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During the “Godzilla” dust storm of June 2020, unusually high fluxes of mineral dust traveled across the Atlantic from the Sahara Desert, reaching the Caribbean Basin, Gulf Coast, and southeastern United States. Additionally, an eruption of the La Soufrière volcano on St. Vincent in April 2021 generated substantial ashfall in the southeastern Caribbean. While many studies have analyzed mineral dust’s ability to relieve nutrient limitation of phosphorus (P) in the P-stressed North Atlantic, less is known about the impact of extreme events and other natural aerosols on fluxes of P into seawater and from seawater into marine microbial cells. We quantified P and iron (Fe) content in mineral dust from the Godzilla dust storm and volcanic ash from the La Soufrière eruption collected at Ragged Point, Barbados. We also performed seawater incubations to assess the marine microbial response to aerosol deposition. Using environmentally-relevant concentrations of atmospheric particles for within the ocean’s mixed layer allowed us to draw realistic conclusions about how these deposition events impacted P cycling in situ. Volcanic ash has lower P content than mineral dust, and P in volcanic ash is far less soluble (~1%) than assumed in current atmospheric deposition models. Adding mineral dust and the volcanic ash leachate in concentrations representing different deposition scenarios increased soluble reactive phosphorus (SRP) concentrations in coastal seawater by ~7-32 nM. Phosphate uptake rate was stimulated in coastal seawater after either mineral dust or volcanic ash deposition at aerosol concentrations relevant to the Godzilla dust event, with ash eliciting the fastest uptake rate. Furthermore, high concentrations of both the mineral dust and volcanic ash led to slightly elevated alkaline phosphatase activity (APA) compared to the relevant controls, indicating higher potential for use of dissolved organic phosphorus (DOP) as a P source. Quantifying these aerosols’ impacts on P cycling is a significant step towards achieving a better understanding of their potential roles in relieving nutrient limitation and fueling the biological carbon pump.
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1 Introduction

Low phosphorus (P) concentrations documented in the subtropical Atlantic warrant further study of P inputs to this region (Ammerman et al., 2003 and references within; Mills et al., 2004; Lomas et al., 2010; Moore et al., 2013). Elevated nitrogen (N)-to-P ratios in dissolved and particulate organic and inorganic matter pools in near-surface waters of the northwestern subtropical Atlantic are indicative of P deficiency, and soluble reactive phosphorus (SRP) concentrations in surface waters at the Bermuda Atlantic Time Series (BATS) station are so low that they approach concentrations documented in the P-starved eastern Mediterranean (Ammerman et al., 2003 and references within; Lomas et al., 2010). Recent research has shown that mineral dust deposition to marine environments can relieve P stress by releasing phosphate, but little is known about how other natural aerosols impact marine P cycling (Mills et al., 2004; Zamora et al., 2013). Nutrient deposition caused by ashfall from volcanic eruptions, for example, has been implicated in a number of phytoplankton blooms throughout geologic history—but whether volcanic ash-derived P plays a role in stimulating phytoplankton growth in the modern, P-stressed North Atlantic remains uncertain (Sarmiento, 1993; Bains et al., 2000; Jicha et al., 2009; Langmann et al., 2010).

The magnitude of the soluble, and potentially bioavailable, P flux from volcanic ash into seawater is poorly understood, partially because studies of nutrient solubility in ash are complicated by the use of different leaching protocols and unrealistic aerosol:seawater ratios. Furthermore, many incubations meant to mimic aerosol deposition into seawater use soils or other proxies that may not be truly representative of airborne material subject to atmospheric deposition (Mills et al., 2004; Guieu et al., 2010; Guieu et al., 2014; Geisen et al., 2022). Without viable constraints on solubility, atmospheric deposition models often assume that P in volcanic ash is 100% soluble (Mahowald et al., 2008; Myriokefalitakis et al., 2016; Kanakidou et al., 2018 and references within), but this is likely an overestimate based on the reported P solubilities for other silica-based geological materials like mineral dust (often ~5-20%; Zamora et al., 2013; Barkley et al., 2019). The magnitude of the subsequent flux of volcanic ash-derived P from seawater into marine microbial cells after deposition is also unknown because ash’s impacts on P uptake rate have never been experimentally measured.

Two major aerosol deposition events that impacted the Caribbean Basin and subtropical North Atlantic during the span of one year provide a unique opportunity to compare the effects of mineral dust and volcanic ash on P cycling in this region. In June 2020, mineral dust accumulated in coastal Africa due to a closed atmospheric circulation system associated with a strong North Atlantic subtropical high (NASH; Yu et al., 2021). The resulting dust plume, nicknamed “Godzilla,” was carried to the Caribbean by the African easterly jet (AEJ; Yu et al., 2021). MODIS Terra records indicate that this event resulted in the highest aerosol optical depths (AODs) observed off the coast of North Africa and in the southeastern Caribbean Basin since 2000 (Yu et al., 2021). It was also a hazardous air quality event, with the PM10 concentration reaching 453 µg/m3 in Cataño, Puerto Rico on June 23 (Yu et al., 2021). Then, in April 2021, an eruption of the La Soufrière volcano on St. Vincent—its first major explosive eruption since 1979—blanketed the Caribbean and northwestern subtropical Atlantic in volcanic ash. Collection of Godzilla mineral dust and La Soufrière volcanic ash transported to Ragged Point, Barbados, enabled us to use particles from both events collected after airborne transport for our measurements and bioassay incubation experiments.

We added nutrients leached from Godzilla mineral dust and La Soufrière volcanic ash to coastal seawater under laboratory conditions to evaluate how these aerosols impact P uptake into marine microbial cells. Phytoplankton can assimilate and use P in the form of inorganic phosphate without altering it, making dissolved inorganic phosphorus (DIP) the most “bioavailable” form of P for marine microbes (Mahaffey et al., 2014). Dissolved organic phosphorus (DOP) can also be utilized, but most commonly only if phosphate is released via hydrolysis mediated by enzymes like alkaline phosphatase (ALP) with specific metal requirements, making DOP less energetically favorable as a P source (Cembella et al., 1984; Chróst, 1991; Dyhrman and Ruttenberg, 2006; Twining and Baines, 2013 and references within). In our seawater incubations, we measured phosphate uptake rates using radiolabeled phosphate, and measured the rate at which phosphate is released from DOP using alkaline phosphatase activity (APA) quantified by fluorometry.

Our concurrent collection of soluble reactive phosphorus (SRP, an estimate of DIP), phosphate uptake rate, and APA measurements during a four-day bioassay incubation provided quantitative estimates of P fluxes from dust and volcanic ash aerosol into seawater and from seawater into marine microbial cells. While volcanic ash contains less P than in mineral dust, incubation data revealed that mineral dust and volcanic ash both have measurable impacts on phosphate uptake that vary depending on aerosol concentration.




2 Materials and methods

For our analysis, both mineral dust from the Godzilla dust storm and volcanic ash from the eruption of La Soufrière were collected at University of Miami’s Barbados Atmospheric Chemistry Observatory at Ragged Point in eastern Barbados (13°6′N, 59°37′W; see  SI section 1. Dust mass concentrations measured at this site have documented African dust transport to the Caribbean and the Americas for over 50 years (Prospero et al., 2021). The site is also <200 km east of the La Soufrière volcano (13°20′ N, 61°11′W) on St. Vincent and was impacted by ash fallout during its eruption in 2021. We coupled chemical analysis of the mineral dust and volcanic ash aerosols collected at this site with a seawater incubation to better constrain how the two major deposition events impacted marine P cycling.



2.1 Aerosol collection and dust mass measurements

Aerosol samples representative of mineral dust deposition during the Godzilla dust storm were collected in June 2020 on Whatman-41 (W-41) cellulose filters using a hi-volume aerosol sampler (average daily flow rate between 38 and 41 m3/hr) atop a 17-meter tower at the Ragged Point site, which sits on a 30 m high bluff. One-quarter filter portions were used to calculate dust mass concentrations in air. We washed the filters with 20 mL of 18 MΩ·cm MilliQ (ultrapure) water to remove soluble constituents and then followed the ashing procedure described in Prospero (1999) and Zuidema et al. (2019) to eliminate the filter component. A correction factor of 1.3 (see Zuidema et al., 2019) was applied to convert ash weight to mineral dust weight on the filters by accounting for the loss of soluble and volatile components. A procedural blank was collected by placing a filter in the sampling cassette with no vacuum applied under a laminar flow hood for 15 minutes and was then subjected to the same ashing procedure. Dust mass concentration reaching the collection site per volume of air pulled by the pump across the filter was determined using the pump air flow and sampling time. During the period between June 21st and June 24th, mineral dust mass concentrations at the Ragged Point site in Barbados (daily averages of 97.4-185.3 µg dust/m3 air) were more than triple the typical concentrations (~30 µg dust/m3 air) observed at the site during June (Prospero et al., 2012; Prospero, 2014; Zuidema et al., 2019; Figure 1). Volcanic ash samples from the La Soufrière eruption were collected from the Ragged Point site after the eruption blanketed eastern Barbados in ash in April 2021 (loose ash was collected from the top of a cellulose filter after deposition rather than contained within the matrix of a cellulose filter). Volcanic ash samples used for the incubation were stored at -20°C before use.




Figure 1 | Daily average dust mass concentrations in air reaching Ragged Point, Barbados measured across three days during the Godzilla dust event, compared to approximate typical values for June based on Prospero et al. (2012), Prospero (2014), and Zuidema et al. (2019).






2.2 Determination of total P and Fe concentrations in dust and ash

One-eighth of a mineral dust filter collected during the Godzilla dust storm and a procedural blank filter were ashed overnight at 500°C to eliminate the filter component for elemental analysis. The ashed dust sample, procedural blank, and ~20 milligrams of volcanic ash sample were added to separate pre-cleaned 6 mL Savillex vials then digested at 150°C using a tri-acid cocktail (1 HNO3: 3 HCl: 1 HF), evaporated to dryness, and resuspended in 6M distilled nitric acid (see Morton et al., 2013 for further information on aerosol digestion methods). A 0.5 mL aliquot of digested sample suspended in 6M nitric acid was diluted in 14.5 mL of 18 MΩ·cm MilliQ (ultrapure) water to approximate the matrix of the standards used to produce an external calibration curve. Elemental concentrations were determined using triple quadrupole inductively coupled plasma mass spectrometry (Agilent 8900 ICP-QQQ, Agilent, Santa Clara, CA), which has the advantage of being able to chemically resolve interferences using MS/MS mode with a variety of reaction cell/collision cell gases. For P measurements, the instrument was operated in MS/MS mode using O2 gas in the collision-reaction cell (CRC) and analyzing the O2 mass shifted analyte in the third quadrupole at mass 47. For Fe measurements, the instrument was operated in MS/MS mode using H2 gas in the collision-reaction cell (CRC) and analyzing at mass 56. Multiple digestions of certified reference materials (CRMs), BHVO-2 and AGV-2, were used for method validation and estimates of accuracy in repeat analyses conducted during each analytical batch. Average recoveries for replicate measurements of each geostandard were within ±4% of the certified values for P and ±9% of the certified values for Fe. See SI section 2 for further detail on analytical methods and CRM recovery.




2.3 Mössbauer measurements

Mössbauer spectra were collected to characterize and quantify Feoxidation states and mineral forms present in both the mineral dust and volcanic ash samples. Mössbauer spectra were collected at the Pacific Northwest National Laboratory (PNNL) using a 75 mCi (initial strength) 57Co/Rh source. The velocity transducer (WissEl Elektronik, Germany) was operated in a constant acceleration mode (23 Hz, ± 12 mm/sec). An Ar-Kr proportional counter was used to detect the radiation transmitted through the sample, and the counts were stored as a function of energy (transducer velocity, 1024 channels). Raw data were folded into 512 channels to give a flat background and a zero-velocity position corresponding to the center shift of a metal iron foil at 298 K (room temperature (RT)). Calibration spectra were obtained with a 7 μm thick α-Fe(m) foil (Amersham, England). A closed-cycle cryostat (SHI-850, Janis Research Company, Inc., Wilmington, MA) coupled with a Sumitomo CKW He compressor unit (Allentown, Pennsylvania) was used for decreasing the temperature from RT to desired below RT temperature.




2.4 Preliminary P solubility tests for volcanic ash

Prior to the incubation, batch leaching experiments were performed to better constrain P solubility for the volcanic ash specifically. Solubility was determined by leaching volcanic ash in 65 mL of 2.5 mM sodium bicarbonate (pH~8) in replicate 125 mL acid clean transparent polycarbonate bottles at a concentration of ~0.3 mg ash/mL. Leaching with this type of buffered solution is a staple in the atmospheric community (Baker et al., 2003; Baker et al., 2006). This specific solvent was selected to approximate seawater pH and buffer pH changes during the leach, following Aminot and Andrieux (1996) and Zamora et al. (2013). Over a 17-hour period, one bottle’s leach was terminated each hour with filtration (syringe filtered through a 0.2 μm poresize polyethersulfone membrane) to remove ash particles, and leachate was frozen at -20°C until analysis. We quantified soluble phosphorus in the leachate both as SRP and total dissolved phosphorus (TDP = DIP + DOP).



2.4.1 Soluble reactive P in volcanic ash leachate

We added 2.5 M magnesium chloride to leachate samples to achieve a concentration of ~0.05 mol Mg2+/L (comparable to typical seawater concentrations). SRP levels then were measured via the magnesium-induced co-precipitation (MAGIC) method (Murphy and Riley, 1962; Strickland and Parsons, 1972; Karl and Tien, 1992). Briefly, 10 mL of sample was precipitated as magnesium hydroxide using addition of sodium hydroxide. Pellets of precipitated magnesium hydroxide and phosphate were dissolved in 4 mL 0.25 M trace metal grade hydrochloric acid. The arsenate reduction correction was used (Johnson, 1971) prior to addition of molybdenum blue reagents (Strickland and Parsons, 1972) to eliminate possible interference with the determination of phosphate concentration. Absorbance of the samples was measured at 880 nm in a 10 cm quartz cuvette using a UV-1800 Shimadzu UV Spectrophotometer. Standards of potassium monobasic phosphate ranging from 0 nM to 150 nM were prepared in 2.5 mM sodium bicarbonate solution and processed in the same way as the samples.




2.4.2 Total dissolved P in volcanic ash leachate

For ICP-QQQ analysis, 5-mL leachate samples were acidified with 100 μL concentrated OmniTrace Ultra Nitric Acid to approximate the matrix of the calibration curve. TDP concentrations in leachate were determined using an Agilent 8900 ICP-QQQ as described above. Accuracy was assessed with NIST-traceable inorganic reference standards, and recovery for P was within ±8.5% (see SI section 3 for further detail on analytical methods and reference standard recovery).





2.5 Seawater bioassay incubation

For the incubation, mineral dust-laden filters and volcanic ash were leached in 2.5 mM sodium bicarbonate solution in acid clean transparent polycarbonate bottles at a concentration of ~0.48 g aerosol/L for 17 hours to extract soluble nutrients. Leaches were terminated with filtration using 0.2 μm polyethersulfone membrane syringe filters (Mackey et al., 2012; Zamora et al., 2013). Seawater was collected in coastal Miami (25°44′ N, 80°10′W) from the dock at the Rosenstiel School of Marine, Atmospheric, and Earth Science, where SRP concentrations have been measured ranging from approximately 20-200 nM. Seawater was collected in September 2022 using acid cleaned, high density polyethylene (HDPE) bottles dipped just below the surface in about 3 m deep water. Whole seawater was poured through a 250 µm nylon mesh to remove large particulate material. Mesh-filtered seawater was sampled for t=0 baseline seawater measurements. Leachate was diluted in coastal seawater collected at the dock to mimic four environmental deposition scenarios assuming an aerosol dry deposition velocity of 1.16 cm/s and a 20-m mixed layer depth (Duce et al., 1991; de Boyer Montégut et al., 2004; Mackey et al., 2012; Buck et al., 2013; see Table 1 for the concentrations used and rationale for the different conditions).


Table 1 | Experimental and control conditions used for the seawater incubation.



All dilutions of leachate into seawater resulted in a final concentration of 5% (v/v) 2.5 mM sodium bicarbonate in incubation solutions. We used lower aerosol concentrations compared to previous studies (Duggen et al., 2010 and references within; Geisen et al., 2022) in order to mimic environmentally realistic concentrations in the mixed layer. The “Godzilla Dust” and “La Soufrière Ash” conditions used the same mass of aerosol leached per volume seawater (0.0217 mg/L), so differences in observed outcomes were purely due to chemical differences of the aerosols. The “June Dust” condition (0.00451 mg/L) represented typical dust loading in June in the absence of a major event like Godzilla. The “High Deposition Ash” scenario (21.7 mg/L) represented higher loading of volcanic material. A “Blank Filter Control” produced by leaching a procedural blank cellulose filter was used as a control for the experimental conditions with mineral dust. A “Bicarbonate Control” with only the bicarbonate solution added to the seawater instead of aerosol leachate was used as an experimental control for the volcanic ash conditions.

Seawater was mixed with appropriate volumes of leachate or control solution in 2.5 L acid clean polycarbonate bottles, and triplicate time zero (t=0) samples were removed for SRP, phosphate uptake rate, APA, and cell count measurements on day 1 (t=0). The remaining incubation solution for each condition was then distributed into nine replicate 125 mL acid clean transparent polycarbonate bottles that were placed in flow-through incubators situated on the dock of the Rosenstiel School with ambient seawater circulating through them over four days. Incubators received ambient sunlight with neutral density screens filtering the light to approximate light levels at about 1 m depth. Temperature and light levels were monitored in the incubators throughout the course of the incubation using Onset HOBO MX2202 data loggers (see SI section 4). Three biological replicate bottles for each condition were removed from the incubators and sacrificed for sampling once per day on days 2-4 (t=1-3) for analysis in triplicate of the suite of measurements listed for t=0.



2.5.1 Seawater SRP

SRP samples were stored at -20°C until analysis. SRP was measured using the previously-described magnesium-induced co-precipitation (MAGIC) method (Murphy and Riley, 1962; Johnson, 1971; Strickland and Parsons, 1972; Karl and Tien, 1992), without the need to add magnesium chloride prior to precipitation. Standards were made using the SRP-free supernatant from coastal seawater samples with addition of potassium monobasic phosphate, then analyzed in the same way as the samples.




2.5.2 Phosphate uptake rate

Microbial phosphate uptake rate was measured directly after samples were collected from the dock at t=0 and immediately after bottles were collected from the incubators at t=1-3. From each 125 mL incubation bottle, a subsample of 20 mL was collected and spiked with 1 µCi radiolabeled orthophosphoric acid (H332PO4, Perkin Elmer NEX052001MC), resulting in a trace (pM) addition of phosphate (far below concentrations found in seawater and aerosol leachate). Killed controls were measured for each condition to distinguish biological phosphate uptake from potential abiotic adhesion to particles or the glass fiber filters. Water for killed controls was sampled from the original incubation bottles at t=0. Water totaling 20 mL pooled together was sampled from the three biological replicate bottles for killed controls at t=1 through t=3. Killed controls were treated with paraformaldehyde (PFA) at least 8 minutes prior to the radioisotope addition, with a final concentration of 0.5% (v/v) PFA, and then measured at timepoints alongside the samples. Within approximately 15 minutes of the radioisotope addition, 5 mL of sample or killed control was filtered through a combusted glass fiber membrane filter (GF-75, 0.3 μm pore size, 25 mm diameter) to capture cells and any radiolabeled phosphate they had taken up. From each radioisotope incubation vial, 5 mL samples were filtered at three timepoints across approximately 60 minutes. However, after evaluating the turnover time of the dissolved phosphate pool, only the first radioisotope incubation timepoint (within approximately 15 minutes of the spike) was used for calculation of phosphate uptake rates due to the rapid turnover rate of the dissolved phosphate pool. Filters were rinsed with 1 mL of filtered (0.2 μm) seawater, then transferred to a plastic scintillation vial and submerged in 3 mL Ultima Gold Scintillation cocktail. Total activity (TA) of the radioisotope addition was measured by drawing 100 μL from each replicate of radiolabeled incubation solution and adding to a scintillation vial with Ultima Gold scintillation cocktail. Radioactivity transferred to the GF-75 filters from the filtration rig were quantified using four filter blanks collected on day 1 (t=0) and day 4 (t=3). 5 mL of filtered 18 MΩ·cm MilliQ (ultrapure) water was passed through the filter blanks under the same conditions as samples, then submerging the filters in Ultima Gold Scintillation cocktail. 32P activity was measured for filters and TA samples using a scintillation counter (Perkin Elmer Tri-Carb 2910 TR), measuring counts per minute (cpm) at 4-2000 keV; for high energy 32P beta emission, 100% count efficiency is assumed such that cpm = decays per minute (dpm). The uptake rate of radioactivity into marine microbial cells (dpm/L/min) was calculated as the slope between sample activity and time since the radioactive spike, using the average radioactivity of the filter blanks collected at t=3 for activity at the time of the radioactive spike. Phosphate turnover time (turnover time of the dissolved phosphate pool) was calculated by dividing TA by uptake rate of radioactivity. Specific activity (SA, dpm/nmol P) was calculated by dividing TA by SRP. Phosphate uptake rate (nmol PO4/L/hr) was calculated as slope (dpm/L/hr) divided by SA (see SI section 5 for details regarding calculations and SI section 6 for absolute phosphate turnover times).




2.5.3 APA

APA was measured after sampling at t=0, 2, and 3 using 4-methylumbelliferyl phosphate (MUF-P) fluorometry following the method employed by Hoppe (1983). Both standards and samples were placed in a 96-well plate. Briefly, standards were made using 4-methylumbelliferone (MUB) in sterilized seawater, and MUF-P was added to triplicate samples to achieve a 25 μM concentration (appropriate concentration determined from prior experiments testing a range of substrate concentrations with coastal Miami seawater). Fluorescence measurements were collected 5-6 times within 2.2 hours of MUF-P addition using a Tecan Genios fluorescence plate reader. APA was quantified by calculating the increase in fluorescence as a slope over time (fluorescence/time since MUF-P addition) for each condition, then dividing by the standard curve slope (fluorescence/μM P) (see SI section 7 for details regarding calculations).




2.5.4 Cell counts

At each sampling timepoint, 1.5-mL samples for cell counts were fixed with PFA (0.5% final concentration), flash-frozen in a liquid nitrogen dewar, and stored at -80°C until analysis. Cell counts were determined using a BD Accuri C6 Plus Flow Cytometer, both with and without a SYBR Green I Nucleic Acid Stain (~0.5% of total sample volume, Lonza #50513). Phytoplankton were distinguished in unstained samples using forward scatter and chlorophyll fluorescence (488 nm excitation with 670 nm long-pass filter emission). Total cells were distinguished in stained samples using forward scatter and SYBR fluorescence (488 nm excitation with 533 nm ± 15 nm emission). Bacterial counts were determined by subtracting phytoplankton counts from total cell counts.




2.5.5 Statistical tests

Significance tests were performed with SRP concentration, phosphate uptake rate, phosphate turnover time, and APA rate data from the incubation by calculating the two-sample t statistic to compare experimental datapoints to values for the relevant controls at each timepoint and experimental values to their values at adjacent timepoints for the same condition. Matlab’s student’s t cumulative distribution function (tcdf) was used to compute 2-sided p-values from the absolute values of calculated t statistics. Significance was defined at the p=0.1 level.






3 Results



3.1 Volcanic ash and mineral dust chemical composition

P content in mineral dust (857 mg/kg) collected during the Godzilla dust storm is ~1.5× that of the P content La Soufrière volcanic ash (586 mg/kg; Figure 2). Fe content among the two aerosol types is more similar. Fe content in the volcanic ash (54,170 mg/kg) is only ~4% greater than the Fe content in the Godzilla dust (52,178 mg/kg), leading to an Fe:P ratio (wt/wt) of about 92.4 in the volcanic ash compared to 60.9 in the mineral dust. Mössbauer measurement also revealed key differences in mineralogy between the two aerosol types. Fe in the volcanic ash is primarily present as Fe(II), while Fe in the mineral dust is largely present as Fe(III) (Figure 3).




Figure 2 | P and total Fe concentrations in Godzilla mineral dust and La Soufrière volcanic ash, determined by ICP-QQQ. Fe concentrations are much higher than P concentrations and are therefore reported as percents.






Figure 3 | Room temperature Mössbauer spectra for Godzilla mineral dust (orange) and La Soufrière volcanic ash (grey).






3.2 Solubility tests for volcanic ash

The solubility tests indicated that P solubility of volcanic ash in 2.5 mM NaHCO3 is very low (~1%) (Figure 4). Additionally, most soluble P is released from the volcanic ash into solution within ~10 hours, and the amounts of DIP and TDP released are similar, implying that DOP release is negligible.




Figure 4 | P solubility in La Soufrière volcanic ash as a function of leach time, represented as a percentage of total P content. Soluble P was assessed using two independent approaches: SRP measured using magnesium-induced co-precipitation, or MAGIC (blue circles), or TDP using ICP-QQQ (red circles).






3.3 Seawater bioassay incubation

While sampling occurred over four days, only data from the first three days (t=0-2) was utilized because of a spike in phytoplankton abundance at t=3 observed for all conditions and controls, likely due to a bottle effect (see SI section 8). Phytoplankton abundance significantly decreased over the first day and increased during the second day for all conditions (Figure 5). Heterotrophic bacteria abundance exhibited the opposite trend, but differences between t=0 and t=1 were not significant, and the change between t=1 and t=2 was only significant for the High Deposition Ash, Ash (Bicarbonate) Control, June Dust, and Dust (Filter) Control conditions.




Figure 5 | Phytoplankton (A, B) and heterotrophic bacteria (C, D) abundances measured for the four experimental conditions and two control conditions over three days. Error bars for phytoplankton abundance represent standard error, and error bars for heterotrophic bacteria represent propagated error. * indicates significant difference (p<0.1) from each timepoint’s control.



Phosphate drawdown was evident over the course of the incubation (Figure 6). At t=0, SRP concentrations for all six conditions were significantly elevated above the background seawater SRP concentration at t=0, indicating that either the sodium bicarbonate or the leachate dilution process introduced a measurable background SRP concentration to the seawater. However, all four conditions with the addition of aerosol leachate had SRP concentrations significantly elevated over their relevant experimental controls at t=0, indicating that aerosol leachate added additional phosphate to the seawater. There was significant P drawdown for the La Soufrière Ash, High Deposition Ash, Ash (Bicarbonate) Control, Godzilla Dust, and June Dust between t=0 and t=1 but not for the Dust (Filter) Control. After 24 hours of incubation, at t=1, the High Deposition Ash, Godzilla Dust, and June Dust conditions had SRP concentrations significantly lower than their relevant controls. However, by t=1, phosphate concentrations had decreased in most bottles, such that between t=1 and t=2 further significant drawdown only occurred for the La Soufrière Ash, Ash (Bicarbonate) Control, and Dust (Filter) Control conditions. At t=2, only the Godzilla Dust experimental condition had SRP significantly elevated above its relevant control.




Figure 6 | SRP concentration (A, B), phosphate uptake rate (C, D), and phosphate turnover time (E, F) measured for the four experimental conditions and two control conditions over three days. Phosphate uptake rate (C, D) is also reported for killed controls. Error bars represent standard error for replicate measurements in plots a and b and propagated error for plots c-f. * indicates significant difference (p<0.1) from each timepoint’s control. (Note that significance was determined for turnover times before normalizing to the relevant controls.).



The most major impacts on microbial phosphate uptake rate were observed at t=0, immediately after adding aerosol leachate to the incubation bottles. At t=0, phosphate uptake rates were significantly elevated above rates for the relevant controls for all four experimental conditions, with the La Soufrière ash condition having the highest reported phosphate uptake rate overall (335.2 nmol phosphate/L/hr), despite having lower P content than the dust (Figure 6). By t=1, phosphate uptake rates for all experimental conditions and the Ash (Bicarbonate) Control had dropped significantly below their t=0 values (all <90 nmol phosphate/L/hr). At t=1, phosphate uptake rates were not significantly different from the relevant controls for any experimental condition (though it may be notable that the uptake rate for the High Deposition Ash condition was actually lower, though not significantly, than its control) (Figure 6). Uptake rates for all experimental conditions and controls increased significantly between t=1 and t=2. At t=2, only the Godzilla Dust condition (194.6 nmol phosphate/L/hr) had a phosphate uptake rate elevated significantly above its control.

Phosphate turnover time, which indicates the length of time that P remains in the dissolved phosphate pool before being taken up by marine microbes, is represented as a ratio to the relevant control at each timepoint in Figure 6 (see SI section 6 for a plot with absolute turnover times). Turnover times remained below 80 minutes throughout the incubation. While these are fast, the turnover times reported here are within the range of DIP turnover rates in coastal surface waters (typically from <1 hour to about 10 days) compiled by Ruttenberg (2001). At t=0, both the La Soufrière ash (28.0 min) and the High Deposition Ash (38.2 min) had significantly shorter turnover times than the Ash (Bicarbonate) Control (50.0 min). Similarly, both the Godzilla Dust (35.1 min) and June Dust (32.0 min) conditions had turnover times significantly shorter than that of the Dust (Filter) Control (65.5 min). Turnover times for all four experimental conditions (but neither control) significantly increased between t=0 and t=1, and turnover times for experimental conditions no longer significantly differed from those of the relevant controls at t=1. Turnover times significantly decreased between t=1 and t=2 for all experimental and control conditions, reflecting the low SRP levels and rebound in phosphate uptake rate at this timepoint. At t=2, all turnover times were faster than 35 minutes. The June Dust (20.5 min) had a significantly shorter turnover time than the Dust (Filter) Control (28.8 min), and the High Deposition Ash (23.9 min) had a significantly shorter turnover time than the Ash (Bicarbonate) Control (34.5 min) at t=2.

APA is reported for t=0 and t=2 (Figure 7). At t=0, APA was significantly elevated above the relevant controls for both of the volcanic ash conditions and the Godzilla Dust condition. The APA for the Godzilla Dust condition decreased significantly between t=0 and t=2 (and increased significantly for its control). At t=2, while the APA rate for both volcanic ash conditions were elevated above the value reported for the Ash (Bicarbonate) Control, they were not significantly higher than the control due to the large variation between bottles.




Figure 7 | APA at the initial (t=0) and final (t=2) timepoints of the seawater incubation. Error bars represent standard error between the triplicate incubation bottles. * indicates significant difference (p<0.1) from each timepoint’s control.







4 Discussion

To the best of our knowledge, the data presented here are the first measurements of phosphate uptake rate, phosphate turnover time, and APA during a seawater bioassay incubation with volcanic ash. Adding La Soufrière ash resulted in a higher phosphate uptake rate than adding an identical amount of the mineral dust on an immediate timescale, despite ash’s lower P content. Mineral dust, deposited in concentrations relevant to typical June conditions or during an extreme deposition event like the Godzilla dust storm, stimulated phosphate uptake into marine microbial cells on an immediate timescale. Our results, therefore, provide experimental evidence of mineral dust aerosol’s ability to relieve P stress after long-range transport, as is hypothesized by Mills et al. (2004) based on experiments using surface soil. Notably, our results indicate only an immediate increase in phosphate uptake rate that did not persist throughout the duration of our incubation. By t=1, phosphate uptake rate was no longer significantly elevated above the controls for any of the experimental conditions, indicating that the leachate’s immediate impact on phosphate uptake rate did not persist on a multi-day timescale. This result can at least partially be attributed to drawdown of SRP and lack of available phosphate in the incubation bottles by t=1. It may also reflect the fact that, while an immediate impact was observed, the leachate-derived SRP represents only a small portion of the daily microbial phosphate uptake and was utilized quickly.

Our results also provide evidence that major aerosol deposition events could have important biological impacts through the input of SRP into surface waters. By using realistic aerosol concentrations in our methodology, we produced reasonable estimates for SRP release into the mixed layer upon aerosol deposition for the La Soufrière eruption, Godzilla Dust storm, and similar future deposition events. We documented an increase of about 7.3 ± 3.8 nM SRP in seawater with the addition of mineral dust leachate at a concentration that is typical for the month of June. During the more extreme Godzilla Dust scenario, we measured an increase of about 22.4 ± 10.3 nM SRP compared to its control. Results for the La Soufrière Ash condition were comparable to the Godzilla Dust scenario, with an increase of 31.6 ± 11.0 nM SRP. While our study mimicked extreme deposition events occurring in a coastal environment with background SRP concentration of 95.7 ± 4.9 nM, the inputs of SRP documented here could have much more significant biological impacts in more oligotrophic, P-limited regions like the Sargasso Sea’s euphotic zone where SRP levels are often <20 nM (Lomas et al., 2010).

We also compared P solubility of dust and ash to each other and to estimates currently used in biogeochemical models. Mineral dust is thought to be “processed” by mixing with reactive gases/acids or multiphase reactions in clouds during transit (Sullivan et al., 2007; Stockdale et al., 2016). Surface material on volcanic ash particles is subject to in-plume processing through rapid acid dissolution and interaction with water and liquid- and gas-phase fluoride that could potentially increase its nutrient solubility (Delmelle et al., 2007), but the percent solubility of P in the La Soufrière volcanic ash measured in our preliminary tests (<1%) was comparable to the solubility estimates obtained for mineral dust with our previous measurements (~1.44% for a 17.7-hour test leach) and other published studies (~5-20%; Zamora et al., 2013; Barkley et al., 2019). During our bioassay incubation experiment, t=0 SRP levels for the conditions in which equal concentrations of volcanic ash and mineral dust leachate were added to seawater were comparable, also indicating that volcanic ash solubility may in fact be close to mineral dust solubility (Figure 6). It should be noted that using the MAGIC method to measure SRP in sodium bicarbonate solution instead of seawater likely introduces some error. Since we have found that sodium bicarbonate introduces some level of background SRP signal, we do not recommend the use of sodium bicarbonate solution for leaches at low aerosol concentrations, despite its widespread use in the atmospheric community. Regardless, the 100% solubility estimates currently used for volcanic ash in atmospheric deposition models are likely an overestimate (Mahowald et al., 2008 and references within).

In addition to examining different facets of the marine phosphorus cycle, we also examined the impact on the marine microbial population. While leaching methodology varies significantly, both positive and negative impacts on marine microbes have been documented after interaction with volcanic ash in prior studies. Hoffmann et al. (2012) found that leachate produced using volcanic ash (0.53-1.6 g ash/L) from explosive eruptions of the Popocatepetl, Rabaul-Tavurvur, and Sakura-jima volcanoes increased the growth rate of a marine diatom (Thalassiosira pseudonana), while addition of leachate made using ash from the Arenal volcano decreased its growth rate. Adding leachate from the Popocatepetl, Rabaul-Tavurvur, and Arenal volcanoes appeared to have no significant impact on coccolithophore (Emiliania huxleyi) growth rates, but Sakura-jima ash leachate decreased this species’ growth rate at concentrations corresponding to 0.53-2.67 g ash/L of seawater (Hoffmann et al., 2012). Zhang et al. (2017) leached volcanic ash from Iceland’s Eyjafjallajökull volcano into filtered seawater from the western Pacific Ocean and found that the leachate reduced microbial diversity and suppressed SAR11 bacteria’s contribution to the microbial community structure. In the present study, total phytoplankton cell counts were not significantly different from controls 24 hours after addition of the mineral dust and volcanic ash, and only the June Dust condition varied significantly from its control after 48 hours. Since phosphate uptake rate was immediately stimulated with addition of the ash leachate but cell counts at subsequent timepoints were not significantly greater than those observed for the relevant control, it is possible that addition of the volcanic ash initially relieved P stress without causing an observable change in biomass. Alternatively, the input of SRP from the aerosol leachate may have enabled luxury P uptake (Solovchenko et al., 2019). We emphasize that the results presented here are likely more environmentally-relevant than those used for previous studies because we intentionally used concentrations of mineral dust and volcanic ash per volume seawater designed to mimic natural environmental deposition in the mixed layer. Chlorophyll-a concentrations will be measured in future studies to determine if biomass increases are associated with phosphate uptake rate because, overall, cell counts were not (Figure 5).

While our results have demonstrated that there is measurable phosphate release upon volcanic ash deposition into seawater, we speculate that the concurrent release of other nutrients including micronutrients may have also played an important role in the changes in phosphate uptake rate and APA that we observed. Since P was the major focus of our work, we used a leaching protocol that has been used in the atmospheric community for the analysis of SRP in aerosols (Baker et al., 2003; Baker et al., 2006). This protocol is not suitable for the accurate quantification of trace elements in our leachate. However, many studies have documented the release of other biologically important trace metals from ash during leaching experiments. Zhang et al. (2017) leached volcanic ash from Iceland’s Eyjafjallajökull volcano into filtered seawater from the western Pacific Ocean and documented release of zinc (Zn), copper (Cu), lead (Pb), cobalt (Co), cadmium (Cd), and nickel (Ni). Similarly, Frogner et al. (2001) documented the release of significant amounts of manganese (Mn) upon dissolution of ash from the Hekla volcano in Iceland. Many of these trace elements play a documented role in controlling microbial cycling of phosphorus through their function in enzymes (Duhamel et al., 2021). It is, therefore, possible that P input alone is not totally responsible for the observed biological impacts of the volcanic material. Bioessential metals like Fe in the ash may have played a role in enhancing microbial phosphate uptake. Our Mössbauer measurements for mineral dust showed that Fe present in the dust is primarily Fe(III), which agrees with the analysis of sediment samples from north-central Africa by Moskowitz et al. (2016). Our volcanic ash has greater Fe content than the dust and contains more Fe(II) (Figure 2), which is thought to be more soluble and bioavailable than Fe(III) (Shaked and Lis, 2012). This finding agrees with results from Maters et al. (2017) that demonstrate dominance of Fe(II) over Fe(III) in bulk volcanic ash from the 2008 Chaitén, 2009 Redoubt, and 2010 Eyjafjallajökull eruptions. The elevated APA that we observed with addition of volcanic ash at t=0 also supports the potential biological importance of trace metals released from the ash (Figure 7). Higher APA rates are generally interpreted as a response to phosphate stress since hydrolyzing DOP is a strategy employed by marine microbes to obtain more bioavailable P (Dyhrman and Ruttenberg, 2006). While phosphate drawdown was observed, we hypothesize that, in this case, APA may be elevated for the High Deposition Ash condition partially due to large fluxes of biologically active metals from the ash (Jones and Gislason, 2008). Fe, Zn, and Co specifically may have led to enhanced APA and luxury P uptake due to the metal requirements of alkaline phosphatase enzymes (Twining and Baines, 2013, and references within). However, testing our hypothesis will require further analysis using different leaching methods appropriate for both P and trace micronutrients.

Compared to other aerosol inputs, far less is known about the impacts of volcanic ash on P cycling because eruptions are unpredictable. Our results show that both mineral dust and volcanic ash appear to cause short-term stimulation of phosphate uptake, but there is a need for standardization of leaching and incubation protocols so that the impacts of different types of volcanic material can be compared. In particular, the leaching protocols that are routinely used for quantifying SRP in aerosols complicate the analysis of trace metals in the resulting leachate. We speculate that essential micronutrients like Fe, rather than macronutrients alone, may be responsible for the impacts of both dust and volcanic ash on the flux of P into marine microbial cells. Testing the validity of our hypothesis will require a different leaching approach to more holistically measure the different micro and macro nutrients released upon contact with seawater. Quantifying nutrient release from natural aerosols specifically is important for climate modeling because natural emissions from dust and smoke are predicted to increase with the changing climate (Pechony and Shindell, 2010; Gomez et al., 2023). The impacts of climate change on volcanoes have not been extensively studied, but the importance of nutrient deposition from volcanic aerosol in even the modern climate remains uncertain (Aubry et al., 2022). The results presented in this study can help improve model estimates of P solubility for volcanic ash and quantitative estimates of SRP delivery upon deposition to the ocean surface. Our findings regarding the impacts of extreme deposition events like dust storms and volcanic eruptions on marine P cycling is a significant step towards achieving a better understanding of their impacts on primary productivity and, subsequently, carbon sequestration in the oceans.
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