
1. Introduction
Phosphorus (P) is an obligate requirement for life on Earth and is essential for nucleic acids, membranes, 
and energy stores within all living cells. The P budget and its distribution in the oceans have an enormous 
impact on ecosystem dynamics and community compositions, and P is often the nutrient that limits pri-
mary productivity (Karl, 2002; Sohm et al., 2011; Tyrrell, 1999). Therefore, knowing the abiotic controls on 
the sources and sinks of marine P, especially dissolved phosphate (PO4

3−, hereafter Pi), is crucial for under-
standing the biogeochemistry of both modern and ancient oceans.

Volcanically driven nutrient fertilization is a potentially important source of Pi, as well as iron (Fe), sili-
con (Si), and sometimes nitrogen (N), to the surface ocean (Achterberg et al., 2013; Duggen et al., 2010; 
González-Vega et al., 2020; Hamme et al., 2010; Karl et al., 1988; Resing & Sansone, 2002; Wilson et al., 2019). 
However, there are few direct biogeochemical observations from the field due to the unpredictable timing 
and often remote locations of volcanic eruptions. Here, we present data from a rare opportunity that al-
lowed us to sample the surface ocean offshore of Kīlauea volcano, Hawaii, during active lava-seawater 
interaction. Field data are complimented with laboratory-based lava quench experiments, and particular 
attention is given to the biogeochemistry of Pi.

Kīlauea volcano, on the island of Hawaiʻi, is one of the most active volcanoes in the world, displaying a 
nearly constant effusion of lava and gases throughout all of recorded history. In 2018, Kīlauea's eruptive 
conditions changed dramatically with a voluminous fissure eruption along the lower East Rift Zone and 
synchronous collapse of the summit caldera (Neal et al., 2019). Eruptive fissures (24 in total) began open-
ing May 3, 2018, and by May 28, 2018, activity became focused at fissure 8, recently named Ahuʻailaʻau. 
Effusion rates of 50–200 m3/s from Ahuʻailaʻau fed highly channelized lava flows that reached the south-
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eastern coastline on June 3, 2018, filled in Kapoho Bay, and created 3.5 km2 of new land area by the end 
of the eruption in August (Neal et al., 2019). Submarine lava flows reached water depths of at least 750 m 
along the front of the new lava delta (Soule et al., 2021) and drove frequent offshore hydrovolcanic ex-
plosions of steam, seawater, and volcaniclastic debris (like those described in Mattox & Mangan, 1997; 
Figure S1).

Three days after lava began entering the ocean, satellite observations of the upper water column revealed 
high levels of chlorophyll along flow lines leading away from the ocean entry site, into waters that are 
normally oligotrophic with very low primary productivity (Figure 1). A rapid-response oceanographic ex-
pedition was conducted during July 13–15, 2018 to investigate the active phytoplankton bloom and its bi-
ogeochemical origins. Details of the interdisciplinary expedition were reported by Wilson et al. (2019). In 
summary, they found that elevated levels of chlorophyll (up to 0.6 µg/L from a background of 0.05 µg/L) 
were coincident with elevated trace metals and rare earth metals in ratios that reflect the composition of 
Kīlauean basalt, together with elevated inorganic nutrients. Wilson et al.  (2019) concluded that the dia-
tom-rich phytoplankton bloom depended on two linked sources of nutrient fertilization to the euphotic 
zone: (1) submarine dissolution of basaltic glass as the main contributor of Fe, Si, and Pi to the seawater, and 
(2) upwelling of lava-warmed, nutrient-rich deep waters as the main (and probably only) source of nitrate, 
as well as a secondary source for Si and Pi.
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Figure 1. (a) MODIS satellite chlorophyll from July 10, 2018 with cruise ship track in red and station numbers in 
white. The hillshade image of Hawaiʻi Island was created using U.S. Geological Survey 10 m Digital Elevation Models 
and is available through the State of Hawaii. Panel (b) shows the bathymetric profile along a straight line from the coast 
to Station 5 and is plotted using the GMRT Grid (version 3.7) available through GeoMapApp.
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Complicating the nutrient dynamics in this setting is the well-known observation that Pi is removed from 
solution through adsorption onto volcanogenic iron oxyhydroxides (Feox; Berner, 1973). Such Feox form by 
spontaneous precipitation when lava-derived, soluble Fe(II) is oxidized to insoluble Fe(III) on a timescale 
of minutes (González et al., 2010; Santana-González et al., 2017). Indeed, Hawco et al. (2020) report that 
<1% of the lava-derived Fe remained in solution within the 2018 phytoplankton bloom, thereby providing 
a potent sink for Pi. Here, we expand on the studies from Wilson et al. (2019) and Hawco et al. (2020) to 
gain a deeper understanding of this important aspect of the marine P cycle. We present new field and ex-
perimental data on: particle counts and size distributions; particulate Si, Fe, and P concentrations; dissolved 
nutrient concentrations; and 33Pi radiotracer incubations. In combination, these data allow us to differenti-
ate between biotic and abiotic uptake of Pi offshore of Kīlauea, estimate the hydration state of Feox and the 
partition coefficient of Pi into Feox, and evaluate the overall mass balance of nutrients within and outside of 
the phytoplankton bloom.

2. Methods
2.1. Field Observations and Sampling

Samples were collected during the Life Aquatic in the Volcanic Aftermath (LAVA) expedition on the R/V 
Kaʻimikai-O-Kanaloa (cruise ID: KOK1806) from July 13 to 15, 2018, during peak discharge of lava into the 
ocean. Lava was entering the ocean along ∼5 km of coastline, boiling seawater, and generating an acidic 
steam cloud (termed a laze plume, derived from “lava haze”) that was advected inland due to the prevailing 
wind direction from northeast to southwest (Figures S2–S5). Seawater immediately offshore was discolored 
to a greenish brown and roiling due to hydrovolcanic explosions (Figures S1, S6 and S7). Due to safety con-
cerns, the closest sampling station was ∼1 km offshore, outside of the most turbulent waters.

The cruise path targeted the plume of high satellite-derived chlorophyll leading away from the coastline of 
the lava ocean entry site (Figure 1). Seawater was sampled in three ways: through the ship's underway sea-
water sampling system (intake depth of ∼6 m); using a Niskin® bottle rosette (24 × 10 L) in order to obtain 
depth profiles (5, 25, 45, 75, 100, and 125 m) at six stations; and through a trace-metal-clean, tow-fish pump-
ing apparatus that was deployed when we were underway between stations (beginning after Station 3) and 
sampled at a depth of ∼1–3 m (see Hawco et al., 2020 for details on the tow-fish assembly and operation). 
The shipboard underway system provided continuous observations of chlorophyll and particle size distri-
butions as well as some discrete nutrient samples. From depth profiles, we sampled for suspended particle 
loads (mg/L) and nutrient concentrations, and obtained source water for 33Pi incubations. From the tow-
fish, we obtained discrete samples for nutrient and Fe analyses. Note that some tow-fish data and underway 
chlorophyll were originally reported in Wilson et al. (2019), and an extensive data set and discussion of trace 
metal and rare earth element data obtained from the tow-fish sampler was provided by Hawco et al. (2020).

Station 1 was outside of the lava-impacted plume and was chosen in order to provide a background reading 
of the near-coastal water chemistry. Station 2 was closest to the lava entry (∼1 km offshore) and at an ocean 
depth of nearly 1,000 m (Figure 1b). Bathymetric evidence of new submarine lava flows was observed to 
a depth of 750 m (Soule et al., 2021), although it is possible that some changes in bathymetry represented 
mass wasting from flows that were emplaced at more shallow depths (Sansone & Smith, 2006). In either 
case, Station 2 and beyond recorded the chemistry of water that was advected both vertically (by thermal 
upwelling off of the hot submarine lava flows) and horizontally (by surface currents; Wilson et al., 2019).

2.2. Synthetic Ocean Entry

A laboratory-based experiment simulating lava-seawater interaction was conducted in order to: (1) generate 
Feox particles in situ; (2) study the Pi and Fe dynamics in a contained system (open to gas exchange but not 
water or particles); and (3) eliminate biological processes. We used natural basaltic rock collected from the 
1859 lava flow from Mauna Loa, north of Kailua-Kona on the island of Hawaiʻi, because there was very 
limited accessibility to the new 2018 flow field. The rock sample was cleaned in deionized water and dried 
at 150°C before use. The major element composition of the basalt was determined by X-ray fluorescence 
spectrometry at the Peter Hooper GeoAnalytical Lab at Washington State University, and found to be very 
similar to the lava from Ahuʻailaʻau (Table 1; Gansecki et al., 2019). Molten lava was formed by melting  
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the basalt to 1200°C–1250°C in a silicon carbide crucible in collabora-
tion with the University of Hawaii at Mānoa Art Department. A syn-
thetic ocean entry was made in quadruplicate by quenching 0.6–1.9 kg 
of melt into 10 L stainless steel beakers filled with 4–6 L of 0.2 µm-fil-
tered surface seawater collected from Station ALOHA, 100 km north of 
Oahu (Karl & Lukas,  1996). In each of the four beakers, the seawater 
boiled, and in one beaker (Beaker A) the rock-to-water ratio (0.5 kg/L) 
was high enough that a laze plume was generated. Contamination of 
Pi was monitored using a control beaker of seawater without lava addi-
tion, and found to be inconsequential. About 5  min after the lava was 
quenched, seawater samples were taken for Si and Pi analyses. The ba-
saltic glass was left in the beaker of seawater during subsequent sam-
pling over the next day. The quench water was then decanted through 
a 200 µm mesh (to remove basaltic glass shards) and stored at 4°C for 
subsequent work, including Pi partitioning, particle abundances and 
size distributions, and total Fe analyses. Before any other analyses of 
the quench water, the samples were removed from the refrigerator and  
allowed to equilibrate at room temperature for two weeks.

2.3. Characterization of Particles

Dry weights (i.e., suspended particle load in units of mg/L) of seawa-
ter samples from each field station were determined in duplicate us-
ing 47  mm Whatman GF/F glass fiber filters (nominal retention size 
of 0.7 µm) after they were pre-combusted at 450°C for 5 h, cooled, and 
weighed. Filtered seawater volume was 2 L for all samples. After filtering, 

filters were rinsed twice with deionized water to remove sea salts before storing at −20°C for the duration 
of the cruise. Dry weights were determined after drying at 60°C for 48 h. Ash-free dry weights (i.e., the 
fraction of combustible particles) were determined by difference in weight after combustion at 450°C for 
5 h. Dry weights of samples from the synthetic ocean entry experiments were determined in triplicate by 
filtering 25–50 mL of sample onto pre-weighed 25 mm Whatman Nuclepore filters with 0.2 µm pore size 
instead of the 47 mm GF/F filters used for field samples in order to match the filters used for the 33Pi uptake 
experiment (see below).

Particle size distributions in both the field and experimental samples were determined with a Laser In-Situ 
Scattering and Transmissometry instrument (Sequoia LISST-100X). Field samples were measured using a 
continuous, flow-through sample chamber plumbed to the ship's underway seawater sampling system. For 
the first 10 minutes of every hour, for the duration of the cruise, the instrument sampled filtered seawa-
ter (<0.2 μm); these background values were subtracted from the data before inversion. The experimental 
samples were scanned by the LISST as discrete aliquots in a closed, gently stirred sample chamber, and 
averaged over one minute at a sampling rate of 10 Hz. Lab samples were corrected to remove background 
scattering of deionized water. All data processing was done in MATLAB using manufacturer-supplied code 
for the background scattering correction (getscat.m), scattering inversion (invert.p using 15 iterations), and 
laser power and concentration corrections (vdcorr.m), as described in White et al. (2015). The particle vol-
ume (µL/L) in each size bin was converted to particle concentration (#/L) assuming a spherical geometry; 
the total particle concentration was the sum of particles in log-spaced bins spanning a median diameter of 
1.25–100 µm. Particle size distributions were normalized to bin width (which varies) in order to standardize 
counts into 1 µm sized increments.

2.4. Dissolved Nutrients

From the field expedition, all seawater samples destined for nutrient analyses were collected into ac-
id-cleaned polypropylene bottles or trace-metal-free 50 mL centrifuge tubes (VWR), and stored at −20°C 
until analysis (Dore et al., 1996). Nutrient samples from the Niskin® bottles (Station 1–6, depth profiles) 
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  Mauna Loa 1859 flow Ahuʻailaʻau 2018 eruptiona

Oxide (wt%)

 SiO2 52.00 50.93

 TiO2 2.30 2.46

 Al2O3 13.62 13.33

 FeO 11.23 11.25

 MnO 0.17 0.17

 MgO 7.27 8.19

 CaO 10.23 10.67

 Na2O 2.44 2.30

 K2O 0.47 0.46

 P2O5 0.27 0.23

 Total 100.00 100.00

Molar ratios

 Si/P 226 260

 Si/Fe 5.54 6.02

 Fe/P 40.8 43.2
aAhuʻailaʻau composition from Gansecki et al. (2019).

Table 1 
Major Element Compositions of Basalt
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were pre-screened through a 50 µm mesh and those from the tow-fish were pre-filtered using a 0.2 µm 
polyethersulfone Acropak 1500 capsule filter. Nutrient samples from the synthetic ocean entry experiment 
were centrifuged (1000×g for 15 min) before analysis to remove particles.

Nitrate plus nitrite (NO3
− + NO2

−; hereafter N + N) concentrations were determined following Strick-
land and Parsons (1972), adapted for segmented flow on a SEAL AutoAnalyzer III (AA3) with a high 
resolution detector. This method has a quantification limit of ∼50 nM N + N, and an accuracy of ±1% 
as determined by daily measurements of the Wako CSK standard solution at 5.0 µM NO3

− (Wako #036-
10191). Samples with N + N of <100 nM were analyzed using the chemiluminescent method of Fore-
man et al. (2016), which has a detection limit of 1 nM. Pi concentrations were determined on the AA3 
following Murphy and Riley  (1962), with a quantification limit of ∼30 nM and an accuracy of 2% as 
determined by daily measurements of the Wako CSK standard solution at 0.5 µM Pi (Wako #034-10011). 
Silicic acid (Si[OH]4, hereafter Si) concentrations were determined using the silicomolybdic acid meth-
od described in Koroleff (1983), with a quantification limit of ∼40 nM and an average accuracy of 3% as 
determined by daily measurements of the Wako CSK standard solution at 5.0 µM Si (Wako #039-10061). 
Ammonium analyses were made using the fluorometric method of Holmes et al. (1999; high sensitivity 
protocol) with a quantification limit of 5 nM.

2.5. Particulate Iron, Phosphate, and Silica

Total dissolvable iron (tdFe) in surface waters of the phytoplankton bloom was determined using unfiltered 
seawater from the trace-metal-clean tow-fish sampling system. Samples were acidified to a pH of 1.8 with 
12 N HCl, and left to equilibrate for >1 month before being analyzed by inductively coupled plasma mass 
spectrometry (ICP-MS) on an Element 2 (Thermo; for analytical details see Hawco et al., 2020). Unfiltered 
seawater samples taken from the synthetic ocean entry experiments were diluted 100-fold with 0.1 N nitric 
acid for dissolution (because of high Fe content) and analyzed directly by ICP-MS.

Particulate phosphate (PPO4) was determined in two ways. For experimental samples, total dissolvable 
phosphate (tdPi) was measured in the tdFe splits, then PPO4 was calculated by subtracting background Pi 
from tdPi; with propagation of analytical error, precision of this difference calculation is estimated to be 
±3%. Particulate organic P was assumed to be negligible in the lava quench experiments. Field samples had 
an order of magnitude lower PPO4 concentration and required pre-concentration for analysis. PPO4 from 
Stations 1–6 was quantified by filtering 0.5 L onto combusted, HCl-cleaned GF/F filters. The filters were 
placed into combusted, HCl-cleaned borosilicate tubes and stored at −20°C until analyzed. For analysis, the 
PPO4 filters were ashed at 450°C for 6 h to oxidize organic P, then leached in 10 mL of 0.15 N HCl for 1 h, 
before being mixed by vortex and centrifuged at 1000×g for 15 min to remove filter debris. A 5 mL subsam-
ple was removed and analyzed for Pi (Murphy and Riley, 1962) at a detection wavelength of 880 nm on a 
Beckman DU-640 spectrophotometer. We were unable to analyze PPO4 concentrations in tow-fish samples 
due to low concentrations and small sample volumes (40 mL).

Particulate Si (PSi) for the upper 45 m of Stations 1–6 was collected by filtering 0.5 L of seawater onto a 
0.8 µm polycarbonate (PC) filter, followed by a time course leaching of the filter in a 0.1 M sodium car-
bonate solution at 85°C (DeMaster, 1981), which allows for the distinction between biogenic Si (opal from 
diatoms) and lithogenic Si (basalt fragments) due to differences in their dissolution kinetics. Digested sam-
ples were analyzed for dissolved Si concentrations using the chemistry of Koroleff (1983) with detection at 
a wavelength of 810 nm on a Beckman DU-640 spectrophotometer.

2.6. 33Pi Uptake Experiments

To evaluate the uptake rate of Pi into field particles, by the sum of both biotic and abiotic processes, surface 
seawater from all 6 stations (5 m deep, sampled with the Niskin® rosette) was collected into HCl-washed, 
sample-rinsed, 4 L PC bottles and incubated in on-deck incubators that were cooled with flowing surface 
seawater and shaded to 50% surface irradiance using blue shielding (Arkema #2069). Untreated seawater 
samples were kept in the incubator for 0 to 15 h before subsampling for rate measurement in order to start 
all radiotracer experiments at dawn. At the start of each experiment, triplicate 75 mL PC bottles were spiked 
with 33Pi (33P-orthophosphoric acid; PerkinElmer #NEZ0800) to a final activity of 555 kBq/L and returned to 
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the incubator. Samples for Pi and PPO4 were taken from the 4 L bottles at the start of the tracer incubation 
experiments before 33Pi addition. Pi pool turnover times and Pi uptake rates were determined by time course 
sampling of the 33Pi incubations over 4 h. A subsample from each of the incubations was collected to quan-
tify total radioactivity. At each time point, 10 mL from each of the incubations was filtered onto a 0.2 µm PC 
filter to measure 33Pi uptake into particles. At the last time point, the incubations were also size fractionated 
using 10, 2, 0.6, and 0.2 µm PC filters. The filters and total radioactivity subsamples were placed into 7 mL 
plastic scintillation vials (Simport) with 4  mL of scintillation cocktail (Ultima-Gold LLT, PerkinElmer). 
Radioactivity was measured using a PerkinElmer 2100 liquid scintillation counter. The rate of uptake was 
determined from the slopes of the time course activities for each triplicate, and the Pi pool turnover time 
(TOT) was calculated as the total activity divided by the rate of uptake in days. The mean TOT (n = 3) was 
used to calculate the Pi uptake rate (nM/d) by dividing the measured Pi concentration by the TOT.

The magnitude of abiotic scavenging of Pi by lava-derived particles was evaluated through 33Pi incubations  
of seawater obtained from the synthetic ocean entry experiment (quench water passed through 200 µm 
mesh to remove large glass shards but not Feox particles). A subsample from experimental Beaker A 
(see Table  2) was used undiluted (100%) as well as diluted (20%) with 0.2 µm-filtered surface sea-
water from Station ALOHA in order to yield a similar Si concentration as measured at Station 2 of 
the LAVA expedition (25 µM; 5 m depth). A control sample containing only the filtered surface sea-
water dilutant was also incubated with 33Pi spike and used as a background correction for the 20% 
dilution. For each sample or control, triplicate incubations of 200 mL were placed into HCl-cleaned 
PC bottles and spiked with 33Pi to a final activity of approximately 370 kBq/L. The incubations were 
subsampled for (1) total radioactivity in the whole water, (2) activity retained on a 0.2 µm PC filter, 
and (3) activity in the filtrate at 5, 20, and 60 min, and 2, 4, and 6 h, then 1, 2, and 5 days after the 
33Pi spike. Radioactivity was measured in the same way as field samples. An incubation of filtered, 
sterilized seawater showed undetectable loss of 33Pi from the seawater and no change in total activ-
ity over time (corrected for decay using a half-life of 25.34  days), indicating that there was no loss 
of 33Pi to the container surface. In addition, activity in the filter plus activity in the filtrate generally  
summed to within error of 100% of the total measured activity.
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Experimental beaker

  A B C D

Lava added (kg) 1.91 0.64 0.71 1.30

Seawater volume, initial (L) 4 4 4 6

Rock/Water ratio (kg/kg) 0.47 0.16 0.17 0.21

Seawater, recovered (kg) 1.786 2.457 2.673 n.d.

Final dissolved Si (µM) 121.6 39.1 41.2 43.4

Final dissolved Pi (µM) 0.044 0.054 0.036 0.068

tdPi (µM) 0.791 0.220 0.314 0.199

tdFe (µM) 69.8 17.3 33.2 15.2

Particle abundance (mg/L) 13.0 3.4 5.6 3.1

tdFe/(tdPi−Pi at t = 0)a 91 103 115 96

Dissolved Si/(tdPi−Pi at t = 0)a 162 232 145 325

Log Kd of Pi (particles/water) 6.1 6.0 6.2 5.8
aThese ratios are calculated after correcting total dissolvable Pi (tdPi) for background Pi in the starting surface seawater 
(0.03 µM), before lava addition.
n.d., not determined.

Table 2 
Chemical Parameters for Seawater and Particles in Lava Quench Experiments
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3. Results
3.1. Field Particles

All biogeochemical parameters that were monitored within the lava-impacted phytoplankton bloom showed 
a high degree of spatial heterogeneity. This is well represented in the trends of chlorophyll and particulate 
matter along the transect (Figure 2), especially from Stations 1–5. As chlorophyll varied between 0.05 and 
0.6 µg/L, particle counts (from LISST) varied by more than 10-fold, with the two parameters displaying very 
tightly linked peaks and troughs that changed over timescales of minutes along the cruise track. Various 
patchy peaks occurred from just past Station 1 to mid-way to Station 4. Another broad, but smooth, peak 
occurred between Stations 4 and 5, which was sampled for metals and nutrients by the tow-fish sampler.

The particle size distribution (PSD) at Station 2, the closest station to the active lava entry, indicated a 
predominance of particles <3 µm in diameter, similar to that observed distally at Station 6 (Figure 2b).  
Consistent PSDs and the correlation of particle abundance with chlorophyll concentration may lead one 
to conclude that most particles were phytoplankton cells. However, the proportion of combustible parti-
cles (i.e., % organic particles) decreases with increasing particle abundance. Figure 3 shows a range in dry 
weights of 0.4–3 mg/L for whole water samples taken from Stations 1–6 at depths of 5–125 m. Overall, there 
is a clear trend of increasing organic matter (mg/L) with increasing dry weight (mg/L) (Figure 3a), but the 
percentage of organic particles decreases from 70% at low particle loads to 20% at the highest particle loads 
(Figure  3b). Because the phytoplankton bloom was diatom-rich (Skeletonema sp. comprised 37% of the 
carbon biomass; Wilson et al., 2019), a component of the inorganic material was biogenic silica. Maximum 
concentrations of biogenic silica (1.1–2.4 µM SiO2; see supporting information) were found at Station 2, 
coincident with some of the highest dry weights that are shown in Figure 3; however, this only amounts to 
0.07–0.14 mg/L of the total dry weight (a 3%–7% correction) and does not explain the high inorganic particle 
load near the ocean entry. Furthermore, the slope of the regression in Figure 3a (at 0.2) is much too shallow 
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Figure 2. Particle counts from LISST and chlorophyll concentrations found in surface waters along the cruise track (a). The x-axis shows the date (mm-dd) in 
2018 with ticks at the start of each new day (midnight); station locations are marked with vertical dotted lines and the horizontal red arrow indicates coverage 
from the tow-fish sampler. Particle size distributions from the field stations (b) and the synthetic ocean entry experiments (c) are shown for the samples with 
highest and lowest particles counts in each setting. Station 6 is displayed as 10 times actual counts in order to be visible. Inset microscopy images show particles 
from the field (b) and an experimental sample (c).
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to represent the planktonic community composition in the lava-impact-
ed bloom, which we estimate should be 0.8 based on the distribution of 
species reported in Wilson et al. (2019), assuming diatoms have a 1:1.5 
relationship between organic mass and total mass (Huntley et al., 2015) 
and all other species that were present have a 1:1 relationship.

Multiple additional lines of evidence lead to the conclusion that the high 
inorganic particle loads were not of biological origin, and instead were 
dominated by Feox. The dry weight filters were discolored to a reddish 
brown and microscopic investigation revealed many inorganic flocs of 
material. Hawco et  al.  (2020) reported that dissolved manganese (Mn) 
and total dissolvable Mn (tdMn) followed a 1:1 line (i.e., there was negli-
gible particulate Mn), indicating that elevated trace metals in the bloom 
were derived from the dissolution of basalt and were not present as basal-
tic glass particles. However, they also show that dissolved Fe (<0.2 µm) 
was only ∼1% of the tdFe, meaning 99% of the lava-derived Fe had re-
precipitated as Feox. Their significant correlation between Mn and tdFe, 
at a ratio consistent with basalt (∼65), suggests that the precipitated Feox 
particles largely stayed in suspension within their native water mass in 
the most lava-impacted waters.

3.2. Field Nutrients and Iron Concentrations

All nutrient data are provided in the supporting information. Figure 4 
shows concentrations of tdFe, Si, N  +  N, and Pi from tow-fish under-
way sampling of surface waters along the cruise transect, which began 
just ahead of Station 4. Tow-fish sampling was paused during on-station 
work, so some sections of the particle and chlorophyll time series shown 
in Figure 2 do not have corresponding tow-fish nutrient data. Background 
concentrations in the oligotrophic surface waters surrounding Hawaii 
are: tdFe = 0.001 µM; Si = 1 µM; N + N = 0.005 µM; and Pi = 0.07 µM 
(Boyle et al., 2005; Karl et al., 2001). A distinct peak in tdFe, Si, and N + N 
occurred between Stations 4 and 5, with increases of roughly 1400, 14, 
and 200 times, respectively, over background. An increase in Pi is notice-
ably absent from the nutrient peak; instead, Pi concentrations were close 
to background levels up to Station 5 and then displayed a long broad arc 
of slightly elevated values to Station 6 and beyond, where tdFe and Si had 
roughly returned to background concentrations and no other indicators 
of lava input were present (Hawco et al., 2020). A small peak in N + N, up 
to 0.13 µM or 26 times over background, was found near Station 6.

Increased spatial coverage of nutrient concentrations in the bloom was obtained from depth profiles at the 
6 stations and some analyses of Si and Pi concentrations in samples from the ship's underway sampling sys-
tem in the vicinity of Stations 2 and 3. The most lava-enriched waters were found at Station 2 (5–45 m) and 
its surrounding area, with Si up to 36 µM, Pi up to 0.38 µM, and N + N of almost 5 µM (36, 5, and 960 times 
over background, respectively; Figure 5). Ammonium concentrations analyzed from the profile samples 
were slightly anomalous at Station 2, but still at very low concentrations (30–54 nM) compared to a range of 
1–44 nM from all the other profiles (see supporting information). Low ammonium suggests that hydrother-
mal venting was not a significant source of nutrient addition to the lava-impacted waters (Karl et al., 1988).

PPO4 concentrations were very high (0.11–0.16 µM) for the 5–45 m deep samples from Station 2 that also 
had the highest dissolved nutrient loads and highest particulate Si. All other profile samples together 
(n = 33) had an average PPO4 concentration of 0.023 ± 0.007 µM (1σ). The rate of Pi uptake into the par-
ticulate pool, as determined by the 33Pi radiotracer incubations of surface seawater (5 m only), also varied 
significantly (Figure 6a). Stations 5 and 6 (farthest from the coast) have particulate Pi uptake rates of 3 nM/
day, which are typical for biological uptake in the oligotrophic North Pacific Subtropical Gyre (Björkman 
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Figure 3. Organic matter (a) and % organic matter (b) plotted against total 
dry weight of field samples from Stations 1–6 at water depths of 5–125 m. 
Small black arrows on the samples in panel (a) indicate the change in 
dry weight upon correction for biogenic silica concentrations in the 3 
samples with the highest PSi concentrations. The green arrow in panel 
(a) shows the relationship between dry weight and organic matter that is 
expected from the planktonic community composition reported by Wilson 
et al. (2019). These trends are interpreted as mixing between background 
oligotrophic water and lava-impacted water that contains both increased 
biological activity and the rock-derived components that stimulated the 
bloom.
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et al., 2012; 2018). Rates at stations 1–4 are much higher, ranging from 10 nM/day up to a highly anomalous 
maximum of 70 nM/day at Station 2. Applying 14C-based primary productivity estimates and bulk partic-
ulate carbon measurements from Wilson et al. (2019), the molar C:P uptake ratio at Station 2 was 45 and 
the bulk particulate C:P ratio was 21–28, both much lower than the Redfield ratio of 106 and indicative of 
excess particulate P. Size-fractionated 33Pi samples indicated that the excess Pi was especially enhanced in 
the 0.6–10 µm size fractions (Figure 6b), which likely contained abundant Feox flocs, as seen in the labora-
tory-based abiotic uptake experiment (see Section 3.4).

3.3. Synthetic Ocean Entry

The starting seawater for the laboratory-based, lava quench experiments had Pi and Si concentrations of 
0.03 and 0.7 µM, respectively. After lava was poured into the beakers of seawater, both Pi and Si increased 
throughout the next few hours as the rock cooled (and continued to equilibrate) in the seawater. By the 
next morning, when we separated rock and water (using 200 µm mesh), the dissolved Si concentrations 
had stabilized and remained constant for the duration of our observations. Final Si concentrations for the 
four beakers ranged from 38 to 122 µM (Table 2). On the other hand, Pi concentrations showed precipi-
tous drops after the initial increases, to the point that in Beaker A (with the highest Si) the dissolved Si/Pi 
molar ratio equilibrated to 2750 although the rock ratio is 226 (Table 1). Final, dissolved Pi concentrations 
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Figure 4. Total dissolvable Fe and macronutrient concentrations in underway tow-fish samples. Acquisition of tow-
fish samples began after Station 3. Locations for Stations 4, 5, and 6 are marked with vertical lines.
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(Table 2) were of similar concentration as the starting seawater and re-
mained stable (within analytical precision) for the duration of our ob-
servations (>1 year). One uncertainty is whether the early decrease in Pi 
was due to co-precipitation with Feox or adsorption onto already formed 
Feox particles. We do not believe that biological activity played a role in 
the decrease of dissolved Pi for the following reasons: (1) the initial sea-
water had been filtered to 0.2 µm, (2) the seawater boiled during the lava 
quenches, (3) Pi concentrations stabilized after the initial, rapid decrease, 
and (4) storage in the dark at 4°C inhibits biological activity.

Particle loads in the four beakers ranged from 3 to 13  mg/L and con-
tained 0.13–0.75 µM PPO4 and 15–70 µM tdFe (Figure 7; note that the 
highest tdFe found in the field was 1.4 µM). The synthesized particles are 
generally larger than those observed in the field, with a peak at 5–7 µm, 
but visually they are very similar, appearing as reddish brown flocs with 
feathery edges that aggregate as they settle (Figure 2). Therefore, we ex-
pect experimental particles to behave very similarly to field particles with 
respect to partitioning of Pi. Basaltic glass shards were rarely observed 
in the particulate fraction via microscopy, confirming that screening the 
seawater through 200 µm mesh was successful at removing undissolved 
rock fragments and isolating the Feox flocs. The experimental particles 
contain 0.042–0.058 µmol Pi/mg, which match field particles from Sta-
tion 2 (5–45 m) that have an average of 0.055 µmol Pi/mg. When a sub-
sample of each quench experiment was spiked with an additional 3 µM 
Pi, there was additional uptake by the particles (not shown), indicating 
that the Feox particles were undersaturated with respect to Pi.

The ratio of tdFe to total Pi (corrected for background seawater concen-
trations) ranged from 91 to 115 in the quench water, but the rock ratio of 
Fe/P is 41 (Table 1). It seems likely that the system's high Fe/Pi results 
from additional contribution of Fe from the stainless-steel beakers used 
for the experiment, as rust spots were observed in the beakers after use. 
However, it is also possible that not all of the rock-derived P appears as 
Pi in solution. If some portion of the rock-derived P was in solution as 
pyrophosphate or polyphosphate (Yamagata et  al.,  1991), it would not 
have been detected with the colorimetric analysis, and led to an apparent 
excess of Fe.

3.4. 33Pi Uptake Experiment

Results from the 33Pi radiotracer experiment using quench water from 
Beaker A at full strength (100%) and at a 5-fold dilution (to match the 
Si concentration at field Station 2) are shown in Figure 8. Because the 
quench water and Feox particles had equilibrated for months, and the ad-

dition of 33Pi changes the Pi concentration by only ∼1 pM, the results for the 100% quench water should be 
interpreted as self-diffusion, defined as diffusive exchange in the absence of a gradient in chemical potential 
(i.e., “random-walk” of P in and out of P sites, and not uptake due to disequilibrium in concentration). The 
20% dilution was made right before the 33Pi incubation, so there may have been some disequilibrium in 
concentration introduced, but it was likely minimal since the surface seawater diluent did contain a very 
similar dissolved Pi concentration (0.035 µM compared to 0.044 µM in Beaker A).

For both incubations, a significant portion of 33Pi was exchanged rapidly within the first 6 h, followed by a 
slower exchange. After 5 days, particles had adsorbed 62% and 23% of the 33Pi spike in the 100% and 20% wa-
ters, respectively, and had yet to show a plateau that would indicate isotopic equilibrium had been reached. 
These observations are consistent with there being two established modes of adsorption/desorption of Pi 
into Feox: a rapid exchange of anions adsorbed onto the particle surfaces and a slower exchange of anions 
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Figure 5. Covariation plots of Si with (a) tdFe, (b) N + N, and (c) Pi for 
field samples, overlayed with mixing trajectories for the dissolution of 
basalt and addition of deep water. Addition of deep water in (a) and rock 
dissolution in (b) are horizontal, only changing Si concentrations. Note 
that the range of the Si concentrations changes in each panel. Panel (b) 
identifies the most lava-enriched samples from Station 2. The gray, dotted 
arrows and white diamond in panel (c) are a graphical representation of 
the mass balance calculation discussed in Section 5.4.
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that either co-precipitated with the Feox or had diffused into the interior 
of particles (Barrow, 1983; Berner, 1973; Froelich, 1988). Assuming the 
final distribution of 33Pi would follow the partition coefficient reported in 
Table 2, the rapid exchange in the first 6 h of incubation means that ∼33% 
of the Pi sites were on particle surfaces and should be considered high-
ly labile. Size-fractioned filtration of the 100% incubation indicated that 
the 33Pi distribution was: 0% in particles <0.6 µm diameter; 50% in the 
0.6–2 µm range; 41% in the 2–10 µm range; and 9% in particles >10 µm.

4. Discussion
4.1. Hydration State of the Feox

Of the many Feox minerals that occur in nature, the most likely one to 
have formed in the lava-impacted waters is ferrihydrite. It is generally 
the first precipitate from an aqueous solution in which Fe supply is rap-
id and dissolved Si concentrations are above 10  µM (Schwertmann & 
Cornell,  2000), which occurred in our experiments as well as near the 
ocean entry (Table 2; Figure 5). It is also a common precipitate in mid-
ocean ridge hydrothermal plumes (e.g., Feely et al., 1998). Ferrihydrite 
has inherently poor crystallinity and is sometimes referred to as amor-
phous Feox. It easily incorporates defects and has such a range of hydra-
tion states that its specific mineral composition is still a subject of debate 
(Funnell et al., 2020).

The hydration state of the Feox from the quench waters of the synthetic 
ocean entry experiments can be estimated using the slope of the linear fit 
through the tdFe points in Figure 7 to define the average molecular weight 
of the Feox. Using the slope of 5.47 (µmol Fe/mg particle), and solving for 
n in the generalized chemical composition of FeO(OH) • n(H2O), we find 
that n = 5.2. If the formula uses Fe2O3 • n(H2O) (i.e. no structural water) 
instead, then n = 11.4 (with a similar H2O:Fe ratio of 5.7). These are both 
upper constraints; if there is substitution of the Fe site with Al (Cornell 
& Schwertmann, 2003), or any amount of basaltic glass caught on the dry 
weight filter, the calculated hydration value will be too high. Because the 
intercept of the fit is near zero, we conclude that the most likely source 
of uncertainty is assuming that all metal cations are Fe. Al is also a ma-
jor element of basalt that is abundant in lava-impacted waters (Resing & 
Sansone, 2002) and can substitute for up to 25% of the Fe sites (Manceau 
& Gates, 2013). Additionally, Si adsorption onto Feox has been document-
ed, but is likely to be <10% of the Fe concentrations at these micromolar 
concentrations of dissolved Si (Jones et al., 2015).

4.2. Partitioning of Pi Into Feox

In the laboratory, most experiments of Pi adsorption into iron oxides and 
oxyhydroxides have been performed either on soils and sediments (e.g., 
Barrow, 1983; Berner, 1973) or particles synthesized at low temperature 
with purified starting reagents (e.g., Bolan et al., 1985; Jones at al., 2015; 
Ruttenberg & Sulak, 2011). Natural materials form in chemically com-
plex systems, resulting in unique crystal defects and elemental substitu-
tions that can significantly affect partitioning and sorption/desorption 
rates (Parfitt,  1989; Strauss et  al.,  1997; Torrent et  al.,  1990). Although 
an attempt to synthesize particles with more natural conditions, as we 
have done here, will likely lead to a better understanding of a natural 
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Figure 6. Inorganic bicarbonate uptake rates (Wilson et al., 2019) and 
Pi uptake rates (this study) for Stations 1–6 at 5 m based on 14C and 33Pi 
radiotracers, respectively (a). Panel (b) shows the relative contribution (% 
of total uptake) of particle size classes to Pi uptake for each station.

Figure 7. Total dissolvable iron and particulate phosphate data in each 
of the lava-seawater interaction experiments, plotted against particle 
abundances (dry weights). Dissolved iron is assumed to be negligible. 
Particulate phosphate is calculated as the total dissolvable phosphate 
minus dissolved phosphate. The average Fe/P stoichiometric ratio of 
the particles is 108 ± 11% (1σ) and the average abundance of phosphate 
in the particles is 0.05 µmol/mg ± 13% (1σ). The hydration state of the 
iron oxyhydroxides can be calculated from the slope of the linear fit 
through the Fe points (as shown); assuming a generalized composition of 
FeO(OH)•n(H2O) we find that n = 5.2.
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environment, it introduces a greater number of uncontrolled variables 
and makes observations more empirical than mechanistically diagnostic.

That being said, one important observation from the synthetic ocean en-
try experiments is the apparent partitioning of Pi into the Feox particles 
that were generated. Over timescales that are yet to be determined for 
these particles, the partition coefficient may be complicated by a change 
in mineralogy from ferrihydrite to the more stable phase of goethite or 
hematite (Schwertmann & Cornell,  2000), both of which have a lower 
capacity for Pi (Ruttenberg & Sulak, 2011). Nevertheless, it may be use-
ful to identify a quasi-equilibrium distribution coefficient, Kd, defined as 
follows:

K
concentration of P in solid mol mg

concentration of P in liq
d

i

i


 /

uuid mol mg /  (1)

The log(Kd) for the four quench experiments ranged from 5.8 to 6.2 (Ta-
ble  2). This compares favorably with data from Feely et  al.  (1996) on 
hydrothermal plume particles that were collected above a volcanically 
active portion of the southern East Pacific Rise. Using the five most parti-
cle-rich stations from 16°S to 18.5°S from Feely et al., the average log(Kd) 

for the partitioning of Pi into plume particles is 5.7 ± 0.1 (1σ, n = 31). Their field particles have a very similar 
concentration of Fe to our experimental particles, with an average of 5.9 µmol Fe/mg of particle (compared 
to our ratio of 5.5 µmol/mg; Figure 7), but they have about 20 times higher concentration of Pi, which is 
reflective of the high concentration of Pi in the ambient deep seawater (2.4 µM).

It is difficult to compare the Kd found in this study to most other experimental studies, in large part because 
they have evaluated adsorption curves in systems with high particle-to-water ratios and high P loading, 
with the goal being to measure saturation of P or sorption kinetics, and not equilibrium partitioning of P in 
a low-particulate and P-undersaturated system. An important exception is the study by Jones et al. (2015) 
who, expanding on a study by Konhauser et al. (2007), reported Pi partitioning onto synthetic ferrihydrite in 
seawater and showed that it was strongly dependent on Si concentration (at mM levels). They do not report 
particle loads (mg/L), only Fe concentrations, so to calculate a Kd as in Equation 1, we assume a conversion 
factor ranging from 5.5 to 5.9 µmol Fe/mg of particle. Together with our Si concentrations of 39–122 µM, 
then, the log(Kd) would range from 6.2 to 6.3, which overlap with our estimates.

4.3. Biotic Versus Abiotic Uptake of Pi

The Kd determined through the synthetic ocean entry experiments can be applied to environmental settings 
in which biological activity is thought to be negligible (i.e., where there is little to no biological demand for 
Pi). To determine the relative amounts of biotic and abiotic uptake of Pi in the phytoplankton bloom, the 
33Pi radiotracer experiment becomes useful. The incubation with 20% quench water has a Si concentration 
of 27 µM, which is very similar to the seawater sample from Station 2 that was used to determine Pi uptake 
(25 µM Si). Although Si is largely a proxy for the amount of rock dissolution (and, hence, Feox abundance), 
it is possible that at least 5 µM of the Si at Station 2 originated from deep water (see next section). Also, the 
tdFe may be elevated in the experiments due to the steel beakers used, meaning that the Feox abundance 
relative to Si concentrations may have been artificially high compared to the field. For these reasons, the 33Pi 
radiotracer experiment using the 20% diluted quench water is not a perfect analogy for Station 2, but it can 
still be used to provide an upper constraint on abiotic Pi uptake. Correcting the Station 2 uptake with the 
uptake rate from the 20% diluted quench water over the first 6 h, the remaining, biological uptake equates to 
35 nM/day (50% of the original rate) and the resulting C:P uptake ratio for Station 2 is 104:1, which is much 
more reasonable for the observed community composition than the original ratio of 45:1 and more similar 
to the other field stations (Figure 6).
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Figure 8. Results of the 33Pi incubation experiments using quench water 
from the synthetic ocean entry experiment Beaker A at 100% concentrated 
and 20% concentrated (diluted 5-fold with surface seawater, SSW). The 20% 
incubation is corrected for uptake observed in the SSW control.
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4.4. Mass Balance Considerations for Field Data

Because the background seawater offshore of Kīlauea contains Fe at nanomolar concentrations (Boyle 
et al., 2005), and basalt contains 11 wt% FeO, we can assume that all elevated concentrations of Fe in the 
lava-impacted seawater derives from rock dissolution. And because mantle-derived, basaltic melts contain 
no appreciable fixed N (Fischer & Chiodini, 2015), we can assume that all excess N + N in seawater samples 
derives from the thermal upwelling of deep, nutrient-rich seawater. Although thermal fixation of atmos-
pheric dinitrogen can occur at the surface of lava flows (Huebert et al., 1999; Mather et al., 2004), it is not 
believed to be a contributor to the elevated marine N + N because the prevailing wind directions during 
the 2018 eruption advected lava gases, vapors, and laze onshore rather than out to sea and also because the 
isotopic composition of the N + N is inconsistent with that process (Wilson et al., 2019).

Because Si and Pi occur in significant concentrations in both basalt and deep seawater, their relationships 
with tdFe and N + N are important for understanding the relative contribution of each source to the phy-
toplankton bloom. Si and tdFe of field samples are tightly correlated (Figure  5a) with a slope that falls 
very close to the projected mixing line for basalt dissolution into seawater (using the lava composition in 
Table 1). The maximum tdFe values found represent the dissolution of 1 mg basalt per L seawater (1 ppm). 
An overall shift to higher Si concentrations reflects a component of deep water that amounts to increases of 
3–4 µM Si for these tow-fish samples. Assuming that the correlation with tdFe holds for the station profiles 
and near-shore underway samples, the highest Si concentrations observed (36 µM; Figure 5c) represent 
∼3 mg/L rock dissolution.

N + N concentrations constrain the proportion of deep seawater. Wilson et al. (2019) used nitrogen and 
oxygen isotopic data to infer that the deep water originated from a depth of ∼300 m. Based on well-es-
tablished nutrient profiles for the surrounding oligotrophic ocean (Karl et al., 2001, with additional data 
available at https://hahana.soest.hawaii.edu/hot/), 300 m deep seawater contains 10 µM N + N. Therefore 
the maximum observed value of 4.7 µM from Station 2 means that up to 47% of the water mass is from 
thermal upwelling. As water deepens past 300 m, N + N concentrations continue to increase and, hence, it 
takes a smaller percentage of deeper water to form the observed concentrations in the lava-impacted plume: 
a minimum of 11% water would be needed with water originating from ≥1,000 m and containing 42 µM 
N + N (Karl et al., 2001). The ratio of Si:(N + N) is 1:1 at 300 m, 2:1 at 600 m and 2.6:1 at 1,000 m; therefore, 
5–12 µM Si could be delivered by deep water into the parcel of surface water containing the 4.7 µM N + N.

The lava-impacted waters are obviously not well mixed, as noted earlier for the chlorophyll concentrations 
and particle counts (Figure 2). Even at Station 2, there are very different nutrient concentrations within 
20 m of depth (see Figure 5b for the range within the upper 45 m), which are likely the result of hydro-
volcanic explosions, pulses of lava addition, and thermal equilibration. One thing that remains a constant 
throughout all the near-shore samples is a depletion in Pi. Using the plot of Si versus Pi in Figure 5c, we 
can algebraically remove the rock component and compare the resulting deep-water component to that 
predicted by the (N + N) data. For example, taking the total P content (dissolved plus particulate) from the 
highest (N + N) sample of Station 2 and projecting back along the rock slope results in an interception of the 
deep-water mixing line at 0.23 µM Pi (Figure 5c)—a 40% deficit from the predicted Pi (0.38 µM, assuming 
47% of water from 300 m, which contains 0.75 µM Pi). Ultimately, there is no combination of rock plus deep 
water mixing that results in a mass balance for Pi in the high N + N Station 2 samples. Deficits in Pi only 
increase if we use deeper water with higher nutrient concentrations.

From the tow-fish data, we can independently calculate expected Pi in another way using the tdFe data to 
estimate the rock contribution and N + N to calculate the deep-water contribution. The rock ratio is set at a 
molar Fe/P ratio of 41.6 (Table 1), and deep water has a (N + N)/Pi ratio of 14 ± 1 over all applicable depths 
(Karl et al., 2001). Expected values of Pi are plotted with observed Pi concentrations in Figure 9, assuming 
the rock and deep-water components are added to a background Pi concentration of 0.09 µM for surface 
seawater. The model predictions show a 2-fold increase in Pi after Station 4 (coincident with the highest 
tdFe and (N + N), as seen in Figure 4), which is clearly missing in the observed values. The differences (up 
to 0.1 µM) are not expected to be in the Feox fraction, which we estimate to contain ≤0.015 µM Pi (taking the 
maximum tdFe of 1.4 µM, converting to particle load using 5.5 µmol Fe/mg, and applying the observations 
from Station 2 showing PPO4 concentrations of 0.05 µmol P/mg). Any extra particulate organic matter in 
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this region would take up N + N and Pi in nearly the same proportion as they occur in deep water, meaning 
that the consideration of organic matter does not change the estimates for missing Pi. Overall, the near-
shore Pi deficit is an unresolved issue, but hypotheses for loss include: (a) settling of particles; (b) scavenging 
of Pi as deep water was upwelled along lava fronts and across volcaniclastic sediments; (c) presence of some 
dissolved P as compounds that were not detected (such as polyphosphate); and (d) particulate P that was 
not fully recovered in our analysis.

From Station 5 and beyond, there is a shift from a Pi deficit to a broad peak of excess Pi, up to 0.07 µM. It 
is possible that this pattern is displaying natural background conditions and has nothing to do with lava 
input. However, an alternative hypothesis is that Pi desorbed from Feox particles as the particles left the la-
va-impacted, near-shore zone and entered waters that had a lower total budget of Pi, which would promote 
desorption according to the principles of equilibrium elemental partitioning (Equation 1). Assuming a flow 
rate of 0.4 m/sec (Wilson et al., 2019), the water parcel at Station 4 would have taken 0.3 days to arrive from 
the lava ocean entry, and for Stations 5 and 6, it would have taken 1.6 and 3 days, respectively. Because of 
the heterogenous nature of the lava-impacted waters, it is very difficult to say what a given parcel of water 
looked like when it was near shore or what its biogeochemical history might have been. Theoretically, from 
the 33Pi radiotracer results, the transit times were long enough for significant re-equilibration to occur for 
the highly labile surface sites (estimated to be ∼1/3 of the total Pi sites; Section 3.4). It is likely that some 
portion of the more tightly (or, possibly, irreversibly) bound Pi could not desorb on any relevant time scales 
(Barrow, 1983; Ruttenberg & Sulak, 2011). A caveat to this hypothesis is that particulate matter must have 
been settling out of the water column as the Pi was desorbing since tdFe concentrations were low.

5. Conclusions
The most relevant information provided by this work is not about the magnitude of the event studied. Both 
the eruption volume (0.8 km3; Neal et al., 2019) and the extent of the phytoplankton bloom (Figure 1) are 
small on a global scale. Rather, this study describes an important dynamic process that happens on a much 
larger scale in locations and times that are difficult (or even impossible) to access. For example, Bjerrum and 
Canfield (2002) hypothesized that 3.2 to 1.9 billion years ago, during the widespread deposition of banded 
iron formations, extensive co-precipitation of Pi with Feox stripped the oceans of most of their Pi inventory, 
which imposed severe Pi limitation on photosynthesis and, consequentially, caused sluggish oxygenation 
of the atmosphere. The formation of large igneous provinces in the ocean (oceanic plateaus) may also have 
been a setting in which similar processes would have impacted the biogeochemistry of the surface oceans 
over significant time and length scales (Courtillot & Renne, 2003).

With respect to the modern ocean, there is a widespread belief that marine primary production throughout 
much of the globe is limited by fixed nitrogen (Moore et al., 2013). However, a strong case can be made 
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Figure 9. Observed concentrations of Pi from the tow-fish sampler plotted in sampling order along cruise track. 
Expected concentrations of Pi in these surface waters are calculated from measured tdFe and N + N concentrations, 
assuming tdFe represents a rock component and N + N represents a deep seawater component. Model results shown 
use a Fe/P molar ratio of 43.1 for Vent 8 basalt (Table 1) and a deep seawater (N + N)/Pi ratio of 14 (Karl et al., 2001). 
Calculated rock and deepwater components are added to a background Pi concentration of 0.09 µM.
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that nitrogen fixation by diazotrophs—which can provide fixed nitrogen to other microorganisms—is often 
limited by Fe and Pi (Letelier et al., 2019; Sohm et al., 2011). This means that a low abundance of fixed N 
only happens because of an underlying depletion of Fe and/or Pi. Volcanic fertilization of the euphotic zone 
through either atmospheric dust/ash deposition or lava-seawater interaction has the potential to alleviate 
this underlying nutrient limitation in oligotrophic waters. However, the scavenging of dissolved Pi by Feox 
precipitates could create transient depletion events on a local scale, especially near the coast. On the other 
hand, our new data also suggests that further away from the intense source of volcanic input, Pi can desorb 
from Feox, thereby providing a far-field supply of dissolved Pi.

Previous studies have detected patches of increased chlorophyll by satellite offshore of Japan after the erup-
tion of Miyake-jima volcano (Uematsu et al., 2004), in the NE Pacific following the eruption of Kasatochi 
volcano (Hamme et al., 2010; Langmann et al., 2010), and in the western Pacific following an eruption in 
the Mariana Islands (Lin et al., 2011). In general, Fe from volcanic fallout is viewed as the main driver of 
enhanced primary productivity (Duggen et al., 2010), but field sampling is too sparse to fully describe the 
overall nutrient dynamics in those perturbed environments. In addition, very little attention has been given 
to the role of Pi within the topic of volcanic fertilization. One huge unknown is whether or not Pi and Fe that 
are contained in Feox particles are bioavailable to microorganisms. This is an important avenue of future 
investigations, as it is a factor in most modes of volcanic fertilization—from ash fallout, to lava-seawater 
interaction and submarine volcanism—as well as being relevant to the biological impact of particles derived 
from continental weathering and dust input.

The dominant sink of modern marine P occurs through sedimentation and burial of both organic and 
inorganic compounds. The deposition of Feox (containing scavenged P) accounts for 15%–54% of the total 
P flux out of the oceans and into open ocean marine sediments (Benitez-Nelson, 2000; Paytan & McLaugh-
lin, 2007; Ruttenberg, 1993). With a warming climate, greater continental weathering is predicted (Berner 
et al., 1983) and would result in enhanced delivery of Feox to the marine environment. In seawater, the 
average dissolved Pi concentration is ∼2 µM (World Ocean Atlas) and the average Fe is <1 nM (Boyd & 
Ellwood, 2010), so the Pi/Fe ratio is >2000. Terrigenous sediments are Fe-rich and have a P/Fe ratio that is 
likely <0.1 (Plank & Langmuir, 1998), so increasing the continental flux to the oceans has the potential to 
change the average concentration of dissolved Pi by introducing large quantities of Fe that could scavenge 
Pi from the water column. Increased delivery of Feox into the euphotic zone could be especially detrimental 
to primary productivity in oligotrophic settings in which the Pi concentrations are already low.

Data Availability Statement
New nutrient and particulate data presented here can be found as supplementary information to this article 
as well as at the following data repository site: https://doi.org/10.5281/zenodo.4574201. Previously pub-
lished data on Fe, some nutrients and chlorophyll concentrations can be found in Hawco et al. (2020; https://
doi.org/10.1016/j.gca.2020.05.005) and Wilson et al. (2019; https://doi.org/10.1126/science.aax4767).
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