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a  b  s  t  r  a  c  t

In  August  2019  a  large  raft  of pumice  appeared  in  the  territorial  waters  of Tonga.  As in many  other  cases,
this  pumice  raft  was  the  only  surface  expression  of  a major  submarine  volcanic  eruption.  Discolored  water
and reconstruction  of  the drift  path  of  the  pumice  raft  using  satellite  imagery  points  towards  ‘Volcano  F’
in the Tofua  Arc NW  of  the  island  of Vava’u  as the  most  likely  volcanic  source.  Here  we  present  imagery
from  ESA’s  Sentinel-2  satellite  that  captured  the  start  of  the submarine  eruption  on 6  August  2019  and
the  waning  of the  eruption  on  8 August,  followed  by  observations  of  the  drifting  pumice  raft  until  14
August.  This  start  time  is consistent  with  T-phase  records  at the  seismic  stations  on  Niue  Island  and
Rarotonga  and  the  signal  delay  time  of 733  s between  the two  stations  is  consistent  with  an  origin  at
or  at  least  near  Volcano  F. On  8 August,  a >136.7  km2 large  raft  of  pumice  appears  at  the  sea  surface.
The  modelled  minimum  raft  volume  is  8.2–41.0*106 m3, which  is equivalent  to  2.5–12.3*106 m3 dense
rock.  The  eruption  thus  corresponds  to  a volcanic  explosivity  index  (VEI)  2–3  eruption  in the  submarine
environment.  Prior  to the volcanic  eruption,  a  series  of earthquakes  close  to  Volcano  F  was  recorded.
The  series  started  on  5  August  with  a Mb  4.7 event,  followed  by  at least  six  shallow  earthquakes  (Mb
>3.9)  on  6 August.  In  December  2018  and  January  2019,  we surveyed  the  seafloor  around  Volcano  F  with
multibeam  sonar.  Combining  our data  with  pre-existing  information,  we present  the  first  comprehensive
bathymetric  map  of  the volcanic  edifice  and its geologic  setting.  We  show  that  Volcano  F represents  a
major  arc  volcanic  complex  that  is situated  in  an  extensional  setting.  The  basal  diameter  of  the volcanic

apron  is >50  km with  a  large  central,  8.7 x 6 km  caldera  with a floor at ∼700  m water  depth.  The  top  of
the  post-caldera  constructional  cone  complex  had  a summit  depth  of  35  m  below  sea  level  in  2004.  The
volcano  shows  geochemical  differences  to  the  adjacent  arc volcanoes  on  Fonualei  and  Late  islands.  The
volcano’s  pristine  volcanic  morphology  and  two documented  eruptions  (2001  and  2019)  indicate  a  highly
active  volcanic  system  that  warrants  further  scientific  attention.

©  2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

The annual magma  budget of the Earth is dominated by melt
enerated at mid-ocean ridges. However, continental and island
rc magmatism represent the second largest contribution to terres-
rial magmatism (cf. Crisp, 1984). Melting at these magmatic arcs is
riven by the subduction of lithosphere and the devolatilization of

he slab at depth. The released fluids trigger melting in the overlying
onvecting mantle wedge and the resulting ascending arc magmas
re volatile-rich. Volatile load and a thick crust at magmatic arcs

∗ Corresponding author.
E-mail address: pbrandl@geomar.de (P.A. Brandl).

ttps://doi.org/10.1016/j.jvolgeores.2019.106695
377-0273/© 2019 Elsevier B.V. All rights reserved.
enhance magmatic differentiation and drive arc rocks to composi-
tions generally much more viscous and silicic than at mid-ocean
ridges. Thus, arc volcanoes erupt in various styles ranging from
effusive to catastrophically explosive. Volcanic eruptions and/or
sector collapses of composite arc volcanoes represent a major haz-
ard but any comprehensive risk assessment is complicated by the
fact that many magmatic arcs are intra-oceanic with arc volcanoes
often submerged. This also applies to the >2,500 km-long Tofua-
Kermadec Arc in the Southwest Pacific, where only a few volcanoes
rise above sea-level (Fig. 1A). Marine surveys in the late 1980ś and

1990ś provided evidence for the high magmatic productivity of the
Tofua-Kermadec Arc (Smith and Price, 2006).

Since 1774, a total of 77 volcanic eruptions have been recorded
from the Tongan section of the Tofua-Kermadec Arc alone (Global

https://doi.org/10.1016/j.jvolgeores.2019.106695
http://www.sciencedirect.com/science/journal/03770273
http://www.elsevier.com/locate/jvolgeores
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2019.106695&domain=pdf
mailto:pbrandl@geomar.de
https://doi.org/10.1016/j.jvolgeores.2019.106695
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ig. 1. A) Overview map  of the Tofua Arc. Arc volcanoes are shown by yellow tria
ith  triangles. B) Sentinel-2 satellite image of the pumice raft close to the maritime

entinel data 2019). (For interpretation of the references to colour in this figure leg

olcanism Program, 2013). However, direct observations of histor-
cal submarine volcanic activity remain scarce except for frequent
ut small eruptions at the Monowai volcanic center (e.g., Chadwick
t al., 2008; Wright et al., 2008; Watts et al., 2012; Metz et al., 2016,
019) and direct observations of the 2009 boninite eruption at West
ata by submersible (Resing et al., 2011) and subsequent periodic

emapping (Chadwick, 2019). Besides direct visual observations,
eismoacoustic T-phases allow volcanic eruptions to be detected
ver distances of several thousands of kilometers because this sig-
al is coupled into the SOFAR channel (cf. Metz et al., 2016). In
any cases, however, pumice rafts floating at the sea surface are

he only evidence for recent submarine, silicic eruptions; Contin-
ous Earth observation from space allow to track these rafts and
race them back to their initial volcanic source. Previously, there
ere ten major submarine eruptions recorded from the Tofua-
ermadec Arc that produced large pumice rafts (see compilation
f Bryan et al., 2012 plus the 2012 eruption of Havre: Jutzeler et al.,
014). These include the 1967 and 1979 eruptions of Metis Shoal
Bryan et al., 2012), the 1984 and 2006 eruptions of Home Reef
Vaughan et al., 2007; Mantas et al., 2011; Bryan et al., 2012),
he 2001 eruption (Bryan et al., 2004) of the unnamed volcano
243091 (Global Volcanism Program, 2013; listed as #0403-091

n Bryan et al., 2004), and the 2012 eruption of Havre (Jutzeler
t al., 2014; Carey et al., 2018). In August 2019, reports of a large
umice raft observed in the territorial waters of Tonga and drifting
estwards (Fig. 1B) triggered our interest because we  surveyed the

rea of the suspected volcanic source during RV Sonne cruise SO-
67 (Archimedes I) in December 2018 to January 2019 (Hannington
t al., 2019). In this manuscript we summarize existing information
nd present new constraints on the August 2019 submarine erup-
ion in the Tofua Arc of Tonga integrating data from remote sensing,

eismology, hydroacoustic surveying and geological sampling. Our
im is to provide a robust framework for future detailed studies of
hat we think is a highly active yet largely unexplored submarine

rc volcano.
, spreading centers by red lines and the Tonga subduction zone by the black line
er between Fiji and Tonga on 21 August 2019 (image contains modified Copernicus
he reader is referred to the web version of this article).

2. The August 2019 submarine eruption in Tonga

On 15 August 2019, sailing boats encountered a large pumice
raft about 75 km west of Late Island, an active island arc volcano
in the Tofua Arc of Tonga (Fig. 2). Sulfur smell was present and
the floating layer of pumice reached up to 30 cm in thickness with
individual pieces up to 80 cm in diameter (see detailed report by
Sail Surf ROAM: https://www.facebook.com/sailsurfroam/posts/
3045949342087617:0; Global Volcanism Program, 2019). How-
ever, based on satellite imagery from NASA (https://worldview.
earthdata.nasa.gov; accessed on 29 August 2019), the pumice raft
first appeared on 8 August in a rear-arc location between the vol-
canic islands of Fonualei and Late (Fig. 2). Daily satellite observation
and good visibility (i.e. little cloud cover) allow the pumice raft to be
tracked over the corresponding time period, demonstrating that the
pumice raft encountered on 15 August is the same that was spotted
on satellite imagery from 8 August (Fig. 2). A large plume of discol-
ored water is also visible on the images from 8 August and stretches
from a then-unnamed submarine volcano located in the arc front
between Fonualei and Late islands and an unnamed submarine vol-
cano in the rear-arc (Fig. 2). The submarine arc volcano is listed as
#243091 in the database of the Global Volcanism Program (2013)
and was  the source of a previous pumice-raft producing eruption
on 27–28 September 2001 (Bryan et al., 2004; Global Volcanism
Program, 2019). This volcano was first mapped during RV South-
ern Surveyor cruise SS2004/11 (Northern Tonga Vents Expedition
‘NoToVE’) in 2004 and is listed as ‘Volcano F’ in the correspond-
ing cruise summary (Arculus and SS2004/11 shipboard scientists,
2004). In this manuscript we will use Volcano F as the name of the
volcano. The volcano to the west of Volcano F that is in the center of
the pumice raft on 8 August (Fig. 2) is extinct based on field obser-

vations during SO-267 (low backscatter, dredged altered volcanics
and carbonates) and we  thus suspect Volcano F in the arc front as
the most likely site of eruption.

https://www.facebook.com/sailsurfroam/posts/3045949342087617:0
https://www.facebook.com/sailsurfroam/posts/3045949342087617:0
https://www.facebook.com/sailsurfroam/posts/3045949342087617:0
https://www.facebook.com/sailsurfroam/posts/3045949342087617:0
https://www.facebook.com/sailsurfroam/posts/3045949342087617:0
https://www.facebook.com/sailsurfroam/posts/3045949342087617:0
https://www.facebook.com/sailsurfroam/posts/3045949342087617:0
https://worldview.earthdata.nasa.gov
https://worldview.earthdata.nasa.gov
https://worldview.earthdata.nasa.gov
https://worldview.earthdata.nasa.gov
https://worldview.earthdata.nasa.gov
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Fig. 2. Extent of discolored water and the pumice raft between the 8 and 14 August 2019 mapped using imagery of NASA’s MODIS (NASA, 2019) and ESA’s Sentinel-2 satellite.
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owards Volcano F as the most likely origin of the submarine eruption. The yellow
eferences to colour in this figure legend, the reader is referred to the web version o

We  used imagery from ESA’s Sentinel-2 satellite to locate the
rigin of the pumice raft and the actual site of eruption. On images
rom 6 August 2019, the satellite captured the beginning of the sub-

arine eruption (Fig. 3 A). Two distinct circular eruption plumes
re clearly visible on the sea surface: a large one with a diameter
f ∼1.2 km and a smaller one with a diameter of ∼250 m (Fig. 3B).
hese two plumes may  represent two pulses of the ongoing erup-
ion. Their different sizes could result from progressive expansion
f volcanic gases released explosively by two different eruption
ulses. Vapor and/or gas possibly exsolving from ejecta and/or
rupted pumice appears to be drifting in a northwesterly direc-
ion in accordance with the prevailing wind direction at this time
∼140◦ at 35 kmph wind speed; information extracted from https://
arth.nullschool.net). By 8 August volcanic activity had decreased;
entinel-2 satellite imagery shows a weak feature at the site of
he 6 August eruption plume that either represents small plumes
f discolored water or a series of small volcanic cones reaching
hallow depths. To the north and northwest, two patches of dis-
olored water are clearly visible and further to the NW traces of
umice can be distinguished (Fig. 3C). However, the larger area of
iscolored water has already drifted to the west of Volcano F and is
aptured in imagery from NASA’s MODIS satellite. We  mapped the
xtent of the discolored water as of 8 August 2019 along with the
umice raft (Fig. 2). The 6–8 August 2019 eruption of Volcano F can
hus be considered as a 2 day-long event. The center of the erup-

ion is located directly on top of Volcano F where the wall of the

ain caldera intersects with the post-caldera constructional cone
omplex (Fig. 4).
xt for details) from 15 August 2019. Back-tracing of the pumice raft clearly points
ws points towards the site of eruption imaged in Fig. 3. (For interpretation of the

 article).

The mapped area of the pumice raft at the end of the eruption
(8 August) was  136.7 km2 and increased one day later to 167.2 km2

(Fig. 2). Over the next three days (10–12 August), the raft continu-
ously decreased in size to less than 100 km2, potentially as a result
of waterlogging or abrasion (cf. Jutzeler et al., 2014). On  14 August,
the area of the pumice raft had again increased to 157.4 km2 (Fig. 2).
Initially, the raft drifted westwards, followed by a preferred drift
direction to the west-southwest between 8–12 August; The change
in drift direction towards the south-southwest on 12–14 August
may  have enhanced the fragmentation of the raft. At least nine indi-
vidual raft fragments have been mapped on satellite imagery from
14 August (Fig. 2) and may  explain the increase in the overall area
of the raft(s) observed between 12–14 August. On 21 August, the
remnants of the pumice raft were imaged close to the maritime
boundary between Tonga and Fiji (Fig. 1B), and, based on observa-
tions of previous pumice rafts (Bryan et al., 2012) is expected to hit
the Great Barrier Reef and ultimately the shoreline of Australia in
January or February 2020. From the initial size of the pumice raft, we
can model the erupted volume and its Dense Rock Equivalent (DRE)
following the method of Jutzeler et al. (2014). In our calculations
we used average raft thicknesses of 0.1, 0.3 and 0.5 m which corre-
sponds to the extremes of the pumice raft generated by the 2012
eruption of Havre (Jutzeler et al., 2014: 0.1 and 0.5 m thickness at
the margins and center of the raft, respectively) and the observed
thickness of the August 2019 pumice raft (0.3 m).  The estimated

minimum erupted volume is 8.2–41.0*106 m3, which corresponds
to 2.7–12.3*106 m3 DRE (Table 1). This, however, does not take into
account any submarine volcanic deposits or volcaniclastic material

https://earth.nullschool.net
https://earth.nullschool.net
https://earth.nullschool.net
https://earth.nullschool.net
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Fig. 3. A) and B) Sentinel-2 satellite image of the eruption on 6 August 2019
(21:59:21 UTC). The submarine eruption plumes are clearly visible on the sea
surface and possible gas/vapor released from eruptive products is visible drifting
to the NW.  C) Sentinel-2 satellite image of the waning eruption on 8 August 2019
(21:49:09 UTC). Discolored water is visible at the eruption site and to the N and
NW  along with traces of floating pumice. The discolored water at the eruption site
could also be interpreted as shallow submarine volcanic cones. The eruption plume

Table 1
Estimates of raft volume, total pumice volume and dense rock equivalent assuming
an  initial area of the pumice raft of 136.7 km2 and the resulting VEI.

Average thickness 0.1 m 0.3 m 0.5 m

Total raft volume 0.014 km3 0.041 km3 0.068 km3

6 3 6 3 6 3
Pumice volume 8.2*10 m 24.6*10 m 41.0*10 m
Dense rock equivalent 2.5*106 m3 7.4*106 m3 12.3*106 m3

VEI 2 2 3

dispersed in the atmos- or hydrosphere. Thus, the corresponding
minimum Volcanic Explosivity Index (VEI) of the submarine erup-
tion is 2 to 3 (Table 1).

3. Seismicity and T-phases associated with the eruption

In order to further constrain the onset and duration of the vol-
canic eruption and to infer on potential seismic precursor events
to the eruption, we searched for seismic events in the vicinity of
Volcano F over the relevant time period. The International Seis-
mological Centre (ISC) Preliminary Bulletin lists a total of eight
shallow teleseismic earthquakes within 70 km of the eruption site
in the period 1–6 August 2019 (Table 2; Fig. 5). Unfortunately,
these events have large location uncertainties of 14–68 km due
to large distances from the nearest reporting stations and large
azimuth gaps in station coverage (Table 2; Supplementary Fig.
1). Of particular interest is the event at 9:01 UTC  on 5 August
(id: 201908050901A), which is the strongest and closest to Vol-
cano F. The centroid-moment tensors for this event, available from
the Global Centroid Moment Tensor Project (Ekström et al., 2012),
locates slightly southeast of Volcano F and indicates an earthquake
with significant non-double-couple tensors and a strong vertical
pressure axis (Fig. 4). Such focal mechanisms, known as vertical
compensated-linear-vector-dipoles, are common to shallow earth-
quakes associated with active volcanoes and are assumed to be
related to magma  migration or eruption processes (Shuler et al.,
2013). When considering centroid-moment tensors of shallow
earthquakes (depth <50 km)  in this region over the last 20 years,
there are three more compensated-linear-vector-dipole events
besides a majority of normal faulting double-couple events (Sup-
plementary Fig. 2). Given the close location to Volcano F, the timing
shortly prior to the occurrence of the eruption plume and the spe-
cific centroid-moment tensor, which is typical for active volcanoes,
we infer that this event (Fig. 5: id: 201908050901A) is related to the
eruption of Volcano F. The relation of the seven remaining events to
the volcanic eruption is more ambiguous. The preliminary epicen-
ter locations are offset to the west and some are even closer to the
extinct volcanic edifice west of Volcano F (Fig. 4). Considering the
azimuthal distribution of stations recording the teleseismic events,
a gap between ∼90◦-240◦ from north is present towards the South-
ern Pacific region. Seismic rays leaving the hypocenters east (where
most stations are located) have travelled through a mantle region
of highly heterogeneous P and S velocities (Wei  et al., 2015). How-
ever, preliminary ISC locations are based on a homogenous earth
model (Bondár and Storchak, 2011) and thus a systematic offset in
east-west direction of the epicenter locations cannot be ruled out
and we  cannot unambiguously relate the events to Volcano F.
T-phase signals associated with submarine volcanic activity are
a typical phenomenon in the Southwest Pacific (Metz et al., 2019;
Talandier and Okal, 1987). We inspected the broadband vertical
component seismograms of station RAR (Rarotonga, Cook Islands)

from 6 August is illustrated by the yellow dashed outline. Images contain modified
Copernicus Sentinel data 2019. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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Fig. 4. A) Bathymetric map  of the Tofua Arc between Fonualei and Late islands, showing the northern termination of the Tonga Ridge at the Fonualei Discontinuity and the
southern termination of the Fonualei Rift. Image enhanced with terrain texture shading (TTS). Epicenters of Table 2 are plotted along with the centroid-moment tensor for
the  Mb 4.7 event of 5 Aug 2019. B) Detailed bathymetry of Volcano F with the eruption site (yellow circle), the partially preserved caldera floors (at 440, 670 and 720 mbsl)
and  the ring faults. Young volcanic cones are labelled with ‘C’ and ‘P’ denotes pit craters at their top. Note the presence of a potential lava flow and the different depth scale
compared to A). No TTS enhancement used in B), hill shading from the NW.  The digital elevation model of A) and B) integrates data from the global GMRT grid (version 3.4 of
July  2017: Ryan et al., 2009), RV Southern Surveyor cruise SS2004/11 and RV Sonne cruise SO-267 (Hannington et al., 2019). The Southern Surveyor Multibeam Echosounder
Data  downloaded on 29-08-2019 was collected on voyage SS2004/11 by the Marine National Facility. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web  version of this article).
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Fig. 5. T-phase data interpreted as originating from the Volcano F eruption site. A) Vertical component seismogram (black) and waveform envelope (blue) of station RAR
covering the duration of the eruption. Red triangles at top indicate the onset of individual T-phases that have a lag time of 733 s to station NIUE. Blue dots indicate theoretical
T-phase  arrivals originating from teleseismic earthquakes located in the vicinity of Volcano F. Epicenters of the teleseismic events are plotted in Fig. 4. B) Seismogram (black)
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nd  waveform envelope (green) of station NIUE. C) Cross correlation function for th
t  733 s lag time, indicating that recorded phases must have arrived from the direct
For  interpretation of the references to colour in this figure legend, the reader is ref

nd NIUE (Niue Island) to identify T-phases originating from the
egion of Volcano F. Six-hour long sections of the seismogram-
nvelope on both stations were cross correlated for the period 1
o 9 Aug 2019. However, it is not possible to perform a unique
riangulation of the source with only two stations. Considering
he 1,086 km distance between the two stations and assuming a
ound velocity of 1.48 km/s in the SOFAR channel of the Southwest
acific (Denham and Kibblewhite, 1970), T-phases arriving from
he direction of Volcano F should have a delay of 733 s on station
AR compared to station NIUE. In the period 5 Aug 2019 9:00 UTC to

 Aug 2019 4:00 UTC both stations show a good correlation at a lag
ime of 733 s (Fig. 5C) and we identified a total of 19 individual T-
hases which could plausibly have originated at Volcano F (Fig. 5A).
omparing the theoretical T-phase onsets of all teleseismic events

n Table 2 (blue dots in Fig. 5A) all of the events coincide with
bserved T-phase arrivals at station RAR (red triangles in Fig. 5A).
any of those with the largest amplitudes are related to a teleseis-
ic  event in the region of Volcano F. In this region, earthquakes of
agnitude smaller than ∼3.5 are likely missing in the ISC Bulletin

ue to the limited coverage of the global seismograph networks.
hus, T-phase events without a teleseismic equivalent may  repre-
ent earthquakes below this Mb  3.5 detection threshold. Generally,
he signal-to-noise ratio of T-phase events arriving at station RAR is
oorer than for T-phases related to volcanic activity at Monowai in
he Kermadec Arc (Metz et al., 2019). We  propose this difference in
-phase amplitude is at least partially related to the less favorable
ay path between Volcano F and station RAR, because the shallow
arine to subaerial Tonga Ridge may  hinder the transmission of

-phases compared to from Monowai. Nevertheless, we note that

he period of most frequent T-phase detections (6 Aug 2019 1:00
ntil 23:30 UTC) includes the time of a visual record of an ongo-

ng eruption at Volcano F (Fig. 3), supporting the correlation of the
ncreased seismic activity to the eruption.
e envelope of stations RAR and NIUE for the period displayed above. Note the peak
 the eruption site. D) Map  showing the location of RAR, NIUE and the eruption site.
to the web version of this article).

4. Morphology and geology of Volcano F

In addition to the presented constraints on the dimension and
timing of the recent submarine eruption of Volcano F, we  here
present bathymetric and compositional data of the volcano in order
to provide a solid framework for future, more detailed studies. Vol-
cano F is situated in the Tofua arc front about halfway between
the volcanic islands of Fonualei to the North and Late to the South
(Fig. 4A). The maximum along-arc water depth between these
volcanoes is about 1,100 m;  Volcano F thus rises over one kilo-
meter from the surrounding seafloor. The edifice is dominated by
a 8.7 x 6 km large caldera that is ∼670 m and ∼720 m deep in the
northwestern and southeastern sections, respectively (Fig. 4B). The
caldera walls are typically between 200–300 m high. At the south-
eastern margin of this morphologically youngest caldera, another
partially preserved caldera floor is present at ∼440 m (Fig. 4B), indi-
cating a complex, multi-stage evolution of the volcanic edifice. The
top of the post-caldera constructional cone complex in the northern
half of the caldera was  only 35 m below sea level when mapped in
2004. Based on their pristine morphology, several young volcanic
cones (labelled ‘C’ in Fig. 4B) are located on this dome complex,
on the northern caldera floor, and outside of the main caldera on
the eastern flank of the volcano. Some of these cones appear to be
aligned and/or topped by pit craters (labelled ‘P’ in Fig. 4B). The
volcaniclastic apron of Volcano F is characterized by seafloor dip-
ping away from the main edifice with sediment waves (cf. Pope
et al., 2018) and low backscatter indicative of a sedimented seafloor.
The apron covers a region approximately 50–60 km in diameter
and sheds material into the canyon to the east associated with the

Fonualei Discontinuity (Fig. 4A). Bathymetric mapping in 2018/19
shows that Volcano F lies at the junction of several cross-cutting
structural features. The Fonualei Discontinuity which marks the
northern boundary of the Tonga Ridge and runs roughly E–W from
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Fig. 6. A) K2O versus SiO2 (both in wt.%, volatile-free and normalized to a total of
100  wt.%) diagram after Le Maitre et al. (1998). B) Ba/La versus Nb/Yb. VF stands
for Volcano F and shows pumice data (whole rock and glass analyses) of the 2001

eruption (Bryan et al., 2004). Based on their trace element composition, some pumice
clasts may  originate from volcanic sources other than Volcano F. Data compiled from
Hammond (2006); Turner et al. (2012), Beier et al. (2017), and Bryan et al. (2004).

the forearc into the Tofua Arc basement (Fig. 4A). The Fonualei Rift
which is propagating southwards, and northeast-southwest orien-
tated rifting southwest of the Fonualei Rift tip (Fig. 4A). Structures
to the north of Volcano F appear to be extensional whereas two
centroid-moment tensors south of the volcano indicate compres-
sion (Supplementary Fig. 2).

Volcanic rocks dredged from Volcano F range from basaltic
andesite to dacite (cf. Dale et al., 2012; Hammond, 2006) as do
those on the adjacent arc volcanoes of Fonualei and Late. However,
the low-K series lavas of Volcano F are different to the adjacent
volcanoes whose lavas plot on (Late) or above (Fonualei) the low-
K to medium-K dividing line (Fig. 6A). Pumice clasts collected
onshore from the 2001 eruption of Volcano F are dacitic (Bryan
et al., 2004) and slightly more silicic than dredged lavas (Fig. 6A).
Furthermore, lavas collected from within the Volcano F caldera gen-
erally have lower silica contents (dredges ND25 and ND29 have
59.1 and 54.5 wt.% SiO2, respectively) than those dredged from the
post-caldera constructional cone complex (ND28 and ND30 with
64.2–66.0 wt.% SiO2: Hammond, 2006). Thus, magma differentia-
tion in crustal magma chambers may  play the dominant role for
the magmatic evolution of Volcano F. In terms of mantle source,
Volcano F has a high-Ca boninitic magmatic heritage whereas

lavas from Late island are incompatible element depleted basaltic
(Cooper et al., 2010). In both cases the refractory and incompatible
element depleted geochemical character results from derivation
from a mantle wedge that has undergone various extents of melt

http://www.isc.ac.uk/iscbulletin
http://www.isc.ac.uk/iscbulletin
http://www.isc.ac.uk/iscbulletin
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 P.A. Brandl, F. Schmid, N. Augustin et al. / Journal of 

epletion in the backarc prior to melting underneath the arc vol-
anic front. Consistently, lavas from Volcano F are likely derived
rom a more refractory mantle source than those from Late or
onualei islands if we consider the Nb/Yb ratio (Fig. 6B) as a mea-
ure for the fertility of the mantle wedge (cf. Brandl et al., 2017).
n turn, Volcano F lavas indicate a relatively high contribution from
ubduction fluids based on their high Ba/La (Fig. 6B).

. Conclusion and future directions

Combined observations from satellite remote sensing, a series
f teleseismically detected earthquakes, associated T-phase events,
nd new bathymetric data provide a clear image of the submarine
EI 2–3 eruption of Volcano F in the Tofua Arc of Tonga between

he 6 and 8 August 2019. The eruption produced large amounts
f pumice indicating a dacitic or even rhyolitic composition of the
019 eruption products. The previous eruption of dacite (but not
hyolite) is evident from geochemical analyses of lavas dredged in
004 and pumice erupted from Volcano F in 2001. Hence, future
etrological-geochemical studies of the 2019 eruption products
re required. The range of lava compositions (basaltic andesite to
acite) indicates a composite edifice of Volcano F with a mafic
aldera stage and a more silicic post-caldera constructional cone
omplex. Two caldera generations, one partially preserved with a
oor at 440 m and the other, younger central caldera at ∼700 m
ater depth, and the large post-caldera cone complex with sev-

ral clusters of individual volcanic cones, some with pit craters and
ossibly lava flows are further evidence of the complex evolution
f Volcano F. Recent multibeam mapping indicates substantial vol-
aniclastic output of the volcano as reflected by the large apron
ith >50 km diameter. Seismic precursor events were detected in

he hours to days leading up to the first visual observation of the
ruption on 6 August. Future high-resolution mapping of Volcano

 will be required to better interpret the structure of the volcano
nd its tectonic setting. Detailed visual surveying, sampling and
etrological-geochemical studies are required to further constrain
he current state and the general dynamics of the magmatic plumb-
ng system of this major and potentially hazardous arc volcano.
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