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HIGHLIGHTS GRAPHICAL ABSTRACT

e Coastal volcanoes are local Fe sources,
through molten lava and ash deposition.

e ~99 % of the iron was found in the
particulate phase.

e Soluble Fe concentrations were ~10
times higher than generally found in
open Atlantic Ocean waters.

e Particulate Fe rapidly sinks, however,
solubilisation acts as a long-term source.

deposition

ARTICLE INFO ABSTRACT

Editor: Julian Blasco Dust deposition, river runoff and glacial melt are the main sources of trace metals to the surface ocean. In the
Canary Islands, deposition is dominated by dry dust deposition from the Saharan desert. However, during 85

Keywords: days, from 19 September to 13 December 2021, the main source of trace metals on the island of La Palma

Iron changed drastically. The eruption of the Tajogaite volcano released tonnes of volcanic ash. Concurrently, several

Fertilization lava flows reached the coastal waters. Volcanic activity on land became the main source of iron (Fe) into the

X;)]l:ano coastal waters. Fe concentrations in seawater reached over 1900 nmol L. ~99 % of the iron was found in the
Molten lava particulate phase (particles >0.2 pm wide; 1920 + 50 nmol LY. Colloids, smaller size particles (0.02 pm <
Seawater colloids < 0.2 pm) represented ~0.7 % of the iron pool (14.5 + 0.5 nmol LY. While the truly soluble phase

represented ~0.03 %. However, the soluble phase presented concentrations reaching 0.66 + 0.05 nmol L™},
which is ~10 times higher than generally found in open Atlantic Ocean waters. The results show how the Fe size
fractionation evolved during the eruption, from a dominance of large particle phases to smaller-sized
compounds.
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1. Introduction

The arrival of lava in the ocean from a single large eruption can have
a significant impact on the surface iron (Fe) budget, potentially
increasing Fe concentrations by tens or hundreds of nanomoles per litre
of seawater (Olgun et al., 2011). The main ways in which a subaerial
volcanic eruption can become a source of Fe to the ocean are direct
mobilisation from dry ash deposited in seawater (dry deposition),
mobilisation from ash through interaction with cloud water before
entering surface seawater as rain (wet deposition), and interaction of
molten lava with seawater through hydrothermal processes (Duggen
et al., 2007, 2010; Olgun et al., 2011; Sansone and Resing, 1995).

Volcanic tephra presents a wide range of sizes. Volcanic ash is
composed of a mixture of particles <2 mm in diameter such as glass
shards (quenched magma fragments), pyrogenic minerals (i.e. silicates
and oxides) and lithic particles (e.g. eroded rock material from the
volcanic conduit of any origin (Frogner et al., 2001)). These components
can potentially release Fe on different time scales when in contact with
seawater (Fisher and Schmincke, 1984; Oskarsson, 1981).

The importance of volcanic ash (dry or wet deposition) as a source of
Fe is poorly characterised compared to aeolian or desert mineral dust.
Dust is known to be an important atmospheric source for the biogeo-
chemical Fe cycle in the surface ocean (Breitbarth et al., 2010; Olgun
etal., 2011; Tagliabue et al., 2017). The hypothesis that volcanic ash can
release bioavailable Fe into the ocean in the same way as dust was
established in the early 1990s (Spirakis, 1991). The first experiment
with volcanic ash to assess the solubility of Fe and phytoplankton-
relevant nutrients in seawater was carried out with ash from the 1991
eruption of Hekla, Iceland (Frogner et al., 2001). Since then, geochem-
ical experiments with volcanic ash from both subduction zone and hot
spot volcanoes (Olgun et al., 2011) have shown a significant release of
Fe when pristine volcanic ash meets seawater. At seawater pH, the
calculated global mean of Fe released from volcanic ash is 200 + 50
nmol Fe/g ash. This release is comparable to the calculated range for
desert dust of 10-125 nmol Fe/g dust (Olgun et al., 2011; Spokes and
Jickells, 1996).

Current estimates indicate that 3.91 (2.45-6.59) x 103 kg of ash and
pyroclasts were formed between 1980 and 2019 (Galetto et al., 2023).
Material deposited on land forms soils that are highly fertile (El-Desoky
et al., 2018). Similarly, recent articles have shown that ash deposition
can lead to phytoplankton blooms in the surface ocean (Kelly et al.,
2023; Rogan et al., 2016; Wilson et al., 2019). However, ash deposition
in both environments leads to different outcomes. On land, ash depo-
sition generally results in soil formation. However, ash and pyroclastic
deposition in the ocean is generally followed by precipitation due to
density differences between seawater and the volcanic material. It is
therefore important to consider what happens to the tonnes of ash that
reach the surface ocean each year, and what happens to the iron con-
tained in this volcanic material.

When volcanic ash is exposed to seawater, Fe can be dissolved by two
mechanisms: dissolution of iron-bearing salt coatings on the surface of
ash particles, or dissolution of silicate glass and silicate and non-silicate
mineral components of the ash (glass shards, crystalline igneous and
non-igneous minerals, secondary minerals formed by hydrothermal
processes) (Frogner et al., 2001; Maters et al., 2016). It thus becomes
bioavailable Fe. An important factor is the rapid release (minutes to
hours) of Fe from the ash, which is dominated by the rapid dissolution of
surface salts rather than the glass shards (Duggen et al., 2007, 2010;
Olgun et al., 2011). Laboratory experiments with hot spot volcanic ash
(HSVA) from different sites have shown that between 35 and 107 nmol
Fe/g ash are released within the first 60 min of contact with seawater.
Subduction zone volcanic ash (SZVA) releases a higher concentration,
between 35 and 340 nmol Fe/g ash. However, the alteration of volcanic
ash particles deposited as an ash layer on the seafloor on a longer time
scale (days to weeks to years) is controlled by their bulk chemical
composition. It has been hypothesised that large-scale Fe fertilization by
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volcanic ash may have longer-term effects on the order of thousands of
years through changes in the ratio of inorganic to organic carbon rainfall
associated with a diatom phytoplankton bloom (Watson, 1997).

The total Fe content in the volcanic ash and the volcanic glass shards
(quenched magma fragments) can vary from 1 to 11 wt% (Olgun et al.,
2011). In comparison, desert dust samples, for example, those from Cape
Verde, have a 6.5 wt% concentration (Olgun et al., 2011). The total Fe
content of volcanic ash samples ranges from 1.2 to 8.0 wt%. Ash parti-
cles (tephra <2 mm in size) are coated with a thin layer of salts in the
form of Fe sulphates and Fe halides formed by the interaction of ash
particles with volcanic gases (S, HCl and HF) and aerosols in the erup-
tion plume (Delmelle et al., 2007; Naughton et al., 1976). Glass com-
positions, based on total alkali versus silica content, range from
andesitic to rhyolitic (SZVA) and from basaltic to andesitic (HSVA). The
Fe content of the volcanic glass shards ranges from 1 to 11 wt%, with
significantly lower values for SZVA compared to HSVA samples (Olgun
et al., 2011). The Fe content of pyrogenic minerals ranges from traces in
plagioclase to 10-30 wt% FeO in clinopyroxene and up to 50-70 wt% in
magnetite (Nakagawa and Ohba, 2002).

On the other hand, the interaction between the molten lava and
seawater produces a variety of reactions that act as sources of Fe and
other elements and also change the chemical composition of the sur-
rounding seawater (De Ronde et al., 2007a; Gonzalez-Delgado et al.,
2021; Gonzalez-Santana et al., 2022; Mason et al., 2021). Degassing and
solidification reactions occur before lava from a volcano reaches the
coast and reacts with seawater. They depend on the time taken by the
lava flows to travel from the source area (De Ronde et al., 2007b;
Gislason et al., 2002; Olafsson, 1975; Resing and Sansone, 1999, 2002;
Sansone and Resing, 1995). The release of metals during lava-sea
interaction occurs through three processes: 1) bulk dissolution of ele-
ments into seawater in proportion to their abundance in basalt, 2)
additional release of chalcophile elements during degassing of the
cooling lava, and 3) precipitation of insoluble elements and subsequent
scavenging of “particle-reactive” elements (Hawco et al., 2020; Resing
and Sansone, 2002).

This manuscript aims to present the iron size speciation within the
coastal environment during an active subaerial volcano eruption in La
Palma island (Canary Islands, Spain) in 2021. It is important to remark
that the arrival of lava to the ocean was not homogeneous, there were
moments were incandescent lava and laze formation was visible, fol-
lowed by cooling down periods. Moreover, sampling started before the
arrival to the ocean and continued after the end of the eruptive phase.

2. Materials and methods
2.1. Study site

The study area was based on the Tajogaite volcano-affected coastal
region of La Palma Island. The affected area was characterised by the
presence of an 80 to 110 m cliff in the northern section and volcanic
black sandy beaches in the central and southern sections. The REDMIC
(2022) shows that the subsurface area presented a soft slope (3°). The
25 m isobath was found 500 m from the shoreline. The 50 m isobath was
located 650 to 750 m (northern and southern sections, respectively)
from the shoreline. The northern section is characterised by the presence
of several deep canyons.

Lava reached the coastal waters of Tazacorte in three different places
at different times during the 85 days of volcanic activity. The eruption
started on 19 September and reached the coast on 28 September, 10
November and 22 November. Sampling stations were moved according
to their distance from the coast at the time of sampling. Stations sampled
before 28 September are currently covered by lava.

2.2. Sampling

Surface iron samples were collected during 13 visits to the
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volcanically affected coastal area of Tazacorte (La Palma, Spain; Fig. 1,
Table 1). A detailed description of the sampling for physico-chemical
parameters, including the CO5 system, has already been published by
Gonzalez-Santana et al. (2022). Surface waters near the lava delta in the
coastal waters were collected on board three vessels based on avail-
ability during the sampling days, the Salvamar Alphard and Pico Teide
made of fiber and rubber, and a rubber dinghy operated by the Spanish
Guardia Civil.

Oceanographic parameters such as depth, temperature, salinity
(conductivity), chlorophyll-a, turbidity, dissolved oxygen (DO) and pH
were measured using AAQ-Rinko™ (JFE Advantech Co. Hyogo, Japan)
water profiler which recorded every 0.1 s. The DO sensor was calibrated
daily and compared with discrete samples analysed by the Winkler
method (modified by Strickland and Parsons, 1972) using an automated
titration system with potentiometric endpoint detection (Titrino 848,
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Metrohm™, Metrohm AG, Herisau Switzerland). A TRIS artificial
seawater standard (Millero, 1986) was prepared for pH. Replicate
measurements (average n = 7 for the different study days) of the TRIS
buffer standard were better than +0.003 pH units with accuracy against
the theoretical TRIS buffer value of +0.006 units. The pH sensor was
calibrated daily in total scale and measured under in-situ seawater
temperature and salinity conditions, pHr js. These results have been re-
ported in a previous publication (Gonzalez-Santana et al., 2022).

Iron samples were collected in 1 L low-density polyethylene (LDPE)
acid-cleaned bottles (Cutter et al., 2017). Subsamples were collected on
shore inside a bubble laboratory. Unfiltered 60 mL subsamples were
collected for total dissolvable iron (TdFe). The dissolved iron (dFe)
samples were filtered through a 0.2 pm pore size filter (Sartorius PES).
The soluble iron (sFe) samples were first filtered using the same pro-
cedure as the dFe sample, and then filtered through a 0.02 pm syringe
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Fig. 1. La Palma island is one of the eight islands forming the Canarian Archipelago, which is part of Spain. The Canary Islands are about 1100 km Southwest of
mainland Spain.
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Table 1

Sampling dates and the seawater chemical characteristics (sea surface temper-
ature, SST in °C; sea surface salinity, SSS; in situ pH in Total scale, pHr js; and
dissolved oxygen concentration, DO in pmol kg™?).

Date SST Sss PHr DO
09-22-21 25.15 37.17 7.990 217.4
09-23-21 24.56 36.87 7.965 223.8
09-30-21 37.00 37.18 7.581 168.3
10-01-21 30.80 37.15 7.795 188.7
10-02-21 24.91 36.90 7.938 202.8
10-08-21 26.91 36.93 7.901 203.3
10-23-21 23.98 37.08 7.952 212.6
11-08-21 23.60 36.94 7.985 212.3
11-12-21 46.33 37.69 7.017 134.8
11-14-21 30.02 37.09 7.912 192.4
11-20-21 29.08 36.94 7.864 191.1
12-08-21 22.39 36.99 7.946 215.3
01-11-22 21.48 37.11 8.012 221.4

filter (Whatman® Anotop®) using a peristaltic pump at a rate of 1 mL
min~!. All samples were acidified to 2 %o v/v (pH ~1.7; final concen-
tration of 0.024 M HCI) using ultrapure HCI (Sigma-Aldrich). Samples
were stored in the dark for at least 6 months before analysis.

2.3. Iron concentration analysis

The TdFe, dFe and sFe samples were analysed in duplicate (two
analytical peaks; a second duplicate was performed if the standard de-
viation was >5 %) using flow injection analysis with chemiluminescence
detection (Bruland and Lohan, 2006; Obata et al., 1993) in an ISO Class-
5 laminar flow hood inside an ISO Class-6 clean laboratory. Sample
concentrations are given as “average” + “standard deviation of the
analysis”. If an average of samples is calculated, the weighted average +
the combined standard deviation is used.

Samples were spiked with 0.013 M ultrapure H05 (Sigma-Aldrich)
30 min before analysis to ensure complete oxidation of Fe(II) to Fe(III)
(Lohan et al., 2006). Each sample was buffered in-line to pH 3.5 to 4.0
using 0.15 M ammonium acetate (Supelco and Sigma-Aldrich) before
the Fe was preconcentrated on a Toyopearl AF-Chelate 650 M cation
exchange resin (Tosohaas) between 30 and 120 s at a flow rate of 1.5 mL
min~!. After a rinsing step with a weak 0.013 M HCI (Sigma-Aldrich), Fe
was released from the resin with 0.24 M HCI (Sigma-Aldrich) and
introduced into the reaction stream, where it was mixed with a 0.015
mM luminol solution containing 70 pL L™! triethylenetetramine (Sigma-
Aldrich), buffered to pH 9.5 + 0.1 with a 1 M ammonia solution
(Supelco). Iron concentrations were quantified by performing a 10-point
calibration curve (TraceCERT) using low-Fe seawater. The calibration
curve range varied by Fe concentrations, where samples with high Fe
concentrations were reanalysed in a wider range calibration curve. The
limit of detection (three times the standard deviation of the lowest
addition of the lowest calibration curve of up to 1 nM) was 0.03 + 0.02
nM, while the precision of three analytical peaks was <2 %. Accuracy
was established by repeat measurements of an in-house standard.

The in-house standard was collected at the European Time-Series
Station in the Canary Islands (ESTOC; 29° 10’ N 15° 30’ W) within the
oligotrophic North Atlantic subtropical gyre. The seawater was collected
at 20 m depth using a trace metal clean Teflon pump (PFD2 316F,
AstiPure®) and filtered by 0.2 pm dual pore-size trace metal clean filters
(Acropack™). The in-house standard was characterised by a ICP-MS
Element XR instrument (Thermo Fisher, Bremen, Germany) coupled
with an online seaFAST system (Elemental Scientific™), at Pole Spec-
trométrie Océan (IFREMER, France), which used GSC as the reference
sample (1.59 + 0.04 nM, in agreement with the reported consensus
values, 1.54 + 0.12 nM).
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3. Results and discussion

On 19 September 2021, after a very short period of intense and
continuous seismic activity in the area, the Tajogaite volcano (Cumbre
Vieja Ridge, La Palma, Canary Islands, Spain) began a violent eruption
that lasted about three months. Lava flows and tephra were ejected
discontinuously from the volcano. The ashfall deposited over most of the
island during the eruptive episode (19/09/2021-13/12/2021) contains,
in addition to the usual constituents of volcanic tephra (e.g. volcanic
glass, silicates such as olivine, amphibole or pyroxene, magnetite, etc.),
a significant amount of very fine-grained (diameter range of 10-500 pm)
crystals of highly soluble salts such as AlFs, NaCl, KCl and CaSO4
(Sanchez-Espana et al., 2023).

The evolution of Fe speciation and concentration was followed along
the coast of La Palma during the eruption of the Tajogaite volcano. The
eruption started on 19 September 2021, 7 km from the coast, at the
Cabeza de Vaca site. This was considered as Day 0 in this study. The
eruption took place near several towns, so topographic models were
made to calculate where lava flows could potentially reach the coast. On
22 and 23 September, three stations were sampled at the three possible
locations (at the north, centre, and south) where the lava could arrive.
The three stations were ~4 km apart. The original sampling sites were
covered by lava on 28 September, 10 November, and 22 November.

Sampling was performed during the whole eruptive phase and the
two following months in the post-eruptive phase. The sea surface tem-
perature in the non-influenced region averaged ~25 °C in September to
~21 °Cin January. During the eruptive phase, the arrival of lava into the
seawater produced increases in seawater temperature. The highest
recorded temperature was 46.33 °C on November 12, about 10 m away
from the frontal lava zone. These increases in seawater temperature
were related to the heat transfer between the incandescent lava and the
seawater (Gonzalez-Santana et al., 2022).

During the eruptive phase, heat transfer between lava and the
seawater formed thin and shallow hydrothermal plumes (Gonzdlez-
Santana et al., 2022). These plumes were characterised by the formation
of buoyant plumes next to the lava-sea interface, which were trans-
ported adjacent to the sea surface for >1.5 km from the coast. The plume
depth was <1 m at distances of 300-500 m from the coast. The plume
was characterised by low pH, high pCOs, high seawater temperatures,
and increases in turbidity that could be tracked by the eye (Gonzdlez-
Santana et al., 2022). Sampling was always performed at 30 cm depth.

No seawater trace metal measurements are available of the study
area before the beginning of the eruption. Initial Fe concentrations
measured before the arrival of lava in the region were considered
background concentrations. However, this does not imply that Fe from
ash could be contributing to the measured concentration. This hypoth-
esis is based on the fact that all samples analysed after this date showed
higher Fe concentrations for all size fractions. The initial TdFe, dFe and
sFe concentrations were 82.0 4 31.3, 6.94 4 2.18 and 0.57 &+ 0.20 nM
(n = 6) respectively.

In the open surface waters of the Atlantic Ocean, dFe concentrations
range from 0.1 to 0.8 nM (Boye et al., 2006; Rijkenberg et al., 2008).
Iron concentrations vary depending on the area studied as a result of
changes in sources, mesoscale processes and primary production. In
Macaronesia, the dFe concentration ranges from 0.46 to 1.32 nM (mean
0.80 + 0.25 nM). In the Canary Islands, the mean dFe concentration is
0.80 & 0.16 nM (Arnone et al., 2022).

Initial Fe concentrations (day 5) are 1-2 orders of magnitude higher
than those observed in open ocean samples in the North Atlantic, away
from hydrothermal systems (Tagliabue et al., 2017). The high concen-
trations were a result of the sampling location (Arnone et al., 2022).
Samples were collected at the surface, 20 m from the shore, where the
seafloor depth ranges from 12 to 26 m. The shore was originally vol-
canic, which, combined with local currents, allowed sediment resus-
pension and increased particulate loading. Moreover, there could
potentially be some Fe arriving to the ocean through volcanic ash
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deposition from the initial stages of the eruption before the lava arrived
at the ocean. These processes favoured the presence of high Fe con-
centrations compared to open ocean waters.

At each sampling date, samples were collected around the newly
formed volcanic deltas, at approximately the same location considering
the growth and erosion of the deltas, the sea conditions and the volcanic
activity.

3.1. Temporal evolution of the iron size fractionation

The iron size fractionation was divided into total dissolvable iron
(TdFe; unfiltered sample), dissolved iron (dFe, filtered through 0.2 pm),
colloidal iron (cFe = dFe - sFe), and soluble iron (sFe, filtered through
0.02 pm) along the La Palma coast during the Tajogaite eruption. Fe
concentrations presented high spatial and temporal variability (Fig. 2).

The TdFe concentrations ranged from 33 to 2114 nM (Fig. 2A). These
concentrations were strongly influenced by the evolution of the lava’s
arrival to the seawater. Pre-lava-arrival and post-eruptive samples
showed the lowest concentrations, averaging 76 + 29 nM, n = 12. In
contrast, the highest concentrations were observed 5 m from the lava-
sea interface, when incandescent lava was observed to be forming laze
plumes (2008 + 75 nM on October 1, 2114 + 41 nM on November 12
and 2008 + 49 nM on November 14).

The dFe concentrations reached 69.3 + 3.0 nM on Day 55 (Fig. 2B).
This sample was collected close to the coastline within the plume formed
in a highly active event during the formation of a new lava delta.
Samplings on November 8 (Day 49) through November 14 (day 55) were
performed in a matter of a week which included the formation of a new
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delta due to a new arrival of lava to the ocean. When comparing days 49
and 55, before and during the formation of a delta and not taking into
account the sample within the plume, we observe that both periods
presented similar dFe concentrations 28.8 + 6.1 (n = 6) and 28.6 + 6.8
nM (n = 6), respectively. Therefore, the high average concentrations
observed in day 55 should not be completely related to the formation of
the new delta. Some sources of dFe that should be considered during
these volcanic events are atmospheric ash deposition and resuspension
of fine sediments close to the coastline (Rogan et al., 2016; Sanchez-
Espana et al., 2023).

Soluble Fe concentrations followed a distinct pattern compared to
bigger size fractions (TdFe and colloidal particles in dFe, Fig. 2D). The
lowest concentrations were measured during the initial outings. Some-
time between day 33 and day 49, sFe increased, reaching 17.9 + 0.1 nM
the 12 November. The highest concentrations were measured after day
53 which also coincided with the sampling day with the highest tem-
perature anomaly. Moreover, sFe concentrations remained high on day
61, averaging 7.9 + 0.9 nM (n = 6) which is one order of magnitude
higher than the average dFe concentrations within open ocean waters.

The temporal evolution of Fe during the eruption shows a dynamic
environment. Furthermore, sampling dates with high Fe concentrations
in all size fractions still contain some samples with low concentrations,
in some cases reaching background levels. This presents a mesoscale
environment where an area can be strongly affected by the lava-
seawater interaction while <1 km away, seawater conditions present
non-affected conditions. Submesoscale parametrization should be used
in future coastal models presenting this Fe source to the marine
environment.
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3.2. Spatial evolution of the iron size fractionation speciation

Sampling during the volcanic event in ever changing coastal condi-
tions did not allow for repetitive sampling in the same exact sites.
Sampling was performed in a +10 m? location. On the one hand,
maritime conditions influenced the viability of arriving close to the coast
in a safe way, on the other hand, an ongoing eruption presents inherent
safety risks, which were always considered and minimized. Moreover,
the ongoing eruption drastically changed the coastline in the island,
with continuous erosion of new volcanic material.

Fig. 3 presents a combination of the spatial and temporal evolution of
the Fe size fractions. Overall, the highest concentrations were observed
at the stations closest to the coastline. Exceptions were found at certain
dates, where high dFe and TdFe concentrations were also measured 1.5
km from the coast. These results were observed on days when incan-
descent lava was reaching the seawater (day 53, November 12). The
high lava-seafloor activity produced shallow hydrothermal plumes that
could be observed from land and sea (Gonzalez-Santana et al., 2022).
The plumes exhibited high turbidity (from 5.5 FTU at 500 m to 1.5 FTU
at 1000 m and 0.05 FTU at 1500 m), temperatures (from 36 °C at 500 m
to 30 °C at 1000 m and 22 °C at 1500 m) and low pH (from 7.5 at 500 m
to 7.7 at 1000 m and 8.0 at 1500 m). These plumes were observed to
form near the coast during the active days, to rise rapidly to the surface
waters and to disperse similarly to an upwelling filament, at depths
ranging from the surface to 10 m depth at the formation site to the
surface to 1 m depth, 1.5 km from the coast (Gonzalez-Santana et al.,
2022).

Figs. 3A, B and C present high concentration hotspots just after when
the lava arrived in the ocean, September 28 (day 8), November 10 (day
51), and November 22, 2021 (day 63). An interesting characteristic
observed from this figure is the latitudinal distribution of the concen-
tration. After the first event on September 28, TdFe dFe and cFe pre-
sented a wide spread increase in concentration. However, during the
second and third events, the emission points were more localised. The
second event occurred towards the south and is observable in panel A as
a local maximum in day 51.

3.3. sFe/dFe and dFe/TdFe ratios

The temporal relationship of sFe/dFe and dFe/TdFe was plotted to
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Fig. 3. Spatial evolution of (A) TdFe, (B) dFe and (C) cFe and (D) sFe from samples collected 5-15 m from the La Palma coastline during the eruption.
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observe possible interactions between size fractions (Fig. 4). The
average trends of all data points show weak to moderate (r: 0.557 and
0.365 and p-value: <0.0001 and <0.005 respectively) increasing per-
centages of both sFe/dFe and dFe/TdFe with time. The results for dFe/
TdFe can be divided into two behaviours. Low percentages were
observed before November 8th (day 49; n = 22) as shown in the previous
section (Fig. 2). After day 55, the samples showed two different patterns.
On the one hand, they presented percentages below 10 %. These samples
were collected towards the southern stations, close to where the lava
first reached the ocean. On the other hand, the northern stations showed
elevated dFe/TdFe ratios. These ratios were predominantly caused by
decreasing TdFe concentrations at these stations and supported by dFe
concentrations remaining high.

In Fig. 4B the sFe/dFe percentage is depicted. Before day 60, the
percentage remained low, below 10 %. The dFe pool was mainly formed
by cFe. This period was characterised by the continuous input of ash
from the ongoing eruption, which should have acted as a main source of
colloidal sized particles.

These results are consistent with the reversible exchange hypothesis
between the dFe and pFe presented by Fitzsimmons et al. (2017) and
later modelled by Gonzalez-Santana et al. (2020) and between sFe and
cFe by Lough et al. (2019) in deep ocean hydrothermal plumes. How-
ever, samples collected during or immediately after strong lava-
seawater interactions (black lines in Fig. 2) show lower percentages of
sFe/dFe and dFe/TdFe, despite higher sFe and dFe concentrations. This
results in a temporal distribution compared to the spatial distribution
described in the previous articles. However, the results corroborate each
other, where the plume distance is proportional to the time required
from its emission from the vent to the location in the water column.
Thus, in this coastal regime with high particulate iron loading due to ash
deposition, sediment resuspension and lava influx, the flux of iron size
fractionation depends on the balance between organic and inorganic
stabilisation and the reversibility of exchange to particles (Fig. 5).

There are three main explanations for the increase in large-sized Fe
concentrations. Firstly, there may be a decrease in the amount of Fe
sourced as soluble iron and smaller particles compared to larger size
fractions, such as ash deposition (Gonzalez-Santana et al., 2020; Rogan
et al., 2016). Secondly, there may be aggregation processes occurring,
including coagulation, agglomeration and adsorption (Fang and Wang,
2021; Fitzsimmons et al., 2014; Gonzalez-Santana et al., 2020; Rogan
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et al., 2016). This phenomenon has previously been observed in trace
metal samples extracted from deep ocean hydrothermal vents, where
particles of colloidal size can cause the clogging of 0.45 pm pore size
filters (Gonzalez-Santana et al., 2020). And thirdly, it could be caused by
dry deposition, were a relatively greater source of volcanic ash (>0.2
pm) compared to sources of dFe would affect the dFe/TdFe ratio (Rogan
etal., 2016). This deposition will be also affected not only by the amount
and size ejected by the volcano but also by the predominant wind stress
and direction over the affected area.

The size fractionation distribution should also be affected by the
physico-chemical properties of the seawater during the eruption. Studies
that examine the relationship between reaction temperature and the
properties of nanoparticles, demonstrate that higher reaction tempera-
tures lead to an increase in the average size of nanoparticles (Qu et al.,
2006). Furthermore, the magnetic properties of nanoparticles are highly
dependent on particle size. This makes hydrothermally influenced
seawater conditions ideal for iron oxide aggregation processes where
compounds such as Fe3O4, MnFe;04 and CoFey04 are present.

Trace metal residence times presented by previous authors (Bruland
et al., 1994; Croot et al., 2004; Gonzalez-Santana et al., 2020; Martin
and Knauer, 1980; Sarthou et al., 2003) show shorter residence times in
samples collected at shallow depths when compared to the deep ocean.
Furthermore, Sarthou et al. (2003) describe that shortest residence times
are associated with high dust fluxes in surface waters. During the
eruption, the high particle load within the top layers of the seawater
allowed for possible aggregation processes which could lead to the
sinking of the different iron size fractions including those not in the
particulate phase (Fang and Wang, 2021). The continuous precipitation
of ash from the Tajogaite volcano would have acted similar to dust
deposition reducing the residence time of iron within the surface waters.

If we combine other processes such as aggregation due to the ash’s
magnetic properties, Fe residence times would have been reduced to
periods of 2 to 5 days, within the shortest periods reported by previously
mentioned authors.

The North Atlantic Ocean is characterised by the presence of oligo-
trophic waters. Here, the main source of Fe comes from atmospheric
deposition. Between 71 and 87 % of surface dFe comes from Saharan
dust aeolian deposition (Conway and John, 2014). This dust is charac-
terised by low Fe solubility ~1.7 % (Baker et al., 2006)and previous
work has shown the concentration of dFe increase by 0.05-0.10 nM after
a dust event (Rijkenberg et al., 2008, 2012).

During the Tajogaite eruption, vast amounts of ash fell into the
ocean. Sanchez-Espana et al. (2023) stated that the 10 analysed samples
presented “a very homogeneous composition, with very minor to
negligible difference between samples as regards to the concentration of
major oxides.” In their samples, the ash presented an iron (FexO3)
composition ranging between 12 and 14 wt%. Iron within ashfall sam-
ples displayed concentrations of 5000 pg Fe/kg ash in most cases, with a
few samples displaying peak concentrations comprised between 10,000
and 25,000 pg Fe/kg ash. In an oceanographic context, volcanic ash is
within the particulate phase and if completely dissolved would appear in
the TdFe samples. Since all the Fe of ash would not be completely dis-
solved, the following calculations present the lowest limits in ash
deposition required to cause the observed increases in Fe. Considering
an average Fe concentration in volcanic ash of 5000 pg/kg of ash, and a
maximum measured concentration of TdFe reaching 2114 nM (~118
ng/L of seawater) it would require the complete dissolution of ~24 g of
ash in 1 L of seawater. During sampling, at least 1 L of seawater was
filtered. Although filters got black from volcanic ash, in no filters were
we able to observe 24 g of ash. Even if the ash had a peak concentration
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of 25,000 pg/kg, it would still require a 5 mm thick layer in our filter
(using average collected ash from the volcano). Isopach maps developed
for the eruption (Bonadonna et al., 2022) present ash thickness of up to
5 cm in the sampling area. However, this thickness is a result of the
whole eruption and not in a short time frame as would be expected in
our samples due to particle precipitation.

Our results shows that even though ash may have a much larger
aerial dispersion range, the arrival of lava into the ocean which acidifies
and heats the seawater has a stronger impact that should be considered
when developing iron models in hydrothermal and coastal environ-
ments. The strength of this Fe source is highly variable (Fig. 3)
depending on the sampling site, sea conditions, and the lava composi-
tion which should lead to high variability/error of estimate when
developing coastal models. Modelling of this volcanic source (ash and
lava) will strongly affect coastal fertilization calculations and the vari-
ability in different effects observed in primary production in iron-limited
regions.

4. Conclusions

Hot spot emissions in the Canary Archipelago represent short-term
emissions of volcanic material. In the most recent eruption, described
in this article, the eruption took place on land and some of the lava flows
reached the ocean. Concurrently, atmospheric deposition took place.
Ash deposition reached the ocean and the study area during most of the
sampling period. Both events significantly increased the iron concen-
tration in the seawater. It is found that the increase in Fe concentration
depends on the size fractionation of iron. The initial input is mainly in
the particulate form with an increase in the colloidal size fraction within
the dissolved size fraction. Nevertheless, the soluble iron size fractions
increase in seawater, especially when considering a longer time frame
where reverse scavenging and disaggregation processes (i.e. dissolution,
desorption, etc.) take place. The results show that although there was
continuous ash deposition during the eruption, the dominant iron source
was located in the lava-seawater interface during short events as a result
of new lava flows reaching the ocean. In these events iron was mainly
sourced in bigger size fractions. Over 99 % of iron was found in the
particulate phase, 0.7 % as colloidal Fe and a 0.03 % as soluble iron.
Measured dissolved Fe concentrations were up to 18 times higher than
the average Canary Islands’ concentration. These results highlight the
significant role of volcanic activity in influencing iron distribution in
coastal environments, particularly through episodic interactions be-
tween lava and seawater.
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