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ABSTRACT

The present study pertains to a catastrophic earthquake with a magnitude of M = 8.1, which
occurred in the southern region of Mexico on September 8, 2018. Taking into account the
location of the earthquake source and its hypocenter, a numerical simulation of the generation
of a seismic source of tsunami waves and their propagation over the water area for two
different mechanisms of the seismic source, with their different localizations, was carried out.
Two-block and four-block earthquake sources are considered and the obtained wave
characteristics are compared with field data and data of other authors.
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1. INTRODUCTION

As predicted earlier by a number of authors (see, e.g., [1]), seismic activity along the
perimeter of the Pacific Ocean should increase significantly by the end of the 20™ and the
beginning of the 21* centuries. The appearance of large earthquakes and associated tsunamis
in the Pacific and Indian Oceans, at the beginning of this century, supports this assumption.
The importance of this assumption leads to the need for a deeper analysis of historical data on
catastrophic tsunamigenic earthquakes in specific ocean regions in order to reduce the tsunami
hazard for coastal areas.
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Fig.1. Historic Earthquakes in the Pacific Coastal Region of Mexico [2-3]

For example, it is well known that some of the largest earthquakes that occurred on the
Guerrero coast (see Fig. 1), and located parallel to the active Mexican subduction zone,
generated tsunamis. The occurrence of such historic earthquakes and tsunamis in this region
has been relatively well documented since the 16th century. For example, during the last
century, large earthquakes occurred near the Pacific coast of Mexico, such as in Jalisco in
1932 (M = 8.2), in Colima in 1995 (M = 8.0), and the earthquake in Mihoatskune in 1985 (M
= 8.1), which devastated the coast of Mexico City, resulting in large human and economic
losses, estimated in billions of dollars. Nevertheless, information about the geological
evidence of earthquakes and a detailed description of the tsunami caused by them is
practically not documented [2].
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2. THE 8§ SEPTEMBER 2017 EARTHQUAKE IN MEXICO

At the location of this event, the Cocos Plate converges with the North American Plate (see
Fig. 2) at a rate of approximately 76 mm / yr, in a northeasterly direction. The Cocos Plate
begins its subduction in Central America, 100 km southwest of this earthquake. Location,
depth and mechanism of formation of faults of this earthquake indicates that the event is
intraplate [3,4]. This earthquake is one of the largest ever recorded on the southern coast of
Mexico. The tsunami wave following the earthquake caused significant damage and dozens of
deaths. In the state of Oaxaco 45 people died, in the state of Chiapas 12 people and in the state
of Tabasco 4 people, schools and hospitals were also de-energized. [5]
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Fig. 2. The fault pattern (red lines) in the region of Central America. Black arrows indicate the
direction of movement of the continental plates [5, 15]

3. STATEMENT OF THE PROBLEM

The location of the source for the numerical simulation of the considered earthquake was
chosen based on the location of the hypocenter and processing of data from the NEIC
information center [4, 5, 15, 16]. In Fig.3, the position of the seismic source on the map is
shown, where the localization of aftershocks is marked with black dots.
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Fig. 3. Position of the seismic source on the map. The black dots mark the location of
aftershocks [4]

Using the data given in [4, 5, 15, 16] and the results of [2-3], on the basis of the keyblock
model of the earthquake source [6, 9], two possible scenarios for the realization of the Earth's
crust movements in the region of the seismic source for this earthquake were considered:

In the first Scenario, a two-block source is considered, divided lengthwise into two
longitudinal blocks. The implementation of the movement of blocks in the seismic source
occurs in 35 seconds (Table 1). The first block, oriented towards the shore, moves down 3
meters within 20 seconds, the second block, oriented towards the open ocean, it rises 6 meters
in 20 seconds, and its movement begins 15 seconds later than the movement of the first block.
Fig.4 shows the location of the seismic source on the bathymetric map.

For the second Scenario, a kinematic model of a seismic source consisting of four blocks
was used. The division into blocks during the selection of the seismic source was carried out
according to the intensity and location of aftershocks (Fig.3, Fig.5). The implementation of the
movement of blocks in the seismic source occurs in 30 seconds (Table 1).
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Fig. 5. Position of seismic source on bathymetric map for Scenario 2

Vol 39 No. 4, page 214 (2020)



The considered movements of the key blocks in the earthquake source for these two possible
scenarios are given in Table 1.

Table 1. The movement of blocks in the earthquake source for Scenario 1 and 2

Scenario 1 Scenario 2
Block Ne
1 2 1 2 3 4
Start of uplift (s) 0 15 10 |5 0 10
Time of uplift (s) 20 20 10 |15 |20 10
Height of uplift (m) -3 6 -0.5 |2 6 0.5

4. MATHEMATICAL STATEMENT OF THE PROBLEM.

In this paper, we study long surface waves with lengths and periods characteristic of tsunamis.
The non-linear system of shallow water equations [7-11] is used to describe the process of
wave generation and propagation in accordance with the assumptions that were mentioned
above.

Ut+l7-gmd (7+g-gmdn =0

n, +di(H +- B )= 3 ) .

Here the functions u and v are the velocities of water particles; g - acceleration due to gravity,
B(x,y,t) - function describing the law of motion of the bottom of the basinl; for a keyboard
model, the function B(x,y,f) describes the sequential movement of the key blocks.

The mechanism of realization of the movements of the Earth's crust in the seismic source was

given from tectonic considerations using the WELLS formulas [12].

lgL =0,59M -2,44 0,16

lgW =0,32M -1,01+0,15 | ()

where M is the magnitude of the earthquake; L is the length of the rupture in the source (in
km), W is the width of the rupture plane (in km). For this earthquake source, the parameters
obtained are as follows: the source length will be 233 + 82, and the source width will be 40 +

14.
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Using the lida formula (3) (see, e.g., [8]), for a given earthquake with a magnitude of M = 8.1,
the vertical component of the displacement of the water surface above the earthquake source
can be obtained using the formula

lg(H /2) = 0.8M 5.6 3)

where M is the magnitude of the earthquake, and H is the maximum height of the vertical
displacement of the bottom at the source of the earthquake. The values obtained by formulas
(1) and (2) were used to simulate the generation of the tsunami source in scenarios 1 and 2.

Scenario 1. Let us consider the results of numerical simulation of scenario 1. For Scenario 1,
an earthquake source is selected, consisting of two blocks, located along the coastline, and the
block oriented towards the coast (block 1) has a negative shift (see Table 1). The entire
process of tsunami source generation (water displacement on the surface of the water area
above the earthquake source) during the movement of blocks takes 35 s. Fig.6 shows three
time moments during the generation of the tsunami source. By the corresponding
displacement of the wave surface, one can determine the downward movement of the first
block (Fig. 6, left panel), then at 20 s, the rise of the second block by approximately 1.4 m
(Fig. 6, middle panel) and at the 35th s the generation of the tsunami source ended (Fig.6,
right panel).

Fig. 6. Generation of the tsunami source for Scenario 1: a) 10s; b) 20 s; ¢) 35 s.

In Fig. 7 the position of the wave fronts when implemented in the considered water area is
presented. It is clearly seen that at 23 min (Fig. 7, upper left panel), the elevation waves with a
height of 0.2-0.5 m approach the cities of Mexico, Salina Cruz and Puerto Escondido. At the
33rd min (Fig.7, upper right panel), both points have already attacked by the first wave, and
also the eastern front with an elevation with a height of 0.1-0.3 m approaches the city of
Champerico (Guatemala). With a further spread to 48 minutes (Fig. 7, lower left panel), the
western front continues to cover the southeast of Mexico, approaching the city of Acapulco
with a height of up to 0.2 m, and the eastern front reaches El Salvador with a height of up to
0.1 m, namely to the city of Akahutla. After 1 hour and 20 min (Fig.7, lower left panel), the
waves reached all near-field points, and also approach the cities of Lazaro Cardenas and
Tamarindo with heights of up to 0.1 m.
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Fig.7. Position of wave fronts in numerical simulation for Scenario 1 for 4 time points: 1.
Lazaro Cardenas (Mexico); 2. Acapulco (Mexico); 3. Puerto Escondido (Mexico); 4. Salina
Cruz (Mexico); 5. Champerico (Guatemala); 6. Acajutla (Salvador); 7. El Cuco (Salvador); 8.
Tamarindo (Costa Rica)

In Fig.8, the maximum distribution of wave heights over the entire calculated area is
presented. The distribution of the maximum wave heights clearly shows that the most
dangerous areas are near-field points, namely the cities: Salina Cruz (Mexico), (item 4),
Puerto Escondido (Mexico), (item 3) and Champerico (Guatemala), ( p.5).
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Fig. 8. The distribution of maximum wave heights in the water area
when implementing Scenario 1: 1. Lazaro Cardenas (Mexico); 2. Acapulco (Mexico); 3.
Puerto Escondido (Mexico); 4. Salina Cruz (Mexico); 5. Champerico (Guatemala); 6.
Acajutla (Salvador); 7. El Cuco (Salvador); 8. Tamarindo (Costa Rica).
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A more detailed distribution of the maximum tsunami wave heights along the coasts can be
seen on the 3D histograms of the maximum wave heights plotted on the 5-meter isobath
shown in Fig. 9. It is clearly seen that on the Mexican coast near the cities of Puerto
Escondido and Acapulco (Fig.9a), the wave heights change in the region from 0.1 to 1 m. You
can also notice that the most dangerous coast is the south the eastern coast of Mexico near the
city of Salina Cruz (Fig. 9¢), where the maximum wave height reaches 1.5 m. On the coast of

Guatemala (Fig. 9b), the maximum wave height reaches 1.3 m, and in the area of the city of
Champerico, the heights vary from 0.1 to 0.3 m.
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Fig. 9. Two-dimensional histograms for maximum wave heights on a 5-meter isobath when
implementing scenario 1: a) Mexico; b) Guatemala, El Salvador; c) Salina Cruz (Mexico)
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But the coast of El Salvador near the city of Akahutla is less dangerous compared to
neighboring Guatemala, and the maximum wave heights reach up to 0.1. Data from virtual
tide gauges, namely the maximum wave height, the largest decrease in the water level and the
time of wave arrival to points, are given in Table 2.

Table 2. Data of virtual tide gauges for Scenario 1.

Maximum Strongest Time of
City name wave height water level approaching
at Sm isobath (m) depression the point
at Sm isobath m)

01. Lazaro Cardenas (Mexico) 0.24 -0.29 01:22:55
02. Acapulco (Mexico) 0.3 -0.3 00:52:55
03. Puerto Escondido (Mexico) 0.51 -0.96 00:25:00
04. Salina Cruz (Mexico) 1.35 -1.8 00:01:15
05. Champerico (Guatemala) 0.39 -0.36 00:38:45
06. Acajutla (Salvador) 0.24 -0.38 01:11:15
07. El Cuco (Salvador) 0.15 -0.14 01:42:55
08. Tamarindo (Costa Rica) 0.19 -0.26 01:26:15

5. RESULTS OF NUMERICAL SIMULATION FOR SCENARIO 2

The division into blocks during the implementation of the scenario under consideration was
carried out according to the intensity and location of aftershocks (see Fig. 3, 5). Fig. 5 shows
the position of the seismic source on the bathymetric map, divided into 4 blocks. The
movement of the source starts from the 3rd block to a height of 6m in 20 s, then 10 s after the
start of the rise of block 3, block 2 begins to move up to a height of 3m for 15 s. Blocks 1 and
4 begin to move up from 15 s within 10 s to a height of 1 m (see Table 1). Figure 10 shows the
generation of a tsunami source for scenario 2, when blocks move in the earthquake source
shown in Table 1.
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Fig. 10. Generation of the tsunami source in the implementation of Scenario 2
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In Fig. 11 the position of the wave fronts in the numerical simulation of scenario 2 is
presented. On the upper left panel, it is seen that the depression wave is approaching the city
of Salina Cruz. Further, by the 35th min (Fig.11 (2)), the wave has already reached Salina
Cruz, the western front with elevation approaches the Puerto Escondido and the eastern front
approaches the coast of Guatemala. At the 55th min (Fig.11 (3)), the wave with elevation
approaches Champerico Guatemala). With further propagation (1h 50m), the western front
continues to cover the coast of Mexico, and is coming to the city of Acapulco, and the eastern
front approaches the city of Akahutla (Fig. 11 (4)). After 1 hour 35 min from the beginning of
the calculation (Fig.11 (5)), the wave covered most of the computed water area, so in the west,
the wave reaches the city of Lazaro Cardenas, and in the east it approaches the cities of
Tamarindo (Costa Rica) and El Cuco (Salvador). By 2h 2min (Fig. (11.6)), the wave covered
the entire computed area.

104 100 9 92 88 104 100 96 92 = 88 W

Fig. 11. Position of wave fronts in the numerical simulation of Scenario 2 for 6 time moments
Figure 12 shows the maximum distribution of wave heights. The distribution shows that the

most dangerous areas are the cities: Salina Cruz (Mexico, p.4), Puerto Escondido (Mexico,
p.3) and Champerico (Guatemalla, p.5).
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Fig. 12. The distribution of the maximum wave heights in the water area in the

implementation of Scenario 2

A more detailed distribution of the maximum wave heights along a number of Pacific coasts
can be seen in Fig.13, which shows two-dimensional histograms of the distribution of the
maximum wave heights on the 5-meter isobath.
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Fig. 13. Two-dimensional histograms for maximum wave heights on a 5-meter isobath in the
implementation of Scenario 2 for the coasts: a) The coast of Mexico; b) The coast of
Guatemala and El Salvador; c¢) Coast of Mexico near the city of Salina Cruz
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It is clearly seen that on the coast of Mexico near the city of Acapulco the maximum wave
height does not exceed 0.3 m, and on the coast near the city of Puerto Escondido the
maximum wave height varies from 0.3 to 1 m (see. Fig.13 (a)). The maximum wave heights
along the Guatemala and Salvador coasts (fig.13 (b)) decrease from west to east. Thus, the
maximum wave heights near the coast of Champerico (Guatemala) vary from 0.2 to 1.5
meters, and near the coast of Acajutla (Salvador) they reach 0.2m. The highest wave heights
are reached near the coast of the earthquake located near the source, so near the coast of
Salina Cruz (Mexico), (Fig. 13 (c¢)) the maximum wave heights vary from 0.3 to 2 meters.

Data from virtual tide gauges, namely, the maximum wave height, the greatest decrease in
the water level and the time of wave arrival to points, can be seen in Table 3.

Table. 3. Data from virtual tide gauges obtained during Scenario 2 implementation.

City name Maximum Strongest Time of
wave heights water level approaching
at Sm isobath (m) depression the point
at Sm isobath (m)

01. Lazaro Cardenas (Mexico) 0.25 -0.19 00:36:15
02. Acapulco (Mexico) 0.16 -0.08 00:19:10
03. Puerto Escondido (Mexico) 0.48 -0.5 00:04:10
04. Salina Cruz (Mexico) 1.38 -1.58 00:00:50
05. Champerico (Guatemala) 0.34 -0.4 00:46:15
06. Acajutla (Salvador) 0.26 -0.3 01:19:10
07. El Cuco (Salvador) 0.09 -0.1 01:51:40
08. Tamarindo (Costa Rica) 0.09 -0.1 01:34:35

6. COMPARISON OF NUMERICAL SIMULATION RESULTS

Table 4 shows comparisons of the data obtained with the results given in [13, 14, 15, 16,] for
the earthquake under consideration. It should be noted that for the earthquake under
consideration, data are provided only at some points along the coast. In a number of points
given in [13, 14, 15, 16], where we also had virtual tide gauges are displayed, we have the
possibility to compare the computation data. These data are shown in Table 3.

Table 4. Comparison of computation results with real data and date of another authors

Maximum wave Real data | Real data

heights Scenario 1 | Scenario 2 | [15] [16] [13] [14]

Ha3BaHnue nyHKTa

01. Lazaro Cardenas 0.24 0.25 - 0.3 0.219 0.25

(Mexico)

02. Acapulco (Mexico) 0.3 0.16 - - - 0.7

03. Puerto Escondido 0.59 0.48 - - - -

(Mexico)

04 Salina Cruz (Mexico) 1.35 1.38 1.8 2.1 1.33 1.2

05. Champerico (Guatemala) 0.39 0.34 - - - -




06. Acajutla (Salvador) 0.24 0.26 0.1 0.18 0.194 0.13

07. El Cuco (Salvador) 0.15 0.09 - - - -

08. Tamarindo (Costa Rica) 0.19 0.09 - - - -

It can be seen that the results of our computations are in better agreement with real data than,
e.g., with works [15, 16].

Figures 14 and 15 also show a comparison of the tide gauges of both scenarios with data
taken from real sensors for the city of Salina Cruz (Mexico). For scenario 1 (Fig. 14) it can be
seen that the time of income of a positive wave, as well as the maximum tendency of the
behavior of the wave propagating from the earthquake source, remains to be unchanged.
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Fig. 14. Comparison of tide-gauge records of scenario 1 with real data for the city of Salina
Cruz (Mexico)
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Fig. 15. Comparison of tide-gauge records of scenario 2 with real data for the city of Salina
Cruz (Mexico).
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Comparing scenario 2 with real data (Fig.15), it can be seen that in both cases the
negative wave is the first to approach, and the maximum and minimum tendencies of the
wave's behavior also remains to be unchanged.

Figures 16-19 show histograms for comparing the results of computations carried out
in this work with the results of works [13, 14]. It is clearly seen that all scenarios are in good
agreement with real data, with the exception of the point located in the area of 100 ° W
(Acapulco city). The maximum heights do not exceed 3.8 m, both in our computations and in
the histograms from [13, 14]. When comparing scenario 1 with work [13] (Fig. 16) and with
work [14] (Fig. 17), it can be seen that the distribution of the maximum wave heights are
similar, but in the region of 94 ° -96 © W. there are differences. The maximum distribution of
waves obtained in the implementation of scenario 2 has a distribution pattern that is closer to
the works [13, 14] than the maximum distribution of scenario 1 (see Figs.17, 19).

- scenariol O -[13]@ - real data [16]

Fig. 16. Comparison of the histograms of the distribution of the maximum wave heights of
scenario 1 with the work [13] for the calculated coast

92 90 W
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Fig. 17. Comparison of the histograms of the distribution of the maximum wave heights of
scenario 2 with the work [13] for the calculated coast
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Fig. 18. Comparison of the histograms of the distribution of the maximum wave heights of
scenario 1 with the work [14] for the calculated coast
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Thus, the analysis of the maximum wave heights for the selected 8 points of the
water area in numerical modeling for a given earthquake magnitude, but different realization
of the initial conditions, gives similar values for both far-field zones and near-field ones.

7. CONCLUSION

The paper considers a catastrophic earthquake with a magnitude of M = 8.1, which
occurred in the southern region of Mexico on September 8, 2017. Numerical simulation of the
generation of tsunami waves by a seismic source and their propagation over the water area
was carried out. Modeling was carried out for two different mechanisms of the seismic source,
at different locations. A two-block and four-block source with a negative movement oriented
towards the coast is considered. In the area of the 5-meter isobath, the distribution histograms
for the maximum wave heights are plotted. Comparison of wave characteristics mareograms
showed that the selected mechanisms of the seismic source give good agreement with the
numerical values of both real data and a number of other authors. Figures 16-19 show that the
above computations indicate a close distribution of the maximum wave heights along the
Mexican coast. This indicates the correct tendency for the selection of the dynamics of the
seismic source during the implementation of this earthquake.
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