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The eruptive process that took place in October 2011 in the submarine volcano Tagoro off the Island of El Hierro
and the subsequent degasification stage, five months later, have increased the concentration of TdFe(II) (Total
dissolved iron(II)) in the waters nearest to the volcanic edifice. In order to detect any variation in concentrations
of TdFe(II) due to hydrothermal emissions, three cruises were carried out two years after the eruptive process in
October 2013,March 2014 andMay 2015. The results from these cruises confirmed important positive anomalies
in TdFe(II), which coincided with negatives anomalies in pHF,is (pH in free scale, at in situ conditions) located in
the proximity of themain cone. Maximum values in TdFe(II) both at the surface, associated to chlorophyll amax-
imum, and at the sea bottom, were also observed, showing the important influence of organic complexation and
particle re-suspension processes. Temporal variability studies were carried out over periods ranging from hours
to days in the stations located over themain and two secondary cones in the volcanic edificewith positive anom-
alies in TdFe(II) concentrations and negative anomalies in pHF,is values. Observations showed an important var-
iability in both pHF,is and TdFe(II) concentrations, which indicated the volcanic area was affected by a
degasification process that remained in the volcano after the eruptive phase had ceased. Fe(II) oxidation kinetic
studies were also undertaken in order to analyze the effects of the seawater properties in the proximities of the
volcano on the oxidation rate constants and t1/2 (half-life time) of ferrous iron. The increased TdFe(II) concentra-
tions and the low associated pHF,is values acted as an important fertilization event in the seawater around the
Tagoro volcano at the Island of El Hierro providing optimal conditions for the regeneration of the area.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Dissolved iron is the most bioavailable form assimilated by organ-
isms (Brand, 1991; Hutchins et al., 1993). However, it is known that
Fe(II) is thermodynamically unstable and is rapidly oxidized to Fe(III)
in oxic waters (within seconds to minutes) (Kustka et al., 2005;
Millero and Izaguirre, 1989; Santana-Casiano et al., 2005). Fe(III) has a
very low solubility (Liu and Millero, 2002). The concentration of
TdFe(II) dissolved in shallow and deep waters depends on the rate of
oxidation of Fe(II) which is a function of both the O2 and H2O2 concen-
tration, pH, temperature, [HCO3

−], ionic strength and nutrient concen-
tration (González-Davila et al., 2005; González-Dávila et al., 2006;
González et al., 2010; King and Farlow, 2000; Miller et al., 1995;
Santana-Casiano et al., 2005; Shi et al., 2010). For this reason, the con-
centrations of dissolved Fe(II) in the open ocean are very low, with typ-
ical values in the 0.02 to 2 nmol L−1 ranges. However, typical
tana-Casiano).
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concentrations of dissolved iron in hydrothermal vents are 1–
3 mmol L−1, with extreme values of about 18.7 mmol L−1 measured
in the Juan de Fuca Ridge (de Baar and de Jong, 2001). In these areas,
Fe(II) remains in solution over longer time periods due to pH and pƐ
(reduction potential) conditions.

Hydrothermal vents require hydrothermal fluid circulation during
tectonic or magmatic and volcanic activity, which provides fluid path-
ways in the fractured oceanic crust and heat sources (Mantas et al.,
2011). The composition of the hydrothermal fluid, which migrates to
the subsurface andfinally discharges at the seafloor, depends on a num-
ber of critical parameters including temperature, pressure, phase sepa-
ration and host rock composition (Sander and Koschinsky, 2011).
Hydrothermal emissions of gases and particles are an important source
of material of different size, texture and chemical composition, such as
gases andmetals, especially reduced iron (Santana-Casiano et al., 2013).

The hydrothermal vents affect the chemical composition of seawater
(Resing et al., 2015; Tagliabue et al., 2010) and their diffuse fluxes reg-
ulate the magnitude of dissolved Fe in the plume to the deep ocean
(Resing et al., 2015; Tagliabue et al., 2010; German et al., 2015). These
d its kinetic of oxidation at Tagoro submarine volcano, El Hierro, Mar.
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vents could provide from 9% (Sander and Koschinsky, 2011) to 12–22%
of the global deep-ocean dissolved Fe budget (Bennett et al., 2008).
However, geographic variability in the production of Fe(III) particles in
hydrothermal plumes is more dependent on chemical conditions in
the ambient deep water than on compositional variations in the prima-
ry vent fluid. These variations may cause Fe(II) oxidation rates (Field
and Sherrell, 2000) and residence time scales to vary greatly among
the ocean basins which receive hydrothermal input (Nishioka et al.,
2013). After the hydrothermal emission, Fe(II) is oxidized under the
presence of dissolved oxygen and precipitates into various mineral
forms, mainly oxy-hydroxide (de Baar and de Jong, 2001) formingmas-
sive deposits of iron, but around 4% of the total emitted iron is stabilized
against loss from solution due to complexation by dissolved organic li-
gands (Bennett et al., 2008; Resing et al., 2015), or by incorporation
into inorganic or organic colloids which reside within the dissolved
size fraction (Resing et al., 2015). Moreover, reduced species of Fe and
S form an FeS colloidal complex, which remains suspended in the
water and is modified as the pH changes (Luther et al., 2001). These
nanoparticles can remain suspended in the deep sea for years with
slower settling rates (Yücel et al., 2011), solubilizing and releasing the
Fe(II). The complexation significantly increases metal content from hy-
drothermal systems, increasing trace-metal flux to the global ocean. The
largest andmostwidespread Fe anomalies have been found in the Pacif-
ic, the Indian and the Atlantic basins (Tagliabue et al., 2010).

In 2011, Tagoro submarine volcano was formed 1.8 km south of the
Island of El Hierro, the westernmost island of the Canary Archipelago.
During the eruptive stage that was initiated on October 10 of 2011
and finished in March 2012, large amounts of gases and reduced chem-
ical species were emitted (Fraile-Nuez et al., 2012). During these five
first months, the carbonate system in the seawater was strongly affect-
ed and the pHdecreased to 5.1 due to CO2 emissions. Fe(II) and reduced
sulfur concentrations increased to 50 μmol L−1 and 200 μmol L−1, re-
spectively. The reaction between the reduced species of Fe(II) and S
also contributed to the acidification of the system (Eq. 1) and the FeS
formed contributed to stabilizing the Fe(II) (Santana-Casiano et al.,
2013).

Fe IIð Þ þ H2S↔FeSþ 2Hþ ð1Þ

Just after themolten eruptive phase, changes in the characteristics of
the gas and reduced species emissions also modified the carbonate sys-
tem and decreased both pƐ and pH, which favor the presence of Fe(II).
Emissions of CO2 gas and carbonate alkalinity from the El Hierro subma-
rine volcano accounted for 60% and 40%, respectively, of the pH change
in local seawater (Santana-Casiano et al., 2016).

This work focuses on the study of the variation in the concentration
of total dissolved Fe(II) and pHF,is in the seawater column due to hydro-
thermal emissions from the shallow submarine Tagoro volcano. The
presence of shallow hydrothermal vents close to the coastal area in
the post-eruptive phase of the submarine volcano (Santana-Casiano et
al., 2016) provided the opportunity to study the emission of total dis-
solved Fe(II), the changes in the pH of the surrounding waters and the
correlation of those changeswith the TdFe(II) concentration. The results
obtained generated information about both the oxidation kinetics of
Fe(II) and the effects of the natural Fe(II) fertilization process taking
place in the area.

2. Material and methods

2.1. Study location

The study was conducted in the region of the Tagoro submarine vol-
cano, south of the island of El Hierro (Canary Islands, Spain, at 27°37′07″
N–017°59′28″W, Fig. 1A), during the oceanographic cruises of
VULCANO in October 2013 and March 2014 and VULCANA in May
2015 on board the R/V Ángeles Alvariño. A grid of CTD stations around
Please cite this article as: Santana-González, C., et al., Emissions of Fe(II) an
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the El Hierro Island (Fig. 1B) and a high-resolution CTD study along
the main cone of the volcano edifice (Fig. 1C) were carried out, with
samples taken at different depths. A map of active hydrothermal vents
location has been published (Santana-Casiano et al., 2016) generated
following both pH and ORP (oxidation-reduction potential) anomalies
in the Tagoro volcano.

2.2. Reagents

2.2.1. Iron stock
An iron stock of 6.21 × 10−4 mol L−1 was prepared using ammoni-

um iron(II) sulfate hexahydrate (SIGMA-ALDRICH). HCl (HIPERPUR-
PLUS, previously quartz distilled, Q-HCl) was added to the water to
lower the pH to 2 and retard any oxidation. It was then stored in the
dark until use. A diluted stockwas prepareddailywith afinal concentra-
tion of 2.42 × 10−6 mol L−1.

2.2.2. Luminol
The luminol was prepared using 0.2487 g of 5-amino-2,3-dihydro-

1,4-phthalazinedione (FLUKA), 26.4976 g of Na2CO3 (SIGMA-ALDRICH)
and 188.175 mL of NH3 (PANREAC) (HIPERPUR-PLUS, previously dis-
tilled) in a total volume of 5 L of luminol reagent. The final pH was ad-
justed to 10.4 by adding 6 M Q-HCl. At this pH, luminescence is
optimal (Bowie et al., 1998). The luminol solution was stored in the
dark due to its light sensitivity. To ensure complete dilution, it was pre-
pared a few days prior to use. The solution became more stable 24 h
after preparation and for at least a month after (King et al., 1995).

2.2.3. Carrier
The carrier used was 0.7MNaCl, to achieve an ionic strength similar

to that of seawater in standards and samples. All the reagents were pre-
pared with deionized ultrapure water (Milli-Q, 18.2 MΩ.cm−1,
Millipore). Milli-Q water was used as a cleaner between injections.

2.3. Sampling

TdFe(II) and pH samples in the water column were collected using
10 L Niskin bottles mounted on a 24 position rosette frame fitted with
a SeaBird SBE11 Plus CTD andwith a SBE18 pH sensor. Acid pre-cleaned
50 mL polyethylene containers were used and fitted with 45 mL of un-
filtered sample. Prior to sampling, 10 μL of Q-HCl (6M)was added to the
containers in order to keep the seawater solution at pH 6. The samples
were stored in the refrigerator at 4 °C until analysis to reduce the rate
of Fe(II) oxidation. All the samples were always analyzed in a period
of time lower than 3 h and no statistically significant differences were
observed with samples that were analyzed immediately. The same
methodology was followed for all the samples in this study. An inter-
comparison exercise was done at the initial stages of the cruise at four
stations (50, 54, 59 and 61) where Go-Flo bottles with Kevlar cable
and the Niskin bottles in the CTD rosette were used at the same depth
(16 m) (Supplementary material, Table 1). Samples were also taken at
1 m from the bottom with the Go-Flo bottles. All the samples were
transferred to a clean room on the ship for sampling and analysis.

Before use, all the material was rinsed three times with distilled
water, three times with Milli-Q water and stored in 10% HCl solution
for cleaning. When the material was going to be used, it was rinsed
three times with distilled water and three times with Milli-Q water.
After the analysis, the material was cleaned and re-stored in the HCl
solution.

2.4. Measurements

2.4.1. Fe (II) concentration
All the samples were analyzed on board. Before injection into the

system, the samples were tempered at 20 °C. In order to determine
the concentration of TdFe(II) in seawater the FeLume system
d its kinetic of oxidation at Tagoro submarine volcano, El Hierro, Mar.
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Fig. 1. A) General map of the Canary Archipelago. B) Island of El Hierro and reference stations sampled. C) Stations sampled in the high-resolution study.
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(Waterville Analytical) was selected. The FIA-chemiluminescence tech-
nique uses luminol as the reagent (King et al., 1995). Dissolved, colloidal
and labile phases of Fe(II) are determined and expressed as TdFe(II).

In the FIA system, four hoses are used and placed in a peristaltic pump
(Rainin Dynamax 15.8 V), which connects them to the mixing chamber
and to the detector. Subsequently, the pressure is regulated in the hoses
while Milli-Q water passes through it. This allows the flow to be uniform
and not in pulses. After adjusting the pressure in the hoses, the water-
cleaningmodewas enabled during 3min. After this time, air was allowed
to pass and then each hosewas introduced into the corresponding recep-
tacles: luminol, NaCl, Milli-Qwater and sample. The software executed in
the FeLume-chemiluminescence was provided by Waterville analytical
(WA control V105, photo counter control). An analysis time of 100 s
was selected, to allow full recording of the peak signal. The peak area
mode was selected in order to compute the signal. Three measurements
for each sample were carried out and values were presented as average
values. After a set of analyses, Milli-Q water was used to clean all hoses,
and finally air was run to empty them.
2.4.2. Standards and calibration procedure
Seawater used in the calibration procedure of the chemiluminescence

signal was taken from a station unaffected by the volcano and aerated
with a magnetic stirrer during 60 min in atmospheric contact. The solu-
tion was stirred at maximum speed for 1 h to oxygenate the sample at
the selected temperature andpH. This timewas sufficient to achieve com-
plete oxidation of Fe(II) (Hansard and Landing, 2009; Santana-Casiano et
al., 2004), and the matrix of the sample was maintained following the
procedure carried out by Hansard and Landing (2009).

25 mL flasks, into which 10 μL of 6 mol L−1 Q-HCl was added, were
used in the standardization process. The required diluted iron stockwas
added to reach the final concentration and the flask was filled with sea-
water. The final pH in the flask was 6. A control with no addition of iron
was prepared at each calibration step. Every day, three standards were
performed to ensure that the initial calibration was maintained and
small changes in the sensitivity were corrected. The calibration curves
used were made in the concentration range 0.9 to 7.7 nmol L−1 with
correlation coefficients of r2 = 0.999. The detection limit obtained was
Please cite this article as: Santana-González, C., et al., Emissions of Fe(II) an
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0.09 nM (LD = 3xSTD [Blank�, n = 4) and the quantification limit was

0.3 nM (LQ = 10xSTD [Blank�, n = 4).
2.4.3. pH
pH was measured in the whole water column using an SBE18 pH

sensor that provides the values expressed in an NBS (National Bureau
of Standards) scale. It uses a pressure-balanced glass-electrode Ag/
AgCl-reference pH probe to provide in situ measurements at depths of
up to 1200 m. The pH sensor was calibrated against precision buffer
solutions of 4, 7, and 10 with ±0.02 pH units standard deviation.

Discrete samples weremeasured on the total scale at a constant tem-
perature of 25 °C (pHT,25) by the UV–Vis spectrophotometric technique
(Clayton and Byrne, 1993), using m-cresol purple as indicator
(González-Dávila et al., 2003). The standard deviation for the measure-
ments was ±0.002 and the accuracy of the system was 0.002.

In order to homogenize all pHNBS values provided by the sensor and
to convert them to pH in total scale at in situ conditions, pHT,is, a corre-
lation equation was obtained. First, the measured pHT,25 values were
converted to in situ conditions using dissolved inorganic carbon data
(data not shown) and the CO2 Sys program (Lewis et al., 1998;
Santana-Casiano and González-Dávila, 2011). Then, the converted pH
values were correlated with those measured with the sensor. Due to
changes in the pH sensor reading with deployments, the equation
changed for each of them.

In the kinetic experiments, pH was measured on the free scale and
Tris buffer was used (Millero, 1986). All the pH data in the text and in
the figures, including kinetic and profile data are expressed in free scale.
2.4.4. ORP
The ORP sensor has a platinum working electrode and an Ag/AgCl

reference electrode located in a single PEEK thermoplastic body. The
sensor range was −500 to +500 mV, with output scaled to 0–5 V for
an auxiliary analog channel on the CTD. The ORP sensor does not pro-
vide anabsolute electric potential, however, the sensors respond instan-
taneously to the presence of reduced chemical species with a decrease
in themeasured potential. ORP datawere expressed as a timederivative
d its kinetic of oxidation at Tagoro submarine volcano, El Hierro, Mar.
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Fig. 2. A) TdFe(II) and B) pHF,is vertical distributions in the high-resolution study along the volcano transect in November 2013.
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(dorp/dz), and anomalies were identified by negative values (Santana-
Casiano et al., 2016).

2.4.5. Kinetic studies
The kinetic studies were carried out in a thermo-regulated cell con-

nected to a thermostatic bath (PolyScience). For each study, the seawa-
ter was tempered to the chosen temperature. When the temperature
was stable, the pH for the sample and for the Tris buffer was measured.

For the kinetics studies, 75 mL of seawater samples from two differ-
ent depths were used (341 m at station 50 and 5 m at tow-yo site_04).
The initial concentration of added TdFe(II) was 4 nM. Fe(II) concentra-
tions of 16 nM and 9.6 nM were also used for those kinetic studies
where the oxidation rate was quick and the t1/2 was lower than
1.7 min. All studies were done in the dark.

For each kinetic study, the seawater was placed in the glass cell and
the magnetic stirrer was switched on for 1 h to attain the equilibrium
oxygen concentration.When the solutionwas tempered and the pH sta-
ble at the desired value, the sample hose was introduced into the cell.
After that, the iron stock was added and the stopwatch was started si-
multaneously at time 0 s.

The rates of oxidation of Fe(II) (Santana-Casiano et al., 2005) were
expressed as an apparent oxidation rate, kapp (M−1 min−1)

d Fe IIð Þ½ �
dt

¼ −kapp Fe IIð Þ½ � O2½ � ð2Þ

The brackets denote the total molar concentration. The oxygen
concentrationwas calculated using theBenson andKrause (1984) equa-
tion. In aerate solutions, the Fe(II) kinetic studies followed a pseudo-
first-order, k′ (min−1)

d Fe IIð Þ½ �
dt

¼ −k0 Fe IIð Þ½ � ð3Þ

where k ' =kapp[O2]
Please cite this article as: Santana-González, C., et al., Emissions of Fe(II) an
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3. Results

A high spatial resolution CTD study following the alignment of the
main and secondary cones of the submarine volcano and several CTD
yo-yo studies, at the stations close to the main cone, were carried out in
all the cruises (Santana-Casiano et al., 2016). The changes in temperature
and salinity due to the effect of the emissions as the CTD approached the
active ventswere not appreciable in this shallow-low temperature hydro-
thermal system. For that reason, chemical sensors were used. The vari-
ables measured for each station (temperature, salinity, pH, TdFe(II) and
dorp/dz) have been included in the Supplementary Table 2.

During the yo-yo studies, bottle samples were taken only when ex-
treme anomalies were observed in the pH and/or ORP sensors in the
downward CTD-rosette scanning. Nine hydrographical CTD stations
around the whole island were used as reference stations (13, 14, 15, 16,
18, 20, 21, 22 and p_01) (Fig. 1B). pHF,is and TdFe(II) concentrations
were analyzed in all the stations in order to quantify both the contribution
of the hydrothermal vent to the pool of TdFe(II) and to determinewheth-
er the emission continuedwith time. Beyond the influence of the volcano,
in the reference stations, typical vertical profiles of TdFe(II) and pHF,is

were obtained. For the reference stations, TdFe(II) values below 0.1 nM
were characteristic and the pHF,is changed from 8.10 in the surface
water to 8.03 at 200 m depths. No significant differences were observed
between TdFe(II) samples from Go-Flo and Niskin bottles in the selected
stations where both bottles were used (Supplementary Table 1).

The vertical distribution of TdFe(II) concentration along the high-
resolution section across the volcano is shown in Fig. 2A. The sea surface
waters presented low TdFe(II), with values of around 0.2 nM, except in
stations 54 and 58 where concentrations of TdFe(II) reached 2.72 and
2.32 nM, respectively. Most of the stations, including the reference sta-
tions, showed a slight increase in iron concentration at 25m, associated
to the maximum of chlorophyll a in the section (not shown), with
values from 0.2 to 0.9 nM. Moreover, all the stations sampled over the
high resolution study presented an important increase in TdFe(II)
d its kinetic of oxidation at Tagoro submarine volcano, El Hierro, Mar.
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from 50 m to the lowest measurable depth, with the exception of the
southernmost and deepest station (50), which showed only a small in-
crease of 0.2 nM. Values between 1.5 and 1.8 nMwere measured at the
bottom (160–200m) for stations 52, 53 and 54. Themaximum anomaly
in TdFe(II), 7.34 nM, was measured at 100 m in station 55, the station
closest to the top of the volcano.

The vertical distribution of pHF,is at in situ conditions in the high-res-
olution study along the volcano is shown in Fig. 2B. At the sea surface,
pHF,is was 8.160, except in stations 55, 56 and 58, which had values of
8.149, 8.152 and 8.145, respectively. All the stations presented a de-
crease in pHF,is values from 50 m to the bottom. However, values were
0.01 to 0.02 units lower than those observed at station 50. Minimum
pHF,is values were recorded at station 55, with a pH of 7.96 at 100 m,
0.17 units lower than for station 50. This pH value increased as we
moved away from station 55.

As can be observed in Fig. 2A and B, an important anomaly was ob-
served in station 55 for both TdFe(II) and pHF,is. In order to verify this
anomaly, station 55 was measured 106 times from the surface to 1 m
above the seabed during eight yo-yo CTD studies with 22, 45, 6, 9, 12,
5, 4 and 3 CTD casts, respectively. TdFe(II) was sampled at selected
depths during casts 01, 68 and 83 on November 3 (13:00), 5 (21:00)
and 7 (18:00), respectively. The TdFe(II) vertical profiles for stations
55, 55–68 and 55–83, are plotted in Fig. 3A. In all the studies, an impor-
tant iron anomalywas observed at the same depth of 100m. This anom-
aly reached values as high as 7.34 nM, 1.4 nM and 48.92 nM on
Fig. 3.A) TdFe(II) and B) pHF,is at station 55 on three different days during the same cruise.
The stations 55, 55–68 and 55–83 were sampled on November 2013, 3, 5 and 7,
respectively.
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November 3, 5 and 7, respectively. As can be seen in Fig. 3B, the vertical
profiles of pHF,is for stations 55, 55–68 and 55–83 also show important
pHF,is anomalies. Surface values ranged between 8.14 and 8.11, while
at 100 m depths an important anomalous decrease in pHF,is was ob-
served, reaching values of 7.96, 8.03 and 7.91 on November 3, 5 and 7,
respectively.

In March 2014, a similar study was repeated and TdFe(II) and pHF,is

were sampled along the high-resolution section. The sea surface waters
presented TdFe(II) concentrationswith values ranging between 0.1 and
1 nM. Similarly to the previous study, a slight enhanced iron concentra-
tion was observed at 25 m for some stations, associated to the maxi-
mum in chlorophyll a, and all the stations presented a slight increase
of Fe(II) from 100m to the bottom, with the highest anomaly values re-
corded at station 56, in the main crater, close to station 55. The pHF,is at
in situ conditions also presented the highest values in the surface wa-
ters, 8.20, as in the previous studies, but in this case, 0.05 units higher
than in November 2013, due to the seasonal variability of pH in the Ca-
nary region (Santana-Casiano and González-Dávila, 2011). All the sta-
tions presented a decrease in pHF,is from 50 m to the bottom.
However, minimum pHF,is values were measured at station 56, along
the whole profile, with a pHF,is value of 8.16 at the bottom.

During the March 2014 cruise, 7 tow-yos were done in an area cho-
sen specifically to more precisely determine the extent of the pHF,is

anomalies around the volcanic edifice (Santana-Casiano et al., 2016).
On this occasion, two stations were selected to carry out the yo-yo
CTD studies, stations 56 and 61. Fig. 4A and B show the anomalies in
the vertical profile of TdFe(II) at stations 56 and 61. In station 56 this
anomaly was located at all depths, especially at 90 m. The values were
0.13 nM and 2.04 nM at surface waters and 0.74 nM and 3.52 nM at
90 m, in stations 56 and 56–03, respectively. The time difference be-
tween the two samplings was five days. In station 61, the anomaly
was more intense and located at around 120 m. The values of TdFe(II)
in the bottom water were 1278.9 nM and 281 nM in stations 61–42
and 61–61, respectively. These stations were sampled within only four
and a half hours of each other. pHF,is anomalies were also observed in
stations 56 and 61, at the same depths (Fig. 4C and D). Changes of
pHF,is between stations 56 and 56–03 were 0.01 in surface waters and
0.02 at 90 m, with a time difference of five days between the two sam-
plings. The anomalywas observed all along thewater column. In station
61, the anomaly was much more intense in the deeper waters, with
changes of 0.08 units between casts.

One year later (Fig. 5A), the studywas repeated and a similar pattern
to that of the previous two cruises was found. Stations 56 and 58 pre-
sented TdFe(II) surface values that reached 3.06 and 3.24 nM, respec-
tively. An enhanced iron concentration was observed at 25 m for
almost all stations and a sharp increase in TdFe(II) was located at
97 m in station 56 with a value of 44.61 nM. With respect to the pHF,is,
(Fig. 5B), an important decrease to 8.00 was observed in station 56,
representing a change of 0.15 units for this station. Sampling at station
56 was repeated two hours later and values of TdFe(II) of 5.53 nM and
pHF,is of 8.08 were obtained at the same depth.

Fig. 6A shows the concentrations of TdFe(II) at the bottomdepth be-
tween 343 m (station 50) and 88 m (station 56), following the volcano
shape. Two iron anomalies were detected during the October 2013
cruise: the first one between stations 52 and 53, where values of
1.59 nMand 1.77 nMwere obtained, respectively, and the second at sta-
tion 55, where a concentration of 6.44 nM was obtained. During the
March 2014 cruise, two iron anomalies were again observed: the first
one between stations 53–02 and 54, with values of 2.96 nM and
1.33 nM, respectively, and the second one at station 57,where a concen-
tration of 2.06 nMwas obtained. During May 2015, a very strong signal
was located at station 56 of 44.61 nM and two weak signals were
located at stations 52 and 58 with values of 4.16 and 3.80, respectively.
Fig. 6B shows the results for pHF,is. A trend opposite to that showed by
the TdFe(II) (Fig. 6A) was observed. In the October 2013 cruise, a low
pHF,is valuewas observed at station 55 (8.06), the lowest for the section.
d its kinetic of oxidation at Tagoro submarine volcano, El Hierro, Mar.
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Fig. 4. A) Profiles of TdFe(II) at stations 56 and 56–03, on March 12 and 17 of 2014, respectively. B) Profiles of TdFe(II) at stations 61–42 and 61–61 on March 19. C) Profiles of pHF,is at
stations 56 and 56–03 on March 12 and 17, respectively. D) Profiles of pHF,is at stations 61–42 and 61–61 on March 19.
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Moreover, a slight decrease in pHF,is was also measured in station 53
(value of 8.10, lower than those at the adjacent stations) and at stations
50, 51 and 58 which had values of 8.08, 8.09 and 8.10, respectively.
However, in the March 2014 cruise, low pHF,is values were observed at
Fig. 5. Vertical distributions of A) TdFe(II) and B) pHF,is in the hig
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stations 56 and 57 (8.16 and 8.13, respectively), and at station 54,
with a value of 8.13. During the May 2015 cruise, a strong decrease in
pHF,is was found in station 56, with a value of 8.00. This value represents
0.13 and 0.16 units less than the corresponding values at the same
h resolution study along the volcano transect in May 2015.

d its kinetic of oxidation at Tagoro submarine volcano, El Hierro, Mar.
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Fig. 6. A) TdFe(II) during October 2013, March 2014 and May 2015 at the bottom of the
high-resolution section along the volcano transect. The main cone is located at station
56. B) pHF,is at the bottom of the high resolution section of the volcano transect.

Fig. 7. Plot of log kapp (M−1 min−1) and temperature (1000/K T−1) for the kinetic studies.
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depths in October 2013 and March 2014, respectively. There were also
two low values at stations 52 and 58, of 8.13 and 8.11, respectively.

The correlation coefficients between the changes in pH and those in
TdFe(II) for each 2013, 2014 and 2015 cruise were 0.6, 0.5 and 0.6, re-
spectively, indicating that the emittedfluidswere rich in both carbonate
species and TdFe(II). These coefficients also show that the correlation
between changes in pH (due to the concentration of dissolved CO2)
and changes in TdFe(II) may vary because of other factors that control
TdFe(II). The changes in the ORP sensor values (dorp/dz) were also cor-
related with the anomalies observed for TdFe(II). However, no signifi-
cant correlation was found between dorp/dz and TdFe(II), indicating
that other reduced species were affecting the change in the ORP signal.

Bearing in mind that the half-life time of Fe(II) in seawater depends
principally on the oxygen concentration, the pH, and the composition of
themedium, these waters offered a unique opportunity to study the ki-
netics of oxidation of Fe(II) in an area affected by hydrothermal condi-
tions. For this purpose, several kinetic oxidation studies were carried
out in order to gain insight on the behavior of Fe(II) in these conditions
and the results were comparedwith data presented in the literature. Ki-
netics studies were done with two water samples: surface water with a
salinity of 36.92 and deeper water with a salinity of 35.46. Each kinetic
study was performed at different temperatures between 5 and 25 °C.
Fig. 7 shows a linear dependence between the log kapp (M−1 min−1)
and the temperature (1000/T K−1) for both salinities. The energy of ac-
tivation obtained was 35.5 kJ mol−1 and 72.1 kJ mol−1 at surface and
deeper water, respectively. It is important to note that these results ob-
tained at different pH values and salinities providing two different
Please cite this article as: Santana-González, C., et al., Emissions of Fe(II) an
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energies of activation, indicate that the oxidation mechanism is not
the same at the surface and close to the emission area,with Fe(II) oxida-
tion moreover affected by the pHF,is and salinity.

The surface waters (5 m) had pHF values of 8.13 and slightly higher
and the deeperwater (343m) values of 7.75 and slightly higher at 25 °C.
Values of t1/2 (min), log k′(min−1) and log kapp (M−1min−1) are shown
as a function of temperature and pHF in Table 1. The oxidation of Fe(II)
follows a pseudo-first-order behavior. The Fe(II) oxidation kinetic in
surface waters with higher pHF had faster oxidation rates than those
at deeper waters, where the pHF was lower.

4. Discussion

The hydrothermal emissions around Tagoro submarine volcano off
El Hierro island affect the pH of the surrounding waters as well as the
TdFe(II) distribution in the water column. In the high resolution study
along the volcanic edifice, positive anomalies in the vertical distribution
of iron concentration were observed (Fig. 2A), located around 100 m
depths, in station 55 in October 2013 and station 56 in March 2014
and May 2015. The iron concentration anomaly was also accompanied
by an important anomaly in the pHF,is signal (Fig. 2B) (correlation coef-
ficients of 0.6) at the same transect and at the same depth, with an op-
posite behavior. The low pHF,is values in the vertical distribution, along
the full depth, are associated to CO2 emissions from hydrothermal
vents located in the volcano area. The three carbonate system variables
measured in these cruises, with high values of total dissolved inorganic
carbon and alkalinity (data not shown) together with the low values of
pH, are completely consistent with the set of carbonic acidity constants
ofMehrbach et al. (1973), refitted by Dickson andMillero (1987). These
emissions also included important amounts of Fe(II) (Santana-Casiano
et al., 2016, 2013). Low pH values help to maintain Fe(II) in solution
for a longer period of time due to a decrease in its oxidation rate.

When a yo-yo sampling was carried out at station 55 (Fig. 3A and B),
increases in the iron concentrationswere also accompanied by a decrease
in the pHF,is values for all the anomalies recorded. Both the decrease in the
oxidation rate at low pH and the formation of complexed iron can help to
maintain high concentrations of TdFe(II) in solution. The tow-yo sampling
carried out across the volcano during theMarch 2014 cruise allowed us to
more accurately determine the location of the sub-cones and emissions
(Santana-Casiano et al., 2016). During the tow-yo sampling, important
temporal anomalies were also detected in stations 56 and 61, indicating
changes in the emitted fluid composition with time.

Although the pHF,is at the bottom of station 61, 61–61, was lower
than that three and half hours before, 61–42, (Fig. 4B), the TdFe(II) con-
centration decreased. This behavior could be explained by considering
d its kinetic of oxidation at Tagoro submarine volcano, El Hierro, Mar.
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Table 1
Measured and calculated Fe(II) oxidation rate constants at the different experimental conditions.

Salinity t (°C) pHF t1/2 (min) log k′ (min−1) Standard error log kapp (M−1 min−1) log kapp (M−1 min−1)a log kapp (M−1 min−1)b

35.457 25 7.75 4.69 0.831 0.01 2.841 2.741 2.650
25 7.75 4.91 0.850 0.01 2.821 2.741 2.650
20.5 7.77 7.41 1.029 0.01 2.609 3.012 2.882
15.6 7.82 10.93 1.198 0.01 2.400 2.331 2.221
10.7 7.84 16.78 1.384 0.01 2.171 2.078 1.962
5.7 7.94 24.32 1.545 0.01 1.962 1.908 1.776

36.924 25a 8.13 1.61 0.365 0.01 3.222 3.176 3.077
20b 8.21 1.71 0.392 0.01 3.154 3.023 2.917
10.6 8.26 2.25 0.511 0.01 2.948 2.587 2.473
5.8 8.34 2.87 0.616 0.01 2.791 2.187 2.069

[Fe(II)]0 = 4.026 nM
The theoretical value of log Kapp (M−1 min−1) in seawater enriched with nutrients was calculated from (a) González et al. (2010) and (b) Samperio-Ramos et al. (2016).

a [Fe(II)]0 = 16.106 nM.
b [Fe(II)]0 = 9.664 nM.
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changes in the emitted iron concentration and due to scavenging
onto surfaces or the presence of less effective complexing sub-
stances. The high value obtained at the bottom depth of station
61–42 of 1278.9 nM was, however, three orders of magnitude
lower than the range of values determined in other hydrothermal
vents, of 1–3 mmol L−1 (de Baar and de Jong, 2001).

Moreover, values recorded for all cruises at the bottom across the
volcano transect showed TdFe(II) concentrations (Fig. 6A) were a mir-
ror image of those for pHF,is (Fig. 6B). The relationship between low
pHF,is and high TdFe(II) concentrations indicated that emissions of hy-
drothermal fluids rich in acid and iron were active in the area, particu-
larly in the proximities of station 55, during October 2013, and station
56, in March 2014 and May 2015, which were affecting the pHF,is and
TdFe(II) profiles and the surrounding sea bottom values. However,
other factors such as organic complexation and scavenging could also
be important.

The Fe(II) oxidation kinetic studies carried out during May 2015 in
the surroundingwaters affected by the volcanic emissions provided im-
portant results. Both surface (S = 36.92) and deep (341 m, S = 35.46)
seawater followed a pseudo-first-order Fe(II) kinetic. For each value of
salinity, oxidation became faster as the temperature increased. More-
over, the oxidation of Fe(II) was faster in surface waters with salinity
of 36.92 and pHF,is over 8.12 than in deeper seawater (at 341 m) with
salinity of 35.46 and pHF,is over 7.75 at the same temperature.

In order to compare the log kapp with other previous data obtained at
high nutrient concentrations, the experimental conditions of these stud-
ies (pH, T and S) were included in the empirical equation of González et
al. (2010) and Samperio-Ramos et al. (2016), valid at high nutrientwater
concentration (Table 1). The log kapp (M−1 min−1) obtained at both sa-
linities presented values very close to those obtained by González et al.
(2010) and Samperio-Ramos et al. (2016). These values are faster than
those expected in natural oligotrophic seawater with low concentrations
of macronutrients (Santana-Casiano et al., 2005). In deeper water, with
salinity 35.46, 25 °C andpHF 7.75, log kapp (M−1min−1)was 2.841, a sim-
ilar value to the theoretical value of 2.741 reported in González et al.
(2010) and 2.650 in Samperio-Ramos et al. (2016). At 5.7 °C and pHF

7.94, log kapp (M−1min−1)was 1.962. This value is closer to the 1.908 re-
ported in González et al. (2010) than the 1.776 reported in Samperio-
Ramos et al. (2016). However, at 20.5 °C and pHF 7.77, the log kapp
(M−1 min−1) was 2.609, a value closer to the 2.882 reported in
Samperio-Ramos et al. (2016) than the 3.012 value in González et al.
(2010). In surface water, with salinity 36.92, the rate was faster than in
the deeper waters at the same temperature. This difference can be
explained by considering the dependence of the Fe(II) oxidation rate on
pH and on the different nutrient concentrations (data not shown) of
the seawater samples and those in the model. Log kapp presented values
that were closer to those obtained in González et al. (2010) for 25 °C
and 20 °C. However, at colder temperatures than 10.6 °C the log kapp
Please cite this article as: Santana-González, C., et al., Emissions of Fe(II) an
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presented higher values than the theoretical ones (when temperature
increases pHF decreases due to the temperature effect and a gradual
increase in log kapp values should be observed).

Kinetic studies carried out in the volcanic area showed Fe(II) oxida-
tion rates were faster than those expected in natural oligotrophic sea-
water. In general, the values were more in line with those at high
nutrient concentration. González et al. (2010) and Samperio-Ramos et
al. (2016) demonstrated that the effect of high nutrient seawater,
particularly related to higher silicate concentration, increases the
Fe(II) oxidation rate. During the eruptive phase, important inputs of
silicate in the area were measured (Santana-Casiano et al., 2013). The
differences in log kapp between the three studies are probably due to dif-
ferent nutrient contents, metal interactions and the effect of nutrient
content and type of organic matter. The emission of iron and nutrients
(Santana-Casiano et al., 2013) also increases the rate of phytoplankton
production (Fitzwater et al., 1996; Martin et al., 1994) which induces
changes in organic iron complexation and Fe(II) oxidation rates favored
at the low pH values in the area (Breitbarth et al., 2010). Iron-ligand
complexes have been found in the seawater hydrothermal plumes ris-
ing above the vents (Bennett et al., 2008; Statham et al., 2005), which
will affect metal concentration in hydrothermal fluids (Sander and
Koschinsky, 2011) and change the reactivity of the Fe species,
preventing precipitation of Fe and scavenging onto particulate phases
(Bennett et al., 2008). Authors such as Breitbarth et al. (2010) observed
that ocean acidification may lead to enhanced Fe-bioavailability due to
an increased fraction of dFe and elevated Fe(II) concentrations in coastal
systems. Moreover, seawater pH affects phytoplankton physiology (Fu
et al., 2008), and thus indirect effects via phytoplankton exudates that
complex iron may also alter the biological influence on iron solubility
and cycling (Breitbarth et al., 2010). In our study, sub-maxima values
of Fe(II) were always associated to the depth of the chlorophyll maxi-
mum, where organic excreted ligands could play the aforementioned
roles. The anomalies observed at the bottom areas in pHF,is and TdFe(II)
during the three cruises confirmed the emission of gases and reduced
compounds in the volcano region, especially in the sub-cone located
at station 55 in October 2013, at stations 56 and 61 in March 2014,
and at station 56 in May 2015. The emission of hydrothermal fluids,
rich in CO2 and in reduced iron forms (among other emitted metals
which have not been considered), whose concentrations can change
with time as was observed in the yo-yo studies, affects the surrounding
volcanic area and contributes to an increase in the TdFe(II) that can en-
hance the biological activity as a result of this natural fertilization event.

5. Conclusions

The studies carried out during the three cruises in the area of the
Tagoro submarine volcano off El Hierro island, showed important posi-
tive TdFe(II) anomalies, which were inversely correlated with negative
d its kinetic of oxidation at Tagoro submarine volcano, El Hierro, Mar.
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anomalies in pHF,is. These studies allowed investigation of the temporal
evolution of the total dissolved Fe(II) concentrations in the area and an
analysis of the natural Fe(II) fertilization process.

It was observed that emissions of TdFe(II) continue in the area four
years after cessation of the molten eruptive phase. The magnitude of
TdFe(II) was not the same in all the sampling periods, with high vari-
ability over a short time scale, and was also inversely related to pH.
This may be due to changes in the mixing process along the shape of
the volcanoor changes in the amount of emittedfluids in the hydrother-
mal vents that mixed with the surrounded oxygenated waters. The ki-
netic studies in the volcanic area showed Fe(II) oxidation rates were
higher than those expected in oligotrophic seawater. The increase in
the Fe(II) oxidation rate can be explained by the higher amount of mac-
ronutrients, in particular silicates, in these waters.

This study has showed that the increased TdFe(II) concentrations due
to the hydrothermal emissionsmay be acting as an important fertilization
event in the seawater around the Tagoro submarine volcano near the
island of El Hierro, providing optimal conditions for the regeneration of
the area.
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