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Marine sediment as a likely source of methyl and
ethyl iodides in subpolar and polar seas
Atsushi Ooki 1,2✉, Keita Minamikawa1, Fanxing Meng1, Naoya Miyashita1,3,4, Toru Hirawake 1,5,

Hiromichi Ueno 1,2, Yuichi Nosaka6 & Tetsuya Takatsu 1

The surface ocean is an important source of longer-lived volatile organic iodine compounds,

such as methyl and ethyl iodide. However, their production in deep waters is poorly con-

strained. Here, we combine shipborne seawater and sediment core analyses to investigate

the temporal and vertical distribution of methyl and ethyl iodide concentrations in the Bering

and Chukchi Seas in July 2017 and 2018, and Funka Bay, Japan, between March 2018 and

December 2019. We find the highest methyl and ethyl iodide concentrations in sediment

porewaters and at the sediment surface. In Funka Bay, concentrations in the sediment and

bottom waters strongly increased following the spring bloom and subsequent settling of

phytodetritus to the seafloor. Dark incubation experiments suggest that diatom aggregates

are a source of methyl and ethyl iodide to the ambient water. Our findings suggest that

phytodetritus at the seafloor is a potential source of volatile organic iodine compounds to the

water column in polar and subpolar coastal oceans.
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The ocean surface is the dominant source of atmospheric
iodine1,2. Volatile organic iodine compounds (VOIs) such
as methyl iodide (CH3I) contribute to 20–40% of supply of

the reactive iodine in the upper troposphere and lower
stratosphere3. Although another longer-lived VOI, C2H5I, is less
abundant in air and surface seawater worldwide4–7, first estimates
suggest that sea-to-air flux of C2H5I in the world coastal ocean
accounts for 10% of total monohaloalkane iodine emission8.

In the ocean the dominant producers of VOIs have been
thought to be marine plants such as macro algae9,10, micro
algae11–13, and photosynthetic bacteria14,15. Very few studies have
taken notice of VOI production by heterotrophic bacteria16–18.
Abiotic photochemical production of CH3I has been suggested19.
Most previous studies have focused on the production of VOIs in
the upper euphotic zone, where marine plants grow. High levels of
CH3I in surface water occur widely in the oligotrophic subtropical
open oceans, and relatively low levels occur in subpolar and polar
open oceans6. In contrast, concentrations of C2H5I in surface
water are high in subpolar and polar continental shelf areas
compared with the substantially lower levels in subtropical open
oceans6,20. Recent studies have shown high concentrations of
C2H5I and some VOIs in bottom water of the polar Chukchi Sea
and northern Bering Sea21, and subpolar Funka Bay, Japan22.
These high concentrations have given rise to the question of
whether there is a VOI source near the sea floor. In this study, we
measure the concentrations of VOIs in the sea-floor sediment by
shipboard observations (Fig. 1). We also conducted laboratory
incubations to test the hypothesis that diatom aggregates settled
on the sea floor emit VOIs in darkness.

Results and discussion
Temporal variations of VOIs profile in water column and
sediment in Funka Bay. Time-series cross sections of chlor-
ophyll-a, C2H5I, and CH3I in the water column and sediment in
Funka Bay, Hokkaido, Japan, (Fig. 2) indicate a potential source of
VOIs in the sea-floor sediment. All observation data are provided
in Supplementary Data 1–4. The annual maximum chlorophyll-a
concentration (>12 μg L–1) in the surface water was found in
March of both 2018 and 2019 (Fig. 2a). Such high levels of
chlorophyll-a indicate a spring diatom bloom in the bay23. The
maximum level of 29.7 μg L–1 on 4 March 2019 was much higher
than 12.5 μg L–1 on 18 March 2018. It suggests that the magnitude
of diatom bloom in 2019 was greater than 2018. From microscopic
image analysis, Thalassiosira nordenskioeldii occupied 14.2% of
number of phytoplankton cells (n= 1209) collected by plankton

net (mesh= 100 μm) towing from the bottom layer (87m depth)
to the surface on 15 March 2019. Other dominant species were
Chaetoceros spp. and other Thalassiosira sp. Although small-sized
phytoplanktons could not be detected by the microscopic analysis,
we considered that diatoms were the dominant species in the
spring bloom 2019 on the ground of the pigment analysis result
that diatoms occupied >90% of depth integrated chl-a within
euphotic layer in spring blooms 2010 and 2011 in the Funka
Bay24. In April of both years the concentrations dropped below
4 μg L–1, indicating termination of the spring bloom. In the bot-
tom water (80–96m) we found high concentrations of
chlorophyll-a (>7 μg L–1) from the beginning of the diatom bloom
in early March of both years until middle of March 2018 and April
2019. The bottom water was below the euphotic zone, so the
chlorophyll-a maximum in the dark bottom water was caused by
settling of diatom aggregates produced in the surface water during
the bloom. The concentration of C2H5I in the surface sediment
(Fig. 2b) showed annual minima on 4 March 2018 (25 pmolL–1)
and 14 December 2018 (24 pmolL–1), and dramatically increased
on 18 March 2018 (257 pmol L–1) and 15 March 2019 (178 pmol
L–1). These increases were found 11–14 d after the detections of
increases in bottom-water chlorophyll-a. The high concentrations
of C2H5I in the sediment continued through August and dropped
in October. In the water column, the annual minimum for C2H5I
(<1 pmolL–1) was during the winter and into the spring bloom.
The bottom-water concentrations dramatically increased post-
bloom on 8 April 2018 (5.4 pmolL–1) and 14 April 2019
(5.4 pmolL–1), 16–30 d after the detections of dramatic increases
in the sediment. The high concentrations in the bottom water
lasted until August in 2018 and until June in 2019.

As for CH3I, the timings of increases in the sediment and bottom
water (Fig. 2c) were consistent with those of C2H5I. The annual
average concentrations of surface-sediment C2H5I (118 pmol L–1)
and CH3I (51 pmol L–1) were 20 and 8 times those in the bottom
water, respectively. It is therefore obvious that the increases in
bottom water were led by transfer from much higher concentrations
in the surface sediment. The production of C2H5I and CH3I from
diatom aggregates in relation to bacterial activity in darkness has
already been reported18. We, therefore, assumed that the C2H5I and
CH3I in the sediment originates from diatom aggregates settled on
the sea floor. This assumption was confirmed by dark incubation
experiments using diatom aggregates collected in Funka Bay.

At the lower part of middle layer water (65–75 m) and bottom
layer water (85 m), the concentrations of C2H5I and CH3I
decreased by half from 12 June to 29 August in 2019 (squares
outlined with black-and-white dotted lines in Fig. 2b, c), where

−170˚ E

65˚

2017

2017&18
2018

50 m

50 m

50 m

50 m

Bering Sea

Chukchi Sea

N

140˚ 145˚

40˚

45˚

42°

140°30’ 141°00’

St. 30
80 m 60 m

Funka BayHokkaido

T O

T: Subtropical Tsugaru current
O: Subpolar Oyashio current

Hakodate

N Pacific

Funka Bay Chukchi and Bering Seas
N

E

−500

−50
0

−500

−500

−500

−500

0

0

0

0

0

0

0

0

0

0

040˚

50˚

60˚

65˚

180˚ −160˚160˚140˚

HokkaidoSubarctic N Pacific Ocean

Hokkaido

Chukchi and
Bering Seas

N Bering Sea

St4

St8

St14

St22

a b c

d

St30

St19

St21

St23

Fig. 1 Sampling sites. a Map of North Pacific including study areas. b Map of Hokkaido Island in Japan. c Sampling site of Funka Bay in Hokkaido, Japan.
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the water mass25 (W or WO waters) remained at the layers
between the two dates (Supplementary Fig. S1). However,
elevated concentrations of phosphate (PO4

3−) at the layers,
which were derived from decomposition of organic matter settled
on the sea floor, decreased by 0–17% only between the two dates
(Supplementary Fig. S2). As for the obvious decreases in C2H5I
and CH3I concentrations at the layers, we presumed that
biological losses of C2H5I and CH3I occurred in the water. In
2018, elevations of C2H5I concentration and following decreases
at 65–75-m depths were found between May and June, however
obvious elevation of CH3I concentration at the depths were not
detected. It is possible that biological losses of C2H5I and CH3I in
the middle layer had advanced in 2018 compared to 2019.

The biological loss rate for CH3I has been reported to be 9%
day−1 at 7 °C in the subarctic Atlantic Ocean, where chemical
loss is negligible because of low temperature26. The net loss rates
(loss—supply) of our study were 2% day−1 (= Δ1.61 pmol L−1 /
68 days) for CH3I and 0.5% day−1 (= Δ1.19 pmol L−1 / 68 days)
for C2H5I at the layer between 12 June and 29 August (68 days
interval). The lower rates of our study would be due to
consecutive supplies of CH3I and C2H5I from the sediment
source. We considered that the biological losses in water column
near the bottom inhibited the transport of sediment source CH3I
and C2H5I to the surface mixed layer and air. And thus, the
sediment source CH3I and C2H5I would have a small impact on
the VOIs emission to the air, although we will conclude that
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phytodetritus settled on the sea floor is a hotspot of VOIs
production in the ocean.

Here, we briefly mention the obvious CH3I maxima, which
were found from May to August within the oligotrophic euphotic
zone (Fig. 2c). While the chlorophyll-a concentrations in that
period were much lower than those in the bloom, CH3I
concentrations (4.5–8.5 pmol L–1) in May–August were approxi-
mately five times those in the bloom. In contrast, C2H5I
concentrations (0.6–1.7 pmol L–1) in the euphotic zone during
the summer were similar to those in the bloom. We will address
these features in future work related to nutrients and oxygen
levels in the water column.

Sediment sources of VOIs in subpolar and polar coastal oceans.
We determined the total concentrations (pmol L–1) of VOIs and
their percent compositions in the water column and sediment of
the study area (Fig. 3). The predominant VOIs in the surface
sediments were C2H5I (65–83%) and CH3I (12–29%) at all sta-
tions, and the total VOI concentrations (125–252 pmol L–1) in
the surface sediments (0–1 cm) were several times higher than
those in the bottom water. The total VOI concentrations
(37–104 pmol L–1) were lower in the deeper sediment (1–5 cm)
than in the surface sediments, and C2H5I still predominated
among the four VOIs. As in Funka Bay, we attributed the elevated

C2H5I and CH3I in the sediment and bottom water in the Bering
and Chukchi Seas to diatom aggregates settled on the sea floor. It
has been confirmed that diatoms occupied the great part of
phytoplankton communities in the Bering and Chukchi Seas27. At
the Chukchi Sea station located at downstream of the Bering
Strait, where vertical mixing was well developed throughout the
water column, the high ratio (32%) of C2H5I was found in the
total water column. We considered that the sediment source
VOIs were distributed throughout the water column by mixing
and have an impact on VOIs emission to the air at the place.

From microscopic images, several types of centric diatoms and
pennate diatoms were found to occupy the phytoplankton
community of the plankton net sample collected in the bloom
of Funka Bay. We considered that diatom aggregates consisting of
various species produce C2H5I and CH3I in darkness. From the
underwater video recordings taken at the observation sites (see
Supplementary Movie 1–4), we could see many invertebrates
covering the sea floor of the Bering Sea at stations 4 and 14, but
there were far fewer animals on the sea floor at the other stations.
C2H5I predominated in the sediment whether animals were
abundant or not on the sea floor. We concluded that surface
sediment was an important source of C2H5I and CH3I to the
bottom water of global subarctic coastal oceans where diatoms
flourish and their impact on VOIs emission to the air was limited
in well mixed areas.

VOI production from diatom aggregates in darkness. We
confirmed VOI production from diatom aggregates by conduct-
ing bottle incubations in darkness using diatom samples collected
from Funka Bay during the bloom in 2019. This production is
visible in the time-series of the amounts of C2H5I and CH3I
collected from the incubation bottles and their total emissions
(Fig. 4). The peak amounts of both C2H5I and CH3I were col-
lected on day 3 under oxic conditions and on day 7 under anoxic
conditions. The total emissions of C2H5I (anoxic, 27 pmol; oxic,
5.7 pmol) were much greater than those of CH3I (anoxic,
1.6 pmol; oxic, 2.4 pmol). The incubation results are provided in
Supplementary Table S1a, b. Our result that C2H5I had the
highest production among the VOIs is consistent with a previous
incubation study18. The VOI emissions (pmol) per unit
chlorophyll-a (mg) were 6.8 pmol (mg chl-a)−1 for C2H5I and
2.8 pmol (mg chl-a)−1 for CH3I under oxic conditions. Iodide
addition (+8 μmol L−1) to the incubation bottles resulted in a
7-fold increase in C2H5I production and a 12-fold increase in
CH3I production under oxic conditions (Supplementary
Table S1c). The iodide addition under anoxic condition resulted
in further increases in the productions (Supplementary
Table S1d). The temperature (8 °C) of dark incubation was set to
be an annual maximum of Funka Bay water at the bottom. Thus,
the production rates obtained from the experiments would be a
maximum if there is a temperature dependence on the produc-
tions associated with biological activity. Note that the dark
incubations using diatom aggregates collected in Funka Bay were
not sterile, thus the results of VOIs production mean net pro-
duction including both production and biological loss.

We also conducted dark incubations using a culture of the
diatom Thalassiosira nordenskioeldii, which predominates in the
spring bloom in Funka Bay28 (Supplementary Table S2). We
started with a sterile culture grown in f/2 medium in the light
with added iodide (I−). The diatom cultures with I− produced
C2H5I and CH3I when moved to dark conditions. In contrast,
iodate (IO3

−) addition did not result in remarkable C2H5I or
CH3I production. Clearly, I− was necessary for production of the
two VOIs. We concluded that both intracellular I− absorbed
earlier during their growth and extracellular I− dissolved in
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seawater could be used for VOI production in darkness. Although
bacterial activity would promote VOI production from diatom
aggregates in darkness18, our results indicate that bacterial
activity is not necessary.

Calculation of VOI production in the sediment of Funka Bay.
Primary production in Funka Bay during the spring bloom was
25–73 g-C m–2[23], and the carbon content (μg-C) per unit
chlorophyll-a (μg chl-a) of diatoms during the bloom was 11.6 μg-C
(μg Chl-a)−1[28]. If all diatoms produced in the bloom had settled to
the sea floor, the productions of C2H5I (11–33 nmol m–2) and CH3I
(5–14 nmol m–2) on the sea floor could occur applying the emission
rates of 6.8 pmol (mg chl-a)–1 for C2H5I and 2.8 pmol (mg chl-a)–1

for CH3I under oxic conditions with no I− addition. Note that the
calculated emissions mean net production including production and
biological loss. If the emitted C2H5I and CH3I were supplied to the
bottom water (80–96m), the increases of bottom water concentra-
tions were 0.92–2.7 pmol L–1 for C2H5I and 0.38–1.1 pmol L–1 for
CH3I. These calculated increases are lower than the actual increases
of C2H5I (4.3–4.4 pmol L–1) and CH3I (3.0–5.0 pmol L–1) in bottom
water between the middle of March and April of both years. Actually,
high levels of C2H5I and CH3I remained in the sediment and bottom
water until August. As we have discussed a possibility of biological
loss in water column near the bottom, the natural increases involved
impacts of production from diatom aggregates and biological loss.

If productions of C2H5I and CH3I from diatom aggregates depend
only on an amount of diatom settled on the sea floor, the
concentrations of C2H5I and CH3I in the sediment surface in 2019,
where the considerably high concentration of chl-a (maximum of
29.7 μg L–1) was found in the bloom 2019 compared with the bloom
2018 (maximum of 12.5 μg L–1) (Fig. 2a), should have become
higher than 2018. However, C2H5I and CH3I concentrations in the
sediment surface in 2019 were lower than 2018 (Fig. 2b, c). Since I−

addition stimulated the productions of C2H5I and CH3I from

incubation experiment, we considered that the productions of C2H5I
and CH3I in the sediment surface were affected by both the amount
of diatom aggregates settled on the sea floor and the supply of iodide
(I−) to the aggregates. Moreover, the concentrations of C2H5I and
CH3I in the sediment deeper than 1 cm depth was only 20% of the
sediment surface (0–1 cm) where the sediment source C2H5I and
CH3I were produced; and thus, we considered that the lower
concentrations in the deeper sediment were owing to biological
(probably bacterial) loss. If the biological losses of C2H5I and CH3I
are stimulated by their accumulations in the sediment, the
concentrations on the sediment surface should vary dramatically.
We suggest that the large variability of C2H5I and CH3I in the
sediment surface is caused by their productions and biological losses
in the sediment; productions are stimulated by supplies of diatom
aggregates settled from the surface and iodide from the
deeper sediment as discussed in the next paragraph; biological
losses are stimulated by their accumulations in the sediment.

We conclude that the production of VOIs from diatom aggregates
in the sediment would have been sustained for several months after
the spring bloom by using extracellular I− in the surrounding
seawater. Normally, the I−concentration in deep water is much
lower than that of IO3

−; however, I− could be supplied from
deeper sediment in which IO3

− is reduced to I− under anoxic
conditions29. We have confirmed that I− concentrations in bottom
water obviously increased from March to June 2017 in Funka Bay,
which were coincident with decrease in IO3

− concentrations
(Supplementary Fig. S3; unpublished data). The I− and IO3

−

concentrations were measured according to the stripping voltam-
metry method30. We considered that continuous supply of I-, which
was derived from IO3

− reduction in anoxic deeper sediment, to
diatom aggregates settled on the sea floor sustained the VOIs
productions until August. Because diatoms assimilate iodide faster
than iodate during their growth31, we thought that iodine cycle in
coastal area is driven by iodide accumulation by phytoplankton. A
small fraction of accumulated I− in diatom cell is used for the VOIs
productions. We prepared a diagram representing C2H5I emission
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Fig. 5 Diagram of the iodine cycle between water column and sediment.
Iodine cycle between water column and sediment is shown in relation to
C2H5I emissions from dark bottom sediment. Iodide in surface seawater is
accumulated in phytoplankton cell during their growth (1); the
phytoplankton aggregations sink to sea floor (2); IO3

− in the
deeper sediment is reduced to I− (3); C2H5I and CH3I are produced from
the sedimented aggregations using intercellular I− (4) and extracellular I−

supplied from deeper sediment (5); large fraction of sediment source I− is
supplied to bottom water (6); sediment source C2H5I and CH3I are supplied
to the bottom water and lost by microbial activity (7). The pathways of
iodine cycle are indicated as arrows.
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ranges of incubation results of the two bottles (n= 2), respectively. Many
of error bars are behind the symbols. The incubation results are shown in
Supplementary Tables S1–S3.
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from diatom aggregates in dark bottom sediment in relation to the
iodine cycle between the water column and sediment (Fig. 5).

Our results strongly support the idea that phytodetritus (e.g.
diatom aggregates) on the sea floor is a hotspot of VOI production in
the ocean18. We concluded that the impact of the sediment source
VOIs is limited in the middle layer and bottom layer waters in
stratified coastal oceans because of biological losses below the surface
layer. However, it is possible that considerable amounts of sediment
source VOIs are supplied to the ocean surface and emitted to the air
in vertically well-mixed coastal areas, such as more coastal areas and
fast-flowing straits. Further research on the sediment source VOIs in
subtropical and tropical coastal oceans and more coastal areas of
global ocean is needed to evaluate their atmospheric impacts.

Methods
Shipboard observations. Shipboard observations were conducted over the Bering
Sea and Chukchi Sea continental shelves from the Training Vessel (T/V) Oshoro-
maru in July of 2017 and 2018. Time-series observations in Funka Bay, Hokkaido,
Japan, were conducted from the T/V Ushio-maru 17 times from March 2018 to
December 2019. Both vessels were operated by the Faculty of Fisheries Sciences,
Hokkaido University. Figure 1 shows the locations of the sampling stations. The
sea floor at the four stations in the Bering Sea were videotaped during the obser-
vations (see Supplementary Movie 1–4). The sea floor at the station 30 of the Funka
Bay and observation scenes were recorded in movie files and photos (see Supple-
mentary Movie 5–8 and Supplementary Fig. S5–S16).

Sediment core sampling. Sediment core samples were collected in polycarbonate
core tubes (inner diameter 82 mm; length 600 mm) attached to a gravity-type core
sampler (Rigo Co. Ltd., Saitama, Japan) for Funka Bay and a multiple core sampler
(Rigo Co. Ltd.) for the Bering and Chukchi Seas. The sea-floor depths in the Bering
and Chukchi Seas were 40–50 m, and the depth of Funka Bay was 96 m. All sea
floors were in darkness below the euphotic zone.

The sediment cores were cut into sections at intervals of 1 cm from the surface (sea
floor, 0 cm) to a depth of 5 cm. Each sediment section was collected in a polyethylene
bag. The pore water from each sediment section was collected by using a syringe and
pulling the water through a porous ceramic filter cup using a soil water sampler (DIK-
8393, Daiki Rica Kogyo Co. Ltd., Saitama, Japan) within two hours of the sediment core
collection. The pore-water sample in the syringe was filtered into a glass bottle (32mL)
using a syringe filter with a pore size of 0.22 µm. To arrest microbial activity, 50 μL of
saturated mercuric chloride (HgCl2) solution was added to the bottle. The bottle was
crimp-sealed with 0.5mL headspace using a butyl rubber septum and an aluminum
cap. The sample bottles containing pore water were kept in a refrigerator at 4 °C until
pre-treatment for VOI analysis, typically within a month.

Seawater sampling. Seawater samples were collected in Niskin bottles attached to a
rosette multi-sampler along with a conductivity-temperature-depth (CTD) probe (SBE
19 plus, Sea-Bird Electronics, Inc., Bellevue, WA, USA). Surface water was collected
with a plastic bucket. Bottom waters were collected 1m above the sea floor using a Van
Dorn sampling bottle or a Niskin bottle, and 0.3m above the sea floor from the
sediment-core tubes. The seawater sampling depths were 0, 5, 10, 20, 30, 40, 50, 60, 65,
70, 75, 80, 85, 95 (+1m above the sea floor), and 95.7m (+0.3m above the sea floor) in
Funka Bay, and 0, 10, 20, 30, 40, and 50m depths, and+1m and+0.3m above the sea
floor, in the Chukchi and Bering Seas. Aliquots of seawater samples (125mL) were
collected into dark glass bottles and approximately 250mL of seawater was allowed to
overflow the bottles. Saturated HgCl2 solution (100 μL) was added to the bottles. The
bottles were sealed with a butyl rubber septum and an aluminum cap and kept in a
refrigerator until pre-treatment, typically within a month.

Analytical procedures. Dissolved VOIs were collected from the pore water and
seawater samples by a purge-and-trap method. The total volume of seawater (125
or 32 mL) in the sample bottle was introduced into a purge vessel by a high-purity
nitrogen carrier at 20 mLmin−1 for 7 min, and the dissolved gases were con-
secutively purged by bubbling with nitrogen at 65 mLmin−1 for 35 min. The
purged gas sample was collected in a cold-trap containing adsorption resin (Tenax
TA, 10 mg) cooled to −90 °C. The cold-trap samples were stored in a freezer
(−30 °C) until analysis by gas chromatography–mass spectrometry (GC–MS). The
purge efficiencies for CH3I, C2H5I, CH2ClI and CH2I2 were 94%, 95%, 83%, and
66%, respectively. Concentrated VOIs in the cold-trap were thermally desorbed
and transferred to an automated pre-concentration GC–MS analytical system
(capillary column: Porabond Q, 0.32 mm, 50 m; GC–MS: Agilent 5973, 6890). A
gravimetrically prepared standard gas (Taiyo Nissan, Inc., Tokyo) in a gas cylinder
containing CH3I, C2H5I and other halocarbons at concentrations of 10 ppb (dry air
mole fraction) was analyzed with the preconcentration-GC-MS system every
measurement date. The concentrations in the cylinder were calibrated by mea-
suring a methanol-based liquid standard containing these compounds every six
months. The methanol-based liquid standard was injected into pure water, and

then, the water-based standard was measured by purge and trap / GC-MS system.
The analytical precisions of CH3I and C2H5I in water sample were ±2%. Details of
the GC–MS analysis are described elsewhere20. The amounts of CH3I and C2H5I in
the sample bottle (32 mL) reduced by 3−7% a month during the sample storage,
thus our results include approximately 3–7% of under estimation.

Chl-a concentrations in discrete seawater samples (100 mL) were measured by a
fluorometer model 10-AU-005 (Turner Designs, San Jose, CA, USA). Nutrient
concentrations (NO3

−, NO2
–, NH4

+, SiO2, and PO4
3−) in discrete seawater

samples were measured by colorimetric methods using a QuAAtro system (BL-Tec,
Osaka, Japan).

VOI production from diatom aggregates in darkness in the laboratory. Diatom
aggregates were collected from the same location in Funka Bay (St. 30) on 15
March 2019 and 18 March 2021 during massive spring diatom blooms (>15 μg L–1

of chl-a). A plankton net (0.3 m diameter, 100 μm mesh) was towed vertically from
85 m depth to the surface. The diatom aggregates collected in 2019 were suspended
in 900 mL of seawater and frozen (−25 °C) in a polyethylene bag until preparation
for the incubation experiment. Supplementary Fig. S4 is a schematic showing the
preparation protocol for the incubation experiment. An aliquot (9 mL) of defrosted
diatom aggregate sample was put in a 200 mL glass bottle. Fluorometric analysis
showed that 9 mL of the diatom aggregate contained 0.84 mg chlorophyll-a. Fil-
tered seawater (100 mL) was added to the glass bottle. The diatom aggregates
collected by plankton net in 2021 were transferred to the incubation bottle within
2 h after sampling without freezing. A spot sensor for an optical O2 meter (Fire-
Sting, PyroScience GmbH, Hubertusstr, Germany) was attached to the inner wall of
the incubation bottles to measure the oxygen level in the bottle. The bottle was
sealed with a butyl rubber septum and an aluminum cap.

We set up two bottles each for anoxic conditions and oxic conditions. The 12
incubation bottles (A-1—D-3; see Supplementary Table S1a–d) were placed in a dark
incubator at 8 °C. Iodide solution was added (+8 μmol L–1) to the bottles C and D.
Head-space gas of each bottle was sampled on days 0, 3, 7, 14, 21, 28, 35, and 42 after
the start of incubations. Carrier gas (N2 or pure air) was introduced to the bottle
through a needle at a flow rate of 20mLmin–1 for 30min at each sampling time. The
head-space gas was collected through another needle. The water in the bottle was kept
at 8 °C and magnetically stirred during the gas collection. The water vapor in the gas
sample was removed by a glass-tube water trap at −25 °C. The VOIs in the gas sample
were collected in a cold trap with adsorption resin (Tenax TA) at −90 °C. The oxygen
level in the bottles was measured before and after the head-space gas collection. Analysis
for VOIs was the same as for the seawater samples. The collection efficiency of VOIs
from the bottles, based on one head-space gas collection, was 28%. The calculation of
the total amount of VOIs emission was described in explanatory notes of
Supplementary Table S1a–d.

We conducted another dark incubation experiment to examine effect of iodine
addition. A sterile culture of diatom, Thalassiosira nordenskioeldii, was grown in Si-rich
f/2 medium (NO3

−, 700 μmol L−1; PO4
3−, 26 μmol L–1; Si(OH)4, 75 μmol L–1) with

addition of iodide (I−, 8 μmol L–1) or iodate (IO3
−, 8 μmol L–1). Then, the cultures

were used for the bottle incubation in darkness under oxic condition. We set up two
bottles for each no iodine addition, I− addition, and IO3

− addition. VOIs were collected
from the incubation bottles on days 0 and 11 (Supplementary Table S2).

We also conducted a dark incubation experiment to test if diatom aggregate
without prior freezing produces VOIs. We collected diatom aggregates in the
Funka-bay by plankton net towing from the depth of 85 m to the surface in spring
bloom 2021. The diatom sample was not frozen before the incubation. An aliquot
(9 mL) of diatom aggregate sample was put in a 200 mL glass bottle. We prepared
10 incubation bottles. The first VOIs collection from the bottle was conducted after
6 days of the net sampling. The head space of the bottle was collected on days 6, 20,
and 26 (Supplementary Table S3). Since we did not collect VOIs on day 0, the
initial concentration was not obtained. We confirmed that the diatom aggregates
without prior freezing produced CH3I (0.7–2.2 pmol) and C2H5I (11.5–16.5 pmol)
for 20 days or 26 days of incubation time.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The datasets generated during the current study are available at https://doi.org/10.5281/
zenodo.6905361.
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