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Submarine volcanic microbiota record
three volcano-induced tsunamis

Check for updates
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The precise determination of sediment provenance not only yields insights into past tsunami events
but also offers a window into understanding the genesis of tsunamis in distinct environments, such as
volcanic regions. Through meticulous analysis of core samples from a lagoon in east of Korea
Peninsula, we unveil three previously undocumented tsunamis and identify specific bacterial
taxa associated with submarine volcanism during distinct periods. Specific bacterial species
(Sulfurimonas_f and Alicyclobacillus ferrooxydans) and the presence of the silicoflagellate Dictyocha
byronalis indicate deep-sea volcanic origins for certain sediment layers. The presence of microfossils,
typically found in high-salinity pelagic environments during Event I, strongly supports the occurrence
of a tsunami. These findings align with heightened volcanic activity on Ulleung Island during Event I
and provide valuable chronological insights into submarine volcanic processes nearUlleung Island for
Events II and III. Our study highlights these biological markers as crucial indicator for understanding
past tsunamis arising from volcanic activity.

A destructive tsunami warning was issued at the Pacific coastal areas as a
consequence of the eruption of the Hunga Tonga–Hunga Ha’apai sub-
marine volcano (20.54°S, 175.38°W) on 15 January 2022. This occurrence
suggests that tsunamis resulting from submarine volcanic activity can
impact remote regions as well1. This event constitutes a devastating natural
disaster with the potential to inflict extensive destruction and casualties.

Tsunamis are commonly triggered by extensive seismic events, pri-
marily large-scale earthquakes2,3. Such subaqueous disruptions generate
seismic waves that radiate outward from the epicenter and eventually reach
shallower coastal waters, culminating in the formation of a tsunami4. In
addition to seismic activity, tsunamis can also be induced by submarine
volcanic eruptions or landslides5,6. These alternate sources can amplify the
vulnerability of coastal regions to tsunamis, as their emergence lacks the
characteristic seismic ground motions typically associated with major
earthquakes, making them challenging to predict7–11.

Extensive insights into the occurrence, chronological context, and
physical attributes of tsunami sediments have been gleaned through
research on tsunami deposits, particularly following the catastrophic tsu-
namis triggered by the 2004 Sumatra earthquake and the 2011Tohoku–Oki
earthquake12–19. Furthermore, considerable proxy indicators derived from
analyses of contemporary tsunami deposits have been introduced as tools
for the recognition of tsunami-related sediments within coastal sediment
archives20–24.

Nevertheless, cases of ambiguity in interpretation exist due to theorigin
of the sediments and their similarities with other sedimentary processes25–27.

Consequently, to mitigate this interpretational uncertainty, a precise eluci-
dation of the sedimentary composition originating from the tsunami’s
source becomes indispensable.

In this context, tsunamis triggered by submarine volcanic eruptions
may exhibit distinct characteristics. For instance, the discovery of highly
specialized bacteria indigenous to underwater volcanoes or associated
hydrothermal vents in a significantly disparate environment, far removed
from coastal areas, could present compelling evidence of a tsunami occur-
rence. Such findings can serve as clear indicators for interpreting the pre-
senceof a tsunami, potentiallyoffering avitalmeans to elucidate and trace its
occurrence.

Over the past 2000 years of recorded tsunami history around the East
Sea, a significant proportion of these events tend to have occurred primarily
in the eastern part of Japan, precisely along the plate boundary. Meanwhile,
records of tsunamis within the East Sea itself are notably infrequent (Fig. 1,
National Centers for Environmental Information, https://www.ngdc.noaa.
gov). Furthermore, most of the origins of tsunamis in the East Sea are
reported as earthquakes. Despite exhibiting robust indicators of active
volcanic activity, including the conspicuous presence ofmultiple submarine
volcanoes and volcanic islands, the extant body of knowledge pertaining to
the volcanic origins within the designated area remains considerably
limited28–30. The East Seapresents a distinctive geostrategic advantage due to
its semi-closed configuration. This geographical trait not only serves to
mitigate the intricacies entailed in the process of retracing its geological
genesis but also engenders a conducive setting for scholarly pursuits. The
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containment offered by the semi-closed expanse augments the prospect of
meticulous volcanic investigations while concurrently fostering the poten-
tial for the safeguarding of pivotal geological archives, owing to the
diminished scope of extraneous perturbations.

The aim of this study is to unveil geological evidence of a tsunami
triggered by a volcanic eruption in the East Sea, with the intent of enhancing
the discernment of tsunami sediments. Additionally, this research seeks to
introduce a novel criterion for tracing sediments originating from volcanic-
induced tsunamis. It can provide further insights to researchers in the field
of tsunami-related studies and contribute to the advancement of research
techniques in this regard.

Results and discussion
Sedimentary and biological evidence for tsunami deposits
While maximum tsunami wave heights of 3 to 4m were observed in 1983
and 1993 along themiddle of the eastern coast of Korea31, the deposits from
these tsunamis are not discernible in the lagoon sediments of Hyangho
(20HH01), located in the middle of the eastern coast (Figs. 1 and 2). There
are several possible reasons for this, and one plausible reason is that the
energy generated by these tsunamis might not have been sufficiently potent
to precipitate typical tsunami sand accumulation in our study site (Fig. 1).
Consequently, substantial quantities of tsunami sand might not have tra-
versed the coastal sand bar of the lagoon. In the event that some sand did
breach the sandbar, it is probable that it settled on the seaward side of the
lagoon4.

However, the biological signals in our sample, collected from
Hyangho, yielded intriguing results through analyses bacterial diversity

and microfossil analyses. The bacterial diversity analysis revealed that the
genus Thiomicrohabdus and Thiomicrospira (Gammaproteobacteria)
were major constituents (avg. 38.31%) in samples taken from most of the
sediment depths, although certain depths exhibited high proportions of
Epsilonproteobacteria (Supplementary Data 2–6). Especially, the Sul-
furimonas_f, an uncultured Sulfurimonas species under the class Epsi-
lonproteobacteria, manifested at specific strata: avg. 6.21% in
11.77–11.10m (ca. 8.8–8.3 ka; Event I), avg. 20.43% in 9.23–8.10m (ca.
7.8–6.5 ka; Event II), and avg. 8.69% in 2.30–1.20m (ca. 2.5–0.3 ka; Event
III) (Fig. 3). Sulfurimonas_f were often found in hydrothermal vents32–38,
although they were ubiquitous in diverse marine and terrestrial envir-
onments and especially abundant in sulfur-enrich environment35–37.
Bacterial mats belonging to the Sulfurimonas_f are commonly encoun-
tered on seamounts resulting from intense volcanic activity linked to
underwater volcanoes and hydrothermal vents38,39. In order to compare
with sequences from various environments, representative 16 S rRNA
gene sequences were extracted from depths where Sulfurimonas_f was
present in a high proportion. As a result of the blast and phylogenetic
analysis using a representative sequence, it was confirmed that the closest
sequence was the clone sequence collected from the marine hydro-
thermal vent fluid. The results of this phylogenetic analysis support that
the origin of the representative sequence analyzed from the lagoon
sediments can be inferred to be a marine hydrothermal vent.

Similarly, Alicyclobacillus ferrooxydans (Firmicutes) showed a high
proportion of 6.8% in the normalized data and 9.8% in the original data only
at a depth of 11.23m (ca. 8.3 ka) (Fig. 3). This particular taxon is primarily
encountered within acidic, geothermal environments and can withstand

Fig. 1 | Map of the study site and its surrounding
historical tsunami sources. a The study area cor-
responds to the central part of the eastern coast of
the Korean Peninsula, and the Pacific Plate and the
Philippine Plate boundaries are located to the east
and southeast of the study area. In reference to these
plate boundary subduction zones, the East Sea is
referred to as a back-arc basin and consists of the
Ulleung Basin (UB), Japan Basin (JB), and Yamato
Basin (YB). The sources of the tsunamis over the last
2000 years (white circles: earthquakes; yellow tri-
angles: volcanoes) are common not only in the
eastern part of Japan but also in the western part of
Japan (National Centers for Environmental Infor-
mation, https://www.ngdc.noaa.gov). b The study
area, Lagoon Hyangho, is an area that faces the
Ulleung Basin, and the water depth rapidly increases
offshore. Ulleung Island, which is located in the
Ulleung Basin, is an island formed by volcanic
activity, and the undersea topography has developed
via volcanic activity in the East Sea30. The blue circles
indicate the locations of the lagoons. c Lagoon
Hyangho has an average depth of approximately
2 m.Unlike the tide level on thewestern coast, which
is extremely high, the tidal level on the eastern coast
is less than 0.5 m. The yellow arrow indicates the
drilling location of core 20HH01. (Map data ©2020
Google).
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extreme environments by forming endospores40. Alicyclobacillus ferroox-
ydanswas first isolated from the soil of a volcanic region that spews sulfur gas
and steam in Tengchong City, China, which is famous for volcanic activity40.

Microfossil analysis reveals that the majority of microfossils indicate a
coastal environment. However, the presence of the silicoflagellateDictyocha
byronalis at a depth of 11.23m presents an anomaly (Fig. 3, Supplementary
Data 7). Despite limited studies on Dictyocha byronalis, a newly observed
taxon in Korea through this investigation has shown that it is typically
dominant in environments characterized by relatively warm temperatures
and high salinity41,42.

The above biological results reveal that most taxa in core 20HH01 live
in nearshore environments, including freshwater environments (Supple-
mentary Data 2–7). Nevertheless, Sulfurimonas_f, Alicyclobacillus ferroox-
ydans andDictyocha byronalis, which are present only at specific depths, do
not indicate a nearshore environment. Consequently, their presence is
interpreted as supplied from the distant sea.

Interestingly, a thin layer of sand was noted at a depth of 11.20 m
(ca. 8.3 ka) (Fig. 3). This layer holds the potential to be indicative of sand
delivered by a tsunami, as substantiated by biological evidence. Addi-
tionally, at depths ranging from 8.8 to 8.1 m (ca. 7.1–6.5 ka), prominently
deformed laminations are frequently observed (Fig. 3). These deforma-
tions might have arisen due to gravitational instability, potentially trig-
gered by events such as earthquakes or tsunamis.

The three intervals (Event I, Event II, and Event III) proposed in this
article as potential tsunami occurrences collectively exhibit physical and
biological characteristics that indicate transient events, as opposed to
reflecting general environmental changes.

To explore another option that may explain the data, the most com-
mon coastal events that are frequently compared to tsunamis are coastal
storms resulting from typhoons43,44. Indeed, the edge of the Pacific high-
pressure system is frequently located over the Korean Peninsula, including

Hyangho, in summerandautumn, andas such,Hyangho is frequently in the
path of typhoons45,46. Nevertheless, explaining typhoons as one of the
plausible mechanisms that caused the specific intervals identified in this
study poses a challenge, considering that typhoons occur multiple times a
year in this region.Additionally, the impactof a robust typhoon’shigh storm
wave base on the lower shoreface is recognized47,48; typhoons are unlikely to
affect depths of thousands of meters in the East Sea.

Interestingly, within the intervals of Event II and Event III, the ages are
both approximately 10.0–9.6 ka, which is approximately 2000 years older
than the surrounding sediment for Event II and 8000 years older than the
surrounding sediment for Event III (Fig. 3). Inparticular, in theEvent III age
group, charcoal older than 8000 years is very difficult to deposit via sedi-
mentary processeson landbecause the ages are usually betweenhundreds of
years and 1000 years. The prevailing assumption is that this material
potentially originated from a pelagic ocean tsunami characterized by a
remarkably low sedimentation rate.

What was the source of the tsunamis?
Sulfurimonas_f, which is detected in three sections in core 20HH01, is
regarded as amajor component ofmicrobial communities at deep-sea vents
and plays an important role in the biogeochemical cycle of hydrothermal
vent38. Several studies reported that the microbiome of hydrothermal
vents32,34,35,49,50 commonly described Epsilonproteobacteria (especially Sul-
furimonas) as a major component of hydrothermal vents. In particular,
German et al.35 showed Sulfurimonas have been detected at hydrothermal
vents, in plume samples, and in marine sediments but not in surface sea-
water. Additionally, Spietz et al.33 showed very interesting results between
Sulfurimonas and volcano lava. They reported a significant increase in the
relative abundance of Epsilonproteobacteria (including Sulfurimonas sp.) in
hydrothermal plumes over the lava flow, and this bacterial taxon could be a
strong indicator of hydrothermal activity. Eruptions can generate new

Fig. 2 | Computed tomography (CT) image of core 20HH01. The calibrated AMS 14C ages are shown in the core images (red circles mark plants, blue triangles indicate
shells, and black squares show bulk sediment).
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releases of hydrothermal fluids due to new heat sources such as seafloor
magma and newly erupted lava fields, and the indicator microbes in these
thermal ventsmaybe inferred to be associatedwith volcanic activity (suchas
an eruption). However, this inference also has limitations that must be
sufficiently proven through culture and genome analysis.

The source areas of the tsunamis in the study area can essentially be
constrained to the East Sea or its vicinity, such as Ulleung Island. The East
Sea, which is adjacent to a plate boundary, has experienced frequent
earthquakes and volcanic eruptions (Fig. 1).While Ulleung Island, which is
located in the Ulleung Basin, contains volcanic records that are repre-
sentative of the East Sea, there are also large and small volcanoes distributed
on the seabed in the Ulleung Basin30,51,52.

As the East Sea contains several submarine volcanoes, it is difficult
to specify a particular volcanic source area. Nevertheless, Event I (ca.
8.3 ka), when volcanic activity is inferred to have occurred, coincides
chronologically with a known eruption period (U-3 or N-3; tephra layer)
on Ulleung Island (Fig. 4)28,29,53. Therefore, the ca. 8.3 ka tsunami is likely
related to an eruption of Ulleung Island, at a minimum, rather than other
volcanic activity in the East Sea (Fig. 4). This eruption took place on the
existing Ulleung Island53, but the appearance of the Sulfurimonas_f and
Alicyclobacillus ferrooxydans indicates that volcanic activity occurred in
the surrounding seabed during this episode of Ulleung Island’s volcanic
eruption.

Moreover, because ash fallout can significantly increase the Fe content
in the surface ocean, the Fe content in sediments can be used as an indicator
of volcanic activity54–59. Thus, the volcanic eruptions on Ulleung Island
during the Holocene were recorded as changes in the Fe content in sedi-
ments. The Fe/S values of the core were determined using an XRF core
scanner to confirm the trend of Fe fluctuations. The value is determined
after removing the influence of pyrite because Fe and S are elements con-
stituting pyrite produced by sulfate-reducing bacteria in an anoxic
environment60–63. As shown by the results, the patterns of Fe/S and

Sulfurimonas_f variation tend to increase together during the three events
(Fig. 3). This correlation implies the potential transportation of Fe-rich
sediments and hydrothermal bacteria to the eastern coast of Korea through
tsunamis engendered by volcanic eruptions around the Ulleung Basin.

Influence of tsunami events generated by volcanism and appli-
cation as a key indicator
Atsunami generated in theEast Sea is very likely to impact not only the coast
of Korea but also the western coast of Japan. Unfortunately, research on
tsunamis in Japan has mostly focused on the eastern coast of Japan bor-
dering the Pacific Ocean64, and only a few studies have focused on the
western coast of Japan facing the East Sea65. Urabe65 reported twenty-four
events in Lake Kamo and nine events in Iwafune Lagoon that were deter-
mined tobe related to tsunamison thewestern coast of Japanduring thepast
9000 years. We correlated their age dating results of the sedimentary layers
associated with each event with our results: Event I corresponds to Ev24 to
Ev22 in Lake Kamo and Ev9 in Iwafune Lagoon, Event II corresponds to
Ev20 toEv16 inLakeKamoandEv7 toEv5 in IwafuneLagoon, andEvent III
corresponds to Ev6 to Ev2 in Lake Kamo and Ev1 in Iwafune Lagoon
(Fig. 1a; Fig. 4).

The biological signals of this study, the Sulfurimonas_f, and Alicyclo-
bacillus ferrooxydans, have been found only in volcanic or hydrothermal
areas36–38,40,66,67. Their appearance in coastal lagoons unrelated to volcanic or
deep-sea hydrothermal activity provide clear evidence of tsunami-driven
sediments with a deep-sea volcanic origin. Consequently, these biological
signals can serve as indicators of past tsunamis originating from volcanic
activity. Additionally, the existence of species other than those mentioned
above in deep hydrothermal environments can also serve as reliable indi-
cators in semi-closed seas or closed lakes.

Since this study was conducted in one area of the East Sea, it is
necessary to correlate the findings by securing data from other areas bor-
dering theEast Sea.Additional researchon the spreadof Sulfurimonas_f due

Fig. 3 | Inferred three tsunami events in core 20HH01. The stratigraphy of the
study area (left) is dominated by silty clay interspersed with sand. In particular,
highly deformed laminations appear at depths of approximately 8–9 m (refer to
Fig. 2). The age results show that the sediments are thousands of years older than the
surrounding sediments at depths of 1.1 m and 8.5 m supplied by tsunami events

from the pelagic ocean. The excursions in the Fe/S profile correlate with the
appearance of Sulfurimonas_f and are consistent with the anomalous AMS 14C ages
in this core. The appearance of abundant Alicyclobacillus ferrooxydans and Dic-
tyocha byronalis in Event I indicates that Sulfurimonas_f was related to volcanic
activity.
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to volcanic eruptions is essential in wider oceanic regions beyond the geo-
graphically semi-enclosed East Sea.

Methods
The drilling (date: 08 December 2020) was performed from a barge in
lagoon Hyangho (128°48'38.37“E, 37°54'40.09“N, 1.7m in water depth),
and a corewith a total lengthof 14mwas extracted from the sediment-water
interface of Hyangho lagoon to the bedrock. The sediments core recovered
using a PVC pipe were cut into half vertically, and sub-sampling was per-
formed for age dating, bacterial and microfossil analyses (Fig. 2).

Age dating was carried out by accelerator mass spectrometry (AMS)
at the Korean Institute of Geoscience and Mineral Resources (KIGAM),
Korea, using plants, shells, and humic materials. The calibration ages
were corrected by the OxCal statistical analysis program (http://c14.arch.
ox.ac.uk, Supplementary Data 1).

Soil genomic DNA was extracted from 0.25 g of sediment using a
DNeasy PowerSoil Pro Kit (Qiagen) according to the manufacturer’s
instructions. The sampling depths are shown in Supplementary data 2. The
polymerase chain reaction (PCR) primer pair 16S-F (5′-CCTACGG
GNGGCWGCAG-3′)/16S-R (5′-GACTACHBGGGTATCTAATCC-3′)
was used to amplify the V3–V4 hypervariable regions of the 16 S rRNA
gene68. KAPAHiFiHotStart ReadyMix (KAPABiosystems) andAgencourt
AMPure XP system (Beckman Coulter Genomics) were used for PCR
amplification and purification of the PCR product, respectively. PCR con-
ditions were performed as follows: initial denaturation at 95 °C for onemin,
34 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, followed by a final
extensionat 72 °C for 5min.Purificationof thePCRproductwas carriedout
according to the manufacture’s protocol.

After magnetic bead-based purification of PCR products, the second
PCRwas conducted using primers from aNextera XT IndexKit (Illumina).
Subsequently, purified PCR products were visualized using gel electro-
phoresis and quantified with a Qubit dsDNA HS Assay Kit (Thermo Sci-
entific) on a Qubit 3.0 fluorometer. The pooled samples were qualified by

running on an Agilent 2100 bioanalyzer (Agilent) and quantified by qPCR
using a CFX96 Real-Time System (Bio-Rad). After normalization, Illumina
MiSeq sequencing was performed at Bionics, Korea. The 16 S rRNA gene
sequence was identified in EZbioCloud using the Microbiome Taxonomic
Profiling (MTP) pipeline (https://www.ezbiocloud.net, CJ Bioscience)69,70.
Quality control of raw data was performed according to CJ Bioscience’s in-
house process). The bacterial OTUs were identified by UCLUST71, clus-
tering of the 16 S rRNA sequences with a ≥ 97% identity threshold, for
taxonomic profiling analysis. The PKSSU4.0 database included in EzBio-
Cloud was used for the taxonomic assignment of all reads. Bacterial com-
positions were assessed, and α-diversity indices were calculated (Chao1,
ACE, Shannon, and Simpson). Also, the bacterial diversity of sediment
samples was compared using normalization to 10,000 read counts to
minimize sequencing bias.

All raw 16 S rRNA gene sequencing data were deposited in the
NCBI Sequence Read Archive (SRA) under accession number
SRR27371705-SRR27371753 (BioProject PRJNA1058190). There were
42 microfossil samples taken from core 20HH01. Microfossil analysis on
these samples was conducted according to the following steps: 1 g of
sediment was dried at 60 °C for 24 h, the siliceous material was boiled
with 20mL of 30% hydrogen peroxide (H2O2) and washed with distilled
water to remove organic matter, and the treated samples were mounted
with Pleurax (Mountmedia, Wako, Japan) and briefly heated using an
alcohol lamp for subsequent analysis with a light microscope (LM;
Eclipse Ni, Nikon, Tokyo, Japan). Photomicrographs were taken using a
digital camera (DS-Ri2, Nikon, Tokyo, Japan). Some remaining
peroxide-cleaned samples were filtered using 2.0-μm polycarbonate
membrane filters (Nuclepore, Whatman, Maidstone, UK). The mem-
branes were placed on stubs and coated with gold–palladium for analysis
using field emission scanning electron microscopy (FE-SEM; MIRA 3,
TESCAN, Brno-Kohoutovice, Czech Republic). SEM photomicrographs
of all the samples were used to identify the microfossils. Morphological
analyses of microfossils were performed using ImageJ v1.32 software

Fig. 4 | Comparison of AMS 14C dating results
between the tephra layers originating from
Ulleung Island, the western coast of Japan, and the
three intervals indicating tsunami events in the
study area. Event I is correlated with tephra layer
U-3 (or N-3), suggesting that this event is related to
the volcanic activity on Ulleung Island. The other
two tsunami events are likely related to other sub-
marine volcanic events in the East Sea and correlate
with sections on the western coast of Japan analyzed
by a previous study. (The error for cal. kyr BP is ±2σ).
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(NIS-Elements BR4.50.00, Nikon, Tokyo, Japan). Microfossils were tax-
onomically identified primarily by referring to the literature72–75.

To obtain continuous and high-resolution elemental information, we
used the X-ray fluorescence (XRF) core scanner at the KIGAM (Avvatech
B.V., Alkmaar,Netherlands). The surfaces of the split-opened core 20HH01
were coveredwith SPEXCerti Ultralend foil to prevent contamination of the
sensors and sediments. Two electronic conditionswere used for detectingAl
to Fe at 10 kV and 0.25mAwith no filter and Cu to Zr at 30 kV and 1.0mA
with a thick Pb filter. We also used ratio calibrationmethods, such as Sr/Ti,
Si/Al, Sr/Ca, and Fe/S76.

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

Data availability
All data generated for this research are provided in the Supplementary Data
File. The supplementary data is also uploaded on Figshare, and the link is as
follows. https://doi.org/10.6084/m9.figshare.25624587.v1.
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