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The abundance of submarine volcanism in arcs
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ABSTRACT
Explosive submarine arc volcanoes can cause tsunamis, affect climate, and pose hazards to airplanes and ships. Although 70 %
of the Earth is submarine, only 15 % of Holocene arc volcanoes in the Smithsonian Global Volcanism database are submarine.
Merging locations of active submarine hydrothermal vents in arcs and the above database, we found 71 unlisted submarine arc
volcanoes. Using Baker [2017, doi: 10.1016/j.oregeorev.2017.02.006], only 44 % of hydrothermal vents in arcs are known. Only 77
of the vent fields are on volcanoes in the Smithsonian database. Assuming that unknown submarine arc volcanoes are present
in the same proportions as unknown vents, there are ~160 as-yet undiscovered Holocene age submarine arc volcanoes. Using
geophysical data, we located 291 unsurveyed seamounts <30 km from arc axes, the distance within which active vents occur. We
estimate 119±16 have active vents. Because more unknown seamounts exist, this means that >32 % of Holocene arc volcanoes
are submarine.

Аннотация
Взрывные подводные дуговые вулканы могут вызывать цунами, воздействовать на климат и представ-
лять опасность для воздушных и морских судов. Несмотря на то что 70 % поверхности Земли находится
под водой, только 15 % вулканов голоценового периода в базе данных Smithsonian Global Volcanism яв-
ляются подводными. Объединив данные об активных подводных гидротермальных источниках в дугах с
вышеупомянутой базой данных, мы обнаружили 71 неучтенных подводных дуговых вулканов. Согласно
Baker [2017, doi: 10.1016/j.oregeorev.2017.02.006], известно лишь о 44 % гидротермальных источников
в находящихся в дугах. Только 77 из полей гидротермальных источников расположены на вулканах из
базы данных Smithsonian. Предполагая, что неизвестные подводные дуговые вулканы присутствуют в
том же соотношении, что и неизвестные источники, существует примерно 160 до сих пор неоткрытых
подводных дуговых вулканов голоценового периода. Используя геофизические данные мы обнаружили
291 неисследованный подводный хребет в пределах <30 км от осей дуг, в пределах которых находятся
активные источники. Мы оцениваем, что 119±16 из них имеют активные источники. Поскольку суще-
ствует еще больше неизвестных подводных хребтов, это означает, что более 32 % вулканов голоценового
периода являются подводными.

KEYWORDS: Volcanism; Submarine; Arc; Ice core; Holocene; Hydrothermal.

1 INTRODUCTION
Large submarine eruptions can be a source of explosions that
can affect airline and ship traffic, adversely affect coral reefs,
produce phytoplankton blooms, or produce tsunamis [Bryan et
al. 2004; Gisler et al. 2006; Santana-Casiano et al. 2013; Manga
et al. 2018; Lyons et al. 2019; Borrero et al. 2022; Lynett et
al. 2022; Fauria et al. 2023; Ishii et al. 2023]. If sufficiently
large and sulfur-rich, the emissions from a submarine eruption
can also impact the climate [Witter and Self 2006; Cole-Dai et
al. 2013]. Because the 70 % of the Earth covered by oceans
includes many plate boundaries and intraplate magmatic ar-
eas, submarine volcanoes should be relatively common. Note
that we use volcano in this paper as a generic term to indi-
cate a center of eruptive activity, consistent with the usage
in the Smithsonian Global Volcano database. In this sense, a
Holocene volcano may be recognized through its bathymetry,
topography, or other geologic indicators. We focus in this pa-
per on the submarine volcanoes that are most likely to produce
large explosive eruptions: those in convergent-boundary vol-

∗Q dallashabbott@gmail.com

canic arcs. Notably, only 15 % of the arc volcanoes listed in
the Smithsonian Global Volcanism database are submarine—
either completely submerged, with submerged caldera floors,
or with submarine magma vents (Table 1). As we will show,
this is a serious underestimate.
The Smithsonian database began in 1968 as a record of
events, rather than features, so its initial focus was on erup-
tions rather than mapped volcanoes†. At present, there are
929 volcanoes identified as “arc volcanoes” by the Smithso-
nian Global Volcanism Program. The underrepresentation of
submarine eruptions in the Smithsonian data is in part due to
eruptive events in remote areas of the oceans being less likely
to have been observed through historic time. The specific lo-
cations of submarine volcanism are further under-identified
for three additional reasons. The first is that the ocean basins
are incompletely mapped [Wessel and Smith 1998; Mayer et
al. 2018; Wölfl et al. 2019]. The smallest submarine volcanoes
(radius less than ~4.4 km) are invisible in satellite altimetry
and can only be confirmed by swath mapping. Second, it
is much more difficult to determine if a submarine volcano is
†https://en.wikipedia.org/wiki/Center_for_Short-Lived_Phenomena
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Table 1: Distribution of subaerial and submarine arc volcanoes in the Smithsonian database (https://volcano.si.edu/
volcanolist_holocene.cfm). Downloaded August 18, 2022.

Category Number Percent

Identified arc volcanoes (Smithsonian only) 929 100.0
Top below sea level 63 6.8
Top above sea level but with submarine Volcanism 27 2.9
Top above sea level but with submarine caldera 50 5.4
Total Smithsonian submarine arc volcanoes 140 15.1

volcanically active, by which we mean that its most recent de-
tected activity was during the Holocene. Prior to the MODIS
satellite era (first launched in 1999), it was difficult to find
the precise locations of eruptions that produced pumice rafts
and consequent ocean discoloration. Satellite observations
are critical for determining the source volcanoes for pumice
rafts which can drift hundreds to thousands of kilometers af-
ter an eruption. For example, some pumice rafts from the
1883 Krakatau eruption in the strait between Java and Suma-
tra drifted into the southwest Indian Ocean and were found
in 1884 on beaches in Madagascar [Kent and Frick 1984].
The incomplete mapping and sampling of the seafloor
means that a high percentage of all submarine hydrothermal
vents in arcs are as yet undiscovered [Baker 2017]. High-
temperature hydrothermal activity can be relatively ephemeral
at a given location. Individual high temperature hydrothermal
vents (black smokers) are active for a brief time, typically about
five to ten years [Desbruyères 1998]. Fields of black smoker
vents can be rejuvenated and are active for ~300 years [Ken-
nish et al. 1997]. Lower temperature hydrothermal vents last
longer but finding them requires more effort. Thus, many
Holocene submarine volcanoes with documented Holocene
eruptions have no known hydrothermal vents. An additional
complication is that discovery of deep sea hydrothermal vents
requires adequate measurements in the right location. Hy-
drothermal plumes are carried downstream by deep sea cur-
rents and can be missed if the observation is too far from
the vent, in the wrong direction from the vent, or if adequate
depth spacing of water column measurements is not avail-
able. The final reason for the under-identification is that the
markers of such eruptions can be challenging to recognize in
the geologic record. Volcanic ash layers from a submarine
eruption that are deposited close to its source volcano may
be eroded and redistributed by the resulting pyroclastic den-
sity currents [Seabrook et al. 2023]. Submarine eruptions can
produce abundant, non-magmatic water vapor from vaporiza-
tion of sea water by the hot eruption entering the ocean. As
a result, the eruptive cloud is much higher for a given level
of explosivity; this disperses ash over a broader region and
results in relatively thinner distal ash layers [Yuen et al. 2022].
Volcanic ash layers less than ~2 cm thick [Kutterolf et al. 2021]
are fully bioturbated into deep sea sediments and are invisible
in core photos. Some thinner ash layers can be detected by
measuring magnetic susceptibility at 1 cm intervals on boxed,
weighed samples but this is labor-intensive and rarely done.
If a submarine volcano has had only relatively small eruptions
(VEI 5 or less), detecting activity prior to the satellite era re-

quires more extensive core sampling and core analyses than
are typically available. For all of these reasons—low cover-
age by cores and water column geochemistry and incomplete
seafloor mapping—many Holocene age submarine volcanoes
are likely currently unknown.

2 DATA SOURCES AND METHODS: VOLCANOES WITH
ACTIVE HYDROTHERMAL VENTS

We used data on volcanoes with active hydrothermal vents
from two sources: the Ridge vent database [Beaulieu et al.
2013]∗ and the recently released MARHYS Database 1.0 -
MARine HYdrothermal Solutions Database [Diehl and Bach
2020]†. Our main source on Holocene volcanoes is the Smith-
sonian database [Global Volcanism Program 2013]‡. To de-
termine which volcanoes identified as hydrothermally active
were also listed by the Smithsonian, we merged the Smithso-
nian database of arc volcano locations with the locations of the
hydrothermal vents. The merged data shows 77 hydrothermal
vent fields on 74 unique edifices listed by the Smithsonian
Global Volcanism Program and a further 71 hydrothermal
vents along an arc but not associated with an arc volcano in
the Smithsonian database. We checked each of these occur-
rences by plotting the locations of the vents and the highest
point on the volcano using the global gridded topography on
Geomapapp [Ryan et al. 2009]§. With one exception (a vent de-
fined using 3He anomalies), all of the venting sites plot well
above any local bathymetric plain. This made it relatively
straightforward to determine if the vent was on an arc vol-
cano listed by the Smithsonian Global Volcanism Program or
on an unlisted volcano.
In all but a few cases, the volcanoes with active
hydrothermal vents that are not listed by the Smithsonian are
more than 16 km distant from any volcano in the Smithsonian
database (Supplementary Material 1 Table S1). The few ex-
ceptions are locations where volcanoes are particularly closely
spaced and volcanic edifices are relatively small, for example
in the Tonga arc. In no case was an unlisted volcano with
active hydrothermal venting less than 7 km distant from any
of the volcanoes listed by the Smithsonian Global Volcanism
Program. Overall, it appears that close to half of the arc vol-
canoes with active hydrothermal venting are not listed by the
Smithsonian database.

∗https://vents-data.interridge.org/; (downloaded in May, 2022)
†https://doi.org/10.1594/PANGAEA.935649
‡https://volcano.si.edu/
§http://www.Geomapapp.org
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Seventy-four volcanoes listed by the Smithsonian Global
Volcanism Program have active hydrothermal venting (Sup-
plementary Material 1 Table S2). The hydrothermal vents on
these volcanoes are mostly within 5 km of the topographic
peak of the volcano. On some of the larger volcanoes, in par-
ticular those with large calderas, there are hydrothermal vents
as much as 16 km away from the topographic peak. For ex-
ample the ~17 km wide Yali-Kos caldera (Hellenic arc) has
a hydrothermal vent 15 km away from its topographic peak.
The 17 to 23 km wide Aira caldera in the northern part of
Kagoshima Bay (Japan) also has a hydrothermal vent 15 km
away from the topographic peak. Note that the topographi-
cally highest point of a caldera is typically along the remain-
ing caldera wall, not at the center of the pre-caldera volcano.
These hydrothermal vents are located no more than half the
distance to the caldera center, that is <7.5 km for Yali-Kos,
and <8.5–11.5 km for Aira. Thus, if we use the location of the
caldera center rather than the topographic peak on the caldera
rims, these hydrothermal vents are no more than 4.5 km fur-
ther away from the volcanic center than the maximum dis-
tance (7 km) at smaller eruptive centers with no caldera.

3 DATED VOLCANIC ERUPTIONS ON VOLCANOES WITH
ACTIVE HYDROTHERMAL VENTS

Forty-four volcanoes listed in the Smithsonian database have
both active hydrothermal vents and a most recent recorded
eruption during the Holocene (Supplementary Material 1 Ta-
ble S3). Although the life time of most high temperature
hydrothermal vent fields is only about 300 years, the radio-
carbon dates of the most recent volcanic eruptions on volca-
noes with active hydrothermal vents are as old as 8040±90
B.C.E. This date is assigned to Palinuro in the Mediterranean
based on a calibrated 14C age [Global Volcanism Program
2013]. No more recent activity is identified for this volcano in
the Smithsonian database. Given its location in the Mediter-
ranean, the lack of identified later activity is unlikely to be the
result of poor historical observations of the volcano. Overall,
the distribution of dates is highly skewed towards younger
ages (and higher temperature vents) (Figure 1). Of the vol-
canoes with active hydrothermal vents, 84 % had their most
recent volcanic eruption during the last 145 years. Of these
volcanoes, 27 % had their most recent volcanic eruption dur-
ing the last 10 years. With one exception (Piip in the western
Aleutians/Komandorsky arc), the submarine volcanoes with
hydrothermal activity and with the oldest eruption ages (Ta-
ble 2) are in areas with detailed studies of volcanic history
[Clift and Blusztajn 1999; Wright and Gamble 1999; Horz 2002;
Wright et al. 2006; Klaver et al. 2015; Kutterolf et al. 2021]. We
therefore conclude that all of the volcanoes with identified ac-
tive hydrothermal vents are of Holocene age and that most
have probably had some eruptive activity within the last 200
years.

4 RESULTS: THE ABUNDANCE OF SUBMARINE VOLCAN-
ISM IN ARCS

We estimate the abundance of unrecognized submarine vol-
canoes in arcs using two methods. The first follows Baker’s

[2017] linear regressions for the occurrence of hydrothermal
vents along the length of an arc. The second method uses data
on hydrothermal activity from a relatively well-studied arc
(Tonga-Kermadec) to estimate the likelihood that bathymetric
features near the arc axis at other arcs may be hydrothermally
active.

4.1 Estimating abundance using inferred frequency of
hydrothermal vents along arc length

Most of the known submarine volcanoes are located in
intraoceanic arcs, that are built on thin crust (<30 km thick)
and are composed mostly of small islands or submerged volca-
noes. Some “island” arcs are built on thicker crust (>30 km),
but are surrounded by ocean and have hydrothermal vents.
From the data available at the time, Baker [2017] estimated that
well-studied intraoceanic arcs have 1.8 hydrothermal vents
per 100 km and island arcs built on thicker crust have 0.9
hydrothermal vents per 100 km. If one translates Baker’s
estimates into estimates of the abundance of hydrothermal
vents in arcs (Table 3), there should be 261 hydrothermal
vent fields on 261 volcanoes. All but three of the 148 known
hydrothermal vent fields in arcs are on separate volcanic ed-
ifices. Using the number of unique volcanic edifices with
hydrothermal vents (145), this translates into a deficit of
116 undiscovered hydrothermal vents on arc volcanoes (Ta-
ble 3). Because this number does not take into account non-
Smithsonian volcanoes that were not included in Baker’s cal-
culation, the actual number of undiscovered submarine volca-
noes is likely more than 116.
Baker’s estimates of hydrothermal vent abundance in the
two types of island arcs is broadly consistent with what we
know about volcanic volumes per unit time in arc volca-
noes. As we will show, the best studied interoceanic arcs (Izu-
Bonin-Marianas, Tonga-Kermadec) have more documented
hydrothermal vent abundance than the best studied arcs
on continental crust with islands (Aeolian, Hellenic/Aegean).
However, oblique convergence also reduces volcano and con-
sequent hydrothermal vent abundance, as is seen in the Ko-
mandorsky arc. Overall, in part due to logistical challenges in
remote areas, there has not been enough study of the abun-
dance of hydrothermal vents in most intraoceanic arcs and
continental arcs with islands.
The global discovery rate of hydrothermal vents has been
relatively constant at ~20 per year over the past few decades
primarily by using techniques such as the presence of Mn-
and Fe-rich plumes, oxidation-reduction anomalies, and par-
ticle rich discharge into the water column [Baker et al. 2016;
Baker 2017]. All of the 148 hydrothermal vents in our com-
bined database are on arc volcanoes. Most of the vents in the
database represent the only venting sites on their volcanic edi-
fice. A venting site can encompass multiple points with egress
of hydrothermal fluids but the individual sites are extremely
spatially restricted, usually less than 100 meters in diameter.
In the MARHYS Database, the measurements from the same
venting site often have the same latitude and longitude even
when their locations are reported to six decimal places. Repeat
measurements at the same site are at most a few kilometers
apart [Baker et al. 2016].
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Table 2: Six oldest dates of the most recent eruption of volcanoes with active hydrothermal vents and the methods used to
estimate/measure ages and temperatures (Age/Temperature). Abbreviations. Ages: 14Cc = calibrated carbon 14, 14Cu = uncal-
ibrated carbon 14. Tephra = tephrochronology, Obs = historical observations, Temperature Estimates: ROV = Remote Operated
Vehicle, Sub = Crewed Submarine, Camera = deep towed camera, Scuba = Scuba divers.

Date last eruption Hydrothermal site name Volcanic Arc Vent T (°C) Age/Temperature

8040±90 BCE Palinuro West Aeolian Arc 54 14Cc/ROV
5050±? BCE Piip Komandorsky 133 Tephra/Sub
4360±200 BCE McCauley Caldera Kermadec ? 14Cu/Camera
350±100 BCE Tutum Bay Ambitle I. Tabar-Feni 98 14Cu/Scuba
258±18 BCE Methana Hellenic Low Obs/Scuba
140±300 CE Milos Hellenic 123 14Cu/ROV

Table 3: Calculating the number of undiscovered hydrothermal vents in arcs.

Arc type Arc length (km) No. of vents

Intraoceanic arcs 7000 126
Island arcs (continental crust) 15 000 135
Expected number vents 261
Observed number vents (multiples removed) 145
Vent deficit (based on Baker [2017]) 116

Other

Percentage known vents 56
Percentage unknown hydrothermal vents 44
Number unknown Holocene volcanoes (71/0.44) 160

Table 4: Submarine hydrothermal vents included in and absent from the Smithsonian database. Estimate of undiscovered
Holocene age volcanoes with submarine hydrothermal vents. % volcanoes: Values with no parentheses are relative to the Smith-
sonian Database. Values in parentheses are corrected to include inferred unknown volcanoes.

Category Number % volcanoes

Smithsonian arc volcanoes; all 929 100 (80)
Smithsonian submarine 140 15 (12)
Hydrothermal; not in Smithsonian 71 8 (6)
Hydrothermal; not yet found 160 17 (14)
Total submarine arc volcanoes 371 40 (32)

Table 5: Active hydrothermal vents: abundance versus distance from Tonga-Kermadec arc axis. Because the areas far from
the axis of the arc are not well surveyed, the number of inactive seamounts from 15 to 30 km from the arc axis is estimated as
the sum of the number of inactive seamounts less than 15 km from the axis. The number in parenthesis (7) is the number of
inactive seamounts documented in the literature. The number of inactive seamounts from 30 to 60 km is also estimated as the
sum of the number of inactive seamounts from 0 to 30 km from the axis. The uncertainty estimate assumes that the number of
hydrothermally active seamounts could differ by ±2 seamounts in each distance group.

Distance to axis Number active Number inactive % active % uncertainty

0 to 3.5 33 5 87 5
3.5 to 15 11 23 32 6
15 to 30 10 28 (7) 26 5
30 to 60 0 56 0 0

Only three of the vents in our database are multiple venting
sites identified on a single volcanic center. Two multiple sites
are on the ~17 km wide Kos-Yali caldera in the Hellenic Arc.

One multiple site is on the 9–12 km wide Monowai caldera
in the Kermadec arc [Paulatto et al. 2014]. We assume that
the undiscovered hydrothermal vents are distributed in the
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Table 6: Active hydrothermal vents: abundance versus distance from Tonga-Kermadec arc axis. Because the areas far from
the axis of the arc are not well surveyed, the number of inactive seamounts from 15 to 30 km from the arc axis is estimated as
the sum of the number of inactive seamounts less than 15 km from the axis. The number in parenthesis (7) is the number of
inactive seamounts documented in the literature. The number of inactive seamounts from 30 to 60 km is also estimated as the
sum of the number of inactive seamounts from 0 to 30 km from the axis. The uncertainty estimate assumes that the number of
hydrothermally active seamounts could differ by ±2 seamounts in each distance group.

Axial distance
(km)

Seamounts
(total number)

Active
Minimum number (%) Mean number (%) Maximum number (%)

0 to 3.5 57 (20%) 47 (16%) 50 (17%) 53 (18%)
3.5 to 15 126 (43%) 33 (11%) 41 (14%) 48 (17%)
15 to 30 108 (37%) 23 (8%) 28 (10%) 34 (12%)
30 to 60 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Sum 291 (100%) 103 (35%) 119 (41%) 135 (46%)

Figure 1: Distribution of dates of most recent volcanism on volcanoes with submarine hydrothermal activity. Data from [Global
Volcanism Program 2013]. [A] All eruptions. Four of the six oldest eruptions were dated using the 14C method, one was dated
by tephrochronology and one through historical observations (Table 2). All of the younger eruptions were directly observed. [B]
Cumulative frequency of volcanoes with hydrothermal vents with their most recent volcanic eruption within the last 150 years.

same proportion as in our database: between arc volcanoes
in the Smithsonian Global Volcano database (Table 4) and arc
volcanoes not in the Smithsonian Global Volcano database.
Applying our estimate of undiscovered hydrothermal activity
in arcs (44 % of all vents) to our finding of 71 unrecognized
arc volcanoes indicates that ~160 Holocene age volcanoes with
hydrothermal vents are as yet unrecognized as volcanically
active (Figure 2, Table 3). This number of volcanoes assumes
that each “undiscovered” hydrothermal vent corresponds to a
unique volcano, although a few of the largest volcanoes may
have multiple hydrothermal vents. As previously noted, the
relatively short time that a hydrothermal vent may be active
suggests additional undiscovered submarine volcanoes exist
within intraoceanic arcs.

Volcanoes with submarine hydrothermal vents are found at
over half of the intraoceanic arc volcanoes in the well-studied
Tonga-Kermadec, Izu-Bonin, and Mariana arcs (Figure 3, Fig-
ure 4). Tonga-Kermadec is particularly well studied and is
the only arc for which both hydrothermally active and inac-
tive volcanoes are well documented (Figure 3, Supplementary
Material 1 Table S5). Nevertheless, our data on poorly stud-

ied seamounts suggests that some hydrothermal vents may
yet be discovered even in these best-studied intraoceanic arcs.
Arcs that require much more exploration and mapping to
identify all hydrothermally active submarine volcanoes are
the intraoceanic portions of the Aleutian-Komandorsky arc,
the Banda-Lesser Sunda Arc, the Fiji arc, the Halmahera Arc,
the Kurile arc, Lesser Antilles arc, the Luzon arc, the New
Britain arc, the Rykyuyu arc, the San Cristobal-Vanuatu arc,
the Solomons Arc, the South Sandwich arc, the Sulawesi arc,
and the Tabar-Feni arc (Figures 4, 5, 6 and 7). In all of these
arcs there are large numbers of poorly studied submarine vol-
canoes that are potentially hydrothermally active. The rela-
tionship of hydrothermal activity to distance from the arc axis
is discussed in the next section.

4.2 Quantifying hydrothermal vent abundance using distance
from arc axis

The deficit in hydrothermal vents and their associated volca-
noes can also be quantified by calculating the distance from
the axis of the arc versus the number of volcanoes with active
and inactive hydrothermal vents. We define the axis of the arc
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Figure 2: Distribution of submarine volcanic types. Submerged:
no part of the volcano is subaerial. Subaerial: volcano has sub-
aerial portions but also submarine lava vents. Caldera: volcano
has subaerial portions but floor of caldera is below sea level.
All of the preceding types of submarine volcanoes are listed
by Global Volcanism Program [2013], are classified in Supple-
mentary Material 1 Table S4 and are shown to the left of verti-
cal red line. Existence of and depth of submarine caldera floor
checked using Geomapapp. Right of vertical red line: Known:
submarine volcano with active hydrothermal vents not listed
by Global Volcanism Program [2013]. Unknown: (dotted bar)
inferred number of as-yet unknown submarine volcanoes with
active hydrothermal vents based on our data and Baker [2017].
The unknown volcanoes are not in the Global VolcanismProject
(GVP) database maintained by the Smithsonian Institution.

by interpolating between the locations of volcanoes listed by
the Smithsonian Global Volcanism Program at a half-km spac-
ing. The Tonga-Kermadec arc is the only intraoceanic arc that
is both well studied and for which both hydrothermally active
and inactive volcanoes have been well-defined in the literature
[de Ronde et al. 2001; Baker et al. 2003; Stoffers et al. 2003; Ar-
culus 2004; Stoffers et al. 2006; Wright et al. 2006; de Ronde
et al. 2007; Graham et al. 2008; Baker et al. 2010; 2019; Walker
et al. 2022]. In other intraoceanic arcs, there is little informa-
tion about which volcanoes have been surveyed and found to
be hydrothermally inactive. For example, although the Izu-
Bonin arc seems to be well surveyed, the global hydrothermal
database only lists 2 out of 12 hydrothermal vents as inactive.
Similarly, the Marianas arc has 1 inactive vent listed out of a
total of 25 hydrothermal vents.
Merging the locations of volcanoes with known
hydrothermally active and inactive venting in the Tonga-
Kermadec arc with the interpolated arc axis / centerline of
the arc (Figure 3), shows a clear relationship of hydrothermal
activity decreasing with distance from the arc axis (Table 5).
Of the volcanoes located within 3.5 km of the arc axis, 87 %
are hydrothermally active. This decreases to 32 % for those
3.5 to 15 km from the arc axis, and to 26 % for those located
from 15 to 30 km from the arc axis. More than 30 km from
the arc axis, there are no hydrothermally active volcanoes.

This distribution can be used to estimate the number of
as-yet undiscovered hydrothermally active volcanoes in each
arc. We use six datasets, all of which were carefully checked
to avoid duplicates among them: the Smithsonian Global Vol-
canism Database, the two Hydrothermal Databases [Beaulieu
et al. 2013; Diehl and Bach 2020], the latest Global Seamount
database [Gevorgian et al. 2023], seamounts picked using
topography in Geomapapp (Supplementary Material 1 Table
S6) [Ryan et al. 2009], and our Tonga- Kermadec database
(Supplementary Material 1 Table S5). Some volcanoes were
picked visually along the arc axis using the bathymetry in
Geomapapp [Ryan et al. 2009]. We made a cross-section of
each volcano and selected those that had a sharp peak at
the top or a clear caldera not yet filled with sediment. This
strategy eliminated volcanos whose tops had been flattened
by the addition of a reef or sediment infill; such volcanoes
are likely to be pre-Holocene in age. We then calculated the
distance from the arc axis of the unique volcanoes in the com-
bined database of visual seamount picks and the latest global
seamount database. Duplicates were eliminated. Out of the
291 remaining volcanoes from the merged database contain-
ing the visual seamount picks and the most recent seamount
database (Supplementary Material 1 Table S6), 57 (20 %) are
located within 3.5 km of the arc axis, 126 (43 %) within 3.5
to 15 km and 108 (37 %) within 15 to 30 km (Table 6). All of
these 291 volcanoes are (so far as we know) as yet unstudied
for hydrothermal activity. Based on the relationship between
distance from the arc axis and hydrothermal activity observed
in Tonga-Kermadec, 119±16 of these volcanoes are likely to
be hydrothermally active.

The estimated number of hydrothermally active arc vol-
canoes (119±16) is a minimum estimate for several reasons.
The first is that we picked active volcanoes using Geomapapp
bathymetry [Ryan et al. 2009] along the apparent arc axis be-
fore we realized that some volcanoes further from the arc axis
might also be hydrothermally active. Volcanoes located 15 to
30 km from the arc axis are undersurveyed for hydrothermal
activity. We find the same pattern in the data from the Tonga-
Kermadec arc. Seamounts 15 to 30 km from the arc axis
are less likely to have been surveyed for hydrothermal ac-
tivity. The second reason is that the updated global seamount
database is based primarily on satellite altimetry and gravity
gradients. As a result, it can only resolve the larger seamounts
(>4.4 km in radius). In the Tonga-Kermadec arc, seamounts
that are classified as separate edifices from detailed surveys,
are often classified as a single volcano in the global seamount
database. We also find that there is much less overlap between
the individually picked volcanoes and the global seamount
database than expected. This is because so many of the ac-
tive volcanoes found using Geomapapp (120 out of an original
186) have a basal diameter that makes them too small to re-
solve using satellite altimetry and gravity gradients. The third
reason is that the seafloor is incompletely mapped. In some
areas the existing bathymetry is too poor to adequately pick
small seamounts using Geomapapp. Finally, we are implicitly
assuming that all seamounts that were hydrothermally active
during the Holocene are presently hydrothermally active. Al-
though there are a few hydrothermally active seamounts for
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Figure 3: Map of arc volcanoes, hydrothermal vents and understudied seamounts in Fiji-Tonga-Kermadec arcs generated using
Geomapapp [Ryan et al. 2009]. The data are separated into three separate panels so the locations of the arc volcanoes and the arc
axis (left), hydrothermally active and inactive volcanoes (center) and seamounts as yet unstudied for hydrothermal activity (right)
are clear. Red triangles: Intraoceanic arc volcanoes. Light black line: axis of the arc. Gray triangles: Continental arc volcanoes.
Orange squares: Active submarine hydrothermal [Beaulieu et al. 2013; Diehl and Bach 2020]. Yellow circles: Volcanoes surveyed
for hydrothermal activity but which are inactive. Heavy black lines: Location of trench axis. Black stars: Seamounts as yet
unstudied for hydrothermal activity located within 30 km of arc axis.

Figure 4: Map of arc volcanoes, hydrothermal vents and understudied seamounts in Izu-Bonin-Marianas (center and right panel)
and San Cristobal-Vanuatu (left panel) arcs generated using Geomapapp [Ryan et al. 2009]. Red triangles: Intraoceanic arc
volcanoes. Gray triangle: Continental arc volcanoes. Orange squares: Arc submarine hydrothermal vents [Beaulieu et al. 2013;
Diehl and Bach 2020]. Heavy black lines: Location of trench axis. Black stars: Seamounts as yet unstudied for hydrothermal
activity within 30 km of the arc axis. Light black line: axis of the arc.
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Figure 5: Map of arc volcanoes, hydrothermal vents and understudied seamounts in Aleutian-Komandorsky (top), Lesser An-
tilles (bottom left), Aeolian and Hellenic (bottom center) and South Sandwich (bottom right) arcs generated using Geomapapp
[Ryan et al. 2009]. Red triangles: Intraoceanic arc volcanoes. Light black line: axis of the arc. Gray triangles: Continental arc
volcanoes. The Aeolian and Hellenic arcs lie on continental crust but are partially submerged and contain hydrothermal vents.
Their hydrothermal vents are largely well characterized but each contains a few unstudied seamounts. Orange squares: Active
submarine hydrothermal vents [Beaulieu et al. 2013; Diehl and Bach 2020]. Heavy black lines: Location of trench axis. Black
stars: Seamounts as yet unstudied for hydrothermal activity located within 30 km of arc axis.

Figure 6: Map of arc volcanoes, hydrothermal vents and understudied seamounts in the Kuriles (left) and New Britain, Admiralty,
Tabar-Feni and Solomon (right) arcs generated using Geomapapp [Ryan et al. 2009]. Red triangles: Intraoceanic arc volcanoes.
Light black line: axis of the arc. Gray triangles: Continental arc volcanoes. Portions of the New Britain arc lie on continental
crust but are partially submerged and contain hydrothermal vents. There are also submerged volcanoes on continental crust in
the Western Bismarck Arc and in the D’Entrecasteaux Islands. Orange squares: Active submarine hydrothermal vents [Beaulieu
et al. 2013; Diehl and Bach 2020]. Heavy black lines: Location of trench axis. Black stars: Seamounts as yet unstudied for
hydrothermal activity located within 30 km of arc axis .

which the last volcanism was thousands of years ago (Table 2);
84 % of hydrothermally active seamounts last exhibited vol-
canism within the last 200 years. Submarine volcanoes that
were volcanically active sometime during the Holocene do
not necessarily exhibit active hydrothermal venting. There-
fore, our original estimate of ~160 undiscovered Holocene
seamounts is a minimum.

5 DISCUSSION: IMPORTANCE OF IDENTIFYING PAR-
TIALLY OR FULLY SUBMERGED, HOLOCENE VOLCANIC
EDIFICES

Using ice cores drilled in Antarctica and Greenland, the largest
sulfate loadings from volcanic eruptions are well documented
and dated for the last 2500 years [Sigl et al. 2015]. These data
are supplemented by historical records from Europe and Asia.
Despite this, the source volcanoes for only seven of the twenty-
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Figure 7: Map of arc volcanoes, hydrothermal vents and understudied seamounts in the Rykyuyu-Northern Luzon (left) and
Lesser Sunda, Banda, Sulawesi and Halmahera (right) arcs generated using Geomapapp [Ryan et al. 2009]. Red triangles: Intra-
oceanic arc volcanoes. Light black line: axis of the arc. Gray triangles: Continental arc volcanoes. Portions of the Sulawesi and
Lesser Sunda arc lie on continental crust but are partially submerged and contain hydrothermal vents. Orange squares: Active
submarine hydrothermal vents [Beaulieu et al. 2013; Diehl and Bach 2020]. Heavy black lines: Location of trench axis. Black
stars: Seamounts as yet unstudied for hydrothermal activity located within 30 km of arc axis.

three eruptions with the largest sulfate loadings have been
identified. Five of these seven eruptions were from arc volca-
noes, consistent with the high volatile and sulfur contents of
most arc magmas. Only two of these volcanoes (Kuwae and
Rabaul calderas) are on our list of submerged volcanoes. They
represent 28 % of the identified sulfate source eruptions in
arcs. If, as our analysis suggests, 32 % of all arc volcanoes are
submarine and only 18 % are in the combined Smithsonian-
hydrothermal vent database (Table 4), then 14 % of potential
arc source volcanoes for the largest sulfate loading events are
as yet unidentified as volcanoes active during Holocene time.
If arc volcanoes represent the same proportion of the uniden-
tified sources of sulfate loading (16) as do the seven identified
sources, this means that there are at least two as-yet unidenti-
fied, submarine arc volcanoes whose eruptions produced se-
vere sulfate loading during the last 2500 years. We say at least
two because our estimates of unidentified submarine volca-
noes are minima.

The 2022 eruption of Hunga Tonga-Hunga Ha’apai at
20.545 °S, 175,393 °W highlights the potential dangers of ex-
plosive eruptions from partially or fully submerged volcanic
edifices. Despite a relatively low explosivity index of 6.3
[Purkis et al. 2023], the Hunga Tonga eruption produced large
tsunami runup heights on nearby islands: 19 m in west-
ern Tongatapu, 20 m on south-eastern Nomuka Iki island
and 20 m on southern Tofua [Borrero et al. 2022]. These
islands are located between 65 to 90 km from the volcano.
The runups are comparable to the near field tsunami runups
from the 1883 Krakatau eruption [Symons et al. 1888; Self
and Rampino 1981]. The Hunga Tonga eruption also caused
tsunamis at much greater distances through an atmospheric

pressure wave. The tsunami from Krakatau killed at least
36,000 people [Bryant 2014]. Largely because of the remote-
ness of the area, only four lives were lost to the Hunga Tonga
tsunami [Borrero et al. 2022]. However, this would change
with a submarine eruption with a higher VEI in a more pop-
ulated region, in particular because the atmospheric tsunamis
from Hunga Tonga arrived about 2 hours earlier than conven-
tional tsunamis, lasted for over 5 days and produced tsunami
wave heights of 2 meters at distances of 9000 km [Gusman et
al. 2022; Lynett et al. 2022; Omira et al. 2022; Ramírez-Herrera
et al. 2022]. The ash from the Hunga Tonga eruption also ob-
scured sunlight in a large area of the ocean for a period of over
ten days [Whiteside et al. 2023]. The reduction in light pene-
tration to <10 meters may have had effects on biogeochemical
processes in the ocean and on coral reefs [Santana-Casiano et
al. 2013; Caron et al. 2019; Barone et al. 2022; Franz et al. 2024].
The eruption is also thought to have contributed to mid- and
low-latitude ozone losses [Lu et al. 2023; Wang et al. 2023]. The
pyroclastic density currents from the Hunga Tonga eruption
eroded the seafloor, broke submarine communications cables
up to 100 km from the volcano, and disrupted submarine life
at least 100 km from the volcano [Seabrook et al. 2023]. No-
tably, the eruption did not have significant adverse effects on
global climate. Although it was initially postulated that the im-
mense amounts of water vapor produced by the Hunga Tonga
eruption would warm the climate, the real climate effects were
small and evident only at high latitudes [Bao et al. 2023].

The Hunga Tonga eruption represents a landmark study
for several reasons. It showed that large volcanic eruptions in
remote areas of the ocean can produce tsunamis on a global
scale. There are 298 tsunamis in the global historical tsunami

Presses universitaires de �rasbourg Page 455

https://doi.org/10.30909/vol.07.02.447459


The abundance of submarine volcanism in arcs Abbott & Rubenstone 2024

database maintained by NOAA whose source has never been
identified [NGDC 2023]. The oldest tsunami with an uniden-
tified source occurred in 2100 B.C.E. Some of these tsunamis
with unknown sources could have been “Hunga Tonga-type”
eruptions that were either never observed or never consid-
ered as a tsunami source because any potential volcanic ini-
tiator was was considered to be too far away from the loca-
tion of the tsunami effects. Another lesson from the Hunga
Tonga eruption is how far and how fast submarine pyroclas-
tic density currents can travel; over 100 km away from the
source volcano and at velocities of 122 km per hour [Clare
et al. 2023; Seabrook et al. 2023]. This means that submarine
cables can be broken very far away from a submarine erup-
tion. It also means that passengers on ships within 100 km of
an active submarine volcano could face grave danger. Appro-
priate safety protocols for ships and submarine cables located
within 100 km of an awakened submarine volcano must be de-
veloped. Finally, the dilution of the sulfate signal from Hunga
Tonga by vaporized seawater occurred due to the extensive
heating of the surrounding ocean by eruptive products. One
could imagine a different scenario, where the sulfate gases
from a volcanic explosion reached the atmosphere before the
caldera wall was breached by seawater. In that case, a large
submarine eruption could produce significant climate cooling.

6 CONCLUSIONS AND PERSPECTIVES
Based on hydrothermal activity and existing bathymetric data,
our analysis indicates that ~32 % of all arc volcanoes are sub-
marine and many remain unidentified. The ~160 uniden-
tified volcanoes which may have been active during the
Holocene are most likely located in poorly studied portions
of intraoceanic arcs. Using the statistics of active and inac-
tive vent locations and their distance from the arc axis in
the Tonga-Kermadec arc, a minimum of 119±16 undersur-
veyed seamounts globally are likely to be hydrothermally ac-
tive. This is an underestimate because small volcanoes and
volcanic centers 15 to 30 km from submarine arc axes are
undercounted. By this, we mean that the volcanoes are too
small to find using satellite altimetry and that there is as yet
no multibeam bathymetry or conventional bathymetry that
images their edifices.
Because arc hydrothermal vents are located on volcanic ed-
ifices and not on the sea floor, these arcs should be investi-
gated in areas where swath mapping is not yet available and
where most volcanic edifices are nearly completely or com-
pletely submerged. The water depth range of hydrothermal
vents in the two vent databases ranges from 0 to 2960 meters
[Beaulieu et al. 2013; Diehl and Bach 2020]. Techniques for
finding the signature of hydrothermal venting by searching
for anomalies in the water column (such as manganese sniff-
ing or particle counters) should be applied within these depth
ranges and within one km of swath-mapped volcanic edifices.
Measurements of 3He can find regions with active venting but
are very difficult to use for precise location of hydrothermal
vents.
Some authors found that volcanic volume per unit time is
related most strongly to the proportion of arc perpendicular
(i.e. trench normal) convergence [Sheldrake et al. 2020]. Oth-

ers found that the probability of dangerous caldera eruptions
is highest in arcs lacking back arc spreading centers and with
high rates of trench normal convergence [Hughes and Mahood
2011]. Their map of the locations of giant caldera eruptions in-
cludes some intraoceanic arcs—notably the eastern Aleutians,
the Izu-Bonin arc, the Rykyuyu, the Lesser Antllles, the Lesser
Sunda arc, New Britain and Vanuatu. We suggest that map-
ping of hydrothermal vents and volcanic edifices in these arcs
would yield the most benefit. An additional incentive to bet-
ter map these particular arcs is the typical composition of the
arc caldera magmas, which tend to be dacitic rather than rhy-
olitic. Although rhyolitic magmas can be highly explosive,
they typically have lower sulfur contents than dacitic mag-
mas. Notably, the two identified submarine arc volcanoes that
produced significant sulfate loading (Kuwae and Rabaul) were
both dacitic eruptions [Heming 1974; Witter and Self 2006].
Given this potentially large number of unidentified arc vol-
canic centers with unknown eruptive histories, it is not sur-
prising then that volcanic sources have been identified for
only seven of the 23 largest sources of sulfate loading ob-
served in ice cores. Resolution of the remaining ice core
signatures may benefit from further detailed investigations of
underexplored intraoceanic arcs, in particular those with gi-
ant calderas that erupted dacitic magma: Vanuatu, Northern
Rykyuyu, the Kuriles, Lesser Sundas, and the Lesser Antilles
arcs. Analyses of new sediment cores near these arcs would
also help to pinpoint the locations and ages of regionally ex-
tensive dacitic volcanic ashes.
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ism Program 2013]. Geomapapp is publicly available and is
updated often with the latest bathymetry from detailed bathy-
metric surveys [Ryan et al. 2009].
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