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Abstract: In this paper, a mechanism is proposed for the occurrence of “early” tsunami waves on
various coasts of the Pacific Ocean, which arrived after the eruption of the Tonga volcano 4-5 hours
earlier than the actual time of the tsunami wave arrival at a given sea level. The paper shows that
Kthere is another alternative hypothesis about the generation of an early wave train by a pre-eruption
landslide source, which is localized on the slope of the Tonga volcano, in addition to the hypothesis
available in the literature explaining this phenomenon as the generation of tsunami waves by Lamb
waves or caldera collapse. At the same time, during the period of preparing for the eruption, the
trigger for the pre-eruption landslide process could have been both minor seismic foreshocks, which
were numerous before the eruption, and the process of preparing for the volcanic eruption itself.
Wave characteristics of the tsunami generated by the pre-eruption landslide process on the volcanic
slope are obtained. A possible implementation of the pre-eruption landslide mechanism for
generating “early” tsunami waves is presented by considering various scenarios of pre-eruption
landslide source formation and taking the tsunami characteristics at specific sites into account.

Keywords: acoustic and long gravitational sea wave (tsunami); landslide process; numerical
simulation; tsunami wave characteristics; volcanic eruption




275

1. Introduction

It is well known that the main cause of tsunami waves is underwater earthquakes. Much less
common tsunamis are caused by landslides, meteorological causes, and volcanic eruptions [1].
Moreover, tsunamis of volcanic origin (i.e., volcanic tsunamis) can be generated by various
mechanisms, including volcano-tectonic earthquakes, submarine landslides, atmospheric acoustic
waves, and caldera collapse [2]. In this paper, one of the largest volcanic tsunamis in history, which
was caused by the eruption of Hunga Tonga volcano in January 2022, is studied. On January 15,
2022, at 4:15 (UT), a major eruption of Hunga Tonga-Hunga Ha’apai volcano occurred. Hunga
Tonga-Hunga Ha’apai is one of several active submarine volcanoes in the Kingdom of Tonga, an
island archipelago in the southwestern Pacific Ocean (Figure 1) [3]. The volcano is located at a
distance of more than 3200 km northeast of Australia, with the coordinates 20°32'36” S and
175°23'33" W [4]. The eruption of the Hunga — Tonga volcano was accompanied by a colossal
explosion. The explosion was reportedly heard as far away as Alaska [5]. Hunga -Tonga is an active
volcano formed by the westward subduction of the Pacific tectonic plate under the Australian Plate
along the Tonga-Kermadec Trench, which is an oceanic trench in the southwest Pacific Ocean that
extends between Samoa and New Zealand [2—4].

Figure 1. Location of the Tonga volcano on a geographical map. The red lines are
tectonic plate boundaries [3].

The underwater eruption of Hunga Tonga is the largest since the 1883 eruption of Krakatoa,
which was the most destructive volcanic tsunami in recorded history. On August 27, 1883, Krakatoa,
a volcano in the Sunda Strait between Java and Sumatra, erupted four times within 5 hours, which
generated a series of tsunami waves up to 40 meters high that destroyed hundreds of towns and
villages. At least 36,000 people died [5—7]. The Hunga Tonga eruption generated numerous
geophysical processes; however, the greatest interest to this study is the formation of acoustic-gravity
waves and tsunami waves. The explosive nature of the eruption, which was accompanied by
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powerful movements of air masses, caused noticeable fluctuations in the atmospheric pressure over
significant distances as a result of the propagation of Lamb acoustic waves. The explosion caused
three direct and three reverse Lamb waves that circled the planet [4]. Another feature of this eruption
is the tsunami that followed, the waves of which were recorded all over the world. It is noted that the
first wave was the largest. According to eyewitnesses in the capital of the Kingdom of Tonga, a
series of explosions were heard first, and the first tsunami was recorded about 15 minutes later. In
total, three large waves (about 15 m) hit the coast of the Kingdom of Tonga [8]. It is noteworthy that
even higher values were observed in the distant zone. Additionally, sea level fluctuations were
recorded throughout the Pacific Ocean, as well as in the Atlantic and Indian Oceans [7]

Table 1. Data on the tsunami wave heights caused by eruption of the Tonga volcano [7].

Observation point Wave height (m) Observation point Wave height (m)
Nuku'alofa (Kingdom of Tonga) 1.5-2 Kagoshima (Japan) 1.2
Hawaii (USA) 0.82 Tosashimizu (Japan) 0.9
Port San Luis (USA, CA) 1.3 Chichijima (Japan) 0.9
Arena Cove (USA, CA) 1.1 Tohoku(Japan) 0.7
South Coast of Oregon (USA) more 0.3 Iwate(Japan) 1.1
New Zealand more 1 Vodopadnaya Station (Russia, Kuril Islands) 1.4
Samoa (USA) 0.6 Guerrero, Colima, Baja California (Mexico) 0.61
Vanuatu 1-2.5 Manzanillo (Mexico) 2.05
Norfolk Island (Australia) 1.27 Zihuatanejo (Mexico) 1.19
Lord Howe Island (Australia) 1.10 Arica (Chile) 1.18
Gold Coast(Australia) 0.82 Coquimbo (Chile) 1.43
State of New South Wales (Australia) 0.5

2. Analysis of data on acoustic and sea waves caused by the eruption of the Tonga volcano

The Hunga Tonga-Hunga Ha’apai tsunami is notable for its far-field occurrence, and showed
higher propagation speeds, unexpected wave heights, and an unprecedented duration compared to
seismically generated tsunamis [8,9]. In fact, the tsunami recorded worldwide arrived much earlier
than would be expected from a tsunami generated by the Tonga eruption. A comparison of the
propagation times between the possible tsunami generated at the time of the eruption and the
observed tsunami waves which arrived at points on different coasts shows that the latter arrived 2.5
to 5 hours earlier, thereby crossing the Pacific, Atlantic, and Indian Oceans in less than 20 hours.
This difference in propagation speed is primarily noticeable in the far-field. For example, the tsunami
reached the coasts of Japan and Chile earlier than the waves that arrived after the volcanic eruption,
that is, the propagation times of the tsunami waves to the coasts of Japan and Chile were less than 7
and 10 hours, respectively, which were much shorter than the propagation time of the tsunami from
the explosion (i.e., 10.5-12.5 hours for Japan and 12—-17 hours for Chile). In the Atlantic and Indian
Oceans, the first tsunami waves arrived even earlier. They reached the Caribbean Sea in 10-11 hours,
whereas the long waves generated by the explosion would have taken more than 26 hours to reach
the Caribbean Sea from their source, around the South American continent. The same applies to the
eastern coasts of the Atlantic and Mediterrancan Seas, where ocean disturbances were observed after
16.5 hours in Portugal and 17.5 hours in Italy, while the arrival of the first normal waves was

AIMS Geosciences Volume 11, Issue 2, 274-297.



277

expected after 27 and 32 hours, respectively [10—-12]. Analyzing these data, it can be suggested that
the tsunami waves that formed could have been generated by several different mechanisms:
presumably by the collapse of the caldera, by Lamb acoustic waves generated by the volcanic
eruption [13], or by submarine landslides on the slope of the volcano that formed before the eruption
during the preparation of the eruption. For example, according to Mauricio Fuentes [14], the
observation of significant amplitudes at stations located at transoceanic distances suggests that “the
formation of this tsunami is the sum of different types of sources and not just the eruption of the
Hunga Tonga Hunga Ha’apai volcano”. They explained that this corresponds to “a caldera collapse
event in which the collapse of this material causes a disturbance in the water column located
immediately above the crater”. Figure 2 shows the location of the tide gauges on the coast of Peru at
the following points: 1) Callao (Figure 2a) and on the coast of Chile (Figure 2b) at points: 1) Arica; 2)
Iquique; 3) Mejillones; 4) Antofagasta; 5) Chafiaral; 6) Caldera; and 7) Coquimbo. Figure 3 shows
some tide gauge records on January 15, 2022, from the tide gauges at stations in Callao, Peru (Figure
2a) [10]. Figures 4 and 5 show records at the following stations on the coast of Chile (Figure 3b): 1)
Arica; 4) Antofagasta; 5) Chanaral; 6) Caldera; and 7) Coquimbo. The data from the tide gauges
were obtained from Chilean colleagues (Jorge Van Den Bosch Fernandez, Director of the Centro
Ingenieria Mitigacion Catastropes Naturales Facultad de Ingenieria (CIMCN), University of
Antofagasta, Antofagasta, Chile) .

(b)

Figure 2. (a) Location of Callao station, Peru. The tide gauges are marked with a red
circle; (b) Location of tide gauges on the Chilean coast. The tide gauges are marked with
red circles and numbered: 1 — Arica; 2 — Iquique; 3 — Mechellones; 4 — Antofagasta; 5 —
Chaiaral; 6 — Caldera; 7 — Coquimbo; and 8 — Niuentue. [10,11]

In Figures 3 and 4, the vertical green line indicates the moment of the volcano explosion, the
vertical gray line corresponds to the time of arrival of the sea waves to the tide gauge, possibly
caused by the Lamb acoustic wave, and the vertical blue line indicates the time of arrival of the
tsunami waves to the tide gauge.
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Figure 3. Record from a tide gauge at Callao station, Peru, for January 15, 2022 [12].

According to the tide gauge record in Figure 3, the first waves reached the coast of Callao, Peru,
9 hours after the eruption. It should be noted that the record on these tide gauges begins at 00:00 on
January 15, and the explosion occurred at 4:15; if we add 9-10 hours to the time of the explosion,
when the early arrival waves began to be observed, we will obtain the interval of 13—14 hours
marked on the tide gauge records by a vertical gray line. All records (Figures 3—5) show that stronger
waves can be seen on the tide gauges after the arrival of the first weak waves, which coincides with
the estimated arrival time of long sea waves (tsunamis); this may indicate that tsunami waves were
formed at the moment of the explosion. On the following tide gauge records (Figure 5), which were
obtained from the Department of Physics of the University of Santiago, Chile, the time count begins
precisely from the moment of the eruption of the Tonga volcano, that is, the first waves arrived on
the coast of Chile 9 hours after the eruption of the volcano. Table 2 shows the results of the
assessment of the approach time to the tide gauges on the coast of Chile for both tsunami waves and
waves caused by the Lamb acoustic wave after the eruption of the Hunga Tonga volcano [8,9].
However, it should be noted that the work considers a possible pre-eruption landslide process as a
result of the preparation of the volcanic eruption, and not after it. Since the time of the pre-eruption
landslide is unknown, several indirect data suggest that it occurred 4—5 hours before the eruption of
the volcano. According to the available literature data on the timing of seismic activity, two peaks of
activity were noted on January 14, 2022 with a magnitude of M =4.9: 21.16 (100 km near the deep-
sea trench) and 23.43 (400 km near the Fiji Islands), well before the eruption of Tonga volcano at
4.15 on January 15, 2022. (see, e.g. [3—7]). Additionally, direct observations of the ocean bottom
pressure recorded at DART stations near New Zealand [8] (in NZG, NZH and NZI) support the
above possibility in principle.
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Figure 4. Records from the tide gauges along the coast of Chile for January 15, 2022,
obtained from CIMCN (University of Antofagasta, Chile) (the recording on these tide
gauges starts from 00:00 on January 15) [11,12].
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Figure 5. Records from the tide gauges along the coast of Chile for January 15, 2022,
obtained from the Department of Physics, University of Santiago, Chile [11-13] (the

countdown begins from the
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Table 2. Results of computing the arrival time of tsunami waves and waves possibly
caused by the Lamb acoustic wave after the eruption of the Hunga — Tonga volcano [8,9].

Tide gauge Distance of tide gauge Average depth Average long wave Arrival for Arrival time for sea
to volcano, km along the path, m  velocity along path  tsunami wave h: min waves Lamb waves
km/h h:min
Antofagasta 10522 4175 729 14:27 9:33
Arica 10770 4093 721 14:56 9:32
Chanaral 10375 4218 732 14:10 9:11
Cocuimbo 10145 4316 741 13:42 8:58
Caldera 10324 4232 734 14:05 9:08
Mejillones 10544 4143 726 14:32 9:20
Iquique 10707 4123 724 14:47 9:28
Callao 10373 4184 729 14:13 9:11

3. Possible landslide tsunami mechanism during volcanic eruption preparation

The generation of tsunami waves by an underwater landslide formed as a result of preparing a
volcanic eruption is one of the most realistic reasons for the appearance of records from the tide
gauges before the instruments record the arrival of a normal tsunami wave after a volcanic eruption.
To test the hypothesis about the landslide nature of the ‘early’ tsunami, we will estimate the
possibility of an underwater landslide occurring during the preparation of the eruption. The volcano
is located near the deep-sea Tonga-Kermadec Basin (Figure 6), which has a fairly steep slope. The
basin was formed as a result of the subduction of the Pacific tectonic plate to the west under the

Australian plate [3].

Neiafu

Pangai

Figure 6. Deep sea Tonga-Kermadec Trench. The trench is marked with a dashed curve. The
volcano Tonga is marked by blue dot.

AIMS Geosciences
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Figure 7. Computation water area. The red asterisk marks the location of the Hunga —
Tonga volcano. Numbers 1-8 mark the locations of tide gauges (red circles) along the
Chilean coast.

The generation of tsunami waves during the movement of a landslide from the slope of the
Tonga volcano and the propagation of the tsunami wave across the Pacific Ocean to the 10-meter
isobath were considered [15]. Figure 7 shows the computation water area with the localization of the
Hunga Tonga volcano and the tide gauges 1-8 on the coast of Peru and Chile, the data from which
are used in the further study. The bathymetry of the Pacific Ocean was used for the modeling, with a
spatial step of about 900 m (30”). Modeling was carried out with a time step of 1 s. The considered
water area ranged from 190° to 64° W alongside a latitude from 10° N to 65° S. The number of
nodes in the numerical scheme is 16,200 x 6400 = 103,680,000 [15,16]. To assess the possible
localization of the landslide on the slope, one-dimensional cross-sections of the volcano were made
(Figure 8) and the dimensions of the possible landslide were estimated (see Figure 9).

175,45 175,4 175,35 1753 175,25 175,2 w

Figure 8. Bathymetry of the Hunga — Tonga volcano in July 2021. Red numbered lines
indicate transverse cross-sections.
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Figure 9. Examples of the bottom relief scheme of the Hunga —Tonga volcano (cross-
sections 11, 14, 16) towards the western coast of Chile, which contain possible landslide
deposits.

4. Statement of the problem

Landslide bodies in most cases are formed on the underwater slopes, which usually have a high
gradient. Volcanic or seismic activity can also lead to the sliding of part of the slope, which can be
the source of the formation of a long surface water wave (tsunami). Most tsunami models generated
by landslides are based on the response of the sea surface to the movement of the solid bottom. There
are several models that describe the movement of landslide masses (e.g., a rigid body model, a visco-
plastic fluid model, and an elastic-plastic fluid model). Using available information on existing types
of landslides (see, e.g., [17-21]), we combined the landslide process as a rigid body, which consisted
of many segmental blocks, and the landslide process was modeled by the dynamic vertical
displacement of segmental blocks along the landslide slope, thus imitating the sliding of the landslide
mass [22—24]. The kinematics of the block movement is determined by the schematic behavior of the
landslide movement, which corresponds to a typical implementation of the computation within the
elastoplastic model: sliding of the upper part of the landslide layer with a simultaneous increase in
the thickness of the lower part of the slope (Figures 10—12) (for more details, see, e.g., [23,24]).
Modeling of the landslide process was carried out for three scenarios within the framework of a rigid
segmental model (Scenario 1,2). For all 3 Scenarios, the thickness of the sedimentary layer is about
50 m. Figure 10 shows a schematic representation of the movement of a landslide body along an
underwater slope, which consists of 7 segments (Scenario 1). For this Scenario (Figure 10), a
landslide with a length of 4.6 km and a width of 0.8 km is considered. The sliding of the landslide
mass can be approximated quite roughly by the displacement of the upper segmental blocks
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downward, with the simultaneous displacement of the corresponding virtual segmental blocks 8—14
upward (Figure 10a). Each reverse movement takes 20 sec. The final position of the landslide body is
shown in Figure 10b.

(a) (b)

Figure 10. Schematic representation of the displacement of the landslide body along the
underwater slope for Scenario 1.

For Scenario 2 (Figure 11), a large landslide is considered. The number of segmental blocks
was also 7. The blocks moved sequentially one after another. For Scenario 2, in contrast to Scenario
1, the movement of the segmental blocks occurs in 4 stages. The movement times of the segments
are different.

Figure 11. Schematic representation of the displacement of a landslide body along an
underwater slope for Scenario 2.

Analogous to Scenario 1, the movement of segments 1-7 was accompanied by the
simultaneous symmetrical movement of the virtual segmental blocks 8-14 (Figure 11a,b), and the
movement of a landslide down the slope is simulated. The final position of the landslide body is
shown in Figure 11b.

For Scenario 3, the process of displacement of the landslide mass along the slope also occurs in
4 stages, each of which takes a different time. As can be seen from the schematic representations in
Figures 11 and 12, each decrease in the thickness of the landslide corresponds to a simultaneous
increase in the thickness of the lower part of the slope.
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Figure 12. Schematic representation of the displacement of a landslide body along an
underwater slope for Scenario 3.

In all three Scenarios, it was assumed that the process ends when the velocity of the leading
edge of the landslide masses becomes zero. It is well known that a landslide begins to move at a
certain critical value of the stress in which it arises. The critical stress starts when the landslide
begins to move; for this process, this could be both minor seismic foreshocks, of which there were
many before the eruption, and the process of preparing the eruption itself, during which a process of
stress accumulation occurs, thereby gradually increasing to the limit, at which and the volcano
erupted. In this regard, the moment of realization of the critical stress can only be determined by
solving the inverse problem based on the moment of arrival of the first wave train to a concrete coast.

5. Numerical simulation of the process of sliding on the slope of a volcano
5.1. Mathematical formulation of the problem

This work solves the problem of an underwater landslide generating a wave on the water
surface. To describe the generation and propagation of a wave by an underwater landslide (Figures
10-12), shallow water equations were used in the following form [22-25], where x, y are the spatial
coordinates along the Ox and Oy axes, respectively, ¢ is the time, u(x, y, f) and v(x, y, f) are velocity
components along the Ox and Oy axes, respectively, g is the gravity acceleration, /4 is the maximum
depth of the basin, and n(x, y, ) is the perturbation of the free surface relative to its undisturbed level
(Figure 13).

n(xy,t)

X/

D(x,y,t)

Figure 13. Schematic representation of the generation of a long wave on the surface of water.
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The value D(x, y, t) determines the change in the thickness of the landslide during the sliding
process (Figure 13), H(x, vy, ) = h(x, y, t) + n(x, y, t) — total depth, 7 is the coefficient of bottom
friction (r = 0.04), f = 2Qcos0 is the Coriolis parameter, Q is the Earth angular speed, 0 is the
latitude, and A(x, y, t) = hs(x, y, t) — D(x, y, ©).

The initial conditions have the following form:

N, », 0)=0, u(x,y, 0)=0,v(x,y, 0)=0. 4)

The normal velocity component at the free boundary is found as u, = ch (c=+/gH ), and the
sl

boundary conditions of the “solid wall” are selected in the form u»= 0. To solve equations (1)—(3),

the difference scheme of A. Sileski was used [26].

5.2. Generation of a tsunami source by a landslide source

The water area includes part of the coast of Chile and Peru, since most of the records from the
tide gauges (obtained from colleagues in Chile) (Figures 5, 7 and 8) are located on these coasts. The
paper considers three scenarios for modeling the movement of a pre-eruption landslide source along
the slope of a volcano and the corresponding formation of a tsunami source with different dynamic
characteristics of the landslide body.

Scenario 1

For Scenario 1, a landslide on the slope of a volcano with a location in Figure 10 was
considered. The number of segmental blocks that make up the landslide was 7. The blocks moved
sequentially one after another, every 10 seconds. The displacement times varied depending on the
blocks (i.e., 1-10 sec, 2-20 sec, 3-30 sec, 440 sec, 5-10 sec, 620 sec, 7-30 sec). Simultaneously,
with the displacement of segments 1-7, segments 8—14 shifted upward symmetrically (Figure 10),
thus imitating the movement of a landslide down the slope. The maximum wave displacement in the
landslide source for this scenario reached 35 m. Figure 14 shows 6 time moments of the tsunami
source formation under implementation of Scenario 1. It is clearly seen that the wave front has an
almost rounded shape at the time moment ¢ = 20 sec; however, starting from ¢ = 30 sec, the tsunami
wave front extends in the direction of the landslide.

AIMS Geosciences Volume 11, Issue 2, 274-297.
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To evaluate the modeling results, the computed tide gauge records were compared with the
field data. Figures 15—16 show a comparison of the field and computation data for Scenario 1 for the
points of Antofagasta, Chafiaral, Coquimbo, and Arica since wave displacements are most
characteristic in the field records obtained from these points. It is clearly seen that the wave front has
an almost rounded shape at the time ¢# = 20 sec; however, starting from ¢ = 30 sec, the tsunami wave
front is elongated in the direction of the landslide.

In Figure 15, the histogram of the wave heights along the coast of Chile and Peru obtained
under simulation of Scenario 1 is presented. The maximum wave heights were registered at the part
of Chilean coast between 24" and 25° S and reach 0.8 m.

For a more detailed analysis of the wave approach, Figure 16 shows the recordings from the
virtual tide gauges during the simulation of Scenario 1. To evaluate the results of the simulation, the
computed tide gauge records from Scenario 1 were compared with the field data for the points
Antofagasta, Chanyaral, Cocimbo, and Arica since the field records obtained for these points wave
displacements are most characteristic.
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7> 15
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Figure 14. Formation of a tsunami source for 6 time moments during the movement of a
landslide along the slope of a volcano.
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Figure 15. Histogram of the distribution of maximum wave heights along the coast of
Chile and Peru during the simulation of Scenario 1. The tide gauges are marked with
green lines and numbered as follows: 1 — Callao; 2 — Arica; 3 — Iquique; 4 — Mejillones;
5 — Antofagasta; 6 — Chafaral; 7 — Caldera; and 8 — Coquimbo.

Since we have no information about the time of the landslide, we can assume that it occurred
4-5 hours before the volcano erupted. According to the records in Figure 3, the first waves reached
the coasts of Peru and Chile about 9 hours after the eruption, while the main tsunami wave generated
by the volcanic eruption arrived 14—15 hours later (see Table 2). This is the interval that we analyze
in our scenarios. For scenario 1, the wave behaviors of both the full-scale and the calculated tide

gauge records are quite close (Table 3). However, some maximum peaks are 1.5 times higher than
the calculated values. Therefore, Scenario 2 with the landslide shown in Figure 11 was considered

for a further analysis.
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Figure 16. Comparison of records from real and virtual tide gauges for the Arica,
Antofagasta, Chafaral, and Coquimbo. The red line is the results of the numerical
simulation, the blue line is a real record. The dashed line indicates a break in the

recording.
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Table 3. Comparison of computation results for Scenario 1 with field data.

Tide gauge  Callao Arica Iquique  Mejillones  Antofagasta Chanaral ~ Caldera Coquimbo
(-12.07, (-18.47, (-20.20, (23.09, (—23.65, (—26.35, (—27.06, (—29.94,
—77.16) —70.32) —70.14) -70.45) —70.40) —70.63) —70.82) —71.33)
Real data, m 0.19 0.3 0.10 0.21 0.10 0.20 0.09 0.17
Scenario 1, 0.15 0.09 0.13 0.17 0.16 0.19 0.23 0.14
max, m

Scenario 2

For scenario 2 (Figure 11), a landslide with a landslide body length on the volcano slope of
about 6 km, a landslide width of about 1 km, and a sedimentary layer thickness of about 0.05 km
were considered, while the number of segmental blocks into which the landslide is divided is also 7.
The blocks moved sequentially one after another (see Table 4). For scenario 2, in contrast to scenario
1, the movement of the segmental blocks occurs in 4 stages. From Table 4, that the movement of

segments 1-7 was accompanied by the simultaneous symmetrical movement of the virtual segmental
blocks 8—14 (see Figure 11a).

Table 4. Movement of segmental blocks according to Scenario 2.

Step Block number 1 5 8 10 11 12 13 14
First step ~ Start time of 0 0 0 0 0 0 0 0 0

movement (s)

Time of movement 10 5 10 15 10 15 5 10 15 5 15 10 15 5

(s)

Block offset (m) -2 -4 -8 -10 8 -4 -2 2 4 8 10 8 4 2
Second Start time of 10 5 10 15 10 15 5 10 15 5 15 10 15 5
step movement (s)

Time of movement 5 10 15 10 20 10 10 5 10 15 20 15 10 15

(s)

Blocks offset (m) -4 -6 —-10 —-15 -10 -6 —4 4 6 10 15 10 6 4
Third Start time of 15 15 25 25 30 25 20 15 25 20 30 25 25 20
step movement (s)

Time of movement 10 I5 20 25 5 10 20 10 15 20 25 5 10 20

(s)

Blocks offset (m) -4 -6 -10 —-15 -10 -6 -4 4 6 10 15 10 6 4
Fourth Start time of 25 30 40 40 40 40 40 40 40 40 40 40 40 40
step movement (s)

Time of movement 25 30 35 10 15 20 25 10 20 10 10 20 20 20

(s)

Blocks offset (m) -2 -4 -8 —-10 -8 4 -2 2 4 8 10 8 4 2
Final time of movement (s) 50 60 8 60 50 55 60 35 S50 60 70 50 55 60
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Figure 17 shows the origin of a tsunami source during the movement of a landslide body along
the slope of a volcano and the further propagation of a tsunami wave within the water area under
consideration for 6 time moments.
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Figure 17. Generation of a tsunami source and propagation of waves over part of the
computation water area.

Figure 18 shows the computed records of the tide gauges for 6 points along the coast of Chile
for scenario 2. In Figure 18, the blue line indicates the time of arrival of the early tsunami waves
caused by the landslide. Since we have no information about the time of the landslide process, we
can assume that it began 4-5 hours before the volcanic explosion (gray line), which is the interval
that we analyze. In the analyzed intervals (from the gray to the blue line), the wave height on the 10-
meter isobath did not exceed 50 cm. Figure 19 shows the two-dimensional distribution of the
maximum wave heights on the 10-meter isobath for the Peru-Chile coastline for scenario 2. For the
given dynamics of the landslide body movement, the obtained results correlated better with the field
data (Table 5). However, to further clarify the possible landslide process during the preparation of a
volcanic eruption, scenario 3 was considered, the model of which is distinguished by the dynamics of
the movement of the segmental blocks close to the implementation of the calculation within the
framework of the elastic-plastic model: a landslide of the upper part of the landslide layer with a
simultaneous increase in the thickness of the lower side of the slope (see Figure 12).
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Figure 18. Computed tide-gauge records for 6 points on the Chilean coast for Scenario 2.
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Figure 19. Histogram of the of maximum wave height distribution along the coast of
Chile and Peru during the simulation of Scenario 2. Points are marked with green lines
and numbered as follows: 1 — Callao; 2 — Arica; 3 — Iquique; 4 — Mejillones; 5 —
Antofagasta; 6 — Chanaral; 7 — Caldera; and 8 — Coquimbo.
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Table 5. Comparison of computed results for Scenario 1 with field data.

Earthquake data

No. 1 2 3 4 5 6 7 8

Points Data Callao Arica Iquique Mejillones  Antofagasta Chanaral Caldera Coquimbo
Real data, m 0.19 0.3 0.10 0.21 0.10 0.20 0.09 0.17
Scenario 2, max, m 0.15 0.09 0.12 0.18 0.15 0.17 0.21 0.12

Scenario 3
The difference between scenario 3 and scenarios 1 and 2 is that the process of moving the
landslide masses along the slope occurs in 4 stages; at each stage, the displacement of the segments

occurs simultaneously, and each stage takes a finite time: 10 s, 20 s, and 10 s and 20 s (see Table 6).

Table 6. Movement of segmental blocks according to Scenario 3.

Step Block number 1 2 3 4 5 6 7 8 9 10 11 12 13 14

First step  Start time of 0 0 0 0 0 0 0 0 0 0 0 0 0 0
movement (s)
Time of movement 10 0 10 10 100 10 10 10 10 10 10 10 10 10

(s)

Block offset (m) -2 -4 -8 -10 -8 -4 =2 2 4 8 10 8 4 2
Second Start time of 10 0 10 10 10 10 10 10 10 10 10 10 10 10
step movement (s)

Time of movement 20 20 20 20 20 20 20 20 20 20 20 20 20 20

(s)

Blocks offset (m) -4 -6 -10 -15 -10 -6 -4 4 6 10 15 10 © 4
Third Start time of 30 30 30 30 30 30 30 30 30 30 30 30 30 30
step movement (s)

Time of movement 10 10 10 10 10 10 100 10 10 10 10 10 10 10

(s)

Blocks offset (m) -4 -6 -10 -15 -10 -6 -4 4 6 10 15 10 6 4
Fourth Start time of 40 40 40 40 40 40 40 40 40 40 40 40 40 40
step movement (s)

Time of movement 20 20 20 20 20 20 20 20 20 20 20 20 20 20

(s)

Blocks offset (m) -2 -4 8 -10 8 -4 -2 2 4 8 10 8 4 2
Final time of movement (s) 60 60 80 60 60 60 60 60 60 60 60 60 60 60

The generation of a tsunami source with such a landslide displacement along the slope is
shown in Figure 20. The entire process of sliding, and thus the formation of a tsunami source, takes
60 s. Figure 21 shows one of the moments in the time of tsunami wave propagation in the computed
water area.
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Figure 20. Formation of a tsunami source for 6 time moments when a landslide moves

along the slope of the volcano.
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Figure 21. Propagation of a tsunami wave over the computation water area 7 hours 26

min after the end of the sliding process.

Figure 22 shows the 2D distribution of the maximum wave heights on a 10-meter isobath for

the section of the coast of Peru-Chili during the implementation of Scenario 3.
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Figure 22. 2D distribution of maximum wave heights along the coast of Peru-Chile. The
points are marked with green lines and numbered as follows: 1 — Callao; 2 — Arica; 3 —
Iquique; 4 — Mejillones; 5 — Antofagasta; 6 — Chanaral; 7 — Caldera; and 8 — Coquimbo.

In Table 7, the values of the maximum wave heights for 8 coastal points are presented.

Table 7. Comparison of computed results for Scenario 1 with field data.

Earthquake data
No. 1 2 3 4 5 6 7 8
Points Data Callao Arica  Iquique Mejillones Antofagasta Chanaral Caldera Coquimbo
Real data, m 0.19 0.3 0.10 0.21 0.10 0.20 0.09 0.17
Scenario 3, max, m  0.14 0.11 0.09 0.12 0.11 0.15 0.15 0.14

el o0
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Figure 23. 3D histograms of the distribution of maximum wave heights on a 10-m isobath.
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Figure 23 shows the 3D distribution of the maximum wave heights for different parts of the
coast on a 10-m isobath for the section of the coast of Peru-Chili during the implementation of
Scenario 3.

5. Conclusions

This paper proposed a mechanism for the formation of “early” tsunami waves on the Pacific
coast that occurred after the eruption of the Tunga volcano 4-5 hours earlier than the possible time of
the wave arrival at a concrete tide gauge. The paper shows that in addition to the hypotheses
available in the literature that explain this phenomenon as the generation of tsunami waves by Lamb
waves or the collapse of the Calders, another hypothesis is possible regarding the generation of early
waves by a pre-eruption landslide localized on the slope of the Tonga volcano. At the same time,
during the preparation period for the eruption, as the maximum stress accumulated, the trigger
mechanism for the landslide movement could have been both numerous small seismic shocks and the
preparation process for the volcanic eruption itself. The characteristics of the tsunami generated by
the pre-eruption landslide process on the slope of the volcano were obtained. Considering various
scenarios of the pre-eruption landslide source formation and taking the tsunami characteristics data in
specific tide gauges into account, it was found that the heights of early waves suitable for the Peru-
Chile coast are quite close to the values recorded by real tide gauges at eight points under
consideration, regardless of the nature of the pre-eruption landslide process dynamics (Table 8).

Table 8. Comparison of natural data with computed data for three Scenarios.

Points Real data, m Scenario 1, max, m Scenario 2, max, m Scenario 3, max, m
Callao 0.19 0.15 0.15 0.14
Arica 0.3 0.09 0.09 0.11
Iquique 0.10 0.13 0.12 0.09
Mejillones 0.21 0.17 0.18 0.12
Antofagasta 0.1 0.16 0.15 0.11
Chanaral 0.2 0.19 0.17 0.15
Caldera 0.09 0.23 0.21 0.15
Coquimbo 0.17 0.14 0.12 0.14
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