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1 Supplementary Data: Materials and Methods, extended version 

1.1 Foraminifera determination 

The foraminiferal investigations were carried out based on 100 g of sediments taken from samples 
collected in the field (without pre-treatment), homogenized and placed in an experiment tray. The 
foraminifera were removed one by one from the sediments using the tip of a lightly dampened “rigger” 
type paint brush and a binocular microscope (Nachet Opale 0152). This operation was repeated three 
times for each sample. The species identification has shown that for all the samples, one single species 
(Baculogypsina sphaerulata) dominates largely (>90%) the foraminiferal assemblage. Radiocarbon 
dating have been performed exclusively on samples of this species. In each layer, these foraminifera, 
with tests characterized by prominent radial spines, exhibit different aspects due to wear and tear or 
alteration. Their shape can vary from stars with sharp spines to spheroids decayed by weathering. 
During a tsunami, water turbulence reworks ancient sedimentary stocks and mixes elements of different 
ages. In order to limit dating errors, we have selected only the freshest forms of Baculogypsina 
sphaerulata present in each of the layers to constitute our dating samples. 

1.2 Geochemical analysis 

Analytical procedures major and trace elements in rock samples 

Each sample aliquot: 100mg was mixed with 300mg of LiBO2 flux in porcelain dish, transferred to a 
graphite crucible machined from 25 mm diameter rods and fused for 5 min at about 1100°C in an 
induction furnace (2 kW). The melt was poured into a disposable polystyrene beaker containing 50 
ml of 1M HNO3 stirred by a magnetic bar. After complete dissolution of the shattered quenched melt 
droplets (about 15 min), the solution was passed through a filter paper (Whatman, N° 40, 110mm 
diameter) to remove graphite particles. The final volume was made up to 200 ml with 1 M HNO3. 
Reference materials GH (for Si, Na, K) and BR (for the other elements), both from CRPG, Nancy, France 
(Centre Pétrographique et Géochimique), prepared in the same way as the unknown samples, 
provided high points of the calibration lines, while a pure LiBO2 solution (300 mg in 200 ml M HNO3) 
was used as the zero in every case. 
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A ULTIMA-C spectrometer (Horiba scientific, Jobin-Yvon) was used. This instrument combines two 
spectrometers to measure emission lines from elements excited in a single plasma torch: One 
polychromator and one scanning monochromator. The polychromator was used for the simultaneous 
measurement of emission lines from the major elements. The scanning high-resolution 
monochromator was used for sequential determination of emission lines from alkali elements Na, K 
and P. 

ICP-AES operating conditions: 

-incident power: 1.1kW

-reflected power: <15W

-plasma gas flow rate: 16 l/min

-permanent sheath gas flow rate: 0.2 l/min

-additional sheath gas (alkalis): 0.7 l/min

-carrier gas flow rate: 0.8 l/min

-solution uptake: 0.9 l/min Mhammed Benbakkar Laboratoire: Magmas et Volcans

Analysis of melt inclusions, matrix glasses and fluid inclusions 

Matrix glasses and fluid inclusions 

Pumice samples A17-P-1 and KOL1 were crushed, sieved at 500, 250, and 125 μm, and washed in 
purified water and hydrochlroric acid (1%) in an ultrasonic bath. Glass grains from the 125-250 μm 
grainsize fraction were handpicked and mounted in epoxy resin stubs and polished in the Cambridge 
Tephra Lab at the Department of Geography of the University of Cambridge. Mounted samples were 
analysed for single glass-shard element oxide compositions with a SX100 CAMECA electron 
microprobe (EMPA) at the Department of Earth Sciences, University of Cambridge, UK. Major 
elements were measured with an accelerating voltage of 15 keV, 6 nA and a 10-µm diameter 
defocused beam. Elements were counted on-peak for 10 s (Na), 20 s (Si), 30s (Ti, Al, Fe, Mg, Ca and 
K), 40s (Mn), 60 s (Cl), and 90 s (P). Sodium was measured first in order to minimise alkali loss. The 
analytical accuracy was checked against international standards ATHO-G, STH-S6, KL2-G and an 
internal standard of peralkaline obsidian from Lipari, (74 wt% SiO2, 3.8 wt% Na2O, 5.3 wt% K2O). 
Standards compositions and standard deviations are reported in Table SXX. Where possible, we 
analysed 30-50 points per sample. Detailed normalised compositions free of volatiles are reported in 
Table XX. 

1.3 Radiocarbon dating 
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Sample preparation 

Marine shells were acid-etched with dilute HCl and tested for recrystallization at the Laboratory of 
Physical Geography (LGP), CNRS, Meudon, France, where standard chemical pre-treatment (ABA), 
CO2 production and graphitisation of charcoal were also performed. 

Measurements 

Dating were performed at the DirectAMS Radiocarbon Dating Laboratory in Seattle, USA. Samples 
then proceed through portioning/subsampling, physical and chemical pre-treatment protocols, 
production of CO2 by combustion or acid digestion, reduction of CO2 to graphite, preparation of 
graphite for measurement, measurement of carbon isotopes by Accelerator Mass Spectrometer 
(AMS), and data analysis. DirectAMS operates National Electrostatics Corporation (NEC) 1.5 SDH 
Compact Pelletron AMS. 

Data calibration 

DirectAMS results are not calibrated, nor corrected for the marine reservoir effect, as a number 
of site-specific calibration curves may be considered. Calibrations were performed by OxCal that 
incorporate the compilations of INTCAL20. All determinations were calibrated using the terrestrial 
and marine curves (SHCal20 and Marine20) of Calib Rev. 8.1 (Stuiver et al., 2020). Marine samples 
originated from the open ocean environments and were therefore calibrated with a DeltaR value of 
11+-83 as recommended by Petchey and Clark (2011), or Clark and Reepmeyer (2014). 

1.4 Numerical modeling of tsunami caused by caldera-forming eruption and slope failure 

For this type of scenario, the modelling was carried out in several phases: (i) creation of a Digital 
Elevation Model and inventory of the submarine calderas along the Tonga Ridge south of Tongatapu; 
(ii) 2D reconstruction of the initial shape of these volcanoes before their collapse; (iii) selection of the
best candidates for tsunami modelling; (iv) launching of the simulations. 

DEM preparation 

We selected several sources of DEM data for the baseline data. We identified several available data 
sources such as GEBCO, GMRT, and NIWA to compare them for the selection of DEM data. The GMRT 
data was selected as the base data because it brings together several data from various bathymetric 
data. The digital elevation model using the GMRT map of the South Tonga region (Tofua) is shown in 
Figure S4.  In fact, GMRT has several resolutions combined into one database as mentioned in 
https://www.gmrt.org/about/ as follows: 

a. Ship-based multibeam swath bathymetry data (100-m resolution) from research cruises
assessed, cleaned, processed and curated by the MGDS.

b. Gridded seafloor depth data (variety of scales) contributed by the international science
community
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c. Gridded seafloor depth data (30 arc-second resolution) from the General Bathymetric Chart 
of the Oceans (GEBCO_2014)

d. Gridded seafloor depth data (2-km resolution) from the International Bathymetric Chart of
the Arctic Ocean (IBCAO) version 2.23

e. Gridded seafloor depth data and ice surface data (500 m resolution) from the International
Bathymetric Chart of the Southern Ocean (IBCSO)

The quality of the data we use from GMRT was then checked to validate the resolution of the DEM. 
The GMRT in the South Tonga arc has a resolution of 0.003767 decimal degree units (Figure S4). 
One decimal degree unit value in the Tonga arc (included in 23N/S) is equal to 102.47 m. 

2D cross-section 

GMRT provides adequate data for 2D reconstruction. The GMRT global DEM was initially masked to 
the Tofua area and adjusted to 19 existing volcanoes. Interpolation of the cross-sections was 
performed using Global Mapper v12 (registered) to extract x, y, z values. At this stage, each cross-
section was interpolated through the caldera and volcano slopes along two preferred directions, N-S 
and W-E. The x,y,z data from the cross-section line was then extracted as .csv data. From this .csv 
database, which contains x, y, z information, we reconstructed the current and pre-caldera shape of 
the selected volcanoes. 

Volcano Candidate Selection 

The initial reconstruction of the volcanic body can be carried out by the interpolation method 
deduced from the stratigraphic data (Lahitte et al., 2012). As we do not have adequate information 
about the stratigraphic data, the reconstruction was carried out using the surface fit and trend line 
from the x, y, z interpolation (Karátson et al. 2016). The result of the 2D reconstruction using the 
cross-section method shows that the volcanic edifice can be classified into two different types, island 
volcanoes and submarine volcanoes: (i) Seven undersea calderas resulted from the collapse of an 
ancient volcanic island. The highest elevation of the ancient volcanic island is the one of Volcano #5a 
(>1000m), and the lowest is the one of Volcano #5b (<250m. With the highest elevation and widest 
caldera, Volcano 5a is a good candidate for large tsunami generation, along with Volcano #1 and 
Volcano #2. (ii) Eight undersea calderas were formed by the collapse of an ancient submarine volcano. 
The size of these calderas is smaller than the ones of the former volcanic islands, except volcano #18. 
This category of volcanoes is less likely to have generated a large-scale tsunami. 

Tsunami modelling 

We carried out two simulations of volcanic tsunamis triggered by voluminous PDCs or debris 
avalanche using VOLCFLOW code. The first simulation concerns a slope failure of the south flank of 
Tofua volcano (Figure SX). The second one concerns a 15 km3 debris avalanche entering the sea from 
the Volcano #2 before the total collapse of the former cone (Figure SX). 



5 

2 Supplementary Figures and Tables 

For more information on Supplementary Material and for details on the different file types accepted, 
please see here. Figures, tables, and images will be published under a Creative Commons CC-BY 
licence and permission must be obtained for use of copyrighted material from other sources 
(including re-published/adapted/modified/partial figures and images from the internet). It is the 
responsibility of the authors to acquire the licenses, to follow any citation instructions requested by 
third-party rights holders, and cover any supplementary charges. 

2.1 Supplementary Figures 

http://home.frontiersin.org/about/author-guidelines#SupplementaryMaterial
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Fig. S1. Geochemistry of pumice rocks (bulk rock) within inferred tsunami deposits in 
Tongatapu. (a) Major elements. (b) Trace elements. The dacitic composition is representative of the 
volcanoes along the Tonga-Kermadec Trench. It differs, on the one hand from most other circum‐
Pacific andesite‐dacite suites in their very low content of alkali, especially low K2O, on the other hand 
from the basalt-andesite ignimbrites formed during the latest paroxysmal eruption of Tofua volcano 
ca. 1000 yrs BP. 
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Fig. S2. Grain size of marine deposits under tsunami boulders at Haveluliku. The 
multimodal  shape of the particle size curves indicates poor sorting due to an en-masse 
deposition by a highly turbulent flow, which was undoubtedly a large tsunami. 
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Fig. S3. Modelling of a tsunami triggered by 
voluminous debris avalanche entering the sea in the 
south flank of Tofua volcano. The shape of the Tofua 
caldera is a rim, 500 m in elevation and 8 km large. 
Based on the work of Caulfield et al. (2011), we 
reconstructed the pre-caldera shape of the volcano with 
an elevation of 2000 m, and simulated an immediate 
collapse of 74 km3, which seems to be the worst case. 
We modeled this collapse with the two-fluid version of 
VolcFlow: the destabilisation is immediate but the mass 
accelerates according to the topography and the 
rheology, and does not enter immediately in the ocean. 
The collapse forms a debris avalanche that move 
underwater and reaches a distance of 30 km leaving a 
deposit 40 to 150 m thick. Close to Tofua, the main 
wave is more than 200 m high, but the amplitude 
rapidly decreases, following the inverse of the distance, 
because a volcano tsunami is generated very locally. 
Moreover, the shallow water of the Tonga Trench 
between Tofua and Tongatapu deflects the wave. At 
Tongatapu, the amplitude simulated is lower than 15 m 
and of only 5 m at the SE sector. Thus, it seems unlikely 
that the tsunami deposits observed at Haveluliku 
originated from Tofua.  
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Fig. S4. Bathymetry of the South Tonga (Tofua) arc displayed in GMRT DEM, and location of 
the 15 calderas selected for this study, including cross-section lines. Volcano 1 and 2 are the closest 
from Tongatapu. Name and order of volcano based on Massoth et al., 2007. 
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Figure S5. Underwater calderas resulting from the collapse of an ancient volcanic island. The 2D 
cross-section reconstructions show that 7 submarine calderas were formed as a result of the total 
collapse of former islands of varying elevation (4 examples are shown here). The highest was >1000 
m (volcano 5a), and the lowest was < 250 m (volcano 5b).  The other 5 volcanoes are in the same 
elevation range (500-650 m). With the highest elevation and widest caldera, volcano 5a is the best 
candidate to induce a tsunami, together with volcanoes 1 and 2 
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Figure S6. Underwater calderas formed by the collapse of an ancient submarine volcano. Eight 
submarine calderas of the Tonga range were formed by the collapse of a submarine volcano that was 
already submerged at the time of the caldera eruption. Reconstruction of the initial morphology of 
these submarine volcanoes shows that the diameter of the caldera is smaller than that of the formerly 
emerged volcanoes.  
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Fig. S7. Modelling of an impact-triggered tsunami from meteorite fall south of Tonga using 
Volcflow. Left: Tsunami modelling for a meteorite impact (green circle). The impact causes a 
displacement of the ocean following a spheroid with the height equalling the ocean depth at the impact 
(~3830 m) and a radius of 10 km. Right: Wave amplitudes recorded at Tongatapu (red) and at the North 
coast of New Zealand (blue). The huge initial wave strongly interacts with the bathymetry of the Tonga 
Trench and of the islands and a series of waves reaches the coasts. Fourty minutes after the impact, 
waves between 35 and 150 m in amplitude overflow the entire island of Tongatapu. New Zealand 
coasts are reached after 3 hours. The two waves observed is due to the bathymetry. The first wave 
travelled in the deep ocean to the East of the impact. It is fast, because the ocean is deep, but expands 
rapidly and decreases in amplitude. Its amplitude along the New Zealand coast is of about 5 m. The 
second wave moves along the west side of the Tonga Trench. It reaches the New Zealand coast 3h40 
after the impact, with a wave amplitude exceeding 15 m. 
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Fig. S8. Monumental structures of two former capitals of the Tu’i Tonga Empire in Tongatapu. 
Left: Ha'amonga ‘a Maui or trilithon at Heketā. Right: Mortuary structures at Lapaha. Radiocarbon 
dating of marine samples that have been collected beside the west upright of the trilithon provide ages 
of the monument construction between 1320 and 1460 CE (Clark and Reepmeyer, 2014), i.e. soon 
before the relocation of the Tu’i Tonga capital from Heketā to Lapaha. 

2.2 Supplementary Tables 

Table S1. Major and trace elements of pumice fragments within tsunami deposits 
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Table S2. Major elements of pumice glass within tsunami deposits 
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Table S3. Characteristic of tsunami boulders in Tongatapu 
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