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43 Abstract
44 In August 2019 a large raft of pumice appeared in the territorial waters of Tonga. As in many 

45 other cases, this pumice raft was the only surface expression of a major submarine volcanic 

46 eruption. Discolored water and reconstruction of the drift path of the pumice raft using satellite 

47 imagery points towards ‘Volcano F’ in the Tofua Arc NW of the island of Vava’u as the most 

48 likely volcanic source. Here we present imagery from ESA’s Sentinel-2 satellite that captured 

49 the start of the submarine eruption on 6 August 2019 and the waning of the eruption on 8 

50 August, followed by observations of the drifting pumice raft until 14 August. This start time is 

51 consistent with T-phase records at the seismic stations on Niue Island and Rarotonga and the 

52 signal delay time of 733 s between the two stations is consistent with an origin at or at least 

53 near Volcano F. On 8 August, a >136.7 km2 large raft of pumice appears at the sea surface. 

54 The modelled minimum raft volume is 8.2-41.0*106 m3, which is equivalent to 2.5-12.3*106 m3 

55 dense rock. The eruption thus corresponds to a volcanic explosivity index (VEI) 2-3 eruption 

56 in the submarine environment. Prior to the volcanic eruption, a series of earthquakes close to 

57 Volcano F was recorded. The series started on 5 August with a Mb 4.7 event, followed by at 

58 least six shallow earthquakes (Mb >3.9) on 6 August. In December 2018 and January 2019, 

59 we surveyed the seafloor around Volcano F with multibeam sonar. Combining our data with 

60 pre-existing information, we present the first comprehensive bathymetric map of the volcanic 

61 edifice and its geologic setting. We show that Volcano F represents a major arc volcanic 

62 complex that is situated in an extensional setting. The basal diameter of the volcanic apron is 

63 >50 km with a large central, 8.7 x 6 km caldera with a floor at ~700 m water depth. The top of 

64 the post-caldera constructional cone complex had a summit depth of 35 m below sea level in 

65 2004. The volcano shows geochemical differences to the adjacent arc volcanoes on Fonualei 

66 and Late islands. The volcano’s pristine volcanic morphology and two documented eruptions 

67 (2001 and 2019) indicate a highly active volcanic system that warrants further scientific 

68 attention.
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70 1. Introduction
71 The annual magma budget of the Earth is dominated by melt generated at mid-ocean 

72 ridges. However, continental and island arc magmatism represent the second largest 

73 contribution to terrestrial magmatism (cf. Crisp, 1984). Melting at these magmatic arcs is driven 

74 by the subduction of lithosphere and the devolatilization of the slab at depth. The released 

75 fluids trigger melting in the overlying convecting mantle wedge and the resulting ascending arc 

76 magmas are volatile-rich. Volatile load and a thick crust at magmatic arcs enhance magmatic 

77 differentiation and drive arc rocks to compositions generally much more viscous and silicic 

78 than at mid-ocean ridges. Thus, arc volcanoes erupt in various styles ranging from effusive to 

79 catastrophically explosive. Volcanic eruptions and/or sector collapses of composite arc 

80 volcanoes represent a major hazard but any comprehensive risk assessment is complicated 

81 by the fact that many magmatic arcs are intra-oceanic with arc volcanoes often submerged. 

82 This also applies to the >2,500 km-long Tofua-Kermadec Arc in the Southwest Pacific, where 

83 only a few volcanoes rise above sea-level (Fig. 1A). Marine surveys in the late 1980´s and 

84 1990´s provided evidence for the high magmatic productivity of the Tofua-Kermadec Arc 

85 (Smith & Price, 2006). 

86

87 Since 1774, a total of 77 volcanic eruptions have been recorded from the Tongan 

88 section of the Tofua-Kermadec Arc alone (Global Volcanism Program, 2013). However, direct 

89 observations of historical submarine volcanic activity remain scarce except for frequent but 

90 small eruptions at the Monowai volcanic center (e.g., Chadwick et al., 2008; Wright et al., 2008; 

91 Watts et al., 2012; Metz et al., 2016, 2019) and direct observations of the 2009 boninite 

92 eruption at West Mata by submersible (Resing et al., 2011) and subsequent periodic 

93 remapping (Chadwick et al., 2019). Besides direct visual observations, seismoacoustic T-

94 phases allow volcanic eruptions to be detected over distances of several thousands of 

95 kilometers because this signal is coupled into the SOFAR channel (cf. Metz et al., 2016). In 

96 many cases, however, pumice rafts floating at the sea surface are the only evidence for recent 

97 submarine, silicic eruptions; Continuous Earth observation from space allow to track these 

98 rafts and trace them back to their initial volcanic source. Previously, there were ten major 

99 submarine eruptions recorded from the Tofua-Kermadec Arc that produced large pumice rafts 

100 (see compilation of Bryan et al., 2012 plus the 2012 eruption of Havre: Jutzeler et al., 2014). 

101 These include the 1967 and 1979 eruptions of Metis Shoal (Bryan et al., 2012), the 1984 and 

102 2006 eruptions of Home Reef (Vaughan et al., 2007; Mantas et al., 2011; Bryan et al., 2012), 

103 the 2001 eruption (Bryan et al., 2004) of the unnamed volcano #243091 (Global Volcanism 

104 Program, 2013; listed as #0403-091 in Bryan et al., 2004), and the 2012 eruption of Havre 

105 (Jutzeler et al., 2014; Carey et al., 2018). In August 2019, reports of a large pumice raft 

106 observed in the territorial waters of Tonga and drifting westwards (Fig. 1B) triggered our 
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107 interest because we surveyed the area of the suspected volcanic source during RV Sonne 

108 cruise SO-267 (Archimedes I) in December 2018 to January 2019 (Hannington et al., 2019). 

109 In this manuscript we summarize existing information and present new constraints on the 

110 August 2019 submarine eruption in the Tofua Arc of Tonga integrating data from remote 

111 sensing, seismology, hydrographic surveying and geological sampling. Our aim is to provide 

112 a robust framework for future detailed studies of what we think is a highly active yet largely 

113 unexplored submarine arc volcano. 

114

115

116 2. The August 2019 submarine eruption in Tonga
117 On 15 August 2019, sailing boats encountered a large pumice raft about 75 km west of 

118 Late Island, an active island arc volcano in the Tofua Arc of Tonga (Fig. 2). Sulfur smell was 

119 present and the floating layer of pumice reached up to 30 cm in thickness with individual pieces 

120 up to 80 cm in diameter (see detailed report by Sail Surf ROAM: 

121 https://www.facebook.com/sailsurfroam/posts/3045949342087617:0; Global Volcanism 

122 Program, 2019). However, based on satellite imagery from NASA 

123 (https://worldview.earthdata.nasa.gov; accessed on 29 August 2019), the pumice raft first 

124 appeared on 8 August in a rear-arc location between the volcanic islands of Fonualei and Late 

125 (Fig. 2). Daily satellite observation and good visibility (i.e. little cloud clover) allow the pumice 

126 raft to be tracked over the corresponding time period, demonstrating that the pumice raft 

127 encountered on 15 August is the same that was spotted on satellite imagery from 8 August 

128 (Fig. 2). A large plume of discolored water is also visible on the images from 8 August and 

129 stretches from a then-unnamed submarine volcano located in the arc front between Fonualei 

130 and Late islands and an unnamed submarine volcano in the rear-arc (Fig. 2). The submarine 

131 arc volcano is listed as #243091 in the database of the Global Volcanism Program (2013) and 

132 was the source of a previous pumice-raft producing eruption on 27-28 September 2001 (Bryan 

133 et al., 2004; Global Volcanism Program, 2019). This volcano was first mapped during RV 

134 Southern Surveyor cruise SS2004/11 (Northern Tonga Vents Expedition ‘NoToVE’) in 2004 

135 and is listed as Volcano F in the corresponding cruise summary (Arculus, 2004). In this 

136 manuscript we will use ‘Volcano F’ as the name of the volcano. The volcano to the west of 

137 Volcano F that is in the center of the pumice raft on 8 August (Fig. 2) is extinct based on field 

138 observations during SO-267 (low backscatter, dredged altered volcanics and carbonates) and 

139 we thus suspect Volcano F in the arc front as the most likely site of eruption.

140

141 We used imagery from ESA’s Sentinel-2 satellite to locate the origin of the pumice raft 

142 and the actual site of eruption. On images from 6 August 2019, the satellite captured the 

143 beginning of the submarine eruption (Fig. 3A). Two distinct circular eruption plumes are clearly 
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144 visible on the sea surface: a large one with a diameter of ~1.2 km and a smaller one with a 

145 diameter of ~250 m (Fig. 3B). These two plumes may represent two pulses of the ongoing 

146 eruption. Their different sizes could result from progressive expansion of volcanic gases 

147 released explosively by two different pulses of the active and ongoing submarine eruption. 

148 Vapor and/or gas possibly exsolving from ejecta and/or erupted pumice appears to be drifting 

149 in a northwesterly direction in accordance with the prevailing wind direction at this time (~140° 

150 at 35 kmph wind speed; information extracted from https://earth.nullschool.net). By 8 August 

151 volcanic activity had decreased; Sentinel-2 satellite imagery shows a weak feature at the site 

152 of the 6 August eruption plume that either represents small plumes of discolored water or a 

153 series of small volcanic cones reaching shallow depths. To the north and northwest, two 

154 patches of discolored water are clearly visible and further to the NW traces of pumice can be 

155 distinguished (Fig. 3C). However, the larger area of discolored water has already drifted to the 

156 west of Volcano F and is captured in imagery from NASA’s MODIS satellite. We mapped the 

157 extent of the discolored water as of 8 August 2019 along with the pumice raft (Fig. 2). The 6-8 

158 August 2019 eruption of Volcano F can thus be considered as a 2 day-long event. The center 

159 of the eruption is located directly on top of Volcano F where the wall of the main caldera 

160 intersects with the post-caldera constructional cone complex (Fig. 4). 

161

162 The mapped area of the pumice raft at the end of the eruption (8 August) is 136.7 km2 

163 and increases one day later to 167.2 km2 (Fig. 2). Over the next three days (10-12 August), 

164 the raft continuously decreased in size to just below 100 km2, potentially as a result of 

165 waterlogging or abrasion (cf. Jutzeler et al., 2014). On 14 August, the area of the pumice raft 

166 had again increased to 157.4 km2 (Fig. 2). Initially, the raft drifted westwards, followed by a 

167 preferred drift direction to the west-southwest between 8-12 August; The change in drift 

168 direction towards the south-southwest on 12-14 August may have enhanced the fragmentation 

169 of the raft. At least nine individual raft fragments have been mapped on satellite imagery from 

170 14 August (Fig. 2) and may explain the increase in the overall area of the raft(s) observed 

171 between 12-14 August. On 21 August, the remnants of the pumice raft were imaged close to 

172 the maritime boundary between Tonga and Fiji (Fig. 1B), and, based on observations of 

173 previous pumice rafts (Bryan et al., 2012) is expected to hit the Great Barrier Reef and 

174 ultimately the shoreline of Australia in January or February 2020. From the initial size of the 

175 pumice raft, we can model the erupted volume and its Dense Rock Equivalent (DRE) following 

176 the method of Jutzeler et al. (2014). In our calculations we used average raft thicknesses of 

177 0.1, 0.3 and 0.5 m which corresponds to the extremes of the pumice raft generated by the 

178 2012 eruption of Havre (Jutzeler et al., 2014: 0.1 and 0.5 m thickness at the margins and center 

179 of the raft, respectively) and the observed thickness of the August 2019 pumice raft (0.3 m). 

180 The estimated minimum erupted volume is 8.2-41.0*106 m3, which corresponds to 2.7-12.3*106 
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181 m3 DRE (Table 1). This, however, does not take into account any submarine volcanic deposits 

182 or volcaniclastic material dispersed in the atmos- or hydrosphere. Thus, the corresponding 

183 minimum Volcanic Explosivity Index (VEI) of the submarine eruption is 2 to 3 (Table 1).

184

185

186 3. Seismicity and T-phases associated with the eruption
187 In order to further constrain the onset and duration of the volcanic eruption and to infer 

188 on potential seismic precursor events to the eruption, we searched for seismic events in the 

189 vicinity of Volcano F over the relevant time period. The International Seismological Centre 

190 (ISC) Preliminary Bulletin lists a total of eight shallow teleseismic earthquakes within 70 km of 

191 the eruption site in the period 1-6 August 2019 (Table 2; Fig. 5). Unfortunately, these events 

192 have large location uncertainties of 14-68 km due to large distances from the nearest reporting 

193 stations and large azimuth gaps in station coverage (Table 2; Supplementary Figure 1). Of 

194 particular interest is the event at 9:01 UTC on 5 August (id: 201908050901A), which is the 

195 strongest and closest to Volcano F. The centroid-moment tensors for this event, available from 

196 the Global Centroid Moment Tensor Project (Ekström et al., 2012), locates slightly southeast 

197 of Volcano F and indicates an earthquake with significant non-double-couple tensors and a 

198 strong vertical pressure axis (Fig. 5). Such focal mechanisms, known as vertical compensated-

199 linear-vector-dipoles, are common to shallow earthquakes associated with active volcanoes 

200 and are assumed to be related to magma migration or eruption processes (Shuler et al., 2013). 

201 When considering centroid-moment tensors of shallow earthquakes (depth <50 km) in this 

202 region over the last 20 years, there are three more compensated-linear-vector-dipole events 

203 besides a majority of normal faulting double-couple events (Supplementary Figure 2). Given 

204 the close location to Volcano F, the timing shortly prior to the occurrence of the eruption plume 

205 and the specific centroid-moment tensor, which is typical for active volcanoes, we infer that 

206 this event (Fig. 5: id: 201908050901A) is related to the eruption of Volcano F. The relation of 

207 the seven remaining events to the volcanic eruption is more ambiguous. The preliminary 

208 epicenter locations are offset to the west and some are even closer to the extinct volcanic 

209 edifice west of Volcano F (Fig. 4). Considering the azimuthal distribution of stations recording 

210 the teleseismic events, a gap between ~90°-240° from north is present towards the Southern 

211 Pacific region. Seismic rays leaving the hypocenters east (where most station are located) 

212 have travelled through a mantle region of highly heterogeneous P and S velocities (Wei et al., 

213 2015). However, preliminary ISC locations are based on a homogenous earth model (Bondár 

214 and Storchak, 2011) and thus a systematic offset in east-west direction of the epicenter 

215 locations cannot be ruled out and we cannot unambiguously relate the events to Volcano F. 

216
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217 T-phase signals associated with submarine volcanic activity are a typical phenomenon 

218 in the Southwest Pacific (Metz et al., 2019; Talandier & Okal, 1987). We inspected the 

219 broadband vertical component seismograms of station RAR (Rarotonga, Cook Islands) and 

220 NIUE (Niue Island) to identify T-phases originating from the region of Volcano F. Six-hour long 

221 sections of the seismogram-envelope on both stations were cross correlated for the period 1 

222 to 9 Aug 2019. However, it is not possible to perform a unique triangulation of the source with 

223 only two stations. Considering the 1,086 km distance between the two stations and assuming 

224 a sound velocity of 1.48 km/s in the SOFAR channel of the Southwest Pacific (Denham & 

225 Kibblewhite, 1970), T-phases arriving from the direction of Volcano F should have a delay of 

226 733 seconds on station RAR compared to station NIUE. In the period 5 Aug 2019 9:00 UTC to 

227 7 Aug 2019 4:00 UTC both stations show a good correlation at a lag time of 733 s (Fig. 5C) 

228 and we identified a total of 19 individual T-phases which could plausibly have originated at 

229 Volcano F (Fig. 5A). Comparing the theoretical T-phase onsets of all teleseismic events in 

230 Table 2 (blue dots in Fig. 5A) all of the events coincide with observed T-phase arrivals at station 

231 RAR (red triangles in Fig. 5A). Many of those with the largest amplitudes are related to a 

232 teleseismic event in the region of Volcano F. In this region, earthquakes of magnitude smaller 

233 than ~3.5 are likely missing in the ISC Bulletin due to the limited coverage of the global 

234 seismograph networks. Thus, T-phase events without a teleseismic equivalent may represent 

235 earthquakes below this Mb 3.5 detection threshold. Generally, the signal-to-noise ratio of T-

236 phase events arriving at station RAR is poorer than for T-phases related to volcanic activity at 

237 Monowai in the Kermadec Arc (Metz et al., 2019). We propose this difference in T-phase 

238 amplitude is at least partially related to the less favorable ray path between Volcano F and 

239 station RAR, because the shallow marine to subaerial Tonga Ridge may hinder the 

240 transmission of T-phases compared to from Monowai. Nevertheless, we note that the period 

241 of most frequent T-phase detections (6 Aug 2019 1:00 until 23:30 UTC) includes the time of a 

242 visual record of an ongoing eruption at Volcano F (Fig. 3), supporting the correlation of the 

243 increased seismic activity to the eruption.

244

245

246 4. Morphology and geology of Volcano F
247 In addition to the presented constraints on the dimension and timing of the submarine 

248 eruption of Volcano F, we here present bathymetric and compositional data of the volcano in 

249 order to provide a solid framework for future, more detailed studies. Volcano F is situated in 

250 the Tofua arc front about halfway between the volcanic islands of Fonualei to the North and 

251 Late to the South (Fig. 4A). The maximum along-arc water depth between these volcanoes is 

252 about 1,100 m; Volcano F thus rises over one kilometer from the surrounding seafloor. The 

253 edifice is dominated by a 8.7 x 6 km large caldera that is ~670 m and ~720 m deep in the 
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254 northwestern and southeastern sections, respectively (Fig. 4B). The caldera walls are typically 

255 between 200-300 m high. At the southeastern margin of this morphologically youngest caldera, 

256 another partially preserved caldera floor is present at ~440 m (Fig. 4B), indicating a complex, 

257 multi-stage evolution of the volcanic edifice. The top of the post-caldera constructional cone 

258 complex in the northern half of the caldera was only 35 m below sea level when mapped in 

259 2004. Based on their pristine morphology, several young volcanic cones (labelled ‘C’ in Fig. 

260 4B) are located on this dome complex, on the northern caldera floor as well as outside of the 

261 main caldera on the eastern flank of the volcano. Some of these cones appear to be aligned 

262 and/or topped by pit craters (labelled ‘P’ in Fig. 4B). The volcaniclastic apron of Volcano F is 

263 characterized by seafloor dipping away from the main edifice with sediment waves (cf. Pope 

264 et al., 2018) and low backscatter indicative of a sedimented seafloor. The apron covers a 

265 region approximately 50-60 km in diameter and sheds material into the canyon to the east 

266 associated with the Vava’u lineament (Fig. 4A). Bathymetric mapping in 2018/19 shows that 

267 Volcano F lies at the junction of several cross-cutting structural features. The Vava’u lineament 

268 which marks the northern boundary of the Tonga Ridge and runs roughly E-W from the forearc 

269 into the Tofua Arc basement (Fig. 4A). The Fonualei Rift which is propagating southwards, and 

270 northeast-southwest orientated rifting southwest of the Fonualei Rift tip (Fig. 4A). Structures to 

271 the north of Volcano F appear to be extensional whereas two centroid-moment tensors south 

272 of the volcano indicate compression (Supplementary Figure 2). 

273

274 Volcanic rocks dredged from Volcano F range from basaltic andesite to dacite (cf. Dale 

275 et al., 2012; Hammond, 2006) as do those on the adjacent arc volcanoes of Fonualei and Late. 

276 However, the low-K series lavas of Volcano F are different to the adjacent volcanoes which 

277 lavas plot on (Late) or above (Fonualei) the low-K to medium-K dividing line (Fig. 6A). Pumice 

278 clasts collected onshore from the 2001 eruption of Volcano F are dacitic (Bryan et al., 2004) 

279 and slightly more silicic than dredged lavas (Fig. 6A). Furthermore, lavas collected from within 

280 the Volcano F caldera generally have lower silica contents (dredges ND25 and ND29 have 

281 59.1 and 54.5 wt.% SiO2, respectively) than those dredged from the post-caldera 

282 constructional cone complex (ND28 and ND30 with 64.2-66.0 wt.% SiO2: Hammond, 2006). 

283 Thus, magma differentiation in crustal magma chambers may play the dominant role for the 

284 magmatic evolution of Volcano F. In terms of mantle source, Volcano F has a high-Ca boninitic 

285 magmatic heritage whereas lavas from Late island are incompatible element depleted basaltic 

286 (Cooper et al., 2010). In both cases the refractory and incompatible element depleted 

287 geochemical character results from derivation from a mantle wedge that has undergone 

288 various extents of melt depletion in the backarc prior to melting underneath the arc volcanic 

289 front. Consistently, lavas from Volcano F are likely derived from a more refractory mantle 

290 source than those from Late or Fonualei islands if we consider the Nb/Yb ratio (Fig. 6B) as a 
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291 measure for the fertility of the mantle wedge (cf. Brandl et al., 2017). In turn, Volcano F lavas 

292 indicate a relatively high contribution from subduction fluids based on their high Ba/La (Fig. 

293 6B). 

294

295

296 5. Conclusion and future directions
297 Combined observations from satellite remote sensing, a series of teleseismically 

298 detected earthquakes, associated T-phase events, and new bathymetric data provide a clear 

299 image of the submarine VEI 2-3 eruption of Volcano F in the Tofua Arc of Tonga between the 

300 6 and 8 August 2019. The eruption produced large amounts of pumice indicating a dacitic or 

301 even rhyolitic composition of the 2019 eruption products. The previous eruption of dacite (but 

302 not rhyolite) is evident from geochemical analyses of lavas dredged in 2004 and pumice 

303 erupted from Volcano F in 2001. Hence, future petrological-geochemical studies of the 2019 

304 eruption products are required. The range of lava compositions (basaltic andesite to dacite) 

305 indicates a composite edifice of Volcano F with a mafic caldera stage and a more silicic post-

306 caldera constructional cone complex. Two caldera generations, one partially preserved with a 

307 floor at 440 m and the other, younger central caldera at ~700 m water depth, and the large 

308 post-caldera cone complex with several clusters of individual volcanic cones, some with pit 

309 craters and possibly lava flows are further evidence of the complex evolution of Volcano F. 

310 Recent multibeam mapping indicates substantial volcaniclastic output of the volcano as 

311 reflected by the large apron with >50 km diameter. Seismic precursor events were detected in 

312 the hours to days leading up to the first visual observation of the eruption on 6 August. Future 

313 high-resolution mapping of Volcano F will be required to better interpret the structure of the 

314 volcano and its tectonic setting. Detailed visual surveying, sampling and petrological-

315 geochemical studies are required to further constrain the current state and the general 

316 dynamics of the magmatic plumbing system of this major and potentially hazardous arc 

317 volcano. 

318
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328 with the ObsPy open source toolbox (Krischer et al., 2015). This is Metal Earth contribution 

329 #xxxx.

330
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454 Figure captions
455
456 Figure 1: A) Overview map of the Tofua Arc. Arc volcanoes are shown by yellow triangles, 
457 spreading centers by red lines and the Tonga subduction zone by the black line with 
458 triangles. B) Sentinel-2 satellite image of the pumice raft close to the maritime border 
459 between Fiji and Tonga on 21 August 2019 (image contains modified Copernicus 
460 Sentinel data 2019).
461
462 Figure 2: Extent of discolored water and the pumice raft between the 8 and 14 August 2019 
463 mapped using imagery of NASA’s MODIS (NASA, 2019) and ESA’s Sentinel-2 satellite. 
464 Also shown are the coordinates and the observations of the Sail Surf ROAM report (see 
465 text for details) from 15 August 2019. Back-tracing of the pumice raft clearly points 
466 towards Volcano F as the most likely origin of the submarine eruption. The yellow 
467 arrows points towards the site of eruption imaged in Fig. 3. 
468
469 Figure 3: A) and B) Sentinel-2 satellite image of the eruption on 6 August 2019 (21:59:21 
470 UTC). The submarine eruption plumes are clearly visible on the sea surface and 
471 possible gas/vapor released from eruptive products is visible drifting to the NW. C) 
472 Sentinel-2 satellite image of the waning eruption on 8 August 2019 (21:49:09 UTC). 
473 Discolored water is visible at the eruption site and to the N and NW along with traces 
474 of floating pumice. The discolored water at the eruption site could also be interpreted 
475 as shallow submarine volcanic cones. The eruption plume from 6 August is illustrated 
476 by the yellow dashed outline. Images contain modified Copernicus Sentinel data 2019. 
477
478 Figure 4: A) Bathymetric map of the Tofua Arc between Fonualei and Late islands, showing 
479 the northern termination of the Tonga Ridge at the Vava’u lineament and the southern 
480 termination of the Fonualei Rift. Image enhanced with terrain texture shading (TTS). 
481 Epicenters of Table 2 are plotted along with the centroid-moment tensor for the Mb 4.7 
482 event of 5 Aug 2019. B) Detailed bathymetry of Volcano F with the eruption site (yellow 
483 circle), the partially preserved caldera floors (at 440, 670 and 720 mbsl) and the ring 
484 faults. Young volcanic cones are labelled with ‘C’ and ‘P’ denotes pit craters at their 
485 top. Note the presence of a potential lava flow and the different depth scale compared 
486 to A). No TTS enhancement used in B), hill shading from the NW. The digital elevation 
487 model of A) and B) integrates data from the global GMRT grid (GMRT grid version 3.4 
488 of July 2017: Ryan et al., 2009), RV Southern Surveyor cruise SS2004/11 and RV 
489 Sonne cruise SO-267 (Hannington et al., 2019). The Southern Surveyor Voyage SS 
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490 11/2004 Multibeam Echosounder Data downloaded on 29-08-2019 was collected on 
491 voyage SS 11/2004 by the Marine National Facility.
492
493 Figure 5: T-phase data interpreted as originating from the Volcano F eruption site. A) Vertical 
494 component seismogram (black) and waveform envelope (blue) of station RAR covering 
495 the duration of the eruption. Red triangles at top indicate the onset of individual T-
496 phases that have a lag time of 733 seconds to station NIUE. Blue dots indicate 
497 theoretical T-phase arrivals originating from teleseismic earthquakes located in the 
498 vicinity of Volcano F. Epicenters of the teleseismic events are plotted in Figure 4. B) 
499 Seismogram (black) and waveform envelope (green) of station NIUE. C) Cross 
500 correlation function for the trace envelope of stations RAR and NIUE for the period 
501 displayed above. Note the peak at 733 s lag time, indicating that recorded phases must 
502 have arrived from the direction of the eruption site. D) Map showing the location of 
503 RAR, NIUE and the eruption site. 
504
505 Figure 6: A) K2O versus SiO2 (both in wt.%, volatile-free and normalized to a total of 100 wt.%) 
506 diagram after Le Maitre et al. (1998). B) Ba/La versus Nb/Yb. VF stands for Volcano F 
507 and shows pumice data (whole rock and glass analyses) of the 2001 eruption (Bryan 
508 et al., 2004). Based on their trace element composition, some pumice clasts may 
509 originate from volcanic sources other than Volcano F. Data compiled from Hammond 
510 (2006), Turner et al. (2012), Beier et al. (2018), and Bryan et al. (2004).
511
512
513 Tables
514

Average thickness 0.1 m 0.3 m 0.5 m
Total raft volume 0.014 km3 0.041 km3 0.068 km3

Pumice volume 8.2*106 m3 24.6*106 m3 41.0*106 m3

Dense rock equivalent 2.5*106 m3 7.4*106 m3 12.3*106 m3

VEI 2 2 3
515
516 Table 1: Estimates of raft volume, total pumice volume and dense rock equivalent assuming 
517 an initial area of the pumice raft of 136.7 km2 and the resulting VEI.
518
519

Date Origin time Lat. Lon. Depth 
[km]

Mag. 
[mb]

RMS 
[s]

Semi-major 
axis of 90% 
ellipse [km]

Semi-major 
axis of 90% 
ellipse [km]

Azimuth of 
error 

ellipse

Number of 
defining 
phases

Gap in 
azimuth 

coverage

Distance 
to closest 

station 
[degree]

Distance 
to furthest 

station 
[degree]

01.08.19 15:01:29.48 17.9316°S 174.6815°W 0.0f 4.1 0.80 29.7 20.6 152 11 143 14.42 83.03

05.08.19 09:01:01.89 18.4083°S 174.5911°W 10.0f  4.7 0.80 16.3 14.2 132 38 44 14.22 173.66

06.08.19 01:14:36.33 18.3056°S 174.6690°S   0.0f  3.9 0.77 41.2 22.7 145 8 124 41.58 147.54

06.08.19 03:14:43.55 18.2157°S 174.7027°W   0.0f  3.9 0.48 38.4 35.2 67 5 168 48.04 85.44

06.08.19 06:47:03.84 18.1820°S 174.6671°W   0.0f  4.1 0.77 28.6 16.6 138 16 124 41.64 157.12

06.08.19 10:56:21.41 18.4813°S 174.6418°W   0.0f  4.1 0.94 29.1 21.5 130 10 138 41.52 92.45

06.08.19 14:10:10.26 18.1435°S 174.6866°W   0.0f  4.2 0.85 23.7 17.8 130 20 121 41.64 157.09

06.08.19 18:31:31.14 18.6396°S 174.9092°W   0.0f  4.2 0.85 68.8 36.6 31 5 221 47.77 147.63

520
521 Table 2: Teleseismic earthquakes in the vicinity of the Volcano F in the time span 1-6 August 
522 2019. The f in column five (depth) indicates that hypocentral depths have been fixed for the 
523 location inversion but are poorly resolved. Hypocenters have been retrieved from the ISC 
524 Preliminary Bulletin (www.isc.ac.uk/iscbulletin; Bondár & Storchak, 2011).
525
526
527 Supplementary Figures
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528
529 Supplementary Figure 1: Epicenters (red stars) and ellipses circumscribing the 90 % 
530 certainty areas of location for the eight teleseismic events from the ISC Preliminary Bulletin in 
531 the period 1-6 August 2019 (Table 2). The beach ball yields the centroid-moment tensor 
532 solution for the Mb 4.7 event of which the ISC location is labelled with the id 201908050901A.
533
534 Supplementary Figure 2: Centroid-moment tensor solutions of shallow earthquakes (depth 
535 <50 km) for the period 1999-2019. The event likely related to the 6-8 August 2019 eruption of 
536 Volcano F is marked in red. ISC Preliminary Bulletin events for the period 1-6 August 2019 are 
537 provided by red stars.
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