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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 (NO2– + NO3–, PO4, and Si(OH)4) 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 μM in the vent fluids as compared to 0.02 μM in the surrounding waters. Nutrient fluxes from the volcano during the degassing stage were estimated as 3.19 ± 1.17 mol m–2 year–1 (NO2– + NO3–), 0.02 ± 0.01 mol m–2 year–1 (PO4), and 0.60 ± 1.35 mol m–2 year–1 (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 (NO3– + NO2–):PO4 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.
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INTRODUCTION

About 85% of Earth’s volcanism occurs beneath the ocean with regard to the volume of emissions (Mitchell, 2012). Yet, submarine volcanoes are poorly 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 Stüben, 1996). Studies on hydrothermal settings have been carried out mainly in the Pacific Ocean (Edmond et al., 1979; Karl et al., 1989; Tarasov et al., 1990; Sorokin et al., 1998; Staudigel et al., 2006; Buck et al., 2018; Guieu et al., 2018), with fewer examples in the Atlantic (Thorarinsson, 1967; Sarradin et al., 1999; Desbruyères et al., 2001) and the Mediterranean (Sedwick and Stüben, 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 Stüben, 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 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).
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FIGURE 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.


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-García 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 CO2 partial pressure (pCO2) reaching values of 12000–150000 μatm 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(II)] (>50 μmol kg–1) and reduced species of sulfur (>476 μmol kg–1), 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 et al., 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 decrease 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., 2018).

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-García et al., 2019). However, no clear impact has been detected on the local phytoplankton community (Gómez-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 NO2– + NO3–, PO4, and Si(OH)4, 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.



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 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 Ramón Margalef (cruises 1, 2, 4, 5, and 7), Cornide de Saavedra (cruise 3), and Ángeles Alvariño (cruises 6 and 8–15) from the IEO.


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.

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 decoloration caused by the volcanic emissions could be observed (Figure 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 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 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 Liropus 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.



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 (NO3–) is reduced to nitrite by a copper-cadmium reductor column and detected likewise, giving the sum of nitrite and nitrate (Tréguer et al., 1976). In the present study NO2– + NO3– are analyzed jointly, which we hereafter shorten as N + N; we often refer to N + N as nitrate, since the concentrations of NO2– were found to be negligible with respect to NO3–. Phosphate (PO4) 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 silicate (Si(OH)4) is based on the reduction of silico-molybdate in acidic solution to molybdenum blue by ascorbic acid. Oxalic acid is introduced to the sample stream before the addition of ascorbic acid to minimize interference from phosphates (Garcia, 2005). The detection limits are 0.02 μM for N + N, 0.01 μM for PO4, and 0.040 μM for Si(OH)4. The concentrations were converted to μmol kg–1 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 l–1. 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.



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 (Δ[X]), calculated as the measured concentration ([X]) minus the average reference concentration at the same depth ([image: image]; and significant nutrient anomalies (sΔ[X]), calculated as the measured concentration minus the average and the standard deviation (std[X]ref) at the same depth, in order to eliminate anomalies that are found within the standard deviation of the average ambient concentrations (non-significant anomalies).
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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.

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).
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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–1 obtained from a 9-year time series in the Canary region (Fraile-Nuez et al., 2010). The fluxes were calculated in μmol s–1 and converted to mol m–2 year–1. The plume area was delimited as the area defined by the significant anomalies (sΔ[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).



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 1A); a ZEE- Canary Island bathymetry with a resolution of 90 m from the IHM-IEO for the map of El Hierro island (Figure 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 1C). During this cruise, bathymetric data was acquired using a Kongsberg Simrad EM-710 echosounder, 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.



RESULTS


Quantification of the Nutrient Emissions

The vertical profiles of nutrient concentrations are shown in Figures 2A–C (N + N, PO4, 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 in μmol kg–1) were of 8.06 for N + N (reference: 1.75), 0.79 for PO4 (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) μmol kg–1. Contrastingly, the maximum concentrations of  N + N  were found in the water-column samples (6.21 μmol 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 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 standard deviation. Upper x-axis in panel (C) corresponds to silicate concentration in the vent samples (green).


This behavior is also observed when comparing the nutrient emissions during each individual cruise (Figure 3). Here, in order to avoid the variability with depth, significant anomalies were calculated (sΔ[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.


[image: image]

FIGURE 3. Significant anomalies of (A) nitrate, (B) phosphate, and (C) silicate for each cruise. Boxplots show the median, quartiles, and outliers of the datasets. Volcanic stage (eruptive/degasification) and sample type according to the sampling methodology (water column/near bottom/vents) are specified.


Nutrient concentrations in the volcanic emissions are quantified in detail in Table 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 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 μM while reference concentrations measured at the same depth were 0.02 μM.


TABLE 1. Information from each cruise carried out in Tagoro volcano.

[image: Table 1]


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 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 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.
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FIGURE 4. Horizontal contours of nutrient anomalies for (A1, 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 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).


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 4A1,B1,C1) as well as in the satellite image (Figure 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 4D2). This transport is also observed for the nutrient anomalies (Figures 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 1C). From these profiles, nutrient anomalies (Δ[X]) for the degassing stage were calculated and are shown in Figure 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 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 (Figures 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)4) μmol kg–1, but remarkably higher anomalies are observed in the vent samples for phosphate and silicate (1.50 and 188.91 μmol kg–1, respectively). The anomalies are found in the first 50–75 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.
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FIGURE 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).


The contours in Figure 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–1 for N + N, 0.02 ± 0.01 mol m–2 year–1 for PO4, and 0.60 ± 1.35 mol m–2 year–1 for Si(OH)4. 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 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 2. Nutrient fluxes calculated from a transect perpendicular to the main current during the degassing stage.

[image: Table 2]


Nutrient Ratios

The correlations between all three nutrients as well as a silicate-temperature correlation are presented in Figure 6. First, in order to evaluate whether silicate can act as a mixing tracer of the volcanic emissions, a correlation was made with a conservative component such as potential temperature (Figure 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 r2 = 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 6. Nutrient ratios calculated as linear correlations, (A) (NO3– + NO2–):PO4 ratio, abbreviated as N:P (Redfield’s 16:1 ratio is shown), (B) (NO3– + NO2–):Si(OH)4 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.


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– + NO3–:PO4), nitrate to silicate (similarly abbreviated N:Si), and phosphate to silicate (P:Si). Figures 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, r2 and p-values can be consulted in Table 3.


TABLE 3. Slopes and statistics for the correlations shown in Figure 6.

[image: Table 3]In general, reference data for all three ratios presented a better fit (r2 > 0.99) than the affected samples (r2 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 6A–C). In Figure 6A (N:P ratio) the Redfield ratio is also shown, a nearly 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).



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 Stüben, 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 μM, in contrast to reference concentrations of 0.02 μM 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 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 a cyclic 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 even within each methodological dataset. Moreover, the outliers in the 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 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 Stüben, 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 Lōihi Seamount, Hawaii (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 Lôihi 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 μM reference and a range of 102.1–721.0 μM found in the emissions. A similar [Si(OH)4] range was found in the vent samples of Tagoro volcano (126.03–189.40 μmol kg–1); however, compared to the low ambient concentrations (0.49 μmol 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 μmol kg–1 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 μM) 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 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 surrounding El Hierro island (ratios in Table 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–1 nitrogen flux from the African coastal upwelling was described by Barton et al. (1998), comparable to the 3.19 mol m–2 year–1 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–1, 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–1) are of similar magnitude to our results of 0.60 mol m–2 year–1 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 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 (Föllmi, 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 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 6A shows the commonly studied N:P ratio, although in this case it should be interpreted as NO2– + NO3–:PO4 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 (r2 = 0.998; p < 0.001). The volcano-affected datasets are more scattered (r2 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 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 NO2– + NO3–:Si(OH)4 and PO4:Si(OH)4 correlations in Figures 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 Stüben, 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 Stüben, 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 6D. The data exhibited a good fit (r2 = 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 Stüben (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 Lôihi Seamount (Karl et al., 1989) a linear relationship was found when N + N and PO4 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 r2 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 and Table 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 et al., 1988, 1989; Sedwick and Stüben, 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 fertilize shallow waters and have an impact on the local phytoplanktonic communities becomes a relevant one (Buck et al., 2018; Gómez-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.



CONCLUSION

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 μmol kg–1 of NO2– + NO3– (reference: 1.75 μmol kg–1), 0.79 μmol kg–1 of PO4 (reference: 0.11 μmol kg–1) and 21.76 μmol kg–1 of Si(OH)4 (reference: 1.23 μmol 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 μmol kg–1, respectively; whereas for nitrate the maximum (6.21 μmol 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 μM (reference: 0.02 μM). 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 1.97 μM (reference: 0.02 μM), 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–1 for NO2– + NO3–, 0.02 ± 0.01 mol m–2 year–1 for PO4, and 0.60 ± 1.35 mol m–2 year–1 for Si(OH)4. 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.

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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