.76 4.6 -
3 Dec2011 E vp 51 21 10 +0.2 0.0720.05 0.09-6.26 7.0 0.02+0.00 0.02-0.50 3.2 0.23+0.02 0.48-16.56 7.5 -
4 Feb 2012 E VP 51 7 20 +0.6 0.05+0.02 0.55-0.83 5.8 0.02+0.00 0.05-0.27 3.0 0.23+0.00 1.13-9.22 10.0 -
5 Feb 2012 E VP 51 18 10 +0.2 0.07+0.05 0.28-1.11 8.8 0.02+0.00 0.04-0.19 2.7 0.23+0.02 0.77-14.39 16.3 -
6 Dec2012 D VP 37 7 100  +1.5 1.83+1.20 0.32-3.88 21 0.10+0.08 0.02-0.23 1.2 0.98+0.62 0.53-10.74 2.3 -
7 Mar2013 D VP 593 14 90  +0.3 (724051 0.71-5.38 2.5 0.07+0.04 0.02-0.29 1.4 0.56+0.20 1.04-13.29 3.3 -
8 Nov2013 D VP 162 31 110 +1.5 1.5440.72 0.34-4.08 1.7 0.06+0.03 0.02-0.29 1.7 0.82+0.12 0.60-17.22 2.9 -
9 Mar 2014 D VP 543 11 130  +0.6 2.05+1.10 1.28-6.21 2.2 0.08+0.06 0.02-0.08 1.0 0.87+0.33  0.66-18.99 4.1 -
10 Oct 2015 D TWY 65 51 123 +1.3 2204046 0.16-3.41 1.5 0.14+0.04 0.04-0.30 1.0 0.66+0.22 0.57-22.18 6.0 -
11 Mar2016 D TWY 39 54 123 +0.8 1.56+0.93 0.17-3.62 11 0.11+0.07 0.05-0.26 11 0.20+0.12 0.20-22.99 21.6 -
12 Oct2016 D TWY 98 35 123 +15 1.8740.59 0.88-3.46 1.1 0.06£0.03 0.05-0.81 1.6 0.24+0.17 0.47-28.10 18.8 -
13 Oct 2017 D TWY 23 26 123 +1.7 1344022 0.72-2.78 11 0.19+0.06  0.09-0.98 11 0.12+0.03 0.98-21.12 12.4 -
14 Mar2018 D TWY 30 16 123 +0.5 0.384+0.07 0.20-1.44 1.2 0.07+0.01  0.10-0.70 1.8 0.32+0.37 1.25-23.15 12.9 -
15 Nov2018 D ROV 28 2 108  +1.3 1.14+0.51 1.67-2.53 1.9 0.1140.03  0.30-1.60 9.0 0.47+0.11 100.56-150.00  267.2  0.57%0.16
15 Nov2018 D ROV 28 2 126 +1.9 1.7240.86 2.66-2.88 1.7 0.14+0.06 0.42-0.49 33 0.58+0.19 110.20-112.66  196.1  0.92+0.32
15 Nov2018 D ROV 28 2 129 +1.9 1.91+0.83 2.31-2.74 1.2 0.15+0.06 0.24-0.34 1.9 0.6140.19  59.67-97.62 130.5 0.51£0.16
15 Nov2018 D ROV 28 2 118  +1.5 1.44+0.72 2.30-2.71 1.8 0.12+0.05 0.98-1.21 9.0 0.53+0.15 115.29-135.74  240.6  0.74+0.02
15 Nov2018 D ROV 28 2 126 +4.2 1.7240.86 2.42-3.26 1.5 0.14+0.06  0.96-1.05 7.4 0.58+0.19 147.20-176.61 284.9  0.52+0.07
15 Nov2018 D ROV 28 2 116 +2.6 1.38+0.67 2.37-2.95 2.0 0.1240.05 0.53-0.57 4.7 0.5240.15 109.02-142.83  246.3 0.74+0.20
15 Nov2018 D ROV 28 2 111 +34 123+057 1.44-2.85 1.7 0.11+0.04 0.76-0.90 7.5 0.49+0.12 126.03-189.40  325.4 1.97+1.46
15 Nov2018 D ROV 28 2 103 +3.4 0.99+041 2.11-2.84 2.5 0.09+0.03 0.81-1.26 10.5 0.45+0.09 92.17-96.62 2109 1.26+0.43
Other studies

V.I. May 1993 - Funnel 2 6 0.3 +44.0 0.1340.07 0.02-0.09 0.3 0.04+0.00 0.13-1.23 20.5 87.940.5 631-1630 12.3

LS*  Jun 1994 - Submersible 1 4 1700 +156.0  18.2 7.79-18.10 0.8 1.22 0.10-0.87 0.4 - - -

P.V.* 1987-1988 - Submersible 1 23 1000 +26.0 4210 14.48-42.73 0.9 2.93 1.68-3.91 0.9 102.1 102.1-721.0 2.8

Nutrient data are shown as: (i) Average reference concentration in the non-affected stations, with standard deviation; (ii) Concentration range at the affected stations in the affected depth range
(0-150 m for eruptive stage and 60-150 m for degassing stage); (iiz) Average enrichment in the affected stations respect to the reference.5 = Eruptive stage; D = Degassing stage; 1P =
Veertical profiles (water-column samples); TWY = tow-yo transects (near-bottom samples); ROV = samples collected from the vents by remotely operated vebicle 1iropus 2000 with a piston-
driven suction system. n(ref.) = number of samples used as reference; n(aff.) = number of analyzed samples affected by the volcanic emissions; AQ°C = maximum potential temperature anomaly.
Other studies: V1. = Beach fumaroles at V'ulcano Island, Aeolian Archipelago, Italy (Sedwick and Stiiben, 1996). The hot fluids were conducted directly into the sample bottle with a funnel
system. 1..8. = Lucky Strike at the Mid-Atlantic Ridge (Sarradin et al., 1999). Samples were collected from the vents with deep-sea submersible Nantile. P.1. = Pele’s Vents in 1.oibi
Seamount, Hawaii (Karl et al., 1989). Samples were collected from the vents with deep-sea submersibles Alvin and Pisces V. *Concentrations from these studies are in pmol I1.



3.2.3. Extent and transport of the nutrient emissions

The spatial distribution of the emission of inorganic nutrients by the Tagoro
volcano during the eruptive stage was studied using the data collected during
cruises 1 (November 4-9, 2011) and 2 (November 17-20, 2011). Figures 3.4A—C
show horizontal contours of nutrient anomalies during these periods. The blue
tones in the contours correspond to anomalies beneath the standard deviation of
the mean reference concentrations (non-significant anomalies). Satellite images
from NASA MODIS are also shown for the corresponding periods, taken on
November 9 and November 20, 2011 (Figure 3.4D) (Eugenio et al., 2014). Note
that the observed light-green discoloration of the waters surrounding El Hierro
island in these images was due to the chemicals injected by the volcano and was
not related to chlorophyll concentrations (Eugenio et al., 2014) and therefore this
coloring was used as a natural tracer for the extent of the volcanic plume.

During early November 2011, the plume of the volcanic emissions was
transported southward and south-westward, as shown in the contours of cruise 1
(Figures 3.4A1,B1,C1) as well as in the satellite image (Figure 3.4D1). It should be
noted that not all nutrients appear to be transported the same distance: silicate
transport covers the widest area, followed by phosphate, and then nitrate; this
could be related to the different detection limits of the nutrient analysis system.
In late November 2011 (cruise 2), a plume was transported from the volcano-
affected area northward by the local currents, as can be seen in the satellite images
(Figure 3.4D2). This transport is also observed for the nutrient anomalies (Figures
3.4A2,B2,C2), which reached the northwest coast of El Hierro. For this area
affected north of the island in late November 2011, new percentages of
enrichment were calculated respect to the reference levels, obtaining enrichments
up to 1.1-, 1.2-, and 2.0-fold for nitrate, phosphate, and silicate, respectively.

During the degassing stage, the effects of the volcanic emissions were detectable
in a more constrained area in the vicinity of the main crater. With the purpose of
studying these localized anomalies, during cruises 7-9 a high-resolution transect
of vertical profiles was established across the main and secondary craters (Figure
3.1C). From these profiles, nutrient anomalies (A[X]) for the degassing stage wete
calculated and are shown in Figure 3.5 as vertical contours with latitude. The blue
tones in the contours represent non-significant anomalies. Due to the cyclic
behavior of the hydrothermal discharge (Fraile-Nuez et al., 2018) it is not possible
to obtain all the maximum anomalies during one complete transect; for this

reason, the vertical profiles that showed maximum anomalies obtained during
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cruises 7-9 have been selected for the contours, providing a representation of the
hydrothermal discharge if it could be sampled simultaneously at all stations. Data
from the vent samples of cruise 15 are also shown for phosphate and silicate
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Figure 3.4. Horizontal contours of nutrient anomalies for (A1, A2) nitrate+nitrite, (B1, B2)
phosphate, and (C1, C2) silicate in the eruptive stage, during cruises 1 and 2, respectively.
The blue tones in the contours show anomalies below the standard deviation of the
reference. (D) NASA MODIS RGB images of El Hierro island monitoring the eruptive event
on (D1)November 9 and (D2) November 20, 2011. Note that the color of the plume is due
to the chemicals injected by the volcano and not related to the accumulation of
chlorophyll-a in the water column (Eugenio et al., 2014).
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(Figures 3.5B,C), but not for nitrate as the vent data did not present higher values
than those collected in vertical profiles. Maximum anomalies in the water column
are found at stations 55-61 (main crater) and 56 (summit), with maxima of 4.87
(N+N), 0.23 (PO4) and 16.36 (Si(OH)s) wumol kg~!, but remarkably higher
anomalies are observed in the vent samples for phosphate and silicate (1.50 and
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Figure 3.5. Vertical contours of anomalies of (A) nitrate+nitrite, (B) phosphate, and (C)
silicate in a high-resolution transect of the main cone during the degassing stage. The
blue tones show anomalies within the standard deviation of the reference (non-significant
anomalies). Stations that presented maximum anomalies from cruises 7-9 were selected
for the contours. Data collected in cruise 15 from several vents (marked as triangles) are
also shown in panels (B,C). Horizontal lines show the depth of the mixed layer (purple) and
of the euphotic zone (yellow), as minimum and maximum values (dashed lines and solid
lines, respectively) obtained from monthly averaged datasets provided by the Copernicus
Marine Environment Monitoring Service (see Data and Methods).
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188.91 pmol kg~!, respectively). The anomalies are found in the first 5075 m
above the seabed and are usually transported southward of the main cones
generally until station 52 (about 250 m away from the main cone), whereas
northward the anomalies reach only station 57 (about 150 m away from the
summit). This is in agreement with the predominant south-southwest current
direction described for this region from ADCP data (Santana-Casiano et al., 2016).
In total, the nutrient emissions can be detected as enhanced concentrations in a
400 m range around (but not centered on) the main cone.

The contours in Figure 3.5 conform a high-resolution transect above the main
craters and perpendicular to the main current. From these anomaly data, nutrient
fluxes for the degassing stage were obtained, representing an estimate of the
volcanic nutrient emissions transported to the surrounding waters. The results of
the fluxes averaged for the delimited area were 3.19 * 1.17 mol m=2 year-! for
N+N, 0.02 = 0.01 mol m~2 year~! for POy, and 0.60 £ 1.35 mol m~2 year~! for
Si(OH),. The substantial standard deviations account for the high variability of
concentrations found along the plume, dependent on the proximity to the source,
but the averaged values are a representative estimation of the magnitude of these
fluxes. In Table 3.2, these results are shown in detail and can be compared with
other important nutrient sources in the region such as upwelling systems,

mesoscale structures and upwelling filaments.

Table 3.2. Nutrient fluxes calculated from a transect perpendicular to the main current
during the degassing stage.

Setting NO,;+NO; flux PO4flux  Si(OH), flux
Tagoro submarine volcano 319+£1.17 0.02+£0.01  0.60 £1.35
(mol m? year) [1.73 —7.77] [0.01-0.20] [0.10—17.11]
NW African coastal upwelling 5.87 * 0.37 #* 1.81 %
(mol m2 year)
Filaments reaching the Canary region 0.29 * 0.02 #* 0.09 **
(mol m2 year)
Permanent cyclonic eddie in the 1,36 * 0.09 #* 0.42 **

Canary region (mol m~ year)

* Nitrogen fiuxes reported by Barton et al. (1998)

** Phosphate and silicate fluxes estimated from the nitrogen fluxes from Barton et al. (1998) using
the nutrient ratios obtained in this study

3.3.3. Nutrient ratios

The correlations between all three nutrients as well as a silicate-temperature
correlation are presented in Figure 3.6. First, in order to evaluate whether silicate
can act as a mixing tracer of the volcanic emissions, a correlation was made with
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a conservative component such as potential temperature (Figure 3.6D). In order
to avoid seasonal and depth-related variability in temperature, the regression was
calculated only with the data collected from the vents and some near-bottom
(tow-yo) samples within the same depth range (100—130 m) and from the same
season as the vent samples. The tow-yo data are quite condensed in a relatively
small range of temperature and [Si(OH)4|, providing an intercept for the
regression line; whereas the vent data, although sparser, define a clear slope. This
regression presents a 72 = 0.878 and p < 0.001, underlining an adequate linear
relationship between the concentration of silicate and the temperature of the
hydrothermal fluids in the area and thus allowing to use [Si(OH)4] as a mixing

tracer.
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Figure 3.6. Nutrient ratios calculated as linear correlations. (A) (NO3z + NO2):PO4 ratio,
abbreviated as N:P (Redfield’s 16:1 ratio is shown). (B) (NO3z + NO):Si(OH), as N:Si, and
(C) PO4:Si(OH)4 as P:Si, for the reference stations, the eruptive stage, and the degassing
stage classified according to the grade of dilution of the samples (water-column/near-
bottom/vents). Upper x-axis in panels (B,C) corresponds to silicate concentration in the
vent samples (green). (D) Relation between silicate and potential temperature from the
closest samples to the source.
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Once silicate has been correlated to a conservative parameter as temperature, the
ratios of all three nutrients were studied: nitrate to phosphate (abbreviated N:P,
although more accurately NO2~ + NO;:POy), nitrate to silicate (similarly
abbreviated N:Si), and phosphate to silicate (P:Si). Figures 3.6A—C shows these
correlations for reference and affected stations during both the eruptive and
degassing stages, and discerning the latter according to the sample type. In this
case, the data from the degassing stage were classified not only according to the
sampling methodology used (vertical profiles/tow-yos) but also according to the
dilution grade of the samples, using the silicate concentration as a mixing tracer.
All slopes, 72 and p-values can be consulted in Table 3.3.

In general, reference data for all three ratios presented a better fit (2> 0.99) than
the affected samples (7 between 0.485 and 0.925). However, although the affected
datasets are more dispersed, a general trend in the slopes is evident regarding the
dilution grade (proximity to the source): water-column samples (blue), which are
the most diluted, present the closest ratio to the reference (black); followed by
near-bottom samples (purple); and finally vent samples (green), which are the
closest to the source, present the smallest ratio (2.36:1). This trend is observed for
all the three ratios (Figures 3.6A—C). In Figure 3.6A (N:P ratio) the Redfield ratio
is also shown, a neatly constant 16:1 correlation between nitrate and phosphate
that is commonly observed in seawater as well as in phytoplankton biomass
(Gruber and Deutsch, 2014); our reference data are in close agreement with this
ratio (16.95:1).

Table 3.3. Slopes and statistics for the correlations shown in Figure 3.6.

Ratio Data Slope 7 p-value
N:P  Reference 16.95 0.998 £<0.001
N:P  Eruptive 4.38 0.485 $<0.001
N:P  Degasification (water column) 11.44 0.855 £<0.001
N:P  Degasification (near bottom) 4.49 0.812 £<0.001
N:P  Degasification (vents) 2.36 0.708 £<0.001
N:Si  Reference 3.24 0.994 £<0.001
N:Si  Eruptive 0.23 0.606 $<0.001
N:Si  Degasification (water column) 0.38 0.668 £<0.001
N:Si  Degasification (near bottom) 0.13 0.567 £<0.001
N:Si  Degasification (vents) 0.02 0.925 £<0.001
P:Si Reference 0.15 0.995 £<0.001
P:Si Eruptive 0.02 0.689 $<0.001
P:Si  Degasification (water column) 0.03 0.699 £<0.001
P:Si Degasification (near bottom) 0.02 0.505 £<0.001
P:Si  Degasification (vents) 0.01 0.633 £<0.001
Si:0  Degasification (vents + near bottom) 35.45 0.878 $<0.001

The interceptions of all the lines were either equal or forced to roughly 0, except for the Si:0
regression, which presented an interception of —627.78.
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3.4. Discussion

The shallow submarine volcano Tagoro released significant amounts of dissolved
inorganic macronutrients throughout the whole study period (2011-2018). We
have quantified these emissions for the eruptive and the degassing stages of the
volcano, and in the latter stage we have highlighted some noteworthy observations
concerning the different sampling methodologies applied. Concentrations of
phosphate and silicate increased with the proximity of the sample collection to
the source: the least concentrated were the water-column samples, followed by
the near-bottom samples, and finally the vent samples. Contrastingly, the
maximum concentrations of N+N were found in the water-column samples
(which are assumed to be the most diluted with ambient waters) and decreased in
the near-bottom and vent samples. We hypothesize that dissolved inorganic
nitrogen is emitted mainly in the form of ammonium (NH4"), as has been widely
described for other hydrothermal systems (Karl et al., 1988, 1989; Sedwick and
Stiben, 1996; Kilias et al., 2013). However, due to a lack of the necessary
instrumentation we could not implement ammonium analyses until recently, and
thus, we have only been able to measure a small number of ammonium samples
collected from the vents with ROV (cruise 15). These were analyzed for
ammonium long after their collection and might have been subject to losses of
ammonium. Nonetheless, even with these limitations, we have found
concentrations of NH4* of up to 1.97 uM, in contrast to reference concentrations
of 0.02 uM at the same depth. This supports our hypothesis and suggests that the
higher concentrations of N+N observed in the water column with increasing
distance from the vents are the result of oxidative processes, which have been
observed elsewhere in hydrothermal systems from deep-sea (Lam et al., 2004,
2008; Baker et al., 2012) as well as shallow settings (Kilias et al., 2013). However,
this would require a more specific study and the recollection of a larger dataset of
NH4* samples.

The boxplots of nutrient anomalies in Figure 3.3 also provide information
regarding the changes in the emissions with the different sampling methodologies
applied. When analyzing these data, it is important to keep in mind that the
volcano exhibits acyclic degassing behavior (Fraile-Nuez et al., 2018), with
periodic emissions that then undergo mixing and dilution through the water
column. Therefore, when collecting water samples during vertical profiles or tow-
yos, samples may carry recently emitted concentrated fluids, or more previously
emitted fluids that have been exposed to mixing and dilution for a longer time.
This feature accounts for the high variability observed in the data distribution in
Figure 3.3 even within each methodological dataset. Moreover, the outliers in the
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boxplots should not be interpreted as uncommonly high-concentrated episodic
emissions, but rather as representatives of the most concentrated form of the
hydrothermal fluids that can be detected in the water column before undergoing
dilution or other withdrawal processes.

The present study provides an interesting overview on how hydrothermal
emissions can have very different impacts depending on the depth at which the
vents are found, as the ambient concentrations of nutrients vary markedly with
depth. In Table 3.1 we provide nutrient concentrations and enrichments for
Tagoro volcano and for three different hydrothermal settings: shallow active
submarine warm springs off the island of Vulcano, Aeolian Archipelago, Italy
(Sedwick and Stiiben, 1996); Lucky Strike at 1700 m depth in the Mid-Atlantic
Ridge (Sarradin et al., 1999); and Pele’s Vents at 1000 m depth in Lo’thi Seamount,
Hawai’i (Karl et al., 1989). The samples in these studies were collected directly
from the vents using different sampling methodologies, therefore they are
comparable to the ROV-collected vent samples from Tagoro volcano. However,
the comparison is not straightforward, as in the deep settings (Lucky Strike and
Lo’thi Seamount) the emitted hydrothermal fluids are mixed with nutrient-rich
ambient waters. For instance, in Pele’s Vents (1000 m depth), an average of 2.8-
fold enrichment in silicate was obtained considering a 102.1 uM reference and a
range of 102.1-721.0 uM found in the emissions. A similar [Si(OH)4] range was
found in the vent samples of Tagoro volcano (126.03—189.40 pumol kg=1);
however, compared to the low ambient concentrations (0.49 umol kg=1) at the
111 m depth of this vent, the resulting enrichment was as large as 325.4-fold. In
the same way, a [PO4 range of 0.81-1.26 pmol kg=! in Tagoro volcano
represented a 10.5-fold enrichment, while in the nutrient-rich deep waters of the
Lucky Strike, concentrations of similar magnitude (0.10-0.87 pM) did not
constitute an enrichment, but a depletion of 0.4-fold. In contrast, the enrichments
found in the shallow (0.3 m depth) fumaroles of Vulcano island are more similar
to our results, with a 20.5-fold enrichment for phosphate and 12.3-fold for silicate,
as well as significant enrichments in NH4* of roughly three times the ambient
concentrations. These results underline the importance of shallow submarine

volcanoes as a source of nutrient enrichment for surface waters.

Average nutrient fluxes for the degassing stage were calculated from a transect
perpendicular to the current (Table 3.2). (Barton et al., 1998) estimated nitrogen
fluxes related to upwelling filaments and eddies in the transition zone of the
Canary Current upwelling region. With the purpose of comparing the magnitude
of these different processes, we estimated phosphate and silicate fluxes from these
reported nitrogen data by using the ratios obtained from the reference stations
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surrounding El Hierro island (ratios in Table 3.3). The reported fluxes for
upwelling and mesoscale processes in the region are of similar magnitude as
compared to the hydrothermal emissions of the Tagoro volcano when compared
per units of area. For instance, a 5.87 mol m=2 year~! nitrogen flux from the
African coastal upwelling was described by Barton et al. (1998), comparable to the
3.19 mol m=2 year~! nitrate flux found in Tagoro volcano. Similarly, the phosphate
flux from the filaments reaching the Canary Islands is estimated as 0.02 mol m=2
year~!, coinciding with our results for the flux of this nutrient from the
degasification of Tagoro. Additionally, the fluxes from a permanent cyclonic eddy
in the Canary region (estimated silicate flux of 0.42 mol m~2 year~') are of similar
magnitude to our results of 0.60 mol m=2 year~! for the same nutrient. These
results underline that the shallow volcano Tagoro constitutes an additional
relevant source for nutrient transport in the Canary region. A comparison with
other volcanic and hydrothermal settings is troublesome, since estimates of
nutrient fluxes from these sorts of sources are very scarce and are mostly found
as global estimates (Tréguer et al., 1995; Paytan and McLaughlin, 2007; Tréguer
and De La Rocha, 2013) rather than regional approaches. Nevertheless, an
interesting observation can be addressed in relation to phosphate emissions.
Hydrothermal processes have often been described as a sink in the phosphorus
cycle (Paytan and McLaughlin, 2007), mainly due to a net loss by formation of
suspended iron oxyhydroxides and by direct uptake of phosphate through
reaction with basalt (F6llmi, 1996). However, these estimations mostly account
for deep hydrothermal systems where the ambient concentrations of nutrients are
high. Conversely, our results show a net input of phosphate to the oligotrophic
surrounding waters of El Hierro island, showing the importance of shallow
hydrothermal emissions for estimating global nutrient fluxes to the surface ocean.
In fact, our results show that hydrothermal nutrient emission at the Tagoro
volcano occurred mostly around 50-75 m above the seabed. This means that
nutrients will be occasionally injected in the mixed layer and well within the
euphotic zone (Figure 3.5) where they could have a significant impact on primary
production.

We aimed to study the relations among the different nutrients and the evolution
of these ratios according to the dilution grade of the samples using correlation
analysis. Figure 3.6A shows the commonly studied N:P ratio, although in this case
it should be interpreted as NO2~ + NO3;7:POy relationships. Nevertheless, our
reference data exhibits a 16.95:1 ratio, in notable agreement with the Redfield ratio
(16:1), and with an excellent fit (2 = 0.998; p < 0.001). The volcano-affected
datasets are more scattered (2 ranging between 0.485-0.855; p < 0.001); however,
the slopes show a clear evolution of the ratio with the dilution grade: the smallest
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ratio is found at the vent samples (2.36:1), followed by the eruptive stage samples
(4.38) and near-bottom degasification samples (4.49), and finally the water-column
degasification samples (11.44:1).

This trend of the ratios according to the dilution grade of the samples can also be
observed for the NOz~ + NO37:Si(OH)4 and PO4:Si(OH),4 correlations in Figures
3.6B,C, respectively. However, these plots also offer further information about
the behavior of these species after their emission, as silicate is commonly used as
a mixing tracer for volcanic and hydrothermal fluids (Edmond et al.,, 1979;
Sansone et al., 1991; Sansone and Resing, 1995; Sedwick and Stiiben, 1996). When
species concentrations plot linearly against dissolved Si concentration,
conservative behavior is suggested for that species during mixing of the
hydrothermal fluids with seawater, whereas when a non-linear relationship is
observed, non-conservative mixing behavior is suggested (Sedwick and Stiiben,
1996). In order to assess whether our Si(OH)4 data could be used as a mixing
tracer, the concentrations were plotted against potential temperature in Figure
3.6D. The data exhibited a good fit (2 = 0.878; p < 0.001) with a linear relationship
of y = 35.45x - 627.78, which is notably consistent with the relation of y = 31.0x
- 601 found by Sedwick and Stiiben (1996) in the beach fumaroles of Vulcano
island. In the same study, the N+N concentrations showed no consistent trend
against dissolved Si; however, in a study in Lo’thi Seamount (Katl et al., 1989) a
linear relationship was found when N+N and PO, were plotted against Si. In this
sense, the linear fits of our N:Si and P:Si data indicates a conservative mixing
behavior of these species, but the notably lower 72 values of these fits (roughly
0.5-0.6) should be taken into account. Considering all the observations we have
discussed, in particular the notable withdrawal of phosphate indicated by a marked
difference in concentration between the near-bottom and the water-column
samples (Figure 3.3 and Table 3.1) as well as the nitrifying processes hypothesized
previously, it is likely that the scatter in the concentrations of these nutrients could
be related to a non-conservative mixing behavior caused by chemical or biological
processes that cannot be assessed in this study and should be considered for
further research.

In addition to the hydrothermal input of dissolved inorganic nitrogen,
phosphorus, and silicate described in this work as well as in the literature
(Tunnicliffe et al., 1986; Karl, McMurtry, et al., 1988; Katl et al., 1989; Sedwick
and Stlben, 1996; Sarradin et al., 1999), recent studies also describe important
inputs of biologically available iron [Fe(II)] from deep and shallow hydrothermal
vents (Santana-Casiano et al., 2013; Resing et al., 2015; Buck et al., 2018).
Consequently, the question of whether volcanic and hydrothermal emissions can
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fertilize shallow waters and have an impact on the local phytoplanktonic
communities becomes a relevant one (Buck et al., 2018; Gémez-Letona et al.,
2018; Wilson et al., 2019). Although this question is beyond the scope of this
study, the fact the nutrients are occasionally injected into the euphotic zone and
into the mixed layer at the Tagoro volcano warrant further investigation in the

future.

3.5. Conclusions

Through this study, we have confirmed that the submarine volcano Tagoro has
emitted significant amounts of dissolved inorganic nutrients from the beginning
of its eruptive process in 2011 until the latest survey carried out in 2018. We have
quantified these emissions and have found maximum concentrations for the
eruptive stage of 8.06 umol kg=! of NO,~ + NO;~ (reference: 1.75 pmol kg=1),
0.79 umol kg=! of POy (reference: 0.11 pmol kg=') and 21.76 pmol kg=! of Si(OH)4
(reference: 1.23 pmol kg=1). For the degassing stage, remarkable differences in the
results were observed with regard to the sampling methodology applied. The
largest concentrations of phosphate and silicate were found in the samples
collected directly from the vents with ROV, with maxima of 1.26 and 189.40 pmol
kg1, respectively; whereas for nitrate the maximum (6.21 pmol kg=1) was found
in the most mixed (water-column) samples and decreased when approaching the
source. From these vent samples, ammonium concentrations were analyzed,
finding maximums of 1.97 pM (reference: 0.02 pM). Average enrichments were
obtained, with water-column maxima of 8.8-fold (nitrate), 4.0-fold (phosphate)
and 16.3-fold (silicate), and higher vent maxima of 10.5-fold (phosphate) and
325.4-fold (silicate). A preliminary analysis of ammonium (NH4*) in the vent
samples showed maximum concentrations of 1.97uM (reference: 0.02 pM),
supporting the vast compilation of studies describing the emission of this species
from hydrothermal vents and suggesting the occurrence of nitrifying processes,
which should be assessed in future studies.

Nutrient fluxes transported from the hydrothermal emissions into the
surrounding waters during the degassing stage were estimated as 3.19 = 1.17 mol
m~2 year~! for NO2~ + NOs~, 0.02 £ 0.01 mol m~2 year~! for POy, and 0.60 *
1.35 mol m~2 year~! for Si(OH)s. These results were found to be of similar
magnitude as other important nutrient transport sources in the Canary region,
such as NW-African coastal upwelling, upwelling filaments, and permanent
cyclonic eddies. Notably, while hydrothermal processes are often described as a
sink in the phosphorus cycle, our results highlight a positive phosphate transport
from the volcano into the oligotrophic surroundings.
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The nutrient ratios (N:P, N:Si, and P:Si) showed an evident relationship with the
grade of dilution of the samples. The N:P ratio indicated a deviation from the 16:1
Redfield proportion, progressively decreasing with the proximity of the samples
to the source until finding a 2.36:1 ratio in the vent samples. The N:Si and P:Si
ratios also showed this behavior, with a minimum ratio in the vent samples of
0.02:1 (N:Si; reference: 3.24:1) and 0.01:1 (P:Si; reference: 0.15:1). Furthermore,
seeing as silicate can act as a mixing tracer, the notable dispersion observed in the
N:Si and P:Si fits might indicate a non-conservative mixing behavior of nitrate
and phosphate.

The biogeochemical impact of hydrothermal emissions has typically been studied
mainly from deep hydrothermal settings. However, the unprecedented 7-year
dataset from a shallow active submarine volcano presented in this study has
highlighted the need to account for shallow hydrothermal emissions as important
sources of nutrients to the ocean.
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CHAPTER 4

Impacts of the lava delta formation
from the 2021 La Palma eruption on
the marine environment

This chapter has been submitted for publication in Science of the Total Environment as:

Gonzalez-Vega, A., Martin-Diaz, J.P., Vazquez, J.T., Goémez-Ballesteros, M.,
Sanchez-Guillamén, O., Lozano-Rodriguez, J.A., Arrieta, J.M., Ferrera, L.,
Huertas, E., Tovar-Sanchez, A., Presas-Navarro, C., and Fraile-Nuez, E. (2023).
Impacts of a newly formed lava delta on the marine environment: lava-induced
upwelling and abrupt chlorophyll depletion during the Cumbre Vieja eruption (La
Palma, 2021).
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Abstract

The 2021 Cumbre Vieja eruption in La Palma (Canary Islands, Spain) emitted vast
volumes of lava during 85 days, which reached the ocean in several occasions at
the western flank of the island. Most of these flows merged to create a primary
lava delta, covering an area of 48 Ha, with an additional 30 Ha underwater. Here
we characterize the effects of the lava-seawater interaction on the surrounding
marine environment. The area was sampled during two multidisciplinary
oceanographic cruises: the first one comprised the days before the lava reached
the ocean and after the first contact; and the second took place a month later,
when the lava delta was already formed but still receiving lava inputs. Physical-
chemical anomalies were found in the whole water column at different depths up
to 300 m in all measured parameters, such as turbidity (+9 NTU), dissolved
oxygen concentration (-17.17 umol kg'), pHrs (-0.1), and chlorophyll-a
concentration (-0.33 mg m?3). Surface temperature increased up to +2.3°C
(28.5°C) and surface salinity showed increases and decreases of -1.01 and +0.70,
respectively, in a radius of 6 km around the lava delta. In the water column, the
heated waters experimented a lava-induced upwelling, bringing deeper, nutrient-
rich waters to shallower depths; however, this feature did not trigger any
phytoplankton bloom. In fact, integrated chlorophyll-z showed an abrupt
decrease of -41% in just two days and -69% a month later, compared to prior
conditions. The chlorophyll-z depletion reached a distance larger than 2.5 km (not
delimited).

4.1. Introduction

Lava-seawater interaction processes are common in volcanic islands, where the
lava from subaerial eruptions flows towards the coastline, spilling over cliffs and
filling the shore platforms (Soule et al., 2021; Rodriguez-Gonzalez et al., 2022).
When the lava reaches the shore, the marked contrast in temperature with the
seawater produces a quick solidification of the lava surface. This process can
produce a geological structure known as lava delta, a platform formed over
previous seafloor due to the deposition and solidification of lava and clastic
materials that fill the shallower areas of the insular shelf (Moore et al., 1973;
Ramalho et al., 2013; Rodriguez-Gonzalez et al., 2022). These inputs of lava to
the ocean lead to significant fluxes of mass and heat to the overlying ocean on a
local-to-regional basis, which have been compared in magnitude to those from
ridge crest vent fields (Sansone and Resing, 1995). However, these mechanisms
are rarely documented, particularly the underwater processes, due to a variety of
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reasons such as the rare occurrence of these phenomena, the safety regulations
during an active eruption, and the logistical challenges of organizing unforeseen

emergency cruises.

Previous studies have reported surface temperature anomalies ranging from a few
degrees to roughly +30°C (Moore et al., 1973; Sansone et al., 1991; Sansone and
Resing, 1995; Roman et al., 2022). The lava-impacted water plumes have been
observed to expand beyond 70 m depth and 2 km distance (Moore et al., 1973;
Sansone and Resing, 1995). These plumes typically show a low pH due to the
presence of acidic solutes and gases (Resing and Sansone, 1999; Gonzalez-Santana
etal., 2022). The interaction of hot lava and cold seawater can drive hydrovolcanic
explosions and quench-granulation of the lava, producing small particles named
hyaloclastite (Watton et al., 2013; Soule et al., 2021). The presence of these
particles, along with suspended ashes from the subaerial eruption reaching the
ocean, generates high levels of turbidity and light attenuation in the seawater
(Sansone and Resing, 1995; Whiteside et al., 2023).

The effects of these lava-seawater interaction processes on the local marine
ecosystem are very variable. At Kilauea volcano in Hawai’i, a lava-induced
upwelling effect has been shown to cause a phytoplankton bloom due to the
ascent of deep, nutrient-rich waters to surface (Sansone and Resing, 1995; Wilson
et al,, 2019). However, in the recent Hunga-Tonga eruption, even though high
levels of chlorophyll-z up to 2.7 mg m- were detected by satellite, these were not
associated to phytoplankton growth but to materials expelled by the volcano into
the ocean (Whiteside et al., 2023), an effect that was observed as well in the
submarine eruption at El Hierro island in 2011 (Coca et al., 2014; Eugenio et al.,
2014).

La Palma is the second youngest island of the Canary archipelago. This island is
at the earliest and fastest shield-building stage of growth and is the fastest-growing
island in the archipelago (Carracedo et al., 1999). Between March 2017 and August
2021, several seismic swarms took place around the island of La Palma. However,
starting on September 11, a very strong and rapid increase in seismicity took place
(Mezcua and Rueda, 2023). The last and most intense seismic swarm preceding
the eruption started on 11 September 2021, with >400 events at depths up to 12
km. During the following days, earthquakes continued to grow in frequency,
magnitude, and shallowness, along with ground deformation up to 15 cm (IGN,
2022). On 19 September 2021, at 15:12 local time, a strombolian eruption started
in the Cumbre Vieja area (28°36°58.6”N, 17°52°0.6”W), at 900 m altitude.

The lava flow advanced over several fronts, with thicknesses of 8-15 m and
variable speeds from 1 to 200 m/h. On 28 September 2021 at 23:00 local time,
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the lava flow first came into contact with the seawater at the western flank of the
island (28°36’38.1”N, 17°55°25.9”W), in a marine Special Conservation Zone. A
first lava delta (D1) started to grow as the lava flows descended down the coastal
cliffs and advanced seawards over the island shelf. Several other lava flows (D2-
D4) reached the ocean on different occasions. Eventually, most of these lava flows
(D1, D3 and D4) merged into one main delta, except for the northernmost flow
which formed a smaller separate delta. The main delta presented a subaerial area
of 48 Ha and an additional underwater area of 30 Ha (Lozano-Rodriguez et al.,
2023).

The volcanic materials filled the high and medium course of some submarine
ravines. The input of lava along with important deposition of ashes and
hyaloclastites perturbed the marine ecosystem. No benthic or pelagic life was
observed from 40 to 120 m depth (Fraile-Nuez et al., 2021), and dead pelagic fish
were found floating in the surface due to the ingestion of ashes/hyaloclastites that
saturated their branchial systems (Caballero et al., 2023).

First measurements in the surface waters adjacent to the frontal zone of the newly
formed deltas showed increases of +5°C in surface temperature and 5 units in
surface salinity (Roman et al., 2022), along with pH values as low as 7.0 with
important decreases in alkalinity, total dissolved inorganic carbon, and dissolved
oxygen (Gonzalez-Santana et al., 2022), and important increases in total dissolved
nitrogen (Roman et al., 2022). Satellite data revealed marked increases in turbidity
in a wide area surrounding the lava delta, two orders of magnitude higher than
normal conditions, while satellite-detected chlorophyll-z did not show any
significant changes (Caballero et al., 2022).

The eruption officially ended on 13 December 2021, after 85 days of activity. One
month after the end of the eruption, the surrounding marine environment was
reported to return to normal conditions based on surface water sampling and
satellite data (Caballero et al., 2022; Gonzalez-Santana et al., 2022). The Cumbre
Vieja volcano is currently in a post-eruptive stage with seismic and geochemical
activity still registered and important diffuse emission of gases IGN, 2022).

So far, the existing studies from the La Palma lava deltas are based on surface data
and the first few meters of the water column, along with satellite data and
unmanned aerial vehicles (UAVs) data (Caballero et al., 2022; Gonzalez-Santana
et al., 2022; Roman et al.,, 2022). In this study, we characterize for the first time
the effects of the lava-seawater interaction on the physical-chemical and biological
properties of the whole water column, in an area up to 2.5 km distance from the
lava delta shoreline. Our dataset comprises the days preceding the arrival of lava
to the ocean, along with the first few days after the first lava-seawater contact, and
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finally, the monitoring of the area one month later, when the lava deltas were
already formed but still receiving lava inputs from the subaerial eruption.

4.2. Data and methods

The sampling strategies were always designed following the safety indications of
the government authorities. A security perimeter was initially established at 1.0
km distance from the lava delta front, which was later reduced to 0.5 and finally
0.2 km.

4.2.1. Hydrography

The data were collected during two oceanographic cruises carried out in 2021
(Figure 4.1). The first cruise, VULCANA-III-0921, took place between 25
September and 4 October 2021, which allowed to study the marine environment
shortly before and after the first lava flow reached the ocean (28 September). The
second cruise, VULCANA-III-1021, was carried out between 18 and 29 October
2021, when lava flows were still reaching the ocean and feeding the lava delta,
which allowed to monitor the evolution of the process. The cruises were
conducted on board of R/V Ramdin Margalefand R /N Angeles Alvarino, respectively,
both from the Spanish Institute of Oceanography (IEO-CSIC).

Conductivity, temperature, and pressure data (CTD) in the water column were
acquired 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. The CTD was also equipped with sensors of pH-ORP
(oxidation-reduction potential), turbidity-fluorescence, and dissolved oxygen.
Niskin bottles were used for the collection of i situ water samples at different
depths (12 5-liter bottles on the first cruise and 24 12-liter bottles on the second
cruise).

Two sampling strategies were applied. During the first cruise (VULCANA-III-
0921), the area was sampled through a grid of hydrographic stations forming two
parallel lines to the coast at 1.0 and 1.5 km distance (Figure 4.1B), although after
the lava reached the ocean, we focused on sampling as close as possible to the
lava front in the 1.0 km line. Most stations were separated less than 200 m, with
maximum distances of 600 m. During the second cruise (VULCANA-III-1021),
a methodology called tow-yo was applied (Baker et al., 1985; Santana-Casiano et
al.,, 20106), consisting on a transect where the CTD is continuously moved up and
down from the sea surface to 5 m above the seabed, while the vessel moves at a
slow speed (0.4 kn), forming a sawtooth-shaped set of data through a transect.

68



This methodology offers a high spatial resolution and an almost-synoptic image
of the whole water column in a transect. The transects were designed in a radial
manner perpendicular to the lava delta, with a starting point at the safety perimeter
(0.2 km at the time) and moving towards the open ocean (Figure 4.1B).

Reference (unaffected) stations were also sampled outside of the study area, where
physical-chemical parameters were observed to be within the normal conditions
of the area (Figure 4.1A). Station 2 and two repetitions of station 32 were averaged
to produce a reference profile for the whole water column.

The concentration of dissolved oxygen in water samples was determined using
the Winkler method with subsequent modifications (Carpenter, 1965). The
determination was carried out on board with an automated potentiometric
titration. These data were used to calibrate the continuous data from the dissolved
oxygen sensor in the CTD, using a linear regression by least-squares. The original
oxygen data in ml I'! were converted to umol kg! using the density values derived
from the CTD data. The calibration presented a good fit (©2=0.977, p-value<0.05).

Chlorophyll-a (chl-4) concentrations were also determined from the water samples
and used to calibrate the fluorescence sensor. Chl-z was determined by the
fluorometric method (Holm-Hansen et al., 1965). A correction was also applied
to the fluorescence data which in some areas was affected by the turbidity signal.
A multilinear regression by the method of least squares was applied to the data
that presented a linear relationship between turbidity and fluorescence, and the
obtained parameters were used to subtract the linear effect of turbidity from the

fluorescence signal.

Additionally, surface temperature and salinity data were collected from the vessel’s
continuous intake of surface waters (~5 m depth) using a SBE 21 SeaCAT
thermosalinograph, with a sampling interval of 4 Hz and accuracies of 0.01°C and
0.001 S/m for temperature and conductivity, respectively. These data were
acquired throughout the whole trajectory of the vessel in both cruises.

During the first cruise (VULCANA-III-0921), seawater pH was measured
through the CTD pH-ORP sensor, and hence, values were obtained in National
Boureau Standard (NBS) scale. However, during the second cruise (VULCANA-
111-1021), in addition to pHxps measurements, seawater pH was analyzed by the
spectrophotometric technique with m-cresol purple as indicator, following
Clayton and Byrne (1993) and hence data were referred to total scale (pHros).
Water was collected from Niskin bottles in 10 cm path-length optical glass cells
and stored in an incubator at a temperature of 25°C, as it was connected to a
circulating ultrathermostat (P. Selecta 6000383). Tempered samples were
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subsequently measured in a spectrophotometer (model Shimadzu UV-2401PC).
The precision and accuracy of the method were checked through pH
measurements of Certified Reference Materials (CRMs) provided by Prof.
Andrew Dickson, Scripps Institution of Oceanography, La Jolla, CA, USA (CRMs
batch #199), with the pHrs of the batch being calculated using the CO2SYS
programme (Version v3.2.0 for MATLAB) (Van Heuven et al., 2011; Sharp et al.,
2020) using nutrients, salinity and TA values provided by the supplier. Mean
precision and accuracy of the pHrzs measurements were £0.0049 and £0.0055,
respectively.

In order to compare pH data from both cruises, pHxss values from the first cruise
(VULCANA-III-0921) were transformed to total scale through the CO2SYS
program and using total alkalinity (T'A) and pHrs measurements performed in
equivalent stations during the second cruise. TA was analyzed according to
Amaya-Vias et al. (2023). Precision and accuracy of TA measurements were 1
and T4 pmol kg=! respectively, which were determined from measurements of
the above mentioned CRM batch.

4.2.2. Bathymetry and shoreline data

Several datasets were used to produce the maps shown in this work. For the
Canary Islands map embedded in Figure 4.1A, the bathymetry was obtained from
the Topo 25.1 global dataset. The high-resolution bathymetry of the western coast
of La Palma surrounding the lava delta was obtained by the IEO-CSIC in the
cruises carried out during and after the eruption, with a Kongsberg Simrad EM-
710 multibeam echosounder, operating at a frequency range of 70-100 kHz and
processed with CARIS HIPS and SIPS, providing a grid resolution of 1 m. An
additional bathymetry was collected for the area surrounding the lava delta at >0.2
km distance, where the IEO-CSIC vessels could not navigate. In this case, a
smaller vessel was used equipped with a NORBIT iWBMS narrow multibeam
echosounder. These two datasets were merged to produce the bathymetry shown
in Figure 4.1.

The high-definition shoreline of La Palma island was provided by the Instituto
Hidrografico de la Marina (IHM) from the Spanish Navy (in low-tide conditions).
The lava flows shown in Figure 4.1 were obtained from the Copernicus
Emergency Management Service (event code: EMSR546), which was activated
during the 2021 volcanic eruption in La Palma.

The softwares used to produce all the maps were MATLAB R2022b and ArcGIS
desktop v. 10.8.
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conditions) are shown. Embedded: map of the Canary Islands, showing La Palma island
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from the first cruise (days before and after the first lava-seawater contact) and the tow-yo
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4.2.3. Underwater images

Recordings from the underwater lava delta were acquired with the remotely
operated vehicle (ROV) Lirgpus 2000 IEO-CSIC) during the cruise VULCANA-
111-1021  (18-29 October 2021). The ROV transects were carried out
perpendicular to the isobaths from deeper (400 m) to shallower waters. Images
were acquired with a Konsberg OE14-504 High-Definition Colour Zoom
Camera. Scaling of the images was provided by two lasers located at 10 cm
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distance, which were observable in the recordings; in those frames where the
lasers were not visible, the scale was inferred from visible elements within the
frame or from the lasers in nearby frames.

4.3. Results

4.3.1. First lava-seawater contact: initial effects on the

water column

Vertical CTD profiles of turbidity, potential temperature, salinity, dissolved
oxygen, pHxgs, and chlorophyll-z are shown in Figure 4.2, along with a reference
profile. The stations shown were sampled on 1 October 2021, two days after the
first lava-seawater contact. All the stations presented anomalies in physical-
chemical parameters in the water column when compared to reference stations.
However, these anomalies were not steady with time; they were very variable
within hours or even minutes, depending on a variety of factors such as the
volume of lava inputs that the delta was receiving at the time, local currents, etc.
Within each profile, many fluctuations and instabilities are also observed in the
water column, with numerous local maximums/minimums at different depths.

Turbidity levels were extremely high in the whole water column in all sampled
stations after the lava arrival (Figure 4.2A), reaching values up to 9.20 NTU in the
first 30 cm in surface and 6.85 NTU in the water column (reference values under
normal conditions are around 0.22 NTU). The vertical profiles show several local
maximums in the water column, which indicate different fingers of lava-seawater
interactions at different depths.

The same structure of fingers (local maximums/minimums at different depths) is
also observed in other oceanographic variables. Dissolved oxygen presents local
minimums of 213 pumol kg, which represents a decrease of -7% respect to
reference levels (Figure 4.2B). Chlorophyll-z showed a marked decrease especially
at the deep chlorophyll maximum (DCM) depth (around 100 m in the reference
profile), where the values were around 0.19 mg m3 compared to the reference
values of 0.52 mg m> (Figure 4.2C). The vertical profiles of temperature and
salinity show a high variability as well (Figure 4.2E,F). Most of the perturbations
took place between 50-150 m, which could be related to a re-structuring of the
thermocline due to water column instability. At higher depths the variations are
mote subtle, but small local minimums/maximums are still present. The
temperature and salinity anomalies in the water column can be observed in more
detail in the Supplementary material (Appendix 11.1).
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Decreases in pHnss with respect to reference values were also observed, especially
in stations closer to the lava-seawater front, with a decrease up to -0.06 units
(Figure 4.2G). Furthermore, comparing the pHrs measurements from discrete
water samples between the first and second cruise (Figure 4.2H), an average
decrease of roughly -0.1 was observed between the values obtained immediately
after the first lava arrival (1 October) and those measured almost one month later
(18-29 October). These decreases were within the range of -0.004 to -0.161

(average -0.093, standard deviation £ 0.020), with the largest anomalies found at
26 m depth.
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Figure 4.2. (A-C, E-G) Vertical CTD profiles of turbidity, oxygen, chlorophyll-a, potential
temperature (0), salinity, and pHnes, with depth in all stations on 1 October, 2021. A
reference profile (black line) is shown representing the average of three reference stations,
with standard deviation (gray shadow). (D) Location of stations sampled on 1 October. (H)
Vertical profiles of pHrs with depth, in stations sampled on 1 October (blue), and
equivalent (nearest) stations from the second cruise (18-29 October).

While the thermal and haline changes were subtle in the water column, they were
much more obvious in surface. Thermosalinograph measurements from the
vessel’s continuous intake of surface water provided the surface temperature and
salinity data shown in Figure 4.3. Here, data from the days before and after the
first lava-seawater contact are shown, separated in boxes according to the distance
to the shoreline. Before the lava arrival, the surface temperature was stable in a
range of 25.4-26.8°C, with few variations with distance to shore. After 28
September (Figure 4.3B), a large number of high-temperature values were
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recorded, with maximums up to 28.5°C (an increase of +2.3°C). These high
temperatures are observed up to 6 km distance from shore, after which they
stabilize to conditions similar to before the lava arrival. Surface salinity showed a
motre variable behavior, with increases and decreases after the lava arrival.
Maximums of 37.71 (+0.70) and minimums of 36 (-1.01) were observed. The
maximums were found in the whole 0-6 km distance range, particularly at 2-4 km;
while the minimums are concentrated in the closest distances, mostly at 0-2 km.
Like temperature, salinity returned to normal conditions at >6 km distance.
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Figure 4.3. Boxplots of surface temperature and salinity data obtained from the
continuous measurements from the vessel during the first cruise (VULCANA-I11-0921), the
days before (A,C) and after (B,D) the first lava-seawater contact. The data have been
classified according to the distance to the shoreline.

A quantification of the data shown in Figures 4.2 and 4.3 is provided in Table 4.1,
summarizing the effects of the lava-seawater interaction during the few days after
the first contact on 28 September 2021.
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Table 4.1. Quantification of the largest anomalies found in different physical and chemical
parameters during the first days after the first lava-seawater interaction. Each variable is
provided with: reference value (average + standard deviation of reference stations); the
anomaly (increase/decrease) found respect to that reference; the value of the variable in
that anomaly; the percentage of increase/decrease respect to the reference; and the
depth at which the maximum anomaly was found.

Variable Reference Largest Value Increase or Depth
value anomaly decrease (%)  (m)
Turbidity (NTU) 0.22 + 0.00 +6.63 6.85 +2953% 209
Oxygen (umol kgt 230.2 £4.2 -17.17 213.03 -7% 89
pH (NBS scale) 8.27+£0.01 -0.06 8.21 -0.7% 111
pH (total scale)* 8.11* -0.16 7.95% -2% 26
Chlorophyll-z (mg m-3) 0.52£0.15 -0.33 0.19 -64% 100
Surface temperature (°C)  26.2 £ 0.1 +2.3 28.5 +9% 5
Surface salinity 37.01 +0.04 -1.01/+0.70 36.00 /37.71 -2.7% / +1.9% 5
Surface tutbidity NTU) (.24 + 0.01 +8.96 9.20 +3735% <1

2

*pH125 values are from two days afler the first lava-seawater contact (in the “reference value’
columm) and one month later (in the “value” column).

4.3.2. Lava-induced upwelling

An upwelling effect was observed in the tow-yo transects off the lava delta front
during the second cruise (VULCANA-III-1021). Out of the 9 transects carried
out, the upwelling was observed in transects twy-02, 05, 06, and 07, which
coincide with the area where the submarine lava flows were propagating,
according to the map of bathymetric differences shown in Figure 4.4A. All the
tow-yo transects are shown in the Supplementary Material (Appendix I1.2). Here
we display in detail the vertical contours of transect twy-02, as it was the most
representative of this feature since it followed the main direction of propagation
of the lava underwater.

Vertical contours of density, potential temperature, and salinity throughout
transect twy-02 are shown in Figure 4.4B-D. The isocline lines were notably lifted
for all the variables in the area above the seafloor, showing an upwelling effect
due to the warming and decrease in density at the points where lava inputs come
into contact with seawater, forcing these waters to rise and be substituted by
deeper, colder, denser waters. The effect was visible in the whole water column
up to 400 m, although in temperature and salinity the effect was mostly notable
from 300 m upwards. A plume of local maximums was observed at around 80 m
depth and 0.5 km from the delta, which might represent where the upwelled
waters begin to stabilize.
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Figure 4.4. (A) Thickness map of bathymetric differences between the seafloor before the
delta formation and the new seafloor by 28 October 2021. The trajectories of the tow-yo
transects are displayed. The area where an upwelling effect was observed is highlighted
in red. Vertical contours of density (B), potential temperature (C), and salinity (D) through
transect twy-02, sampled during the second cruise (VULCANA-III-1021) one month after
the first lava-seawater contact. The v-shaped gray lines represent the trajectory of the CTD,
where data were acquired. Black patch shows the real bathymetry.

4.3.3. Interaction of turbidity and fluorescence signals

From the tow-yo transect twy-02, vertical sections of turbidity and fluorescence
are displayed in Figure 4.5. Turbidity levels were above normal conditions (>0.2
NTU) in the whole transect (Figure 4.5A), with a maximum plume around 25 m
depth and up to 0.6 km distance from the delta, showing maximums of 6.85 NTU.
A weaker but more extense surface plume was observed up until 1.3 km distance,
and an additional plume centered around 80 m depth extended further than the
limit of the transect (>1.4 km distance).

In the fluorescence signal, we observed an unexpected plume centered around 25
m depth and 0-0.6 km distance (Figure 4.5B), coinciding with the strongest
turbidity plume. Although turbidity and fluorescence were measured by the same
sensor, the data should not present any correlation under normal conditions.
While this was true for most of the transect, the data within that plume did show
a strong linear correlation, suggesting that this fluorescence signal was not due to
high concentrations of chlorophyll-a, but to an influence of the turbidity signal.
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To correct this, we calculated the correlation found in this set of data points with
a multilinear regression by least squares. We then subtracted this equation to the
fluorescence signal, thus eliminating the linear dependance of fluorescence with
turbidity. More information about the correction process can be found in the
Supplementary Material (Appendix IL.3). Finally, we calibrated the corrected
fluorescence signal with 7z sitn chlorophyll-z measurements from discrete water
samples. The results are shown in Figure 4.5C, where the turbidity-influenced
plume is no longer observed.
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Figure 4.5. Vertical contours of turbidity (A), fluorescence (B), and chlorophyll-a (C)
through transect twy-02. The v-shaped gray lines represent the trajectory of the CTD,
where data were acquired. Black patch shows the real bathymetry. The chlorophyll-a

contour shown in panel C was obtained from continuous fluorescence data by first
applying a correction to eliminate the influence of turbidity, and then calibrating the
corrected fluorescence data with in situ chlorophyll-a measurements from water samples.
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4.3.4. Decrease in chlorophyll-a with proximity to the lava
delta

An overall decrease in chlorophyll-a concentration was observed in the area
surrounding the lava delta during its formation and growth. To quantify this
decrease, chlorophyll-a was integrated in the first 150 m of the water column and
the data were classified according to the distance to the shoreline at the time of
sampling (Figure 4.6). In Figure 4.6A-B, three boxes can be observed
corresponding to the parallel lines to the coast at 1.0 and 1.5 km, while in Figure
4.6C, the radial tow-yo transects allowed for a higher-resolution slicing of the
distance intervals, resulting in five boxes.
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Figure 4.6. Boxplots of integrated chlorophyll-a in the first 150 m of the water column,
categorized by proximity to the shoreline at the time (the shoreline changed as the delta
grew). The data before the first lava arrival to the ocean (A) and the first few days after (B)
were collected in the first cruise (VULCANA-III-0921) with vertical stations, while the data
from a month after the first contact (C) was obtained in the second cruise (VULCANA-III-
1021) with tow-yo transects, which allows for a higher resolution slicing of the distance

intervals.
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Comparing the data before and after the first lava arrival (Figure 4.6A-B), the 1.0
km distance box (yellow box) shows a remarkable decrease of -41% (from 50.85
to 29.88 mg m?; calculated from the median of the boxplots). The 1.5 km box
keeps a similar median, but many lower values are observed in the lower quartile
of the box. Thus, the effect of the process on the chlorophyll-z concentration
during the first days after the first lava-seawater contact was observed up to 1.5
km distance from the shoreline.

However, the results after one month of lava delta formation are much more
abrupt (Figure 4.6C). In comparable distances of around 1 km, the chlorophyll-a
content shows a -65% decrease respect to initial conditions. The chlorophyll-a
content seems to decrease with proximity to the lava delta, with a final -69%
decrease at <0.5 km (red box) respect to initial conditions. Even more remarkable
are the results from the furthest box of 2.5-2.0 km (purple box), which should be
equivalent to the far-field boxes (gray boxes in Figure 4.6A-B), but they deviate
significantly, showing a decrease of -44% (from 35.31 to 19.86 mg m2). This
indicates that we did not reach a distance where chlorophyll-z levels returned to
normal conditions along the transects. Therefore, we can conclude that the
decrease in chlorophyll-z was observed to an extent larger than 2.5 km distance
from the lava delta.

4.3.5. Underwater ROV images

We provide a visual overview of the underwater lava flow and deposition of
ashes/hyaloclastites as seen by remotely operated vehicle (ROV) footage (Figure
4.7). The upper section of the figure (Figure 4.7A-G) shows different geological
features observed in the seafloor. The lava flows were mostly located in the first
150 m depth (Figure 4.7A-D), but gravity-flow lava deposits were found up to
roughly 250 m depth in the imagery, forming a breccia of grain flows with reverse
gradation (Figure 4.7E). In shallow areas (about 50 m), “aa” lava flows were
observed (Figure 4.7A,B), while pillow lavas and mega-pillows were common
below 50 m depth (Figure 4.7C,D). Deposition of hyaloclastites and ashes was
abundant up to 400 m depth and 1.2 km distance from the subaerial lava delta
front (Figure 4.7F,G).

The lower section of the figure (Figure 4.7H-]) aims to highlight the impact of
these deposits on the benthic habitat. A variety of organisms such as cnidarians,
crabs, and lobsters were found partially or completely buried in ashes and/or
hyaloclastites. Practically no pelagic organisms were observed in the area covered
by new volcanic sediments while the lava flow was active.
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Figure 4.7. Remotely operated vehicle (ROV) imagery from transects carried out over the
underwater lava delta during the second cruise in October 2021. Green lasers (real or
inferred) indicate a distance of 10 cm. Upper panels (A-G) show the geological features
found at different depths: A,B) “aa” lava flows in shallow areas; C) mega-pillow lavas; D)
corrugation marks; E) heterogeneous breccia with reverse grading (grain flow); F.G)
previous seafloor covered in ashes/hyaloclastites. Lower panels (H-J) show different
benthic organisms partially or completely buried in ashes/hyaloclastites: H) cnidarians
(Anomocora fecunda) and hydrozoans; |) hermit crab (Dardanus arrosor); J) lobster
(Scyllarides latus).

4.4. Discussion

There are very few studies reporting the oceanographic conditions surrounding
an active lava delta, mainly due to the logistical and safety challenges of sampling
under these conditions. Most of the existing studies, including those carried out

80



during La Palma 2021 eruption, have focused on surface data in a very limited
area surrounding the lava deltas (Thorarinsson, 1967; Sansone et al, 1991;
Sansone and Resing, 1995; Gonzalez-Santana et al., 2022; Roman et al., 2022),
with only a handful of examples covering greater depths and wider areas (Wilson
et al., 2019; Soule et al., 2021; Caballero et al., 2022). Our study helps to fill this
knowledge gap by providing a remarkable coverage in all dimensions: area, depth,
and time. The whole water column was sampled within a distance up to 2.5 km
from shore, and covering the times before, during, and after the formation of the
lava delta.

We report anomalies in all measured physical-chemical parameters throughout the
entire water column: turbidity, dissolved oxygen, pH, chlorophyll-a, temperature,
and salinity (Figure 4.2; Table 4.1). All the vertical profiles had in common an
unstable behavior with many fluctuations at different depths and numerous local
maximums/minimums. This is likely due to the formation of several plumes of
affected waters from lava-seawater interactions at different depths, caused by
underwater intrusions of lava from lava tubes or by the formation process of
mega-pillow lavas, as noted by Lozano-Rodriguez et al. (2023). The different
plumes are particularly well observed in turbidity (Figure 4.3A), which presented
values up to 30 times higher than normal conditions in the water column. This
phenomenon of lava intrusions in depth had been observed before in Hawai’ian
volcanism up to 725 m depth (Sansone and Resing, 1995; Wilson et al., 2019). We
observed anomalies indicating lava intrusions up to 300 m depth and at distances
of >1 km from the coast.

In surface waters, we found temperature increases up to +2.3°C, consistent with
previous reports in the area (Roman et al, 2022) and in other lava deltas
(Malmberg, 1965; Sansone and Resing, 1995); however, our study provides a wider
spatial coverage, allowing to delimit the reach of these thermal anomalies. As
evidenced in the boxplots shown in Figure 4.3A-B, background temperature levels
were reached at >6 km distance from shore. If we consider a radius of 6 km of
affection around the front of the lava delta, this gives an estimated area of 56 km?
affected by the thermal increase. Furthermore, we provide water-column
temperature data as well, evidencing a less drastic thermal anomaly in depth, which
is also difficult to quantify due to a high instability of the thermocline depth
observed in the temperature profiles (Figure 4.2E). Water-column temperature
profiles near lava deltas have very rarely been documented (Wilson et al., 2019;
Soule et al., 2021).

The case of salinity is more complex, as we found both positive and negative
anomalies in surface, up to +0.7 and -1.0 units, respectively (Figure 4.2; Table 4.1).
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At greater depths in the water column, even though the variations were more
subtle, increases and decreases were also found (Figure 4.3C-D), and a high
variability with many oscillations was observed in the vertical profile (Figure 4.1F).
Several phenomena have been reported to affect salinity in lava delta settings:
surface water evaporation; groundwater discharge; or thermal shock when the lava
at >1000°C interacts with water at ~25°C, causing salt precipitation (Sansone and
Resing, 1995; Gonzalez-Santana et al., 2022). It is possible that some or all of
these phenomena took place at some point during the lava delta formation
process, resulting in the observed positive and negative anomalies and a high
instability of the salinity profile in the water column.

Decreases in pH and dissolved oxygen were also observed both in surface and in
depth. Other studies carried out in surface in this area and closer to the lava delta
reported decreases up to -0.9 in pH and -70 pmol kg! in dissolved oxygen
(Gonzilez-Santana et al., 2022; Roman et al., 2022). In addition to these surface
anomalies, we found water-column pHros decreases up to -0.16 at various depths
(average -0.1), and -17 umol kg1 in dissolved oxygen. The difference in magnitude
can be attributed to the smaller thermal anomalies found in the water column
compared to surface, since Gonzalez-Santana et al. (2022) attribute 40-55% of the
pH decrease to the temperature increase. Our results enlarge the spatial reach of
these anomalies both in depth and in distance. The presence of these anomalies
in the whole water column is likely due to the underwater intrusion of lava through
lava tubes, along with other processes such as explosions or formation of pillow
lavas which can cause high turbidity (Lozano-Rodriguez et al., 2023).

An interaction of the turbidity and fluorescence signals was observed in some
high-turbidity plumes surrounding the lava delta (Figure 4.5). There are several
reports of satellite chlorophyll overestimations caused by dissolved materials from
lava-seawater interaction events, which were not related to high i situ
concentrations of chlorophyll- (Mantas et al., 2011; Coca et al., 2014; Eugenio et
al., 2014; Whiteside et al., 2023). This highlights the importance of validating
observations of optical sensors with i situ water samples. While this is now
relatively common knowledge for the case of satellite observations, we have
observed a case of water-column data where the fluorescence signal was
influenced by the high turbidity levels (Figure 4.5). We applied a correction to the
fluorescence data that presented a linear correlation with turbidity, along with a
calibration with 7 sitn chlorophyll-z measurements. This provided a more realistic
assessment of the water-column chlorophyll data.

The contours shown in Figure 4.5 evidence an upwelling effect caused by the
advection of heated deep waters to the surface, in an area that coincides with the
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main path of lava propagation along the seabed (Figure 4.4). This had been
proposed as a hypothesis in previous studies in this area after observing surface
anomalies in density (Gonzalez-Santana et al., 2022) and in dissolved nitrate
(Roman et al., 2022), and it has been confirmed in this study with high-resolution
transects perpendicular to the lava delta in the whole water column. Lava-induced
upwelling is not an uncommon phenomenon in lava-seawater interaction events.
In coastal Hawai’ian volcanism, Sansone and Resing (1995) described a surface
“roil” of colder water (27°C in contrast to >60°C) observed at a few tens of meters
from the shore and 5-10 m in diameter, with chemical characteristics identical to
background offshore seawater. They explained this as an ascent of subsurface
waters by an upward motion of the water heated by the submarine lava intrusions,
and they determined an upward velocity of 0.3 m/s. Two decades later, this
feature was again described by Wilson et al. (2019) during the latest Kilauea
eruption, which was accompanied by a large phytoplankton bloom due to the
injection of nitrate-rich deep waters into the surface.

However, despite the occurrence of a lava-induced upwelling event and the
reported high nitrate concentrations in surface (Roman et al., 2022), the lava
injections in La Palma did not favor any bloom, as evidenced from satellite data
by Caballero et al. (2022) from satellite data. But there was not only a lack of
bloom: we found that the phytoplankton community was negatively affected, as
evidenced by an abrupt decrease in chlorophyll-a of -69% even one month after
the first lava-seawater contact. The transects were carried out up to 2.5 km
distance from the lava front, and at that distance there was still a -44% decrease,
meaning that we did not delimit the radius of affection and we can only state that
it was larger than 2.5 km.

The question of why a similar process can fuel a phytoplanktonic bloom in some
cases and not in others is evident. A simple explanation would be that the
upwelling might not have been strong enough to trigger this effect, but this seems
unlikely due to the high total dissolved nitrogen (TDN) in surface reported by
Roman et al. (2022). Another hypothesis may rely on the type of eruption and lava
flow. Soule et al. (2021) noted the contrast between the delta formation processes
in the 2018 Kilauea eruption, which fueled a bloom, and the deltas formed over
the past decade at Pu‘u ‘O‘6 (a volcanic cone on the eastern rift zone of Kilauea),
where no bloom was observed. They explain that the Kilauea deltas are comprised
largely of coarse-grained volcanic breccias and intact lava flows due to less
efficient fragmentation of the lava flows; while the Pu‘u ‘O%6 deltas contained a
larger fraction of fine-grained hyaloclastite, as is the case of La Palma deltas as
well (Lozano-Rodriguez et al., 2023), resulting in high turbidity and low light
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penetration that negatively affects photosynthetic organisms, as observed as well
in the recent Tonga-Hunga eruption (Whiteside et al., 2023).

To summarize this scenario, we present a scheme showing the hypothesized
processes that took place as a result of the lava-seawater interaction (Figure 4.8).
This is a modification of the scheme provided by Wilson et al. (2019) where they
described the upwelling effect and phytoplankton bloom caused by the lava
intrusions from Kilauea. We have adapted this scheme to the case of La Palma,
with the aim of highlighting the different effects that this process can have in
different settings. We hypothesize that, in the case of La Palma, the high turbidity
is what caused a negative effect on phytoplankton despite the nutrient inputs from
deeper waters.

 Ash deposition’ Low light s

penetration

7 25km
from shore

rupt ;
- decrease (-69%)

oclastite from
seawater interaction

Lava-induced
upwelling

Inputs through ——>
lava tubes
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Figure 4.8. Modification of the scheme presented by Wilson et al. (2019) adapting it to
the case of La Palma. We summarize the lava-seawater interaction processes that took
place during the lava delta formation, including the hypothesis of high turbidity being
responsible for a negative effect on phytoplankton communities despite the nutrient
inputs from the lava-induced upwelling.

4.5. Conclusions

This study has explored the effects of the formation of a lava delta on the
surrounding marine environment in the whole water column. The most
remarkable result was an abrupt decrease (-69%) in the chlorophyll-a
concentrations with proximity to the lava delta, suggesting a negative effect on
phytoplankton communities. This effect was observed a radius of more than 2.5
km (not delimited).
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Immediately after the first lava-seawater contact, anomalies respect to normal
conditions were observed in all measured physical-chemical parameters (turbidity,
dissolved oxygen, pH, chlorophyll-4, temperature, and salinity). These anomalies
were often found as local maximum/minimums forming various plumes at
different depths up to 300 m, likely caused by the underwater intrusion of lava as
well as other processes such as explosions or small landslides.

Different processes were observed in surface and in depth. Temperature and
salinity showed a strong affection in surface, while in the water column the
anomalies were more subtle. Surface temperature increase was observed up to 6
km distance from the lava delta. Salinity showed both positive and negative, likely
caused by several processes such as water evaporation, groundwater discharge, or
precipitation by thermal shock.

The underwater lava delta was recorded. Lava flows were mostly observed in the
first 150 m depth, but gravity-flow sediment deposits were found up to 250 m
depth, and deposition of ashes and hyaloclastites up to 400 m depth and 1.2 km
distance from the lava delta. The covering of previous seafloor by the new lava
flows annihilated all benthic life, and many organisms were observed partially or
completely buried in ashes/hyaloclastites.

A lava-induced upwelling process took place, where heated waters ascended to
surface and were replace by deeper, colder waters. While this process brought
deep nutrient-rich waters to surface, there were no signs of any phytoplankton
bloom triggered by this effect. This is likely due to the high turbidity levels in the
water column, which difficulted light penetration.

This study was carried out in the context of a volcanic emergency, which involved
safety regulations, security perimeters for navigation, and logistical challenges.
Yet, it produced a large and valuable dataset that sheds light on the pootly
documented processes that take place in the oceanic environment during the
formation of a lava delta.
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CHAPTER 5

Conclusions and final remarks
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5.1. General conclusions

The main conclusions drawn from this work are the following:

The two most recent eruptions in the Canary Islands (El Hierro, 2011
and La Palma, 2021) had abrupt effects on all measured physical and
chemical parameters in the local marine environment, with high spatial
and temporal variability. The local marine ecosystems were also severely
impacted in both cases. The effects were often observed in the whole
water column and with horizontal scopes of several kilometers.

The eruption of the submarine volcano Tagoro (El Hierro, 2011-2012)
caused a severe loss of dissolved oxygen in the surrounding oceanic area
due to the emission of reduced chemical species, reaching suboxic and
even anoxic conditions. During the strongest eruptive episodes, more
than 460 km? were affected. Local currents and mesoscale structures such
as eddies controlled the transport of these deoxygenated plumes, which
at times reached distances up to 80 km from the volcano.

The emissions from Tagoro volcano, both during the eruptive and the
post-eruptive stages, carry high concentrations of inorganic nutrients,
particularly silicate, which is up to 325 times more concentrated in the
vent fluids than normal conditions in the area. Phosphate is also
importantly enriched (10-fold). Nitrogen seems to be predominantly
emitted in the form of ammonium, which is also very enriched (98-fold),
and later reacts into nitrate and nitrite.

Once Tagoro volcano evolved into a hydrothermal system with diffuse
flow, these nutrient-rich emissions, still present in the area, seem to have
contributed to the fast recovery of the marine ecosystem. The nutrient
fluxes per unit of area at Tagoro are comparable to some of the most
important nutrient inputs to the region, such as the NW-African
upwelling,

The subaerial eruption at Cumbre Vieja (La Palma, 2021) generated lava
flows which reached the ocean forming new lava deltas. The process of
formation of these structures generated important anomalies in the whole
water column. Turbidity was particularly high (up to 30 times increased)
due to the presence of ashes and hyaloclastites in the water. A general
decrease in pH and dissolved oxygen was observed, while temperature
increased, and salinity had a variable behavior with increases and
decreases. The thermal and haline anomalies were observed in a range up
to 6 km distance from the shoreline.
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e These underwater inputs of lava generated an upwelling effect, which was
observed in the area that coincides with the presence of new volcanic
materials and no further than 1 km distance from the lava delta. However,
unlike other known cases in the literature, this lava-induced upwelling did
not generate a phytoplankton bloom.

e The formation of the lava deltas caused an abrupt depletion in depth-
integrated chlorophyll-g, with a -41% decrease in just two days and a total
-69% decrease one month later, in a range of more than 2.5 km distance
(not delimited). This suggests a negative effect on the phytoplankton
communities.

5.2. Contribution to crisis management

The research conducted in this work has helped expand our knowledge regarding
the effects of different volcanic processes on the marine environment. However,
it should not be understood as purely basic research: these studies have had direct
applications for crisis management during the two most recent volcanic
emergencies in the Canary Islands. In facts, the results shown in Chapters 2, 3,
and 4 have been explicitly used and presented during the official meetings of
PEVOLCA (Volcanic Emergency Plan for the Canary Islands). Hopefully, the
experience gained by this working team and the collaborating institutions will
strengthen the archipelago’s capability to efficiently respond to future volcanic
crises.

5.2.1. Recommendations for oceanographic sampling

during a volcanic emergency

In oceanographic cruises, an optimal sampling plan is crucial to obtain quality data
that can produce valuable scientific contributions and relevant advice for regional
and national administrations. However, during a volcanic emergency, scientists
often must act quickly and with little preparation time.

From the studies presented in this thesis, some recommendations can be drawn
regarding the sampling during a volcanic emergency and the posterior monitoring
of these volcanic settings.

e If possible, sampling the area before the volcanic inputs reach the ocean.

In the case of the submarine eruption at El Hierro, the precursory signals migrated
through the whole island from north to south during several months preceding
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the eruption, so it was not possible to accurately estimate the final location
beforehand. However, previous observations by the IEO-CSIC in the region
provided a vast background of the local oceanographic conditions before the
eruption.

Contrastingly, in the case of La Palma there was a very precise prediction of where
the lava flows were most likely to reach the ocean. This allowed a sampling of the
area before the first lava-seawater contact, which was quite useful for some of the
analyses presented in Chapter 4, allowing to establish a temporal evolution of the

process.

e Validating fluorescence signals with s situ water samples.

Many studies in the literature have reported limitations in remote sensing during
oceanic volcanic events, namely an overestimation of chlorophyll levels due to the
presence of colored dissolved materials in the seawater (Mantas et al., 2011; Coca
et al., 2014; Eugenio et al., 2014; Whiteside et al., 2023). However, in this work
we have also reported for the first time a similar phenomenon from 7 situ sensor
data in the water column (see section 4.3.3). During the 2021 La Palma eruption,
the fluorescence sensor presented some high values that linearly correlated with
turbidity and were not due to a high concentration of chlorophyll. A correction
of this turbidity influence, along with a calibration with chlorophyll-a
measurements from water samples, allowed to accurately estimate the real
chlorophyll content in the water column, which turned out to be quite depleted.

Therefore, during a volcanic eruption, it is important to be cautious before
reporting an apparent bloom observed by optical sensing, either from satellite data
ot in situ water-column sensors. These signals should always be validated with

measurements of biological parameters from water samples.

e Adapting the sampling strategies to the spatial and temporal scales of

volcanic processes.

Classical oceanography is mostly based around the concept of CTD vertical
stations, which are typically planned to form transects or grids. This is a useful
approach in most cases; in fact, it has been used in all three studies presented in
this thesis. However, the rapid variability of volcanic processes in the ocean (scales
of hours or even minutes) represents a limitation for this technique, because
transects/grids of stations require accounting for times of navigation, sampling
time between casts, etc. Another limitation is the spatial resolution, since the
stations are typically at least a few tens of meters away, which may be too much

for small-scale processes such as diffuse hydrothermal emissions.
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In counterpart, the zo-y0 technique provides an almost-synoptic photography of
the whole water column through a transect in just one CTD cast. The term zo-yo
comes from the words 7w (the ship is in slow movement, towing the CTD) and
yo-yo (the CTD is being continuously moved up and down). Although this
technique presents more operational complexity than vertical stations, it offers
more versatility and a remarkable spatial and temporal resolution. This

methodology was quite useful for the studies presented in Chapters 3 and 4.

Additionally, the use of new technologies such as ROVs offers a whole new range
of possibilities. Their use is not limited to image acquisition: they can also be used
for direct sampling with specific instrumentation that can be designed ad hoc (e.g.
the syringe system used to obtain vent fluid samples in Chapter 3). This also opens
the door for instrumental engineering and innovation in this field.

5.2.2. Ecosystem resilience after a volcanic eruption

This thesis does not have a main focus on marine microbiology. However, it has
provided the first steps towards understanding how the local marine ecosystem

responds to volcanic inputs of any kind, and how it evolves in the following years.

In the case of Tagoro submarine volcano, the eruption in 2011-12 was quite
deadly for most of the marine communities living in the area. However, the
posterior monitoring over the last decade has shown a remarkable recovery, and
nowadays the volcano hosts a unique and rich ecosystem (Danovaro et al., 2017;
Sotomayor-Garcia et al., 2019; Fernandez de Puelles et al, 2021). The exact
mechanisms that drove this recovery and the specific effects on the different
communities have yet to be elucidated; however, the remarkable inputs of
inorganic nutrients from the hydrothermal fluids (Chapter 3) are likely a key piece
of this puzzle.

The eruption at La Palma was a completely different case. These are not direct
emissions maintained in time, but rather an abrupt entry of mass and heat to the
ocean with dramatic consequences for the marine ecosystem. In Chapter 4 we
have evidenced a negative effect on primary producers, along with a burial of the
benthos and absence of pelagic organisms. However, a regeneration can surely be
expected. In more recent monitoring cruises (not included in this work), first signs
of recovery have already been observed. The time frames and specific processes
of this recovery will eventually become clear as long as the monitoring efforts
continue.
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5.3. Future works

The two unique volcanic settings studied in this thesis are still a fruitful source of
scientific knowledge. Many open questions remain to be solved. Here are some
key lines of research that should receive attention in the coming years.

An evident niche for further research is the rich and unique ecosystem present at
Tagoro submarine volcano. Microbiological studies must be conducted to finally
confirm if the volcanic emissions directly enhance phytoplankton growth. This
can include 77 situ sampling as well as fertilization experiments using the vent fluids
extracted from Tagoro emissions. A wide variety of biological parameters can be
analyzed, such as: microbial abundance, microbial activity, community structure,
DNA analysis, etc.

The physical dynamics occurring at Tagoro also offer room for future research.
Some preliminary data from our research team have suggested the presence of
convective cells around the volcanic cone generated by the low-density emissions.
This opens a new line of work focused on the physical processes at a sub-
mesoscale level. These dynamics could also be relevant for the previously
mentioned studies of the fertilization process. Therefore, Tagoro continues to be
an opportunity for multidisciplinary and transdisciplinary studies.

Some other examples of research lines related to Tagoro volcano that are currently
active are: i) the quantification of vertical velocities and heat fluxes from the
Tagoro hydrothermal vents (Martin-Diaz et al., in prep.); ii) exploring the presence
of bacteria capable of producing chemical compounds with biopharmaceutical
interest (Garcia-Davis et al., 2021); or iii) Tagoro volcano as a natural laboratory
to study the response of marine organisms to conditions similar to those generated
by climate change, such as temperature increase or acidification.

Regarding the lava deltas from the eruption at La Palma, only two years have
passed since the eruption at the time of writing this thesis, so this is still a very
juvenile line of work. The phenomenon offers a wide variety of possibilities for
roughly any area of marine sciences. To continue the specific work presented in
Chapter 4, geological and petrological studies will help us understand the specific
characteristics of this eruptive process and why it had such different effects on the
marine environment compared to other settings such as Hawai’i (see section 4.4).
Additionally, analyzing the evolution of the benthic communities through
underwater imagery will be a crucial step towards understanding the recovery
process. This is a unique opportunity to monitor the evolution of a marine
ecosystem after its complete destruction and, unlike the case of Tagoro, with no
additional inputs of nutrients.
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Finally, we cannot forget that this is an active volcanic archipelago. Not only are
more eruptions bound to occur; it is also highly possible that the seafloor of the
Canary Islands already hides other undiscovered active sites. Some known
examples are the Henry Seamount, a deep Cretaceous volcano located 40 km
southeast of El Hierro island which has shown signs of rejuvenated volcanism
(Klugel et al., 2020); or the Enmedio submarine volcano, located between the
islands of Tenerife and Gran Canaria, also with signs of recent hydrothermal
activity (Vazquez et al., 2021). Oceanographic research holds a great potential to
shed light on the processes taking place on these settings and other possible

unknown sites.

As a final remark, from a scientific point of view, the Canary Islands represent a
unique opportunity to expand our knowledge on intraplate submarine volcanism;
however, this line also holds a high societal value. The Canary society needs to be
familiar with the volcanic nature of our archipelago, and it is a responsibility of
the scientific community to bring this knowledge to the general public for a better
understanding of the environment that surrounds us.
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Appendix |

Summary of the Springer book chapter
complementing Chapter 3

This appendix summarizes the contents of a book chapter published in Springer’s
book E/ Hierro island, from the book series Active 1 olcanoes of the world. The chapter
compliments the study of the release of dissolved inorganic nutrients from Tagoro
submarine volcano, presented in Chapter 3 of this thesis. The book chapter is
titled “Tagoro submarine volcano as a natural source of dissolved inorganic
nutrients” (Gonzalez-Vega et al., 2023).

Opverall, the main contribution of this book chapter compared to the information
presented in Chapter 3 is the merging of the study on the nutrients N, P, Si
(Gonzalez-Vega et al., 2020) with the study on the emissions and kinetics of Fe
(Santana-Gonzilez et al., 2017). Other differences are found throughout the text,
which are hereunder summarized.

First, an introductory section offers a wider overview on the role of inorganic
nutrients in the ocean as a requirement for the growth of primary producers, with
more emphasis on the nutrient sources and limitations. Submarine volcanic
activity is presented as one important and poortly studied source of nutrients to
the ocean. This is linked with a brief background on the 2011 El Hierro
underwater eruption and the subsequent hydrothermal activity of Tagoro
submarine volcano.

Next, a specific section about sampling strategies emphasizes the importance of
the different techniques used to sample the area over the years: vertical
hydrographic stations, tow-yo transects, and the use of an ROV to collect vent
fluid samples.

Then, a series of sections summarize the results of the monitoring of nutrient
emissions at Tagoro volcano. In contrast to the study from Chapter 3, each
section here is focused on one specific nutrient: silicate, phosphate, nitrogen
species (NOs, NO2, NH4*), and iron. A brief review of the role of each nutrient
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in volcanic settings around the world is provided, along with the results from
Tagoro volcano.

From these sections we can highlight a new representation of the data (Figure 1.1),
where the nutrient concentrations in the first 150 m of the water column are
presented as boxplots categorized by volcanic stage and by sampling strategy. The
inclusion of iron is also a novelty respect to the graphics from Chapter 3.
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Figure 1.1. Figure from Springer’s book chapter (Gonzélez-Vega et al., 2023). Boxplots of
nutrient concentrations in reference stations (grey), eruptive stage (orange), and post-
eruptive stage (blue). The boxes are also classified accoding to the sampling strategy
followed: vertical profiles for water-column samples (data from the first 150 m), tow-yos for
near-floor samples, and ROV for vent samples.

Results continue to be presented in the following sections, including: the
horizontal and vertical extent of the nutrient plumes around Tagoro submarine
volcano, the yearly nutrient fluxes, and the nutrient ratios in the different stages
and with different proximities to the source. All these results are presented in a
similar manner in Chapter 3, although new figures were produced for Springer’s
book chapter which emphasize different aspects of the results.

Finally, another important contribution of this book chapter is a more
comprehensive review of the existing literature related to the possible effects of
these nutrient emissions on local microbial communities. To close the chapter,
the main conclusions and future works are presented, which are similar to the
conclusions of Chapter 3 (section 3.5).
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Appendix Il

Supplementary material for Chapter 4

II.1. Temperature and salinity anomalies in the water

column

To better obsetve the local minimums/maximums in temperature and salinity in

the water column, in Figure I1.1 we show profiles of variation of temperature and

salinity with depth at intervals of 1 meter. Under normal conditions, temperature

and salinity should always decrease with depth, as can be observed in the reference

profiles (black line), which generally show no positive values. However, in the

stations influenced by the lava-seawater interactions, positive values are observed

at various depths in the water column, representing local increases of temperature

and salinity. This phenomenon is particularly well observed for salinity, which

shows both increases and decreases of similar magnitude.
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Figure Il.1. Variation of potential temperature (6) and salinity with depth in all stations from
1 October 2021, calculated as the difference at intervals of 1 meter (B, D). In all plots a
reference profile is shown (black line represents the average of three reference stations,

with standard deviation shown as a gray shadow).
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Figure 11.2. (A) Map of bathymetric differences between before the lava delta formation
and 28 October 2021, and trajectory of the tow-yo transects carried out in a radial manner
respect to the lava delta. (B-1) All transects represented as vertical contours of density.
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I.2. Lava-induced upwelling: all tow-yo transects

The vertical contours of density from all tow-yo transects are shown in Figure
11.2, along with their location plotted over a map of bathymetric differences
(Figure I1.2-A).

The upwelling effect is more strongly observed in transects twy-02, twy-04, and
twy-07; and more weakly in some isopycnals in transects twy-05 and twy-00,
always in the area at <1 km distance from shore. These transects coincide with
the area where the bathymetric differences are observed in Figure I1.2-A. No
effect is observed in other transects or at >1 km distance.

It’s worth noting that twy-02 and twy-05 follow roughly the same line, but the
upwelling effect is strongly observed in twy-02 (Figure I1.2-B), while it’s more
weakly observed in twy-05 (Figure 11.2-E). This is a sign of the strong variability
observed during the whole process of formation of the lava delta, where the
conditions widely varied depending on the amount of lava input being injected

into the ocean at the time.

I1.3. Correction of fluorescence with turbidity

In the transect twy-02, an apparent plume of high fluorescence appeared at 0-50
m depth and up to 0.5 km from shoreline; however, chlorophyll-z measurements
from water samples did not show equally high values. A correction with the water
samples alone was not possible because there were not enough water samples
taken in that plume (it should be kept in mind that the whole tow-yo transect is
just one CTD cast with 24 available Niskin bottles for collecting water samples).

As seen in Figure 4.5 in the main text, this apparent fluorescence plume coincided
perfectly with a turbidity plume in surface. When fluorescence was plotted against
turbidity (Figure 11.3-A), a group of data with high turbidity showed an apparent
linear correlation with fluorescence.

We established that the data with a turbidity higher than 0.5 NTU were the group
that linearly correlated with fluorescence. To decide this limit, we ran a sensitivity
test where we set the limit at different levels from 0 to the maximum turbidity in
intervals of 0.05 NTU and ran linear regressions for each one, selecting the limit
whose regression gave a better 72, which was 0.5 NTU (#2=0.724).

These data higher than 0.5 NTU were also plotted over the vertical contour of
fluorescence (Figure 11.3-B) and the points coincided perfectly with the surface
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plume, along with a few more data outside of the plume, which according to the
sensitivity test were also lineatly correlated with turbidity.
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Figure 11.3. Data used for linear regression to correct the influence of turbidity on the
fluorescence signal from transect twy-02. (A) Fluorescence against turbidity; data selected
for the regression (turbidity >0.5 NTU). (B) Same data marked in the vertical contour of
fluorescence.

Once the data group of interest was established, we used the linear regression to
obtain an equation of the influence of turbidity on fluorescence (fluor = m*turb
+ n), and then subtracted this equation from the original fluorescence signal. The
result is shown in Figure 11.4.
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Appendix IlI

Lists of figures, tables, and acronyms

l11.1. List of figures

Figure 2.1. 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).....ccccvvivvenivicinenenininennensinninnns 24

Figure 2.2. 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 O; based on temperature
and salinity data, for the reference profile (black line) and for the affected stations measured
during cruises 1,2,3,4 (fed HNES). ..cvvier covieriiiiiiiiiiiciicisi i sssssaens 27

Figure 2.3. 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 pIume. ... o 29

Figure 2.4. Dissolved oxygen in a plume transported 80 km southwest of the volcano by an
anticyclonic eddy. (A) True color satellite image from November 5t 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 vOICano.........ocueveveecveieiencercieieieninnes 31

Figure 2.5. Anomalies of dissolved O; 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)......ccvueuerrirririemrinrinsieninsiensaenns 33

Figure 3.1. Study location. (A) Map of the Canary Islands. (B) Map of El Hierro island with
stations of vertical profiles carried out during cruises 1-9. (C) Bathymetry of the volcanic
edifice and high-resolution transect of vertical profiles carried out during cruises 7—9 across
the main cones. The squared region shows the zone where the tow-yo samples (cruises 10—
14) and vent samples (cruise 15) were collected. All maps were generated using Matlab 8.5

Figure 3.2. Vertical profiles of (A) nitrate, (B) phosphate, and (C) silicate, for all the stations
affected by the volcano, discerning the different stages and sampling methodologies. Black
lines show the average concentrations from all the reference stations, with a standard
deviation. Upper x-axis in panel (C) corresponds to silicate concentrations in the vent
R8T o) (S (a d<TS ) OO 47

Figure 3.4. Horizontal contours of nutrient anomalies for (Al, A2) nitrate, (B1, B2)
phosphate, and (C1, C2) silicate in the eruptive stage, during cruises 1 and 2, respectively.
The blue tones in the contours show anomalies below the standard deviation of the
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reference. (D) NASA MODIS RGB images of El Hierro island monitoring the eruptive
event on (D1) November 9 and (D2) November 20, 2011. Note that the color of the plume
is due to the chemicals injected by the volcano and not related to the accumulation of
chlorophyll-z in the water column (Eugenio et al., 2014). ....cccvvveinirrivinniniiniiiciicninn, 51
Figure 3.5. Vertical contours of anomalies of (A) nitrate, (B) phosphate, and (C) silicate in a
high-resolution transect of the main cone during the degassing stage. The blue tones show
anomalies within the standard deviation of the reference (non-significant anomalies).
Stations that presented maximum anomalies from cruises 7-9 were selected for the
contours. Data collected in cruise 15 from several vents (marked as triangles) are also shown
in panels (B,C). Horizontal lines show the depth of the mixed layer (purple) and of the
euphotic zone (yellow), as minimum and maximum values (dashed lines and solid lines,
respectively) obtained from monthly averaged datasets provided by the Copernicus Marine
Environment Monitoring Service (see Data and Methods). .......cccivvieicinininicinenninninines 53
Figure 3.6. Nutrient ratios calculated as linear correlations. (A) (NOs + NOy):PO, ratio,
abbreviated as N:P (Redfield’s 16:1 ratio is shown). (B) (NOs- + NO2):Si(OH), as N:Si, and
(C) PO4Si(OH), as P:Si, for the reference stations, the eruptive stage, and the degassing
stage classified according to the grade of dilution of the samples (water-column/neat-
bottom/vents). Upper x-axis in panels (B,C) corresponds to silicate concentration in the
vent samles (green). (D) Relation between silicate and potential temperature from the closest
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Figure 4.1. Study area in La Palma island. (A) Lava flow by 1 October 2021 (pink) and the
final shape after the end of the eruption (orange). Reference stations (background
conditions) are shown. Embedded: map of the Canary Islands, showing La Palma island
and the location of Cumbre Vieja volcano. (B) Detail of the sampled area, with stations
from the first cruise (days before and after the first lava-seawater contact) and the tow-yo
transects carried out during the second cruise one month later (green lines). (C) Lava flowing
downslope and off the cliff, reaching the ocean where the main lava delta was starting to
form. White steam columns are observed. Credit: Arturo Rodtiguez/VULCANA. (D) R/V
Ramin Margalef working in the area, with the lava delta in the background. Embedded: deck
of the vessel covered in volcanic ashes. ... 70
Figure 4.2. (A-C, E-G) Vertical CTD profiles of turbidity, chlorophyll-z, oxygen, potential
temperature (), salinity, and pHxss, with depth in all stations in October 1s;, 2021. A
reference profile (black line) is shown representing the average of three reference stations,
with standard deviation (gray shadow). (D) Location of stations sampled in October 1st.
(H) Vertical profiles of pHrzs with depth, in stations sampled on 1 October (blue), and
equivalent (nearest) stations from the second cruise (18-29 October). .......ccocvvrrrevrereninnee. 73
Figure 4.3. Boxplots of surface temperature and salinity data obtained from the continuous
measurements from the vessel during the first cruise (VULCANA-III-0921), the days before
(A,C) and after (B,D) the first lava-seawater contact. The data have been classified according
to the distance to the ShOreline. ........cc. covviiieiiic e 74
Figure 4.4. (A) Thickness map of bathymetric differences between the seafloor before the
delta formation and the new seafloor by 28 October 2021. The trajectories of the tow-yo
transects are displayed. The area where an upwelling effect was observed is highlighted in
red. Vertical contours of density (B), potential temperature (C), and salinity (D) through
transect twy-02, sampled during the second cruise (VULCANA-III-1021) one month after
the first lava-seawater contact. The v-shaped gray lines represent the trajectory of the CTD,
where data were acquired. Black patch shows the real bathymetry.......cooevcrvivicinciniirinninees 76
Figure 4.5. Vertical contours of turbidity (A), fluorescence (B), and chlorophyll-a (C) through
transect twy-02. The v-shaped gray lines represent the trajectory of the CTD, where data
were acquired. Black patch shows the real bathymetry. The chlorophyll-z contour shown in
panel C was obtained from continuous fluorescence data by first applying a correction to
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eliminate the influence of turbidity, and then calibrating the corrected fluorescence data
with 7n situ chlorophyll-z measurements from water SAMPIES. .....covvevervrricereinnirecriciniiane. 78
Figure 4.6. Boxplots of integrated chlorophyll-# in the first 150 m of the water column,
categorized by proximity to the shoreline at the time (the shoreline changed as the delta
grew). The data before the first lava arrival to the ocean (A) and the first few days after (B)
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from a month after the first contact (C) was obtained in the second cruise (VULCANA-III-
1021) with tow-yo transects, which allows for a higher resolution slicing of the distance
IUEEIVALS. 1ovveivecviiiii ettt evs sttt 79
Figure 4.7. Remotely operated vehicle (ROV) imagery from transects carried out over the
underwater lava delta during the second cruise in October 2021. Green lasers (real or
inferred) indicate a distance of 10 cm. Upper panels (A-G) show the geological features
found at different depths: A,B) “aa” lava flows in shallow areas; C) mega-pillow lavas; D)
corrugation marks; E) heterogeneous breccia with reverse grading (grain flow); F,G)
previous seafloor covered in ashes/hyaloclastites. Lower panels (H-]) show different
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(Anomocora fecunda) and hydrozoans; I) hermit crab (Dardanus arrosor); ]) lobster (Seyllarides
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Figure 4.8. Modification of the scheme presented by Wilson et al. (2019) adapting it to the
case of La Palma. We summarize the lava-seawater interaction processes that took place
during the lava delta formation, including the hypothesis of high turbidity being responsible
for a negative effect on phytoplankton communities despite the nutrient inputs from the
lava-induced UPWELING. ....covviueiiiiiriinis it sa s 86
Figure I.1. Figure from Springer’s book chapter (Gonzalez-Vega et al., 2023). Boxplots of
nutrient concentrations in reference stations (grey), eruptive stage (orange), and post-
eruptive stage (blue). The boxes are also classified accoding to the sampling strategy
followed: vertical profiles for water-column samples (data from the first 150 m), tow-yos
for near-floor samples, and ROV for vent samples. ... 96
Figure IL.1. Variation of potential temperature (8) and salinity with depth in all stations from
1 October 2011, calculated as the difference at intervals of 1 meter (B, D). In all plots a
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Figure IL.2. (A) Map of bathymetric differences between before the lava delta formation and
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Figure I1.3. Data used for linear regression to correct the influence of turbidity on the
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Appendix IV

Resumen en espaiiol

IV.1. Introduccién

El volcanismo es un proceso de transferencia de calor y materia entre el intetior
de la Tierra y su superficie (Mather, 2015). Los volcanes han sido clave en muchos
eventos importantes de la historia del planeta, como cambios climaticos,
extinciones masivas, e incluso el establecimiento de una atmoésfera oxigenada
(Leckie et al., 2002; Méhay et al., 2009). Aunque los volcanes se estudian desde
muchas perspectivas (la mayorfa de ellas relativas al ambito de la geologia), la
interacciéon de estos con su entorno apela a la implicaciéon de numerosas
disciplinas. En este sentido, la oceanografia es particularmente relevante, teniendo
en cuenta que el 85% del volcanismo de nuestro planeta ocurre bajo el agua (Crisp,

1984).

La interaccién entre los volcanes y los océanos ocurre principalmente de dos
formas: i) volcanes submarinos y fuentes hidrotermales que inyectan sus
emisiones directamente al océano; y 1i) volcanes subaéreos cuyas coladas de lava

alcanzan la costa y entran en contacto con el océano.

La mayoria del conocimiento existente relativo a emisiones volcanicas submarinas
proviene de fuentes hidrotermales profundas, sobre todo en dorsales oceanicas
de separacién (Von Damm et al., 1985; Baker et al., 1985; Baker, 1994; Embley et
al., 1995; Sarradin et al., 1999; Desbruyeres et al., 2001; Baker y German, 2004).
Son particularmente bien conocidas las fumarolas de alta temperatura y gran flujo
conocidas como “black-smokers” o chimeneas negras (Karl et al., 1988; Rona y
Speer, 1989). Sin embargo, también existe el flujo difuso, definido como emisiones
de baja temperatura (<50°C) y baja velocidad de flujo (Baker et al., 2016). Este
tipo de emisiones son de gran relevancia para los balances biogeoquimicos
globales, ya que tienen la capacidad de aportar importantes concentraciones de
nutrientes y metales en una forma bioasimilable (Resing et al., 2015; Santana-
Gonzalez et al,, 2017; Lough et al., 2019; Tilliette et al., 2022). Ademas, en las
ultimas décadas, el vulcanismo submarino somero e intraplaca ha empezado a
recibir mas atencion, ya que sus consecuencias pueden ser muy diferentes a las de
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emisiones a grandes profundidades (McCarthy et al., 2005; Kilias et al., 2013; Buck
et al., 2018; Esposito et al., 2018; Bellec et al., 2020).

En contraposiciéon a las emisiones hidrotermales, respaldadas por una amplia
literatura cientifica, las observaciones directas de erupciones magmaticas
ocednicas son menos comunes, ya que suelen ocurrir en lugares remotos y su
muestreo supone un gran reto logistico y de seguridad, pudiendo generar plumas
corrosivas, desgasificacion explosiva, e incluso tsunamis (Dziak et al., 2012; Fraile-
Nuez et al., 2012; Kubota et al., 2022). Sin embargo, una vez terminada la
erupcion, los volcanes submarinos tienden a albergar ecosistemas ricos y inicos
desde un punto de vista ecolégico y de biodiversidad que los hace de especial
interés para la comunidad cientifica (Katl et al., 1989; Sorokin et al., 1998; B. J.
Baker et al., 2012; Danovaro et al., 2017).

Por su parte, los volcanes subaéreos pueden presentar otro tipo de interacciones
con los océanos. La mas comun es la llegada de flujos de lava al mar, un fenémeno
comun en islas volcanicas intraplaca (Soule et al., 2021; Rodriguez-Gonzalez et al.,
2022). La lava se solidifica rapidamente debido al gran contraste de temperatura
con el agua de mar, produciendo entradas masivas de calor y materia al océano
(Sansone y Resing, 1995).

Este proceso puede generar estructuras geoldgicas conocidas como deltas de lava,
formadas cuando la lava colmata la plataforma insular formando una nueva
superficie emergida (Soule et al., 2021; Rodriguez-Gonzalez et al., 2022). Los
deltas de lava conllevan una serie de riesgos asociados, como colapsos,
explosiones hidrovolcanicas, o nubes de gases toxicos (Mattox y Mangan, 1997;
Chiocci et al., 2008; Bosman et al., 2014). Por este motivo, hay una escasez de
estudios con muestreos directos durante la formacion de los deltas de lava (Soule
et al,, 2021).

IV.2. Area de estudio

Canarias es un archipiélago intraplaca adyacente al margen noroeste del continente
africano, a 27-29°N de latitud y 18—13°W de longitud. Se trata de un archipiélago
de origen volcanico y actualmente activo; sin embargo, los mecanismos
especificos que dieron lugar a estas islas han sido objeto de debate durante mucho
tiempo. Aunque originalmente se propusieron una serie de modelos tecténicos
(McDougall, 1971; Anguita y Hernan, 1975; Arafa y Ortiz, 1991; Oyarzun et al.,
1997), la hipétesis que ha contado con mas respaldo es la del “hot spot” o punto
caliente (Schmincke, 1973; Holik et al., 1991; Hoernle y Schmincke, 1993; Watts,
1994; Hoernle et al., 1995; Carracedo et al., 1998). Esta se basa en la presencia de
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una pluma en el manto localizada bajo una placa litosférica en movimiento,
generando erupciones que dan lugar a las islas de manera secuencial a medida que
la placa se va moviendo (Wilson, 1963; Morgan, 1971). Esta hipétesis se ha ido
complementando con modelos mas recientes, que proponen que el ascenso de
esta pluma estd condicionado por la heterogeneidad de la placa litosférica; en otras
palabras, el magma asciende mas facilmente por zonas de fracturas ya existentes
(Ledn et al,, 2022; Negredo et al., 2022).

La formacion de cada isla se caracteriza por una fase inicial de rapido crecimiento,
seguido por un periodo de quiescencia y erosion, y otro periodo “post-erosional”
de actividad (Carracedo et al., 1998; Negredo et al., 2022). Actualmente hay dos
islas en el periodo mas activo y juvenil de crecimiento, las dos islas mas
occidentales: El Hierro y La Palma (Ledn et al., 2022; Negredo et al., 2022).

VI.2.1. El Hierro

El Hierro es la isla mas joven del archipiélago canario, localizada en el extremo
sur-occidental. Sus rocas subaéreas mas antiguas estan datadas en 1.12 millones
de afos (Guillou et al.,, 19906). La isla se caracteriza por la presencia de tres rifts
convergentes separados por al menos tres deslizamientos gigantes, formando
grandes valles que se extienden hacia el mar. Aunque la isla se encuentra en fase
activa de crecimiento, pas6 por mas de 200 afios de quiescencia desde la ultima
erupcién conocida en registros historicos, en el afio 1793. Debido a su posicion
alejada del afloramiento costero del noroeste de Africa, la isla esta rodeada por
aguas oligotréficas (Barton et al., 1998).

En 2011 tuvo lugar una erupcién submarina en la costa sur de El Hierro. La
actividad pre-eruptiva comenzé en julio de 2011, con sismicidad de baja magnitud
que inicialmente se localizé en el norte de la isla y posteriormente fue migrando
hacia el sur. Se detectaron mas de 10.000 terremotos durante esta etapa pre-
eruptiva, junto con una deformacién del suelo de 5 cm (Lépez et al., 2012).

El 10 de octubre de 2011 se registrd un tremor volcanico en todas las estaciones
sfsmicas, confirmando el inicio de una erupcién submarina al sur de la isla de El
Hierro. Se observaron plumas volcanicas con decoloracion del mar, burbujas
explosivas con elevacion de la superficie del mar de hasta 10 metros de altura, y
fragmentos de rocas flotando en superficie (Fraile-Nuez et al., 2012; Santana-
Casiano et al., 2013).

La erupcién causé perturbaciones fisico-quimicas extremas en toda la columna de
agua en un drea extensa alrededor de la isla, incluyendo aumentos de temperatura,

acidificacién, desoxigenacion, y emisién de metales, lo que causé una gran

107



mortalidad de peces y grandes alteraciones en la actividad y composicion de las
comunidades planctonicas locales (Fraile-Nuez et al., 2012; Santana-Casiano et al.,
2013).

El volcan recibié el nombre de Tagoro a peticién del Instituto Espafiol de
Oceanografia IEO-CSIC) al Instituto Hidrografico de la Marina (IHM). Tagoro
se localiza a 1.8 km al sur del pueblo de La Restinga. Su crater principal se
encuentra a 127 m bajo el nivel del mar, y su punto mas alto y crater secundario
se encuentra a 88 m (Fraile-Nuez et al., 2018).

En marzo de 2012, la erupcién termind y el volcan entrd en una nueva fase post-
eruptiva con desgasificaciéon y emisiones hidrotermales. Esta fase atn continta
activa, encontrandose emisiones de flujo difuso que liberan calor, gases, nutrientes
inorganicos y metales al medio marino en la zona de los crateres principales
(Santana-Casiano et al., 2013; Fraile-Nuez et al., 2018).

El Instituto Espafiol de Oceanografia (IEO-CSIC) lleva mas de una década
monitorizando la actividad del volcan submarino Tagoro y sus efectos sobre el
medio marino, en colaboracién con las dos universidades canarias (ULPGC, ULL)
asi como numerosas instituciones nacionales e internacionales de ciencia marina.
Se han llevado a cabo mas de 30 campafias oceanograficas multidisciplinares para
caracterizar los procesos fisico-quimicos, biologicos y geolégicos que tienen lugar
sobre el volcan submarino Tagoro en el contexto del proyecto multidisciplinar
VULCANA, liderado desde el Centro Oceanografico de Canarias del IEO-CSIC
(Fraile-Nuez et al., 2023).

VI.2.2. La Palma

La Palma es la segunda isla mas joven de Canarias, localizada en el extremo
noroeste del archipiélago. Actualmente es la isla con el crecimiento mas rapido del
archipiélago: la mitad de todas las erupciones ocurridas en Canarias en los tltimos
600 afios han ocurrido en La Palma (Anguita, 2018).

La parte actualmente mas activa de la isla es la zona de Cumbre Vieja, un rift
volcanico poligenético formado por una serie de fisuras concentradas en una
tendencia norte-sut. Presenta una altura de mas de 2000 m sobre el nivel del mar,
y su flanco oeste presenta acantilados costeros de hasta 700 m como resultado de
la erosion (Carracedo et al., 1999).

Desde el 2017 se empez6 a registrar actividad sismica anémala al sur de la isla de
La Palma, en la zona de Cumbre Vieja. Sin embargo, el ultimo enjambre sismico
y el mas intenso duré menos de dos semanas, con mas de 400 eventos sismicos
registrados y una deformacién del suelo de hasta 15 cm (IGN, 2022).
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Finalmente, el 19 de septiembre de 2021 comenz6 una erupcién fisural con
mecanismo estromboliano en Cumbre Vieja, a unos 900 metros de altitud (IGN,
2022). La erupcion durd 85 dias, con graves consecuencias para los bienes
materiales de mas de 2300 personas, 1600 edificios, 370 hectareas de terreno
agricola, y 73 km de carreteras (Cabildo de La Palma).

Las coladas de lava fluyeron cuesta abajo hacia el oeste hasta alcanzar la costa 9
dias mas tarde, el 28 de septiembre a las 23:00 hora local, entre el puerto de
Tazacorte y La Bombilla, una zona con acantilados de unos 100 metros de altura.
Varios flujos de lava continuaron alcanzando el mar en distintos puntos durante
las siguientes semanas. El resultado fue la formacién de dos deltas de lava: uno
principal con una superficie de 43 Ha en esa misma zona, formado por la unién
de varios deltas de lava mas pequefios; y otro delta localizado al norte de este, de
5.4 Ha de superficie (Lozano Rodriguez et al., 2023).

Los deltas de lava se propagaron bajo el agua llenando el curso de algunos
barrancos submarinos y alcanzando espesores de hasta 40 metros. Los materiales
volcanicos se encontraron a distancias de hasta 1.2 km de costa y >300 m bajo el
nivel del mar (Lozano-Rodriguez et al., 2023). Estas entradas de lava al mar, junto
con la abundante deposicién de cenizas y la presencia de materiales volcanicos
finos suspendidos en el agua, causaron importantes alteraciones en las
propiedades fisico-quimicas del entorno marino circundante, incluyendo
acidificacién, aumento de la temperatura, y una gran turbidez (Fraile-Nuez et al.,
2021; Gonzalez-Santana et al., 2022; Roman et al., 2022), ademas de una alta
mortalidad de peces (M. J. Caballero et al., 2023).

VI.3. Objetivos y estructura de la tesis

Canarias es un archipiélago volcanico activo. Tras dos erupciones en un periodo
de 10 afios, es evidente que el estudio de los procesos volcanicos y sus efectos en
el entorno deben ser una prioridad para la comunidad cientifica del archipiélago.
La erupcion submarina de El Hierro en 2011 fue la primera erupcion totalmente
monitorizada instrumentalmente en el archipiélago. El conocimiento y la
experiencia obtenidas en este proceso fueron de gran utilidad para la siguiente
erupcién de La Palma en 2021. Por tanto, con el conocimiento generado en cada

erupcion estamos mejor preparados para la siguiente.

El Instituto Espafiol de Oceanografia (IEO-CSIC) lleva mas de una década
monitorizando la volcanologia submarina de Canarias. Esta serie de datos unica
en el mundo implica una gran cantidad de recursos, instrumentacion, personal, e

instituciones involucradas. La presente tesis pretende contribuir a este enorme
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conjunto de conocimiento cientifico, arrojando luz sobre algunos de los procesos
fisico-quimicos y biolbgicos mas importantes que tienen lugar en el océano del

archipiélago canario como consecuencia de la actividad volcanica.

Se presentan tres estudios sobre los efectos en el entorno marino de las dos
erupciones volcanicas mas recientes de Canarias. Estos exploran tres tipos de
interacciones volcan-océano diferentes: una erupcién submarina; una actividad
hidrotermal post-eruptiva; y la formacién de un delta de lava a partir de una
erupcién subaérea.

Aunque este trabajo se centra principalmente en la biogeoquimica y oceanografia
fisica, se disefi6 intencionalmente con un caracter multidisciplinar muy marcado,
ya que las interacciones de los procesos volcanicos con el océano afectan a todas
las propiedades fisicas, quimicas y biol6gicas en la columna de agua, y todos estos

procesos interactian entre ellos.

Tras una introduccién general en el Capitulo 1, la tesis se estructura de manera
cronoldgica:

El Capitulo 2 explora una de las consecuencias mas dramaticas de la erupcioén
submarina de 2011 en El Hierro: la pérdida de oxigeno disuelto en un area extensa
alrededor del volcan Tagoro. Se cuantifica esta desoxigenacion y se estima su
alcance espacial. Este estudio esta publicado en Frontiers in Marine Science
(Gonzalez-Vega et al., 2022).

Continuando en el volcan submarino Tagoro, el Capitulo 3 presenta un estudio
detallado de las emisiones de nutrientes inorganicos disueltos tanto durante la
etapa eruptiva como la post-eruptiva, en el periodo 2011-2018. Se trata de un set
de datos tnico, que permitié cuantificar el enriquecimiento de estos nutrientes, el
alcance espacial de estas plumas enriquecidas, y los flujos de nutrientes. Este
estudio se publicé en Froutiers in Marine Science (Gonzalez-Vega et al., 2020) y se
complement6 con un capitulo en el libro de Springer E/ Hierro island, de la serie
Active V'oleanoes of the World (Gonzalez-Vega et al., 2023), cuyo resumen puede
encontrarse en el Anexo I.

Por ultimo, pasando a la erupcién mas reciente en Canarias, el Capitulo 4 se
centra en la erupciéon de Cumbre Vieja (La Palma) en 2021, y los efectos de la
formacién de deltas de lava sobre el entorno marino local. Este estudio ofrece una
visién completa de los efectos fisico-quimicos y bioldgicos de las llegadas de lava
al mar. Este trabajo se ha enviado para su publicacion en Scence of the Total
Environment. En el Anexo II se puede encontrar el material suplementario de este

articulo.
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Finalmente, en el Capitulo 5 se presentan las conclusiones principales de todo el

trabajo, junto con una breve discusioén sobre las contribuciones de estos estudios

al campo de la volcanologia submarina en Canarias.

IV.4. Conclusiones generales

Las principales conclusiones de esta tesis son las siguientes:

Las dos erupciones volcanicas mas recientes de Canarias (El Hierro, 2011
y La Palma, 2021) tuvieron efectos abruptos sobre todos los parametros
fisico-quimicos medidos en el entorno marino, con una alta variabilidad
espacial y temporal. Los ecosistemas marinos locales también se vieron
severamente afectados en ambos casos. Estos efectos se observaron en
toda la columna de agua y con alcances horizontales de varios kilémetros.
La erupcion del volecan submarino Tagoro (El Hierro, 2011-2012) causé
una severa pérdida de oxigeno disuelto en el 4rea ocednica circundante
debido a la emisiéon de compuestos quimicos reducidos, alcanzandose
condiciones subodxicas e incluso anodxicas. Durante los episodios
eruptivos mas intensos, el area afectada lleg6 a ser de mas de 460 km?,
Las corrientes locales y estructuras mesoescalares como remolinos
controlaban el transporte de estas plumas desoxigenadas, que llegaron a
detectarse a distancias de hasta 80 km del volcan.

Las emisiones del volcan submarino Tagoro, tanto durante la etapa
eruptiva como la post-eruptiva, aportan grandes concentraciones de
nutrientes inorganicos, particularmente de silicato, que estd hasta 325
veces mas concentrado en los fluidos hidrotermales que en las
condiciones normales de la zona. El fosfato también se encuentra
enriquecido (10 veces mids). FEl nitrégeno parece emitirse
predominantemente en forma de amonio, también muy enriquecido (98
veces mas), y posteriormente reacciona formando nitrato y nitrito.

Una vez que el volcan Tagoro evoluciond a un sistema hidrotermal con
flyjo difuso, las emisiones de nutrientes, ain presentes en la zona, parecen
haber contribuido a la rapida recuperacion del ecosistema marino. Los
flujos de nutrientes por unidad de area en Tagoro son comparables en
magnitud a algunas de las fuentes de nutrientes mas importantes de la
region, como el #pwelling o afloramiento costero de la costa noroeste
africana.

La erupcién subaérea de Cumbre Vieja (La Palma, 2021) generd flujos de
lava que alcanzaron el océano formando nuevos deltas de lava. Este
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proceso de formacién generd importantes anomalfas fisico-quimicas en
toda la columna de agua. La turbidez fue particularmente alta (hasta 30
veces mayor que en condiciones normales) debido a la presencia de
hialoclastitas y cenizas. También se observé un descenso en el pH y en el
oxigeno disuelto, as{ como un aumento de temperatura, y un
comportamiento variable (aumentos y disminuciones) de la salinidad. Las
anomalias termohalinas se observaron en un rango de hasta 6 kilémetros
de distancia a costa.

Estas entradas de lava al océano generaron un efecto de #pwelling o
afloramiento, consistente en el ascenso de las aguas calentadas por la lava,
siendo reemplazadas por aguas mas profundas, frfas y ricas en nutrientes.
Este proceso se observo sobre el area donde las diferencias batimétricas
indican la presencia submarina de nuevos materiales volcanicos, y hasta 1
km de distancia desde la nueva linea de costa. Sin embargo, al contrario
que en otros casos conocidos en la literatura, este #pwelling generado por
la entrada de lava no generd un bloom fitoplancténico.

La formacion del delta de lava principal causé una disminucién brusca de
la clorofila-a integrada en profundidad, con un descenso del -41% solo
en los primeros dos dfas tras la primera llegada de lava al mar, y un -69%
un mes mas tarde, en un rango de mas de 2.5 km de distancia (no se
delimit6). Esto sugiere un efecto negativo sobre las comunidades de
fitoplancton.

IV.5. Contribucién a la gestion de emergencias

Aunque este trabajo ha ayudado a expandir nuestro conocimiento sobre los

efectos de diferentes procesos volcanicos en el medio marino, no deberfa

entenderse estrictamente como investigaciéon basica. Estos estudios han tenido

una aplicacion directa de cara a la gestion de crisis durante las dos emergencias

volcanicas mas recientes de Canarias. De hecho, los resultados mostrados en los

Capitulos 2, 3 y 4 se han usado explicitamente durante reuniones oficiales del
Comité Cientifico del PEVOLCA (Plan de Emergencias Volcanicas de Canarias).

Se espera que la experiencia adquirida por el grupo de trabajo involucrado en los

estudios presentados fortalezca la capacidad del archipiélago para responder de

manera eficiente a futuras crisis volcanicas.
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IV.5.1. Recomendaciones para el muestreo oceanografico

durante una emergencia volcanica

Durante las campanas oceanograficas, una estrategia Optima de muestreo es
crucial para obtener datos de calidad; sin embargo, durante una erupcion
volcanica, los equipos cientificos deben actuar con rapidez y escaso tiempo de
preparacion. A partir de los estudios presentados en esta tesis, se ofrecen algunas
recomendaciones de cara al muestreo oceanografico durante una emergencia

volcanica y el posterior monitoreo de estos sistemas.

e Si es posible, muestrear la zona antes de que las emisiones volcanicas

alcancen el océano. En el caso de la erupcién submarina de El Hierro,

esto no fue posible debido a la gran migracion de las sefiales precursoras
durante los meses previos a la erupcién; sin embargo, estudios previos
del IEO-CSIC en esta regiéon proporcionaron un conocimiento de las
condiciones oceanograficas previas a la erupcion. En cambio, en la
erupcion de La Palma si hubo una prediccion bastante precisa de donde
era mas probable que la lava entrara en contacto con el mar, lo que
permitié un muestreo previo de la zona. Esto fue de gran utilidad para
algunos de los analisis presentados en el Capitulo 4, permitiendo
establecer una evolucién temporal del proceso.

e Validar las sefiales de fluorescencia con muestras sz situ de clorofila.
Muchos estudios previos ya sefialaban las limitaciones de los datos
satelitales de clorofila durante eventos volcanicos, normalmente
sobreestimados debido a una descoloracién del agua, efecto que se
observé también en la erupcion submarina de El Hierro en 2011 (Mantas
etal, 2011; Coca et al., 2014; Eugenio et al., 2014; Whiteside et al., 2023).
Sin embargo, en este trabajo hemos presentado también el caso de un
fenémeno similar en columna de agua. Durante la erupcion de La Palma,
el sensor de fluorescencia presenté unos valores altos que se
correlacionaban linealmente con la turbidez, y que no se debfan a niveles
altos de clorofila. Se realiz6 una correccién de esta influencia de la
turbidez sobre la sefial de fluorescencia, ademas de una calibracion con
medidas de clorofila en muestras de agua. Esto permitié estimar con
precision el contenido real de clorofila en la columna de agua, que resultd
ser muy bajo. Por tanto, durante una erupcién volcanica es importante
tomar los datos de fluorescencia con cautela y validarlos con muestras 7
sitn de clorofila antes de reportar un aparente bloom fitoplancténico.
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e Adaptar las estrategias de muestreo a las escalas espaciales vy temporales

de los procesos volcanicos. La oceanografia clasica utiliza principalmente

los muestreos con estaciones verticales de CTD, normalmente formando
transectos o mallas de estaciones. Sin embargo, la alta variabilidad de los
procesos volcanicos en el océano (escalas de horas o incluso minutos)
representa una limitacion para esta técnica, ya que las estaciones implican
contar con los tiempos de navegacion y muestreo de la roseta entre
estaciones. Otra limitacién es la resolucion espacial, ya que las estaciones
suelen estar separadas al menos unas decenas de metros, que puede ser
demasiado para procesos a pequefia escala como emisiones hidrotermales
difusas. En cambio, la técnica tow-yo ofrece una fotografia casi sindptica
de toda la columna de agua a lo largo del transecto con una sola largada
del CTD. Esta técnica consiste en subir y bajar constantemente el CTD
mientras el barco estd en movimiento lento, obteniendo un muestreo en
forma de “zig-zag” en toda la columna de agua. Por otra parte, el uso de
nuevas tecnologfas como ROVs ofrece un nuevo abanico de
posibilidades, que no se limita a la adquisicién de imagenes de alta calidad:
permite también el uso de instrumentacion especifica, que puede ser
disefiada ad hoc para cada necesidad de muestreo.

IV.5.2. Resiliencia del ecosistema local tras una erupcién

Aunque esta tesis no tiene un enfoque microbiolégico, ha ofrecido los primeros
pasos para comprender como reacciona el ecosistema marino ante aportes
volcanicos de cualquier tipo, y como evoluciona en los afios posteriores. En el
caso del volcan submarino Tagoro, la erupcién en 2011-12 fue mortal para gran
parte del ecosistema local; sin embargo, el posterior monitoreo en la dltima década
ha mostrado una impresionante recuperacion, y hoy en dia el volcan alberga un
ecosistema tico y unico (Danovaro et al., 2017; Sotomayor-Garcia et al., 2019;
Fernandez de Puelles et al., 2021). Aunque los mecanismos especificos de esta
recuperacion aun estan por dilucidar, el gran aporte de nutrientes inorganicos por
parte del volcan Tagoro (Capitulo 3) es muy probablemente una pieza importante

para este proceso.

El caso de La Palma fue completamente diferente, ya que no se traté de emisiones
directas mantenidas en el tiempo, sino una entrada abrupta de masa y calor al
océano, con consecuencias dramaticas para una parte localizada del ecosistema
marino de la zona. En el Capitulo 4 se ha evidenciado un efecto negativo sobre
los productores primarios, ademas de un enterramiento de los organismos

bentoénicos y ausencia de organismos pelagicos durante la formacion de los deltas
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de lava. Sin embargo, es razonable esperar una regeneracién del ecosistema. En
campafias de monitoreo mas recientes (no incluidas en este trabajo) ya se han
observado los primeros signos de recuperacion. Las escalas temporales y procesos
especificos asociados a esta recuperacion se iran dilucidando siempre y cuando

continue el monitoreo de la zona.

Como nota final, Canarias representa una oportunidad unica desde el punto de
vista cientifico para estudiar el volcanismo submarino intraplaca; sin embargo, esta
linea de investigacién también tiene un alto valor social. La sociedad canaria
necesita estar familiarizada con la naturaleza volcanica del archipiélago, y es
responsabilidad de la comunidad cientifica trasladar este conocimiento al ptblico

general para poder comprender el entorno en el que vivimos.
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