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ABSTRACT 15 

 The May 2010 submarine volcanic crisis of the shallow South Sarigan Seamount (Marianas arc) 16 

ended on May 29 by a violent explosion that emitted a 12 km high atmospheric plume and created a crater 17 

350 m in diameter. The application of the multiphase localization method to the Pg, P, T phases of this 18 

explosion allows us to refine considerably (mainly based on the intense and impulsive T phases) the 19 

location of their source, that fits the position of the newly-formed South Sarigan crater. We highlight the 20 

numerous similarities of this final explosion with artificial underwater explosions (conventional or nuclear 21 

tests of known energy). Especially, the explosive nature of the source in the volcanic basement is 22 

confirmed by the similarity of the P phases with those of underground nuclear tests and the application of 23 

discriminating criteria Ms – mb. The explosive nature of the source in the water is also confirmedby the 24 

application of the identification criteria for hydroacoustic sources and the T phases exceptionally impulsive 25 

and of short durations. These similarities allow us to provide a rough evaluation of the energy released by 26 

the South Sarigan final explosion using the methods commonly applied to man-generated explosions. We 27 

estimate a minimal released energy of 1 kt (4.2 x 1012 J) for the seismic effects of the shock and ca 1 t of 28 

equivalent TNT (i.e. 4.2 x 109 J) for the hydroacoustic effects of the explosive source in the water. The 29 

processes leading to this final explosion are discussed on the basis of the sequence of the earlier seismic 30 

and eruptive events. Within the Comprehensive Nuclear-Test Ban Treaty framework, this explosion that 31 

affected concomitantly the solid, liquid and subaerial media is the first well documented one having 32 

generated intense waves: (P), hydroacoustic (T), acoustic (infrasounds) and tsunamis. 33 

 34 
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 38 

1. Introduction  39 

Nuclear or chemical explosions have been extensively used to establish relationships between the 40 

energy of the charge and the characteristics of the direct arrival of generated signals. Cole (1960) and 41 
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Willis (1963) have shown that the spectral properties of hydroacoustic signals recorded even at long 42 

distances can be traced back to the energy of the explosive source. Weston (1960) measured differences 43 

between the acoustic source levels of various size charges, while Chapman (1988) studied specifically the 44 

effects of small shallow explosives charges using data recorded in far field. The amplitude of the seismic P 45 

phases is also related to the energy of an explosion, and nuclear experiments have been used to 46 

establish relationships between the mb magnitude and the nuclear yield (Marchal et al., 1979; Bache, 47 

1982), after adjustment of site effects. The ratio of magnitude mb / Ms has also been used effectively as a 48 

discriminator between explosions and earthquakes (Liebermann and Pomeroy, 1969; Murphy and Mueller, 49 

1971; Aki et al., 1974; Murphy and Baker, 2001). Although natural explosions, usually of volcanic origin, 50 

are often very complex, some authors tried to determine their energy (Newhall and Self 1982; Weston 51 

1960; Prejean and Brodsky, 2011; Mason et al., 2004; Crosweller et al., 2012). The May 2010 final 52 

explosion of South Sarigan submarine volcano is particularly interesting because it has been recorded in 53 

various physical domains, a feature which allows us to compare the different methods of energy 54 

estimation, and to study the physical coupling of the source. 55 

Submarine explosive volcanism is less common and much less well understood than its 56 

subsubaerial equivalent (Zimanowski and Butter, 2003; Rubin et al., 2012). Direct observation during ca 57 

13 hours using Remotely Operated Vehicles (ROVs) associated with hydrophone data was carried out at 58 

NW Rota-1 volcano, Marianas Arc (location shown in Fig. 1; Chadwick et al., 2008). Usually, submarine 59 

volcanic explosions are detected from their seismic (Talandier, 2004), hydroacoustic (Talandier and Okal, 60 

1987; Dziack and Fox, 2002, Reymond et al. 2003; Talandier and Okal, 2016; Caplan-Auerbach et al., 61 

2017;   Tepp et al., 2019) and infrasonic effects (Whitaker, 1995), sometimes coupled with surface 62 

observations: discoloration of the sea (Yamamoto et al., 1991), emission of hydromagmatic plumes 63 

(Waythomas et al., 2010; Prejean and Brodsky, 2011), floating pumices (Paris et al., 2012). The May 2010 64 

underwater eruption of the South Sarigan volcano in the Northern Mariana arc (Snellen et al., 2011; Green 65 

et al., 2013; Searcy, 2013; Embley et al., 2014) was similar in many respects to those of the other Mariana 66 

arc submarine volcanoes, although it occurred at a small volcanic edifice that was not considered active 67 

before this event.  68 

Located ca 150 km north of Saipan in the Marianas arc (Fig. 1), between the small islands of 69 

Sarigan and Anatahan, South Sarigan was a poorly surveyed seamount thought to be inactive until it 70 

erupted in May 2010. Embley et al. (2007) described the regional tectonic context of this subduction zone, 71 

and the main bathymetric features of the area were mapped in 2002 and 2003 (Embley et al., 2014). 72 

South Sarigan seamount is part of a volcanic complex made of numerous andesitic cone edifices 73 

(Bloomer et al., 1989; Stern and Smoot, 1998), and its pre-eruption summit was located at depth of ca 74 

200-350 m below sea level. No hydrothermal activity was observed in this area (Baker et al., 2008). The 75 

2010 eruptive crisis started by small volcano-tectonic earthquakes on April 2, 2010 (Searcy, 2013). Their 76 

number increased until May 27, when broad-spectrum hydroacoustic events were first recorded. These 77 

events occurred more and more frequently during May 28. Figure 3 shows a histogram of the crisis based 78 



on T phases recorded by the network of hydrophones of the International Monitoring System (IMS) located 79 

north of Wake Island (H11N1). 80 

 81 

Figure 1: Bathymetric features of the Mariana Arc showing the location of South Sarigan, Saipan, 82 

Anatahan and Rota volcanoes. The bathymetry is from ETOPO-2 model (Smith and Sandwell, 1997). 83 

Contour interval 1,000 m. 84 

 85 
Figure 2: Map showing the locations of South Sarigan volcano and of the receiving stations including 86 

those of the International Monitoring System (IMS) network. 87 

 88 

From May 28 to May 29 brief and impulsive events marked the propagation of cracks during 89 

magma ascent towards the surface (Figure 4 a). On May 29, between 3 and 8 hours UTC, tremors were 90 

directly generated by the underwater explosive magmatic expansion (Figure 4 b). This activity was mainly 91 

related to an underwater eruptive process often observed in the Mariana archipelago (Dziak et al., 2005; 92 

Chadwick et al., 2006; Embley et al. 2014; Tepp et al., 2019). Such common events related to magma 93 

ascent and expansion are also documented in Hawaii (Aki and Koyanagi, 1981; Chouet, 1981), the Tahiti-94 

Mehetia Polynesian hot spot (Talandier and Okal, 1984; Talandier, 2004) and many other places. As 95 



discussed by Chouet (1992), the fluid-filled crack model can explain the radiation of resonant seismic 96 

waves, with the resonance frequency and harmonic spacing being a complex function of the geometry of 97 

the cavity and of the mechanical properties of the two mediums (inside and outside the crack) controlled 98 

by the stiffness of the crack and the impedance contrast at the crack boundary. On the basis of video 99 

observations associated with hydrophones, Chadwick et al. (2008) analysed and interpreted the 100 

underwater explosive eruptions of volcano NW Rota-1 of the Mariana arc. The eruptive bursts recorded by 101 

a hydrophone located 100 m away from this volcano were similar to the tremors, shown in figure 4b, of a 102 

sequence recorded by the Wake Island far-field hydrophone H11N1. In both cases, many shaking 103 

sequences lasting 2 to 3 minutes and characteristic of explosive underwater magmatic activity were 104 

observed. In short, the initial phases of the South Sarigan eruption were similar to the crises previously 105 

described for the submarine volcanoes of the Marianas archipelago (Bloomer et al., 1989; Dziak et al. 106 

2005; Chadwick et al., 2008; Anderson et al., 2017) until a paroxysmal explosion occurred several hours 107 

after the end of eruptive activity (Fig. 3). A plume of steam, gas and ash, that reached a probable height of 108 

12 km according to the United States Geological Survey (USGS), rose above the site (Green et al., 2013). 109 

This violent isolated explosion was thus not the precursor of a more or less paroxysmal magmatic activity 110 

but the final event, delayed by 3h30 with respect to the end of the T phase sequences, ending the eruptive 111 

process. Post-eruption bathymetric surveys revealed that it produced a 350 m diameter breached crater 112 

with a broad apron downslope (Embley et al., 2014). Fresh andesitic lava blocks and pumices were 113 

recovered by ROV dives in the crater wall and the downslope deposits (Embley et al., 2014). 114 

 115 

Although the seismic, hydroacoustic and acoustic (infrasonic) effects of the South Sarigan 2010 116 

crisis have been thoroughly investigated (Green et al., 2013; Searcy, 2013), the numerous similarities of 117 

the violent explosion that ended it with artificial underwater explosions (conventional or nuclear tests) have 118 

not been highlighted. The aim of the present paper is to document these similarities, and to show that they 119 

enable a rough evaluation of the energy released by the South Sarigan explosion using methods 120 

commonly applied to man-generated explosions. In addition, this event, exceptional because of its energy 121 

and range of mediums (solid, liquid and subaerial) simultaneously involved allows us to test the main 122 

criteria of detection and identification of oceanic explosive sources. 123 

 124 



Figure 3: Histogram of the South Sarigan crisis based on records of the H11N1 (Wake IMS network) a 125 

very sensitive and well located hydrophone to monitor this underwater volcano. The events located by the 126 

ISC are shown in green with their magnitude (scale on the right). About 2,000 events have been selected. 127 

The brief and impulsive events (amplitude greater than 2 Pa and duration less than 3 s.) from the 128 

propagation of cracks during magma ascent towards the surface are shown in red (bottom left), and the 129 

tremors directly generated by the May 29th submarine eruption in blue (bottom right). Examples of these 130 

two types of events are shown in figures 4a and 4b (See Section 2.2 for details on event 131 

detection/classification).  132 

 133 

         134 
Figure 4: Typical examples of H11N1 (Wake IMS network) hydrophone records. a: Series of times and 135 

frequency spectra of a typical sequence corresponding to short and impulsive T phase (Figure 3). These 136 
very short signals (crack opening) were accompanied by continuous tremors (due to the difficult ascent of 137 

magma through cracks) with a maximum energy of c. 3.2 Hz. b: Tremors generated by the submarine 138 
eruption were similar to eruptive bursts recording of a hydrophone located 100 m away from the source of 139 

NW Rota-1 (Chadwick and al., 2008). 140 
 141 

2. Waveform data and analysis 142 

 2.1. Seismic data and refined source location of the May 2010 paroxysmal explosive event 143 

 144 

a 

b 



From the Pg, Pn, P and T phases recorded by numerous seismic or hydroacoustic stations in and 145 

around the Pacific Ocean, we carried out a multiphase location procedure (Talandier et al., 2002; 146 

Reymond et al., 2003; Talandier, 2004; Talandier and Okal, 2004) mainly based on the T phase data, that 147 

are in greater number and of better quality than the others. The adjustment of the epicentre uses a 148 

variable sound-speed in the channel SOFAR and the travel time takes into account the mean velocity 149 

along the path of the wave. Sound-speeds were defined according to the Levitus table which provides an 150 

annually-average speed by square of 1 degree. Figures 6 and 7 show these recordings of T phases (from 151 

the paroxysmal explosion of 29 May at 10:47 UTC) as (1) time records allowing precise determination of 152 

the times of arrival (lower diagram), (2) spectrograms showing the level (in dB by steps of 4 dB) of the 153 

spectral amplitude as a function of time (upper diagram) and finally (3) frequency spectra of the whole 154 

sequence in a linear scale (on the right). High-pass filtering improved the signal to noise ratio by 155 

eliminating the components lower than 2 Hz that are not propagated in the SOFAR channel. A correction 156 

taking into account the difference in travel time in the liquid and solid mediums was finally applied using a 157 

refined model of Hawaii (Hill, 1969; Watts and ten Brink, 1989). Two locations were finally obtained:  158 

• with the T phases only (35 arrival times): 16.591° N, 145.764° E, at 11:47:46.79 UTC, Rms: 1.34;  159 

• with the whole data (56), including 35 T phases (distances to the source of 2060 to 8300 km), 18 160 

P (distances to the source ranging from 2,300 to 10,600 km) and 3 Pg or Pn (distances to the 161 

source of 12, 28 and 350 km): 16.596° N, 145.766° E at 11:47:47.90 UTC, Rms: 1.33.  162 

The precision of the latter location was investigated through a Monte Carlo algorithm by carrying 163 

out a large number of relocations after injecting Gaussian noise with standard deviation σG into the 164 

dataset. We took σG = 1.3 corresponding to the standard deviation of the residuals broad value taking into 165 

account the quality of the data and association of Pg, Pn, P and T phases. The results for 1,000 iterations 166 

are shown in figure 5. The solution is remarkably robust, with a 1.5 km axis of the best-fitting ellipse. The 167 

location of this well constrained epicentre does not differ significantly from that deduced from the T phases 168 

only, a feature suggesting that the emission point of the T phases is very close or identical to the source of 169 

the seismic phases. Figure 5 shows that it corresponds closely to the volcanic edifice located c. 13 km 170 

south of Sarigan island. The best-fitting ellipse includes the crater shown in the National Oceanic and 171 

Atmospheric Administration (NOAA) post-eruption multibeam bathymetric map (Searcy, 2013) and 172 

considered as generated during the 2010 eruption (Embley et al., 2014). Although carried out with a large 173 

number of Pg, Pn and P phases, the locations of the International Data Center (IDC), National Earthquake 174 

Information Center (NEIC) and International Seismological Center (ISC) are c. 35 km away from the South 175 

Sarigan crater. This demonstrates the superiority of multi-phase locations in oceanic environments, with a 176 

preponderance of T phases combining a low propagation speed with exceptional detection power. 177 



 178 

Figure 5: Multiphase location (56 Pg, Pn, P and T data) of the South Sarigan explosion shown as a red 179 

star on the bathymetric map of Embley et al. (2014). The epicentre position is well constrained with a 180 

major axis of the best-fitting ellipse (yellow) of approximately ± 1.5 km. The red circle marks the eruption 181 

site according to Embley et al. (2014). The red arrow indicates the direction of the point of reflection of the 182 

hydroacoustic wave on a seamount located c. 7 km north of this site. 183 

 184 

2.2. Hydroacoustic data 185 

Together with the channelling efficiency of the Sound Fixing and Ranging (SOFAR) channel, the 186 

all but negligible anelastic attenuation in the water column makes for an exceptionally efficient 187 

transmission of T phase energy at teleseismic distances and thus results in superb detection capabilities 188 

(Talandier and Okal, 1998; 2016) ) for natural or artificial explosions, earthquakes, volcanic activity 189 

(Talandier and Okal, 1984; 1987), hydrothermal activity (Talandier and Okal, 1996) and iceberg drifting 190 

(Talandier et al., 2002; 2006). In such cases, T phases can be recorded either by island seismic stations 191 

after conversion of the acoustic wave to seismic wave on the underwater slopes or by hydrophones 192 

wetted in the SOFAR channel. In this paper, all displayed records were corrected for the instrumental 193 

response and a high-pass filter improving the signal/noise ratio by eliminating the components lower than 194 

2 Hz that are not propagated in the SOFAR channel. The location of the Wake network hydrophones is 195 

shown in Figure 2 (HA11 North and South triplets). Their mooring depth (1,200 m) is close to the axis of 196 

the SOFAR channel. The sampling frequency is 250 Hz with high recording dynamics (Lawrence, 2004; 197 

Harben and Hauk, 2010). Masked by a seamount, the southern network (H11S) recorded poorly the 198 

hydroacoustic waves of the South Sarigan explosion (Green et al., 2013). We will therefore use only the 199 

recordings from the northern network (H11N) from which all the recordings of the crisis have been 200 

acquired. About 2,000 events of amplitude greater than 2 Pa were selected.  201 



 202 

2.2.2. Paroxysmal explosion of 11:47 UTC 203 

 204 

The record of the T phase of the 11:47 UTC paroxysmal explosion by the network hydrophone 205 

H11N1 is shown in Fig. 6. Three well defined arrivals were separated by 5 to 6 s. The first one (a), of small 206 

amplitude, was related to an initial propagation in the solid medium towards a point of remote conversion 207 

of the source. It was followed by the direct T phase (b), and then by a wave (c) reflected on a seamount 7 208 

km north of the epicentre (red arrow in Fig. 5). The poorly defined start of the waves (a) and (c) does not 209 

allow us to show a change of azimuth of these two phases relative to the main wave (b). A zoom on the 210 

direct T phase (Fig. 7) shows a short and intense a short and intense T phase (1700 Pa) whose growth on 211 

a split second characterizes an impulsive and fast source. As discussed below (see Fig. 14), the 212 

amplitude growth is exceptionally fast relative to the average T phase from underwater explosions. At 213 

2,300 km a beginning inverse dispersal of frequency (i.e. decreasing frequency variation as a function of 214 

time: Talandier and Okal, 2016) is observed. We note the contrast between this very high amplitude (1700 215 

Pa) of the T phase generated by the final paroxysmal explosion and those corresponding to the explosive 216 

magmatic activity in Figure 4b (60 Pa). The T phase recorded by the seismic station of Canton Island 217 

(KNTN) also displays direct and reflected waves (Fig. 8), separated by a 5 s gap similar to that recorded 218 

by the Wake hydrophone. At more than 5,000 km away, the inverse frequency dispersal characteristic of 219 

an explosive source (Talandier and Okal, 2016) is well developed. 220 

 221 

Figure 6: Example of standardized processing of T phase record of the 11:47 paroxysmal explosion. The 222 
bottom plot shows a 30 s window of the pressure time series. The frequency spectrum of the whole 223 

sequence is shown to the right of the main plot, which is a spectrogram representation of the distribution 224 
of spectral amplitudes as a function of time and frequency. The colour coding is logarithmic, with the key 225 

(in decibels relative to the most energetic pixel) given at bottom right. Three well defined arrivals were 226 
separated by 5 to 6 s. The first one (a), of small amplitude, was related to an initial propagation in the solid 227 
medium towards a point of remote conversion of the source. It was followed by the direct T phase (b), and 228 

then by a wave (c) reflected on a seamount 7 km north of the epicentre (red arrow in Fig. 5). As for the 229 
other figures, the azimuth is that of the source to the receiver deduced from their locations. 230 



 231 
Figure 7: Zoom on the T phase of figure 6 whose growth on a split second characterizes an impulsive and 232 

fast source. The amplitude growth is exceptionally fast relative to the average T phase from underwater 233 

explosions (see Fig. 14 below). At 2,300 km a beginning inverse dispersal of frequency is observed 234 

(Talandier and Okal, 2016). 235 

 236 

 237 
Figure 8: The T phase of South Sarigan explosion recorded at Canton (KNTN) seismic station. High-pass 238 

filtering improves the signal/noise ratio by eliminating the components lower than 2 Hz that are not 239 

propagated in the SOFAR wave guide. The direct and reflected waves identified on the hydrophone of 240 

Wake are separated by the same time gap (5 s). At more than 5,000 km the inverse frequency dispersal is 241 

well developed. 242 

 243 

 244 

 245 

 246 

 247 



 248 
Figure 9: T phase of 11:59 UTC explosion. The slightly higher difference (relative to the 11:47 explosion) 249 

between the direct and reflected waves on the seamount north of South Sarigan may indicate that the 250 

11:59 explosion occurred further away, but this hypothesis cannot be confirmed because of its poorly 251 

constrained location.  252 

 253 

2.2.2. Explosion of 11:59 UTC 254 

 255 

The H11N1 T phase record of the 11:59 UTC explosion that followed the 11:47 paroxysmal 256 

explosion is shown in Figure 9. Although it is clearly identified as an explosion, its location is poorly 257 

constrained based on only 12 data (P & T) with a major axis of the best-fitting ellipse of ± 3.0 km, (16.605° 258 

N, 145.756° E at 11:59:02.44 UTC) and therefore cannot be differentiated from that of the 11:47 using 18 259 

P and 35 T phases. Rather emergent, the beginning of the corresponding T phase suggests a source less 260 

fast and impulsive than the 11:47 explosion. The fact that only a few stations recorded this 11:59 event 261 

suggests a much lower energy release compared to the 11:47 paroxysmal explosion, and being isolated it 262 

cannot be associated with eruptive activity. It might correspond to a small phreatomagmatic explosion, but 263 

this hypothesis is presently not supported by other kinds of informations.  264 

 265 



 266 
Figure 10: Infrasound recording at I39H3 station of Palau IMS network, 1,580 km away from South 267 

Sarigan. High-pass filtering improves the ratio signal noise by eliminating the components lower than 0.03 268 

Hz. Infrasound sequences of long duration (50 minutes) are constituted by multiple tropospheric and 269 

stratospheric arrivals. 270 

 271 

2.3. Infrasound data 272 

 273 

Palau Island IMS network, located 1,580 km ESE of South Sarigan, recorded the infrasounds of 274 

the paroxysmal explosion, that were studied in detail by Green and al. (2013). Their 50 minutes long 275 

sequence (Fig. 10) is constituted by more or less overlapping multiple arrivals, in agreement with the 276 

results of Fee et al. (2013) who showed that distant infrasound records involve multiple tropospheric and 277 

stratospheric inseparable arrivals. Infrasound related to three explosions of the subaerial Kasatochi 278 

volcano (Prejean and Brodsky, 2011; Arnoult et al., 2010; Fee et al., 2010) were recorded by I53 station in 279 

Alaska and I44 station in Kamchatka located 2,150 and 1,730 km away from the source, respectively.  280 

 281 

2.4. Tsunamis 282 

 283 

The Saipan tide gauge located 156 km south of the explosion site recorded two successive 284 

tsunamis (Fig. 9). The first one occurred at 12:15 UTC, and was characterized by a period from 15 to 30 285 

min, an amplitude of 3 cm and a propagation time of 28 minutes compared to 25 minutes for the 286 

simulation shown in Figure 13. This 3 minutes difference may be due either to a short delay in the 287 

formation of the tsunami after the explosion (the triggering of the tsunami was likely not instantaneous 288 

and, although negligible at long ranges, this time must be taken into account for a receiver located at only 289 

156 km away from its source) and/or to an error introduced by too coarse a computing grid. 290 

A second tsunami occurred 01:45 hour after the explosion, at 14:00 UTC, with an amplitude (6 291 

cm) and periods (30 to 40 minutes) greater than those of the first one, but was not correlated to any 292 

acoustic, hydroacoustic or seismic signal except a probably superficial seismic wave of weak amplitude 293 

and low frequency (0.5 Hz and almost monochromatic, Fig.12), recorded in the immediate vicinity of the 294 



eruption site (SARN at 13 km). Exceptionally long periods for a tsunami of such low energy and lack of 295 

high frequencies (Pg, P and T) characterize a very slow source. Slow source as in the case of tsunami-296 

earthquakes resulting from an exceptionally slow rupture velocities rupture with also marked body wave 297 

deficiency (Newman and Okal, 1998; Okal et al., 2003). Unlike those of NW Rota-1 studied by Chadwick 298 

et al. (2012), the second South Sarigan tsunami was not triggered by a submarine volcanic eruption, and 299 

therefore might rather be considered as an indirect consequence of the 11:47 UTC paroxysmal explosion.  300 

,       301 

 302 

Figure 11: Records of Saipan tide gauge, 156 km away from the explosion, filtered between 360 and 303 
6,000 s. The original records are shown in the bottom (right) plot. Two tsunamis with well-defined arrivals 304 

at 12:15 and 14:00 UTC, respectively, were observed. The first one was well correlated with the 11:47 305 
UTC explosion and was probably a direct consequence of this event. The second one, of greater 306 

amplitude and periods than the first, was not correlated with any hydroacoustic signal. However, a seismic 307 
wave of weak amplitude and low frequency (0.5 Hz and almost monochromatic), probably a superficial 308 

wave, was observed in very near field (SARN, 12 km away from the source; see Fig. 12).  309 

 310 



Figure 12: Seismic signals of SARN (Sarigan island), located 13 km away from the source of the 14:00 311 
UTC tsunami. After correcting for the instrument response of the seismic chain the bandwidth is extended 312 
until a period of 0.1 Hz. a: signal sequence filtered between 0.2 and 4.0 Hz (in red) and noise spectra (in 313 
blue); b: time series filtered between 0.2 and 4.0 Hz; c: time series filtered between 0.4 and 4.0 Hz. The 314 

superficial wave at 0.5 Hz is clearly above the microseismic background noise. 315 
 316 

 317 
Figure 13: Simulation of the propagation of the first South Sarigan tsunami (10 minutes isochrons). We 318 

note the high incidence of islands and seamounts. The modelled propagation time is 25 minutes 319 
compared to 28 minutes for the time observed. This difference of 3 minutes may be due to the delay in the 320 

formation of the tsunami and by using too coarse a computing grid. 321 
 322 

3. Yield estimation and tentative explosion scenario 323 

 324 

 3.1. Identification criteria for the source of T phases  325 

 326 

The enforcement of the Comprehensive Nuclear-Test Ban Treaty (CTBT) requires the monitoring 327 

of acoustic sources in the oceans in order to detect underwater explosions. Criteria of identification of the 328 

nature of the sources of the T phase are described in several papers based on the Polynesian Seismic 329 

Network (RSP) data (Talandier and Okal, 1987, 2001; Reymond et al., 2003; Talandier and Okal, 2004; 330 

Talandier et al., 2013; Talandier and Okal, 2016). These criteria can be applied to records from both 331 

hydrophones and "T phase" seismic stations. In the time domain, and in addition to the classical duration-332 

amplitude discriminant, we use a catalogue of reference envelopes to which a signal can be directly 333 

compared by cross-correlation algorithms. In the frequency domain, we use several methods including the 334 

study of the decay of spectral amplitude with frequency (both in terms of a power law, and of 335 



smoothness), and the evolution of the duration of the signal when corrected using an empirical 336 

compensation of any frequency dispersion present in its Fourier spectrum. The combination of these 337 

methods provides a precise identification of the nature of all sources with reference to a large dataset of 338 

more than 300 signals. The paroxysmal explosion of May 29th, 2010 at South Sarigan is exceptional 339 

because of its energy and the fact that it affected at the same time solid, liquid and subaerial media. 340 

Therefore, it gives us the opportunity to apply these criteria to the T phases of South Sarigan recorded by 341 

the Wake hydrophone H11N1 and KNTN seismic station. In order to illustrate the application of these 342 

criteria, in addition to the treatment of the the South Sarigan explosion T phases records of stations 343 

H11N1 (Fig. 14) and KNTN (Fig. 15) we show in figure 16 that of an artificial underwater explosion.  344 

(a) Duration-amplitude criterion (Talandier and Okal, 1987, 2001, 2016):  345 

 We measure the maximum eMax of the envelope of the ground velocity recorded in the T phase 346 

at the receiving station (in μm/s) and the duration τ1/3 during which the envelope is sustained at or above 347 

1/3 of eMax (in seconds).  348 

The quantity    D0 = log10 eMax – 5.0 log10 τ1/3 + 4.53    (1) 349 

can act as a discriminant effectively separating explosions (D0 > 0) from earthquakes (D0 < 0). 350 

If, after application of the other criteria, there is still doubt concerning the identification of the 351 

source, a more complex relationship involving measurement of duration before and after compensation of 352 

inverse frequency dispersion may be used. In the present case, the different criteria converge to identify 353 

the South Sarigan event as an explosive source. As shown on figures 14 and 15 the D0-values of 1.6 and 354 

3.6, respectively for hydrophone H11N1 and KNTN seismic station, clearly identify an underwater 355 

explosion.  As shown in Figure 16, these results are consistent with the D0-value of 3.3 obtained for the 356 

artificial Vanvouver underwater explosion (Talandier and Okal, 2004).  357 

(b) Identification of frequency dispersal inversions (Talandier and Okal, 2016):   358 

The T phase station records from explosive sources in the water column feature a systematic 359 

inverse dispersion, with lower frequencies traveling slower, which is absent from signals emanating from 360 

other sources. We have developed an algorithm to compensate this frequency dispersion. Associated with 361 

amplitude growth, the duration measurement on the signal envelope before and after compensation 362 

identifies explosive sources. In figures 14 to 16, decrease in duration and increase in amplitude effectively 363 

identifies an explosive source. 364 

(c) Reference envelope and time of rise (Talandier and Okal, 1987, 2001):  365 

This criterion is based on the measurement of the maximum of the envelope of the ground velocity 366 

recorded in the T phase at the receiving station and the duration 1/3 during which the envelope is 367 

sustained at or above 1/3 of this maximum. Four reference envelopes can be considered: i) subduction 368 

zone earthquake, ii) intraplate-type earthquake iii) explosive event during a volcanic swarm, and iv) 369 

artificial underwater explosion. In figures 14 to 16, the envelope of the T phase is shown in green (or in red 370 

in Figs 14a, 15a and 16a), while the reference envelope for an artificial underwater explosion is shown in 371 

blue. The width of the South Sarigan T phase envelope is smaller than that of the artificial reference 372 



envelope and its amplitude growth (red dotted line) is clearly faster. Therefore, the source of the South-373 

Sarigan event is typically explosive and at least as impulsive and fast as those of artificial underwater 374 

explosions.  375 

(d) Study of the decay of spectral amplitude with frequency (Reymond et al., 2003):    376 
  377 

Both in terms of a power law r² and of smoothness �, earthquakes and explosions can be 378 

discriminated on the basis of the variation with frequency of the spectral amplitude of ground velocity. A 379 

dataset of 206 records indicates that for most explosions � < 1.4, while most earthquakes have � > 1.5. 380 

Moreover, the correlation coefficient r² is generally smaller than 0.7 for most explosions, and greater than 381 

0.75 for most earthquakes. However, the r² coefficient is essentially conditioned by the presence or 382 

absence of bubble pulsation, i.e. modulation of the frequency spectra by contractions and dilations of a 383 

bubble during its ascent towards the surface of the ocean (Cole, 1948; Wielandt, 1975), as illustrated by 384 

the artificial explosion (Fig.16). The rather regular shape of the South Sarigan spectra is inconsistent with 385 

a bubble effect. This conclusion is consistent with the lack of any bubble-generated peak in the 386 

hydrophones H11S1 and H1N1 records as well as in the KNTN seismic station data. The source of South 387 

Sarigan event being impulsive and fast, the observed strong spectral decay would be in agreement with a 388 

large size volcanic source rather than a punctual man-made underwater explosion. 389 

 390 

In short, the application of various discrimination criteria used for hydroacoustic sources to the T 391 

phase generated by South Sarigan event of 11:47 UTC leads to the obvious conclusion that it derived 392 

from an impulsive source, similar in many respects to a submarine shot. The natural (i.e. volcanic) origin 393 

of this underwater explosion of strong energy not contained in the water is consistent with the absence of 394 

pulsation of a bubble and the deficiency of high frequencies relative to the frequency spectra of the T 395 

phases of submarine shots. 396 

 397 

 398 



Figure 14: Application of identification criteria to the H11N1 T phase of the South Sarigan paroxysmal 399 
explosion. The amplitudes of the direct T phase are normalized at a distance of 3,000 km. 400 

a) Duration-amplitude criterion: plots of the time series within the reference envelope, showing the 401 
maximum peak-to-peak amplitude (left) and the duration measured on the envelope at the third of its 402 

maximal amplitude (top right). 403 
b) Identification of the dispersal inversions of frequency: plots of the signal compensated for a possible 404 

dispersal of frequency, showing maximum peak-to-peak amplitude after compensation (left), the 405 
relationships between the amplitude before and after compensation (top left) and the duration after 406 

compensation (top right). 407 
c) Criterion of the reference envelope and the time of rise: plots of the signal envelope and the reference 408 

envelope adjusting at best, showing the time measure of rise (on top and left) and the event category 409 
corresponding to this criterion (top right). The reference envelope for explosive sources is shown in blue, 410 

and that of the South Sarigan T phase in green or red. The width of the South Sarigan envelope (in green) 411 
is smaller than the smaller explosion reference envelope, and the amplitude growth of the South Sarigan T 412 

phase (red dotted line) is clearly faster than the reference one. 413 
d) Study of the decay of spectral amplitude with frequency: α denotes a power law, and r2 the 414 

smoothness. The high value of the coefficient r² denotes the lack of bubble pulsation. 415 
 416 

 417 
Figure 15: Application of identification criteria to the KNTN seismic T phase recording of the South 418 

Sarigan paroxysmal explosion. Conventions as in figure 14. With respect to the recording of hydrophone 419 
H11N1, the amplitude ratio before/after compensation and amplitude growth are higher (Figs 15a and 420 

15b) due to a greater distance to the source. This criterion is also fulfilled for higher rise time and duration 421 
(Fig. 15c). The high value of the r² coefficient shown in figure 15d is also consistent with a lack of bubble 422 

pulsation. 423 



 424 
Figure 16: Application of identification criteria to seismic station T phase of the Vancouver artificial 425 

explosion of 1,000 kg of TNT. Conventions as in figure 14. The data shown in figures 16 a, b and c are 426 
typical of an explosive source similar to that of the South Sarigan explosion. However, the low value of the 427 

r² coefficient (Fig. 16d) indicates the occurrence of a bubble pulsation effect, phenomenon that is not 428 
documented for the South Sarigan explosion (Figs 14 and 15). 429 

 430 
3.2. Application of discriminating criteria Ms versus mb 431 

 432 

The application of the discriminating criteria magnitude Ms versus mb distinguishes the explosive 433 

and seismic sources (Aki et al., 1974). The magnitude mb deduced from the body P phases corresponds 434 

to the portion of elastic energy diffused in the solid medium. The magnitude Ms characterizes the 435 

superficial waves channeled into the earth's crust and upper mantle.  436 

Different formulations have been proposed depending on the nature of the explosion environment 437 

(Liebermann and Pomeroy, 1969; Murphy and Mueller, 1971; Murphy and Baker, 2001). We will focus on 438 

the most recent one by Selby et al. (2012) and Ford and Walter (2014) who define a boundary separating 439 

seismic sources from explosive sources: 440 

   441 

Ms< mb – 0.64    (2) 442 

This relationship yields a magnitude of mb = 4.7 (ISC) and Ms = 3.6 when applied to the South 443 

Sarigan explosion, and therefore supports the explosive nature of its source. 444 

 445 

3.3. Estimation of released energy from seismic data with reference to nuclear tests 446 

 447 

The explosion of South Sarigan volcano was initially reported as an earthquake by the IDC, USGS 448 

and NEIC. However, rather than a double couple seismic source, the similarity of the P phases with those 449 

of underground nuclear tests and the application of identification criteria for sources of T phases identifies 450 

without ambiguity an explosive source, at least as impulsive and as fast as a man-made explosion (Figs. 451 

14 to 16). However, many databases (Brown, 2014; Gudmundsson, 2014) and estimates of the energy of 452 



volcanic explosions (Hedervari, 1963; Mason et al. 2004; Vyacheslav et al., 2006; Rougier et al., 2018) 453 

concern explosive eruptive activity and not, such as in the case of the South Sarigan paroxysmal event, 454 

explosions clearly decoupled from the main eruptive crisis. Concerning the energies released, for 455 

instance, the subaerial explosive eruptions of Kasatochi volcano in the Aleutian Islands (Waythomas et al., 456 

2010) and Augustine in Alaska (Prejean and Brodsky, 2011) involved the emission of ash plumes 10-18 457 

km high, more or less similar to that of South Sarigan (12 km) which emerged after a transit of some 200 458 

m in the water column. Seismic Pn phases about ten minutes long were recorded only in the field near the 459 

volcanoes Kasatochi and Augustine, while a P phase only 10 seconds long was recorded in the far field of 460 

South Sarigan. Chadwick et al. (2008) and Wright et al. (2008) studied the submarine crises of Monowai 461 

volcano in the Kermadec archipelago (southeast Pacific). The T phases associated with the explosions of 462 

this volcano were clearly different from the very brief and impulsive T phase of South Sarigan (Figs 6 and 463 

7). These former sources, typical of volcanic explosions directly connected to an ongoing eruptive 464 

process, differ essentially from the violent and impulsive explosion of South Sarigan. 465 

 466 

The explosion of South Sarigan was not a precursor of a significant eruptive activity, but the final 467 

consequence, differed by 3 h 30, of such magmatic activity. This event that affected concomitantly the 468 

solid, liquid and subaerial media is presently the first well documented volcanic explosion, not associated 469 

with eruptive magmatic activity, having generated intense waves: (P), hydroacoustic (T), acoustic 470 

(Infrasounds) as well as tsunamis. The use of this exceptional event within the Comprehensive Nuclear-471 

Test–Ban Treaty (CTBT) framework needs an evaluation of the corresponding energy release. As its 472 

source was buried, only its seismic effect could be representative of the released energy. The P phases 473 

recording of the South Sarigan paroxysmal explosion is shown in Fig. 17. Its frequency spectrum, 474 

characterized by a relatively impulsive onset and short duration (10 s), is typical of an explosive source 475 

(Talandier and Okal, 1987, 2001, 2016). Its magnitude, 4.7 < mb < 4.8, deduced from the P phases by the 476 

ISC and NEIC, plots within the range of those of underground nuclear tests. Therefore, this feature allows 477 

us to use relationships previously established for estimating the energy released by underground nuclear 478 

explosions from their seismic effects, with all the reservations implied by the different nature of the 479 

volcanic source. Note that the formalism of Newman and Okal [1998] would allow us to estimate the 480 

elastic energy of these phases P but we do not have a similarity law to deduce the total energy released 481 

by the source. 482 

 483 

On the basis of 39 events concerning the most known test sites and their type of host rocks, 484 

Marchal et al. (1979) and Bache (1982) defined low and high limits of magnitude versus yield 485 

relationships:  486 

mbb = 0.73 log(E kt) + 4.38  (3) 487 

and 488 

  mbh = 0.77 log(E kt) + 4.08  (4)     489 

 490 



With mb = 4.7 we obtain 2.7 kt with (2) and 6.4 kt with (3). The average value of 4 kt nuclear blast 491 

is equivalent to 2 kt of TNT. 492 

However, as the phenomenology of the South Sarigan volcanic explosion is clearly different from 493 

that of a chemical or nuclear explosion, the above result must be amended. Schematically, three forms of 494 

energy need to be taken into account for an underground explosion: mechanical energy that fractures and 495 

crushes the medium; elastic energy that is propagated in the Earth; and finally dissipated thermal energy. 496 

The mechanical and seismic effects induced by the shock are identical in the natural and artificial cases; 497 

according to several authors (e.g. Cole, 1948), they represent half of the total released energy. The other 498 

half corresponds to thermal effects trapped within the fireball that are of course much weaker for a 499 

volcanic explosion. Therefore the energy contained in the shock linked to South Sarigan explosion can be 500 

evaluated to about 1 kt (corresponding to energy of 4.2 x 1012 J on the basis of 4.2 x 103 J/g). 501 

This conservative evaluation is probably on the low side of the energy range involved. Indeed, 502 

South Sarigan explosion was certainly much shallower than most underground nuclear explosions. 503 

Murphy and Mueller (1971) showed that the elastic energy efficiencies increase with the depth of burial 504 

according to a law of the form h0.72. This could imply an underestimation of our result by a factor of 2 or 3. 505 

Moreover, the young and shallow andesitic volcanic bedrock of South Sarigan is probably more 506 

heterogeneous and less coherent than those of nuclear test sites, a feature that moves in the same 507 

direction. Finally, the proposed estimate relates only to the portion of released energy corresponding to 508 

the observed seismic effects. It does not take into account the hydroacoustic effects and the violent 509 

ejection of materials into the water column and the atmosphere. 510 

 511 
Figure 17: P phase record of the South Sarigan paroxysmal explosion (Beam forming on 17 stations of the 512 

Yellowknife network). The microseismic noise is shown in green. See text for explanations. 513 

 514 

3.4. Evaluation of hydroacoustic effects with reference to T phases of artificial underwater 515 

explosions 516 

 517 



Taking into account a wide range of artificial underwater explosions, among which the ITRI 518 

experiment (in 1968: 340 t) in the Aleutian Islands, and the CHASE series of 5 explosions (ranging from 519 

53 to 346 t) in 1969 and 1970 off Vancouver Island (Talandier and Okal, 2004; Talandier, DASE/LDG 520 

Hydroacoustic seminar, May 2008), we concluded in a progress in Wc1 for the relations connecting the 521 

intensity of the hydroacoustic signals with the charge of these explosions. The value of c1 = 0.65 is 522 

consistent with the theoretical study of Wielandt (1975) who described explosions in terms of 'volume of 523 

the source', a parameter that varies with time. 524 

The regression of our data leads to the following relationship between hydroacoustic signals and 525 

the order of magnitude of explosive charges: 526 

 527 

  log (Amp) = c1 x log (Cha) – c2 + log ( Pro / 200 )  (5) 528 

 529 

The charge (Cha) is in kg of equivalent TNT, the amplitude (Amp) in μm/s peak to peak 530 

normalized at a distance of 3000 km and (Pro) the depth of the explosion in m. However, if the coefficient 531 

c1 characterizing the slope of the regression line is well defined, conversely, depending on the dataset 532 

used, the coefficient c2 can be scattered. Therefore, we will take into account its lowest and highest 533 

values, which lead us to obtain an order of magnitude of the energy released. 534 

 535 

For the explosion of South Sarigan we obtain: 536 

 537 

Station Distance (km) Azimut (°) Amplitude (µm/s) Charge (kg)  Charge (kg) 

    c2b = 0.60  c2h =1.1 

KGM  2165 304  18 383 2252 

WAKE 2230 79 15 302 1777 

KNTN 5106 111 7 267 1568 

BNB 8055 39 6 356 2093 

   Mean 327 1923 

 538 

 The distribution of azimuths does not highlight any directive effect of the source. However, as the 539 

efficiency of the acoustic/seismic conversion is dependent from numerous factors (e.g. the position of the 540 

station with respect to the coast and the submarine slope dip), the scatter is rather large. We will retain an 541 

average value of about 1000 kg of equivalent TNT. However, given the very high intensity (1700 Pa) of 542 

hydrophone recordings at H11N (Figures 6 and 7), this value of 1000 kg seems to be underestimated. 543 

This disagreement between the amplitudes of seismic and hydrographic stations is partly due to the very 544 

impulsive beginning of the T phase involving high frequency components that seismographs cannot 545 

record.  546 

  547 



The hydroacoustic effects of the South Sarigan explosion are therefore similar to those of man-548 

made underwater explosions of ca 1t equivalent TNT, i.e. one thousand times smaller than the energy 549 

deducted from the P phase (1 kt). Two successive stages must therefore be considered. The first (and by 550 

far major one from the point of view of energy release) occurred in a shallow magmatic chamber. Its 551 

strong magnitude (ISC 4.7, NEIC 4.8) was similar to those of underground nuclear explosions. The 552 

second stage occurred when the internal pressure exceeded the resistance of the top roof of the 553 

submarine volcano. The rise of amplitude in a fraction of a second of the T phase on the Wake 554 

hydrophone and its duration lower than one second are consistent with a very strong and violent 555 

decompression. We found no other example in distant field of such a brief and impulsive T phase. 556 

 557 

 558 

 559 

 560 

 561 

 562 

 563 



564 

565 

 566 

Figure 18: The three tremors observed at UTC 11:39:20, 11:43:41 and 11:46:31 (respectively 08’ 27”, 04’ 567 
06” and 01’ 15” before the explosion). Following a 3 h 30’ gap of any observable activity, they were clearly 568 

different from those directly generated by the submarine explosion (Fig. 3). The rather intense first one 569 
was associated with some small punctual explosive events. The second one was characterized by an 570 

almost linear frequency increase from 5.5 to 10.5 Hz in 120 s. The last one, very close to the final 571 
explosion, could indicate a weakening of the cavity roof. 572 



 573 

3.5. Explosion process: a tentative scenario 574 

 575 

A very specific tremor, characterized by an almost linear frequency increase from 5.5 to 10.5 Hz in 576 

120 seconds (Fig. 18) occurred four minutes before the explosion and 3 h 30 after a full cessation of 577 

observable activity. Similar sliding frequency tremors preceding explosive eruptions have been studied by 578 

Jellinek and Bercovici (2011), and observed in Soufriere Hills, Montserrat (Powell and Neuberg, 2003), 579 

Arenal, Costa Rica (Lesage et al., 2006) and Redoubt, Alaska (Hotovec et al., 2013). However, major 580 

differences between these tremors and those of South Sarigan lie in their exponential variations of 581 

frequency on long durations, (10 to 20 minutes), and the presence of harmonics, while in South Sarigan 582 

the frequency sliding was almost linear and of clearly shorter duration (2 minutes) without any detectable 583 

harmonic. All proposed mechanisms (Powell and Neuberg, 2003; Lesage et al., 2006; Hotovec et al., 584 

2013) involve an increase in pressure prior to the explosion, with three possible origins: magmatic push, 585 

important degassing and evaporation linked to magma/water interaction. 586 

Because of the confinement, the last hypothesis seems unlikely in the South Sarigan case 587 

(Searcy, 2013). The resonance of a magma-gas mixture within either of a magmatic large chamber or 588 

conduit relatively near the surface of this submarine volcanic edifice (Dziak and Fox, 2002) seems more 589 

pertinent. If a gas-bearing cavity is compressed by slowly-rising magma, such a tremor-generating 590 

process would continue until magma ascent stops, interrupting the tremor but provoking then a strong 591 

increase of the constraints in the roof rocks, causing their break and the paroxysmal explosion. In 592 

agreement with the chronology and characteristics of the three tremors which immediately preceded the 593 

explosion (Fig. 18), we propose the following scenario (time spans before explosion and UTC 594 

times expressed as hh:mn:ss) 595 

• 00:08:27; 11:39:20: Rather intense tremor (140 Pa) presenting a maximum of energy near 3 Hz 596 

with some small punctual explosions of wider spectra, thus clearly different from tremors directly 597 

generated by explosive magmatic expansion (Fig. 4b). It could either mark the onset of fissuring 598 

or be associated with the fluctuation in the gaseous flow necessary for the resonance of the 599 

submarine cavity. 600 

• 00:04:06; 11:43:41: Original tremor of gliding frequency indicative of the resonance with an 601 

increasing frequency linked to the volume change of the cavity during magma ascent. 602 

• 00:01:15; 11:46:31: Clearly different from the two former ones, this tremor very close to the final 603 

explosion could indicate a weakening of the cavity roof due to pressure increase. 604 

• 00:00:00; 11:47:47: Paroxysmal explosion, contained within the magma chamber until 605 

decompression due to the swelling of the roof of this chamber and its opening, leading to the ejection 606 

through the water column of gases and ashes into the ocean and the atmosphere. 607 

 The recorded T phase corresponds to the portion of energy propagating in the liquid medium, 608 

and resulting first from the direct coupling between the underwater volcanic building and the water column, 609 



and also from the noise generated by the transit of the products of the explosion to the ocean surface. 610 

Seismic and hydrophonic recordings do not dissociate these two modes of generation, but the direct 611 

coupling between the underwater volcanic edifice and the water column was probably predominant, while 612 

transit within the water column likely represented a side effect that cannot account for the very impulsive 613 

beginning of the T phase and the high intensity of the hydrophonic recordings. 614 

Moreover, in the near field stations SARN (12 km), ANA2 (28 km) and ANNE (29 km) records, the 615 

explosion was immediately followed by a saturated signal about 300 s long. Moderately large at SAP2 616 

(156 km), this signal could be due to the repositioning of ejected materials, landslides and other geological 617 

readjustments following immediately the explosion.  618 

 619 

Such a scenario accounts for the spectacular recorded seismic and hydroacoustic effects, the 620 

observation of a 12 km high atmospheric plume, a strong intensity of the infrasounds, hearing of the 621 

explosion 13 km away in Sarigan Island and the first tsunami triggered by the ejection of gases and 622 

materials through the c. 200 m deep water column overlying the submarine volcanic structure.  623 

 624 

 The second tsunami that occurred more than 2 hours later could not result from the explosion. 625 

Data related to this late event include only a very small superficial wave in close field. According to our 626 

experience, collapses or external landslides on the sides of the volcano, given the involved volumes of 627 

materials, would have generated measurable hydroacoustic effects (at least on the very sensitive and well 628 

positioned networks of hydrophones of Wake: H11N and H11S) and seismic waves (Pg) in close field. 629 

That was not the case, but a landslide occurring on the far side of the volcano (i.e. facing west) would 630 

also be much harder to detect via hydroacoustic arrays at Wake. Therefore, we can envision intra-631 

caldera collapse events of the newly-formed and still weak caldera walls. Filling of the caldera by 632 

successive landslides slowed down by the viscosity of the water might account for the periods (30 to 40 633 

minutes) abnormally long for a tsunami of this importance, involving slow motion of a relatively large 634 

volume of materials.  635 

 636 

4. Conclusions 637 

 638 

1. The analysis of the geophysical records of the May 29, 2010 paroxysmal event that ended the 639 

South Sarigan seamount crisis (Pg, P, T phases and infrasounds) shows that the explosive nature of its 640 

source in the volcanic basement is confirmed by the similarity of the P phases with those of underground 641 

nuclear tests and the application of discriminating criteria Ms versus mb. 642 

2. The explosive nature of the source in the water is also confirmed by the application of the 643 

identification criteria for hydroacoustic sources and the T phases exceptionally impulsive and of short 644 

durations. 645 

 3. The comparison with artificial explosions (conventional and nuclear tests) and the application of 646 

the methods of evaluation of their released energy allows us to estimate a minimal released energy of 1 kt 647 



(4.2 x 1012 J) for the seismic effects of the shock and c. 1 t of equivalent TNT (i.e. 4.2 x 109 J) for the 648 

hydroacoustic effects of the explosive source in the water. Of course, these evaluations must be 649 

considered with caution given the different origins of the explosive processes. 650 

. 4. The strong energy of the explosive source is also confirmed by the comparison of these plume 651 

and infrasounds with those of paroxysmal explosions of the subaerial volcanoes Augustine and Kasatochi. 652 

 5. Epicentre locations using T phases in an oceanic environment are more precise than those 653 

based exclusively on P phases or on Pg, Pn and P phases.  654 

 655 

Beyond its obvious interest for documenting the geological evolution of poorly known submarine 656 

volcanic edifices, the South Sarigan event represents a rare example of strong natural explosion in the 657 

marine and solid medium, and the only one that can be studied with reference to nuclear explosions. 658 

Indeed, only two sea-free nuclear experiments were conducted (Wigwam of 30 kt in the northeast Pacific 659 

on 14/05/1955 and Swordfish, lower than 20 kt, 740 km west of San Diego on 11/05/1962) and there are 660 

few or no available recordings of these events. Strong undersea chemical explosions include only the ITRI 661 

experiment and the CHASE series ranging from 50 to 1,000 t of TNT but for which only poor quality 662 

graphic recordings are available (Talandier and Okal, 2004). The present study might thus improve our 663 

knowledge of the detection and identification of oceanic explosive sources. 664 
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